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Chapter 1. Introduction
The air temperature in urban areas often differs from that of the surrounding countryside, a phenomenon that is known as the ’urban heat island’. This thesis deals with understanding the physical
processes that determine the urban heat island and how it relates to natural and anthropogenic factors.
More specifically, how do urban properties, atmospheric boundary-layer dynamics and weather influence
the temperatures in urban areas and the urban heat island? Various research tools are used to analyse
the different processes altering the urban temperature. This chapter introduces the subject, provides a
description of the formation of the urban heat island effect and identifies knowledge gaps. Finally, the
research strategy of this thesis is presented.

1.1 Urbanisation, climate and health
Why is it critical to study the air temperature in the city? Here, three elements are essential,
namely: urbanisation, climate and health. The rapid urbanisation and changes in the global
climate, leading to increased temperatures in many parts of the world, put extra pressure on
urban areas, and the health of urban dwellers.
In many areas around the globe, rapid urbanisation is going on. For instance, in 2009,
50.1% of the world population resided in urban areas, which increased to 54% in 2014. The
United Nations expects this migration towards urban areas will lead to a global percentage
of urban dwellers of 66% in 2050. Figure 1.1 shows that most urbanised areas of the world
are North (82%) and South America (80%) and Europe (73%). In Asia and Africa most of
the population still resides in rural areas. However, it is on these continents that the urban
agglomerations are growing most rapidly. In Africa and
Asia
the increase in the percentage9
Trends
in urbanization
of urban population amounts to 1.1% and 1.5% per year, which is expected to lead to an
Map
1.
urbanised
population of 56% and 64% by 2050, respectively (United Nations, 2014).
Percentage urban and location of urban agglomerations with at least 500,000 inhabitants, 2014

Percentage urban
80 or over
60 to 80
40 to 60
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Note: The
designations
employed
the presentation
of country’s
material onpopulation
this map do not
imply
expression
anythe
opinion
whatsoever
on the
Figure
1.1: A map
of theand
percentage
of the
living
in the
urban
areas of
and
location
of urban
part of the Secretariat of the United Nations concerning the legal status of any country, territory, city or area or of its authorities, or concernagglomerations with at least 500,000 inhabitants from United Nations (2014).
ing the delimitation of its frontiers or boundaries.

Figure 4.
Average annual rate of change of the percentage urban by major areas, 1950–2050

10
(per cent)

3.0
2.5

The pace
of urbanization has
varied over time
and across major areas

1.1. Urbanisation, climate and health
As the world’s number of urban dwellers increases, city expansion causes large-scale landuse and land-cover changes. The transfer from rural to urban land-use alters the meteorology,
hydrology, biodiversity, and biogeochemical cycles (Grimm et al., 2008). For instance, urban
areas are important sources for carbon dioxide and other greenhouse gasses, as well as
trace gasses, in contrast to many rural areas. Additionally, the high percentage of impervious
surfaces in cities causes urban areas to be vulnerable to flooding (Hollis, 1975; Jacobson,
2011; Miller et al., 2014). Human activities in cities are also a source of additional heat and air
pollution causing health issues (Nyberg et al., 2000; Patz et al., 2005).
Higher air temperatures impact people’s health, because some diseases closely relate to air
temperatures, in particular for vulnerable groups such as elderly people, young children and
people with cardiovascular and respiratory diseases. Heat stress can induce heat strokes,
exhaustion and heat cramps. Especially heat strokes can have serious consequences and
can be fatal in a matter of hours (Kovats and Hajat, 2008). These adverse effects contribute
to a higher mortality rate in urban areas when air temperatures are high. Studies found that
the relation between air temperature and mortality shows a U- or V-shaped curve with a temperature with a minimum mortality (Huynen et al., 2001; Curriero et al., 2002). Deviations
from the ’optimal’ temperature, lead to increased values of mortality. A variety of studies have
focussed on the influence of heat waves on mortality. For example, the 2003 heat wave in
Europe caused about 14 800 excess deaths within a 20-day period in France alone (Ledrans
et al., 2005). The concept of excess deaths are defined as the difference in the observed
deaths and the average expected deaths for a particular place and time. During heat waves,
heat related deaths are mostly caused by the increased demand of the cardiovascular system.
Particularly, higher nighttime urban temperatures form an extra load. As urban areas have a
limited cooling capacity, people are unable to cool down sufficiently during the night, in order
to recover from the exposure of the daytime heat load.
Weather and climate also have consequences for the transport mode choice within the
city (Böcker and Thorsson, 2014; Helbich et al., 2014), work productivity (Kjellstrom et al.,
2009b,a) and energy consumption (Santamouris et al., 2001; Akbari et al., 2001). Böcker and
Thorsson (2014) for instance found in Rotterdam, the Netherlands the duration and number
of cycling trips increased at the expense of car usage and walking with the air temperature
and thermal comfort indices until an optimum temperature. This optimum air temperature was
about 24 ◦ C, above which cycling activity decreased and car usage increased again. Thus
urban meteorology attests the need for infrastructure.
Kjellstrom et al. (2009b,a) showed that labour costs substantially increase due to the projected climate change. They found that in future climate scenarios workers exposed to heat
need to take more breaks in order to reduce health risks, leading to reduced work productivity.
Therefore, in order to achieve the same work goals, workers need to work longer hours or
more people are required, increasing costs. For example, Zander et al. (2015) found that this
could lead to an annual increase in labour costs of $655 per person in Australia.
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As far as energy consumption is concerned, higher urban temperature may lead to less
energy consumption than in the rural environment during cold winter months (Zhang et al.,
2013). However, some countries are concerned about the energy consumed to cool buildings
during hot days. Akbari et al. (2001) found that higher urban temperatures in Los Angeles
generally are responsible for 1-1.5 GW extra energy consumption, costing about $100 million
extra per year.
Projected climate change puts additional pressure on the urban environment. According
to the Intergovernmental Panel on Climate change, temperature observations over land and
oceans show a warming trend of around 0.85 ◦ C from 1880 to 2012. This warming trend is
expected to continue with a mean increase in the global temperature of 1.0 to 3.7 ◦ C by 2100,
depending on the scenario of socio-economic development (Stocker et al., 2013). In addition,
the frequency and duration of heat waves is expected to increase in most land areas (Perkins
et al., 2012).
These developments bring along many challenges for the people studying, designing, adopting and managing cities worldwide.

1.2 The urban heat island
The most studied difference between the urban and rural weather and climate is the urban
heat island effect (UHI), the temperature difference between the rural and urban environment:
UHI = Turban − Trural ,

(1.1)

where Turban is the urban temperature and Trural is the rural temperature.
The UHI is generally highest during the night. There are different scales at which the UHI
is measured (Fig 1.2). Some studies focus on the surface UHI (e.g. Voogt and Oke, 1997;
Lagouarde et al., 2004; Weng et al., 2004). In this case the temperature at the surface is
measured using thermal imaging by remote sensing to determine urban surface temperatures.
The second type of UHI is the boundary layer UHI. The atmospheric boundary layer (ABL)
is defined as the turbulent layer of the atmosphere closest to the earth’s surface. During the
day the sun heats up the earth surface and through positive buoyancy (upward turbulence)
the ABL can become 1-2 km high (Fig 1.2). At night the stable boundary layer forms, here the
surface cools and negative buoyancy suppresses turbulence. Therefore, the stable boundary
layer stays relatively shallow in the rural environment (∼100 m). In the urban environment
the surface is not necessarily cooler than the air above due to the heat stored in buildings
during the day. This means that the urban nighttime ABL can remain deeper than on the
countryside (∼400m). The UHI in the atmospheric boundary layer is measured using aircraft
measurements, towers, soundings or remote sensing equipment such as a sodar or lidar (e.g.
Bornstein, 1968; Oke and East, 1971; Mestayer et al., 2005; Rotach et al., 2005).

12

1.2. The urban heat island
This thesis will be mainly focus on the urban canopy UHI. The urban canopy layer (UCL)
is the atmospheric layer below the building heights, within the street where citizens reside
(Fig 1.2). Here, the UHI is measured using fixed or mobile stations within streets (e.g. Oke,
1982; Nakamura and Oke, 1988; Steeneveld et al., 2011; Heusinkveld et al., 2014). In the
Netherlands typical values for the UHI during calm and fair-weather conditions can be around
6 ◦ C, although extreme values of around 8 ◦ C have been observed in for example, Rotterdam.
Globally, the maximum urban canopy UHI has been measured to be about 12 ◦ C measured in
for example Montreal in the winter of 1970 as reported by Oke and East (1971).
Figure 1.3 illustrates the diurnal evolution of the rural and urban temperature, urban heat
island and the heating rate under calm fair-weather conditions. The urban air temperature is
much higher during the night, due to the lower cooling rate after sunset. After sunrise there
is also a lower, delayed heating rate in the urban canopy compared to the rural surroundings.
Although this effect is not as strong as the decreased cooling rate, it does often lead to a
slightly negative UHI (an urban cool island, further investigated in chapter 5).

Urban"ABL"

Rural"ABL"

~1+2"km"

~1+2"km"

RSL"

~2+5"UCL"

H"

S"

AH"

LvE"

H"
S"

UCL"

AH"
LvE"

Figure 1.2: A schematic drawing of the urban environment and the different atmospheric layers and processes
described in section 1.2. ABL is the atmospheric boundary-layer depth, RSL is the roughness sublayer and UCL is the
urban canopy layer, modified from Oke (1982).

13

Air Temperature

Chapter 1. Introduction

Urban

UCImax

UHITmin

Urban Heat Island

UHImax

Rural

Heating Rate

Rural
Urban

Sunset

Sunrise

Figure 1.3: A schematic drawing of the rural and urban air temperature (top), urban heat island (middle) and rural and
urban heating rates (bottom). Adopted from Oke (1982).

Considering the temporal variation of the UHI, multiple definitions of the daily UHI are at
hand. Therefore, we use the UHI during the night in two different definitions. First, we label
the UHI in the evening as the maximum UHI (UHImax ):
UHImax = max[Turban − Trural ]

(1.2)

This UHI definition is most often used in literature (e.g. Oke, 1981, 1988; Chow and Roth,
2006; Steeneveld et al., 2011)). The second definition represents how much the city eventually
cools compared to the rural area and is represented by the difference in minimum temperature
between the urban and rural environment (UHITmin ) (also used by Gallo et al. (1993); Houet
and Pigeon (2011)):
UHITmin = min(Turban ) − min(Trural )

(1.3)

In the idealised cases in this thesis the minimum temperature occurs at the end of the night,
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and is approximately at the same time for the urban and rural environment. In other cases
(different weather or location) this may not be the case. Both definitions will be analysed in
the remainder of this thesis.
Finally, during the day the negative UHI or the urban cool island (UCImax ) is described as
follows:
UCImax = min[Turban − Trural ]

(1.4)

This definition of the urban cool island is first introduced in this thesis and will be further
described in chapter 5.
The cooling rate in the urban areas is dampened due to changes in the radiation:
Q ∗ = K ↓ − K ↑ + L↓ + L↑ ,

(1.5)

Q ∗ + ANT = H + Lv E + S,

(1.6)

and energy balance:
where Q ∗ is the net radiation, K ↓ and K ↑ are the downwelling and upwelling shortwave
radiation respectively, and L↓ and L↑ are the downwelling and upwelling longwave radiation
components respectively. In the energy balance (eq. 1.6) ANT is the anthropogenic, H the
sensible, Lv E the latent and S the storage or ground heat flux. The crucial differences between
the urban and rural radiation and energy balance contributing to the UHI in mid-latitude cities
are illustrated in figure 1.2 include:
• Reduced albedo compared to rural areas: Canyons allow multiple absorption and re-

flective surfaces and trap radiation reducing the outgoing shortwave radiation. Typical
values for the albedo of an urban area are around 0.10-0.15, compared to a grassland
area for which the albedo is usually around 0.2-0.25 (Oke, 2002).

• Reduced evapotranspiration compared to rural areas: The fraction of pervious surface
and vegetation is limited in cities, with pervious surface factions varying from 0-10% in

dense urban areas to 30-60 % in suburban areas (Stewart and Oke, 2012). The limited
vegetation in urban areas compared to the rural surroundings reduces the available
water for evaporation, thus the latent heat flux during daytime. This leaves more energy
for the sensible and storage/ground heat flux. However, in some urban areas in dryer
climates the evaporation in the cities can be higher due to the anthropogenic moisture
component. For example, the vegetation in these cities is better irrigated and water
consumption in cities is higher, as in Phoenix, US (Chow et al., 2012). In rural areas
bowen ratios (=

H
)
Lv E

range from 0.1 for well irrigated vegetation to 1.5 for dry crops. In

urban areas the bowen ratio starts at 0.5 for well vegetated and irrigated parts of the city
and reach values higher than 4.0 (Oke, 1982)
• Anthropogenic heat production: Generally, the anthropogenic heat flux contains four
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components: natural gas consumption, electricity, transport and heat release from human metabolism. Each of these individual components are spatially and temporally
varying depending on human activity, which makes it a very difficult variable to quantify. Sailor and Lu (2004) pursued a top-down approach to estimate diurnal cycles of
the anthropogenic heat flux based on population density data, for large cities in the US.
Following this approach, Allen et al. (2011) gathered data from many different countries
and created a method to estimate anthropogenic heat fluxes around the world. However,
it is difficult to validate these models, because as of yet there is no method to directly
measure this part of the urban energy balance (Sailor, 2011). Typical values of the daily
maximum anthropogenic heat flux are estimated to be between ∼0 Wm−2 in suburban

areas to ∼400 Wm−2 in the centre of large Asian cities (Ichinose et al., 1999). The average anthropogenic heat flux for Rotterdam, the Netherlands was estimated to be ∼ 38
Wm−2 (Klok et al., 2010).

• Heat storage in buildings: Compared to a rural environment the urban areas have a
3-dimensional surface, therefore the total surface area at which heat can be taken up

in the urban fabric is much larger. Thus, S in equation 1.6 is about a factor 3 larger in
urban areas compared to rural environments. During the day, the urban canopy can take
up much more heat, that is subsequently released during the night.
The processes identified above cause variability in the UHI varying for each city and each
day, influenced by natural and anthropogenic factors.

1.2.1 Natural factors
The critical weather phenomena described to influence the UHI are clouds and wind speed
(i.e. Ackerman, 1985; Park, 1986; Kidder and Essenwanger, 1995; Morris et al., 2001; Kim and
Baik, 2002). Typically, the maximum urban heat island intensity decreases with increased wind
speed and increased cloud fractions. More clouds means a lower incoming solar radiation at
the surface, thereby decreasing Q ∗ . Consequently, less heat is released during the night (S),
creating a smaller temperature difference between the urban and rural environment. A higher
wind speed enhances horizontal mixing between the urban and rural environment, mixing rural
and urban air and causing a smaller difference between the rural and urban environment. For
example, Morris et al. (2001) used a regression analysis and found that the UHI is related to
the wind speed and the cloud cover with about a fourth root function.
Less often described is the effect of atmospheric stability on the urban heat island magnitude. The atmospheric stability is a measure to which degree the atmosphere encourages
vertical mixing. In an unstable atmosphere, occurring during the day, a lifted parcel of air is
warmer than the environment and will keep rising; in a stable atmosphere, generally occurring
during the night, the effect is vice versa. The atmospheric stability is not necessarily important
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Figure 1.4: Fisheye photos of contrasting urban sites in Rotterdam, the Netherlands.

for the urban temperature itself. Due to the release of heat from buildings the urban canopy
usually remains unstable or near-neutral during the night. However, the surrounding areas can
become very stably stratified, leading to a low sensible heat flux (H in eq. 1.6), which results
in low rural temperatures (Fig. 4.2). There are different variables that act as an indicator for
atmospheric stability. For example, Holmer et al. (2013) found the diurnal temperature range
(= Tmax − Tmin ) as a good indicator for the atmospheric stability to relate to the cooling rate
in different urban and non-urban locations. Lee (1979); Hu et al. (2013) related the UHI to
the vertical temperature gradient strength and found a clear positive relation between the UHI
and the vertical temperature gradient. Baik et al. (2007) used the temperature gradient as an
indicator of atmospheric stability to test the sensitivity to an urban induced circulation.

1.2.2 Anthropogenic factors
Each city has properties that are unique for the country and culture they are located in. Europe
is characterised by very old architecture with compactly built mid- or low-rise buildings. In
contrast, many large Asian and US cities have very high-rise buildings located in some districts
of the city. However, it is not only the height of buildings that makes each city unique, it is
the combination of urban morphological properties. A few examples of these city properties
include: street canyon geometry, anthropogenic heat flux, fraction of impervious and pervious
surface, vegetation fraction and type, open water bodies and building materials.
Several studies have analysed the effect of street geometry on the urban temperature or
UHI. First of all, Oke (1981) started by relating the street canyon aspect ratio (height of the
buildings divided by the width of the streets) or sky-view factor (the fraction of sky visible from
a location, figure 1.4) to the maximum annually observed UHI. He found a clear logarithmic
relationship between the street canyon aspect ratio and the maximum UHI. In this early research the aspect ratio was used as a measure for the density of the city. Higher buildings
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are thought to decrease or trap the outgoing long wave radiation, L↑ in equation 1.5. Multiple
studies have focused on the effects of the sky-view factor and human thermal comfort (i.e.
Matzarakis et al., 2009; Lin et al., 2010; Hwang et al., 2011). During the day, higher buildings
and narrower streets provide more shading, decreased K ↓ in equation 1.5. Therefore, less
direct radiation enters the canyon which results in an improved ’thermal comfort’.
Many studies have reported lower air temperatures in urban areas with more vegetation
(e.g. Dimoudi and Nikolopoulou, 2003; Wong and Yu, 2005; Steeneveld et al., 2011; Petralli
et al., 2014). With more vegetation and pervious surface, more energy is consumed by the
latent heat flux to evaporate water. This means that less energy is available for the storage
(S) and sensible heat flux (H) and the air temperature is therefore relatively lower in a green
urban environment. Not only does vegetation decrease the air temperature due to increased
evaporation, trees also block downwelling shortwave radiation (K ↓ ) decreasing the air temperature during daytime. However, during nights with very little wind, trees also trap upwelling
longwave radiation (L↑ ), whereas a grass field has a higher sky-view factor increasing L↑ at
night.
The variation in urban morphological properties can be combined in an urban classification
system. An example of such a system, is the local climate zone classification system (Stewart
and Oke, 2012; Stewart et al., 2014). This is a system to classify rural and urban sites for temperature studies, consisting of 10 urban and 7 rural zones, based on building height pervious
surface fraction and anthropogenic heat. It was initiated to describe and classify the neighbourhood where the urban temperature measurements take place. Nowadays, they are also
used to map urban morphology in different cities (Alexander and Mills, 2014; Bechtel et al.,
2015). In chapters 2 and 4 the local climate zones are used to classify the neighbourhoods
of urban measurement stations and in chapter 5 they are used to quantify the day-time urban
cool island.

1.3 Research strategy
Considering the expected urbanisation and projected climate change, it is vital to design cities
in such a way that they are sustainable and healthy in the future. For urban planning applications it is essential to know the impact of urban morphology on the urban climate and
especially the temperature and thermal comfort. As described in section 1.2.2 has been done
on the relation between the UHI and urban morphology. In summary, the following is known
about the influence of different urban properties and their effect on the UHI:
• City size and population density have a positive effect on the UHI (e.g. Park, 1986).
• Urban vegetation is known to decrease the UHI (e.g. Dimoudi and Nikolopoulou, 2003;
Wong and Yu, 2005; Steeneveld et al., 2011; Petralli et al., 2014).
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• Increasing the albedo of the urban surfaces is known to decrease the UHI (Rosenfeld
et al., 1995; Oleson et al., 2010).

• Anthropogenic heat production enhances the UHI (e.g. Ichinose et al., 1999; Sailor and
Lu, 2004; Sailor, 2011).

• A higher street canyon aspect ratio is thought to increase the UHI at night and decrease
the incoming energy during the day. It is still unknown which of these processes dominate in which phase of the diurnal cycle.
• Open water bodies are mainly seen as cooling elements during daytime (e.g. Inard et al.,
2004; Xu et al., 2010). However the direct effects of water bodies on the UHI during the
night are not as straightforward.
Based on this list of urban morphological properties, some open issues remain, namely the
effect of street geometry and open water bodies (Fig. 1.5).
Furthermore, in current urban climate research several modelling tools are used to understand the urban energy balance and to estimate the UHI. Most commonly used are urban
canopy models coupled to sophisticated atmospheric mesoscale models (e.g. Chen et al.,
2011; Salamanca et al., 2011, 2012; Kusaka et al., 2012). However, these sophisticated models are not easy to use for non-experts and take a substantial amount of computing time. In
addition, the urban canopy models and atmospheric models require a large amount of information for initialisation. Another method is the development of a statistical model, usually a linear
regression model (i.e. Bottyán and Unger, 2003; Szymanowski and Kryza, 2012; Hoffmann
et al., 2012). These models are relatively straightforward and user friendly, but not physically
based and have to be recalibrated for each city. However, there is a need for a straightforward
physically based equation to quantify the UHI using observations that are widely available (Fig.
1.5).
Another open issue is related to the early morning urban cool island effect. As illustrated
in figure 1.3, the UHI may become slightly negative during the morning. Many studies have
observed (i.e. Kłysik and Fortuniak, 1999; Steinecke, 1999; Rotach et al., 2005; Chow and
Roth, 2006) and modelled (i.e. Salamanca et al., 2012; Giannaros et al., 2013) this urban cool
island effect. However, a physical explanation for this phenomenon is lacking, particularly from
an atmospheric boundary-layer perspective.
Overall, this results incorporates four scientific questions that will be addressed in this thesis.

1.3.1 Street geometry
As described in section 1.2.2, the UHI within the street canyon is influenced by the geometry
of the street canyon. Giannopoulou et al. (2010) performed measurements in different streets
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Figure 1.5: An overview of the open issues studied in this thesis.

with a different sky-view factors and found a decreased diurnal temperature range with a decreased sky view factor. Recently, a modelling study by Marciotto et al. (2010) used an urban
canopy model to study the effect of the street canyon aspect ratio. They found that for very
high aspect ratios (> 3.5) increasing the aspect ratio leads to a lower nocturnal temperature
rather than a higher temperature. These studies bring forth the question what the physical processes behind the relationship between UHI and street geometry. Most studies have based
their conclusions on statistical modelling and for a limited range of aspect ratios. No study has
particularly focussed on the processes behind the interaction of street geometry and the UHI,
for all seasons. Therefore, we propose to answer the following research question in chapter 2:
Question 1 What is the seasonal influence of the street canyon aspect ratio on the urban
temperature and urban heat island and what are the dominant physical processes?
In order to answer this research question a modelling approach is used. For this type of
modelling hierarchy, the single-column version of a mesoscale model, in this case the WRF
(Weather Research and Forecasting) model (Skamarock et al., 2008) is employed. Here, the
radiation effects in the urban canopy need to be represented accurately, for which the singlelayer urban canopy model by Kusaka et al. (2001) is adopted. In order to validate the obtained
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model results, stationary measurement stations and bicycle transverse measurements are
treated.

1.3.2 Open water bodies
Besides increasing the vegetation within a city, another way to enhance the latent heat flux in
urban areas is installing open water bodies. Some studies have focused on the ability of water
to decrease daytime temperatures (e.g. Robitu et al., 2006; Xu et al., 2010). However, open
water bodies not only cool their environment due to enhanced evaporation, the temperature of
the water bodies themselves influence the air temperature as well. Water has a larger thermal
inertia and is thus slow to react to changes in the surrounding air temperatures. Therefore,
they experience a very dampened diurnal cycle. Here, we will analyse how this nearly constant
lake-water temperature influences urban air temperature and human thermal comfort. Hence,
we pose the following research question to be answered in chapter 3:
Question 2 How do open water bodies influence urban air temperatures and human thermal
comfort spatially and temporally?
The influence of open water bodies on urban air temperatures analysed as in chapter 3
requires a 3-dimensional approach. The influence of large water bodies is mainly transported
through local-scale advection and boundary-layer turbulence. For this reason the 3D version
of mesoscale model WRF is adopted. Since the results should be generally valid we avoid
real-world cities, through the model set-up of a conceptual round city where open water is
added in different formations and sizes within this city.

1.3.3 Equation for the urban heat island
Subsequently, the natural variables and the anthropogenic variables influencing the UHI will
be combined to find a physically based way to scale the UHI. Previous research has focussed
on modelling the UHI with sophisticated urban canopy models or regression models that have
to be recalibrated for each city. Therefore, the following research question is posed in chapter
4:
Question 3 How can a diagnostic equation for the daily maximum urban heat island be derived on the basis of routine weather observations and basic urban morphological parameters?
In order to combine different weather types and urban morphological properties into a scaling for the diurnal maximum UHI, a large observational or model dataset of multiple cities is
required. In this case, a modelling approach requires too much computational power to generate enough data. Here, the only viable option is to use large observational datasets from

21

Chapter 1. Introduction
measurement stations in urban areas and their surrounding rural areas. This large dataset
consists of professional and hobby meteorological stations within 14 cities in Western-Europe.

1.3.4 Urban cool island
Finally, the physical relation between the atmospheric boundary layer, and the day-time UHI
is studied. It is hypothesised that the state of the atmospheric boundary layer after sunrise is
a driver for the early morning urban cool island effect. The heat release of buildings during
the night, that drives the UHI, also causes a relatively well-mixed, higher boundary layer over
urban areas compared to the rural surroundings. This higher boundary layer will be the source
of a delayed warming in the morning over the urban area compared to the rural area, which
has a relatively shallow boundary layer. Finally, the following research question is posed in
chapter 5:
Question 4 What are the physical mechanisms of the atmospheric boundary-layer structure
and surface properties that drive the formation of the morning urban cool island?
The urban boundary-layer dynamics and their effects on the canopy temperature are analysed. This allows us to use a conceptual bulk boundary-layer model coupled to an urban
land-surface model, constrained by measurements. In order to be able to successfully initialise and validate a model like this, very specific measurements are needed: measurements
of the thermal structure of the atmospheric boundary layer inside and outside the city. These
kind of observations are rare and the BUBBLE campaign in Basel (Switzerland) is one of the
few observational campaigns that contains all necessary observations for such an analysis
(Rotach et al., 2005).
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Chapter 2. Street geometry
In this paper we study the relation between the urban heat island (UHI) in the urban canyon and street
geometry, in particular the aspect ratio. Model results and observations show that two counteracting
processes govern the relation between the nocturnal UHI and the building aspect ratio: i.e. trapping
of longwave radiation and shadowing effects. In general, trapping of longwave radiation supports the
UHI, whereas shadowing effects reduce the UHI. The net effect depends on the UHI definition and the
amount of available shortwave radiation penetrating the canyon. In summer, autumn and spring the
shadowing effects can already reduce the UHI starting at an aspect ratio between 0.5 and 1. The analysis
is carried out using several methods. Firstly, the single-column model version of the Weather Research
and Forecasting model (WRF) is used extensively. Two separate runs, one rural and one urban, are used
to estimate the UHI. Secondly, the urban canyon temperature at the two meter level is introduced, which
allows for direct comparison between modelled and observed air temperatures within the urban canyon.
Finally, the model is evaluated for all four seasons. The results of this research provide important insights
for urban planning on how to use the aspect ratio to mitigate the UHI in the urban canyon.

2.1 Introduction
Presently, most of the world population resides in urban areas. Cities are expanding fast
in many parts of the world (United Nations, 2014). The enhanced urbanisation is expected
to further increase the urban heat island (UHI) effect (the difference between the urban and
rural air temperature), which is already substantial in numerous cities around the globe (e.g.
Kim and Baik (2005); Hidalgo et al. (2008); Steeneveld et al. (2011)). Taking into account the
projected increase in frequency and intensity of periods of extreme heat due to climate change
(Solomon et al., 2007; Fischer and Schär, 2010); urbanisation may pose serious challenges for
cities regarding human thermal comfort and health (e.g. Kovats and Hajat (2008); McCarthy
et al. (2010)).
The spatial planning of urban areas provides the opportunity to mitigate these adverse effects of urbanisation and climate change in order to create a more comfortable urban living
environment. However, implementing mitigation measures requires a better understanding of
urban environmental physics, in particular the effect of urban morphology on urban environmental physics (e.g. Lenzhölzer and Van der Wulp (2010)).
Urban morphology is characterised by factors such as the way buildings and streets are
configured, building properties, etc. In order to quantify the building density or street set-up,
the sky-view factor and aspect ratio are widely used indicators. The sky-view factor is defined
as the fraction of sky that can be seen from a certain point in the street canyon. The aspect
ratio is the height of the buildings divided by the width of the street. In areas with a high
building density the sky-view factor is usually low, while the aspect ratio is high.
Relations between the UHI magnitude and street geometry were first examined by Oke
(1981, 1988). Using observations and a relatively simple model, a clear positive logarithmic
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relation was found between the aspect ratio and the year-round maximum canopy layer UHI.
Oke et al. (1991) reproduced these results with a model. However, this model did not include
shortwave radiation and turbulence, and had a constant value for longwave downwelling radiation. In addition, Giannopoulou et al. (2010) performed measurements in three streets with a
different street geometry and found a decrease of the diurnal temperature range and cooling
rate with an increased aspect ratio.
Recent studies have used urban canopy models to determine the relation between street geometry and the urban energy budget. Marciotto et al. (2010) for instance used a simple urban
canopy model, similar to the one used in this study, to estimate the urban canyon temperature
for São Paulo, Brazil. Surprisingly, they found a maximum in the nocturnal temperature at
an aspect ratio of around 3.5. For very high aspect ratios (> 3.5) increasing the aspect ratio
led to a lower nocturnal temperature rather then a higher temperature as expected from the
extrapolation of Oke (1981, 1988) results. This maximum raises the question which additional
process is responsible for this behaviour.
The goal of this research is to examine the different processes involved in regulating the
influence the aspect ratio has on the street level UHI (at two meters above the surface) for
different seasons in the midlatitudes. We attempt to explain the contradictions in previous
studies by studying the processes using a single-column model, an approach similar to Hamdi
and Schayes (2008). This experiment was first performed for a case with idealised thermodynamic profiles and a 12 hour day and night. Next, four different, realistic cases in the different
seasons are examined for the mid-latitude city of Rotterdam (The Netherlands).
One of the novel aspects of this study is the validation of the model results with UHI observations at various sites in the second largest city in the Netherlands, i.e. Rotterdam. A
robust way to reach the main research goal is through this combination of model results and
observations.
In the next section, the basic concepts tested in this study will be hypothesised. In section
3, a model description is given. In section 4, an idealised case study will be described and
used to examine the processes involved in determining the influence of street geometry on the
UHI. This theory will be applied to four real cases for different seasons in section 5. Finally,
the conclusions are drawn in section 6.

2.2 Concepts
In this section the processes influencing the relation between the street canyon aspect ratio
and the UHI will be described. Here, the UHI is defined as the difference in air temperature at
two meters in the urban canyon and in the rural environment. Two different formulations of the
UHI during the night are used from equations 1.2 and 1.3.
Concerning the relation between UHImax and the building aspect ratio, previous research
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Figure 2.1: A schematic illustration of the two processes involved in determining the relationship between the canyon
heat island and the aspect ratio.

raised some questions. Oke (1981, 1988); Hamdi and Schayes (2008) found a clear positive
correlation between the aspect ratio and UHImax . Whereas, Marciotto et al. (2010) reports a
maximum in the relationship between the nocturnal temperature at an aspect ratio of about
3.5. This is followed by a decrease in the nocturnal temperature with an increasing aspect
ratio.
The results of these studies can be conceptually explained by the presence of two counteracting processes. First, because of trapping of longwave radiation, heat is kept inside the
urban canyon if the buildings become higher and the street width smaller. Thus, the trapped
energy warms the canyon and consequently the UHI increases (Fig. 2.1). The other mechanism is the shadowing effect, leading to the cooling of the canyon. Narrow streets and high
buildings have a larger shaded area in the urban canyon. Therefore, a higher aspect ratio
leads to a lower temperature during the day. Due to the relatively high thermal inertia of the
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urban canopy system, a lower temperature during the day will also cause a relatively lower
temperature during the night. Therefore, a higher aspect ratio leads to a lower UHI (Fig.2.1).
We hypothesise that the combined effect of the two processes will result in an optimum UHI
for a specific aspect ratio. This means, from a certain aspect ratio, shadowing effects start to
become more important than the trapping of longwave radiation effect for the UHI.

2.3 Model description
We combine model results and field observations to determine the relationship between the
UHI and street geometry. The weather research and forecasting model (WRF) version 3.4.1
(Skamarock et al., 2008) is employed.
The WRF model is used in single-column mode and includes the single-layer urban canopy
model (SLUCM Kusaka et al. (2001); Chen et al. (2011)). Several versions of the SLUCM
participated in the ’PILPS-urban’ international comparison of urban energy balance models
(Grimmond et al., 2010, 2011). Within this inter-comparison the WRF implementation of the
model performed relatively well for above canyon fluxes (i.e. in the first quantile for net radiation, sensible and storage heat fluxes).
The SLUCM in WRF is combined with the NOAH land surface scheme (Ek et al., 2003).
SLUCM has a single model layer for the urban component and uses a tile approach to include
vegetation within the urban area. This means that the energy balance is calculated separately
for the vegetated and the impervious surfaces. The resulting energy balance components, upward shortwave and upward longwave radiation are subsequently fed back to the atmospheric
model. The focus of our research is on street geometry. Therefore, the areal surface vegetation cover is set to a fixed fraction. For the impervious part, the SLUCM considers radiative
trapping, shadow effects and single reflection on the facades (explained in the Appendix). The
estimation of the radiation components is not as complex as in a multi-layer canopy model,
but is sufficient for representing the concepts presented in section 2.2.
The canyon vertical heat flux follows from solving the surface energy balance for the road
and walls. The scheme uses a resistance approach to describe the turbulent transport between the lowest model layer and the urban canopy and within the canyon itself. Within this
approach the wind speed and atmospheric stability control the turbulent transfer. For the calculation of the canyon wind speed, we refer to the Appendix. Furthermore, the anthropogenic
heat is assumed to be zero in all cases, because only the effect of the aspect ratio will be
analysed. It is likely that a higher aspect ratio would lead to more anthropogenic heat, due
to the increased human activity that could take place in higher buildings. However, this will
not be taken into account in this study since the quantitative relation between aspect ratio and
anthropogenic heat is uncertain and will differ per city. On the other hand, anthropogenic heat
is indirectly included in the model by means of keeping the indoor temperature constant.
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Ideally, we wish to evaluate the model with observations taken in the canyon. The standard
canyon temperature in SLUCM is calculated from the surface temperatures of the road and the
walls, the canyon wind speed, the lowest model level temperature, and the roughness length
for heat (in the default case, 0.137 m). This canyon temperature acts as an effective skin
temperature of the urban canyon. Preliminary model experiments using the canyon temperature show a typical clear sky summer day in the midlatitudes has a diurnal temperature range
of more than 20 K and a maximum temperature of 47 o C. No observations within the urban
canyon of Dutch cities support these high values (Heusinkveld et al., 2014). Consequently, we
revised the estimation for the modelled canyon temperature in order to ensure a meaningful
comparison to measurements in the urban canopy.
The revision consists of the following modification. In the original scheme, the stability correction was applied between the atmospheric model and the roughness length for heat, rather
than to the 2 m level. In the revised scheme the canyon temperature is only based on the
sensible heat flux originating from the urban canyon (the wall and road sensible heat flux combined), and the stability correction is applied to the 2 m level. Here, for simplicity a standard
logarithmic temperature profile is assumed with stability corrections using Monin-Obukhov
similarity theory:
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In (2.1), Ta is the air temperature of the lowest model level above the urban canyon, HC is the
sensible heat flux from the canyon, ρ is the air density, Cp is the specific heat capacity of dry
air, u∗ is the friction velocity of the urban canopy (roof and canyon combined) calculated using
similarity stability functions, κ is the Von Karman constant (= 0.4) as in Högström (1996) and g
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is the acceleration of gravity (=9.81 ms−2 ), za and z2m are the height of the lowest atmospheric
model level (in this case 26 m) and 2 m, respectively. How the resulting temperature compares
to observations is presented later in this study.
The WRF 1-D model is run with 60 vertical levels, with the lowest model level at 26 meter
and with a time step of 30 seconds. The boundary conditions (geostrophic wind, subsidence,
temperature, moisture and momentum advection) can be prescribed in the model at at any
chosen time (interval). In this study only the geostrophic wind speed is prescribed. In addition,
within our setup the YSU boundary-layer scheme (Hong et al., 2006) is used, because a
non-local scheme has the least cold bias at night in the urban (Pino et al., 2004) and rural
boundary layer (Hu et al., 2010). Boundary-layer schemes Mellor-Yamada-Janjic and Quasi
Normal Scale Elimination were tested as well. However, both gave insufficient mixing during
the night in a rural environment during winter. Therefore, the temperature during the night is
much colder than observed.
For completeness, the relatively simple microphysics scheme from Lin et al. (1983) is used,
because only cloudless cases were selected. As for the radiation, the Rapid Radiative Transfer
Model (RRTM) (Mlawer et al., 1997) is used for the longwave radiation. We used the relatively
simple Dudhia (1989) scheme for the shortwave radiation, because aerosols or clouds are not
considered.

2.4 ’Idealised’ case
This study consists of two sets of experiments. The first, an "idealised" case, to examine
the processes described in section 2.2. The idealised case provides an appropriate setup for
the research objective, which is to determine the processes involved in the influence of the
aspect ratio on the UHI. The second, consisting of four "real" cases, in order to identify the
importance of each process in the four different seasons. This section describes the case
set-up and the results of the "idealised" case. The results are evaluated in 3 steps. First,
the results of the modelled idealised case are described. Second, this case will be used to
examine the relationship between the UHI and street geometry. Finally, the sensitivity of the
results is evaluated with respect to the geostrophic wind speed and several model parameters.

2.4.1 Case set-up
The single-column model version of WRF is used to perform multiple, fast runs in a fully
controllable, idealised set-up. This approach is advantageous because it avoids the impact of
large-scale phenomena, while external forcings can be controlled. Since the results cannot be
related to city size or horizontal resolution of the model, results solely depend on the aspect
ratio.
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The term ’idealised’ is used because idealised initial profiles and large scale forcings are
used to run the model i.e. no clouds or residuals of large-or mesoscale phenomena in the
profiles. The case is initialised at 1200 UTC, i.e. one hour after solar noon and is run at a
latitude of 51o N (The Netherlands) for 24 hours in March: a 12 hour day and 12 hour night.
The mean boundary-layer potential temperature (θ) and specific humidity (q) are about 293 K
and 5.7 gkg−1 with a θ and q jump of about 4 K and 3 gkg−1 respectively at 1.9 km above sea
level. These values are based on observations of the Cabauw tower (Beljaars and Bosveld,
1997) on May 7-10, 2008. During this time, an anticyclone was centred to the north of the
Netherlands and no fronts were in the vicinity. The wind speed is assumed to be constant and
equal to the geostrophic wind speed above 1 km at 3 ms−1 while below 1 km a logarithmic
wind profile is adopted using the local friction velocity. For the rural and urban environment,
the background surface albedos amount to 0.23 and 0.20 (for each of the 3 facades), the
roughness length 0.15 m and 0.33 m (urban canopy) and the surface emissivity 0.99 and 0.90
(for each of the 3 facades), respectively. In order to keep the Bowen ratio of the grassland
simulation about 0.3 during the day, as was observed, the soil temperature at a depth of 0.7 m
is 284 K and the volumetric soil moisture fraction is 0.387 in both cases. Finally, advection of
any kind (large or small scale, moisture, temperature or momentum) is neglected in the single
column model simulations to keep the case idealised.
Using the described setup, we estimate the UHI by separately simulating two surfaces, one
for a grassland (NOAH) and another for an urban surface (Noah coupled to SLUCM). The
street canyon aspect ratio ranges from 0 to 6.7 within the city of Rotterdam, The Netherlands,
with an average of about 1 in the city centre. Therefore, the default aspect ratio is 1 (road
width of 14 m and building height of 14 m). The roof width is 10 m, the wall thickness is 40
cm and indoor temperature is assumed to be 17 o C. The other urban parameters are set as in
Chen et al. (2011).

2.4.2 Case results
The two meter air temperature in the urban environment is always found to be higher than that
of the grassland environment (Fig. 2.2a), implying the UHI is always positive in this case (Fig.
2.2b). The UHI is largest in the evening, amounting to about 6 K, approximately similar to the
95 percentile of the UHImax in several Dutch cities found by Steeneveld et al. (2011). During
the day the UHI has a minimum of 2 K. Throughout the night the UHI decreases by about 2 K.
This is the difference between UHImax and UHITmin .
Figure 2.2c shows that the grassland environment starts to cool slightly earlier and at a
much faster rate than the urban environment. After the sun sets, it takes more time for the
still unstable layer above the urban area to cool down. This is partly caused by the difference
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Figure 2.2: The modeled (a.) two meter temperature (b.) the urban heat island, (c.) heating/cooling rates of the two
meter air temperature and (d.) the (canyon) sensible (full lines) and ground/canyon storage heat flux (dashed lines) in
the urban canyon (black) and over grass (grey) simulations. The vertical dotted lines indicate sunrise and sunset. Model
spin-up time is 48 hours, the geostrophic wind speed is 3 ms−1 and the aspect ratio is 1.

in thermal properties of a pervious and an impervious surface. Moreover, the cooling rate is
lower due to the heat still contained in the system after the large uptake of heat by the urban
fabric during the day (Fig. 2.2d). During the night both the urban and rural environment show
similar behaviour and cool until sunrise at 0600 LT. After sunrise the grassland appears to heat
up faster than the urban environment. However, the difference in the heating rate magnitude
is smaller than the difference in the cooling rate in the evening. Therefore, it is concluded that
mainly the difference in cooling rate, not the heating rate, contributing to the formation of the
UHI, a conclusion in agreement with Oke (1982).
The urban energy balance is displayed in Figure 2.2d. The sensible heat flux in the urban
canyon is slightly larger than above a rural surface and shows a small delay compared to the
rural sensible heat flux. As a result of the absence of anthropogenic heat the sensible heat flux
becomes slightly negative during the night. The storage heat flux in the canyon is much larger
and the maximum is earlier than the sensible heat flux. This is consistent with previous studies
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Figure 2.3: Two definitions of the urban heat island for different aspect ratios: UHITmin (full dots) and UHImax (open dots).
Model spin-up time is 48 hours.

(Oke et al., 1999; Masson et al., 2002; Pearlmutter et al., 2005). These two simulations (urban
and rural) are used as the default below.

2.4.3 UHI and the aspect ratio
Several simulations have been performed with different aspect ratios, both the building height
(from 2 to 29 m) and the street width (from 2 to 50 m) were modified. There is a difference in
the two ways in which the aspect ratio can be modified, changing the building height or street
width. Therefore, the aspect ratio is not a unique parameter (explained later in this section).
However, varying both the height of the roof and the width of the street is still a good indicator
of the street canyon shape. In the simulations the aspect ratio ranges from 0.14 to 7.2. This
range is larger than found in most cities. However, in order to have a complete picture of the
processes involved this larger range is used.
Figure 2.3 shows the model results for the two definitions of the UHI for different aspect
ratios (UHImax and UHITmin ). The UHITmin shows an increase with the aspect ratio until it becomes constant after an aspect ratio of about 2. The negative values of UHITmin for very small
aspect ratios are caused by the difference in surface properties between the urban and rural
environment and the walls are too small to have an influence on the temperature. In the relation between the UHImax and the aspect ratio, the aspect ratio has a positive effect on the
UHI until an aspect ratio of about 1 where the effect becomes constant and later even slightly
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negative.
The explanation for this behaviour lies in the timing of both definitions of the UHI. The
UHImax usually takes place during the beginning of the night (Fig. 2.2). This is in contrast to
the minimum temperature, which is reached at the end of the night. A decrease in the street
width (increase in aspect ratio) leads to a decrease in the incoming solar radiation (Fig. 2.4).
This leads to a decrease in the temperature during the day. Note that this lower temperature
is reflected in the early night when the maximum UHI is obtained. This effect is called the
shadowing effect. However, this evens out during the night and at the time the minimum
temperature takes place it no longer plays a role.
For an aspect ratio below 1, the relationship between the aspect ratio and the UHI is straightforward in the model results: increasing the aspect ratio leads to an increased UHI for both
definitions. Trapping of longwave radiation (section 2.2) causes energy to be stored in the
canyon as buildings become higher and streets more narrow. In general, UHITmin becomes
very small for wide streets and low buildings. This means that a flat concrete (or asphalt etc.)
surface (the aspect ratio approaches zero) is eventually able to reach below the grassland air
temperature. However, an aspect ratio approaching zero does not lead to near-zero UHImax
values. There is always a difference between the urban and rural simulation, with a minimum
of 4.5 K. This is due to the time lag and different magnitudes of the cooling rates (see Figure
2.2).
When the aspect ratio exceeds about 1.5, the situation becomes more complex. The uniform behaviour of the aspect ratio parameter in relation to the UHI is no longer valid. This effect
is especially noticeable for UHITmin , at an aspect ratio of 2. Increasing the building height has
a larger effect on the UHITmin than changing the width of the street for the same aspect ratio.
This effect is attributed to the model’s treatment of the street width as a fraction of the total
urban area width (roof width + street width). When the roof width is kept constant, increasing
the street width effectively changes the building plan area fraction. This allows relatively more
shortwave radiation to be divided into the urban canyon and less to the roof surfaces, having
its results on the energy balance as well (Harman and Belcher, 2006). Simulations changing
the roof width with the street width, keeping the fraction canyon the same, were also performed. These simulations had the same results (for radiation and temperature) as changing
the height of the building.
The net shortwave and longwave radiation in the urban canyon for different aspect ratios
are displayed in Figure 2.4. A decreased street width leads to a decrease in net shortwave radiation from 400 to about 80 W m−2 . Since the albedo of the walls and road remains constant,
this change can only be explained by a change in incoming shortwave radiation. However, in
contrast, changing the height of the roof does not change the net shortwave radiation significantly which remains around 280 W m−2 . Therefore, when the aspect ratio reaches values
higher than 1, the shortwave radiation entering the urban canyon is higher when increasing
the building height than reducing the street width and results in a higher UHITmin (Fig. 2.3).
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Figure 2.4: The net shortwave (circles) and longwave (triangles) radiation within the urban canyon at noon (outlined),
midnight (solid) for different aspect ratios. When the road width (W) is changed the symbols are black and a changed
building height (H) is indicated by grey symbols. Model spin-up time is 48 hours.

This difference between changing the street width and roof height is much less in case of
the net longwave radiation trapped during the night (Fig. 2.4). During the night, increasing the
building height will have an increased cooling effect compared to changing the street width,
due to the larger wall surface and thus outgoing radiation. If the street width is decreased
(increasing the aspect ratio, not correcting for the building area index), decreased radiation
exits the urban canyon. Thus, the relative contribution to the cooling effect decreases and
more heat can be trapped in the urban canyon. However, with an aspect ratio larger than 1,
changing the height of the buildings or the width of the streets, the difference in net longwave
radiation (L∗ ) (L∗Hchanged − L∗Wchanged ) (maximum 20 W m−2 ) is smaller than the difference in

∗
∗
net shortwave radiation (K ∗ ) (KHchanged
− KWchanged
) (maximum 100 W m−2 ). Therefore, the

above described shortwave radiation effect dominates and causes the UHI to be higher when
changing the building height to an aspect ratio of higher than 1 in Figure 2.3.

Summarising, there are two counteracting processes governing the relationship between
the UHI and the aspect ratio, as explained in section 2.2. Trapping of longwave radiation limits
the cooling of a street canyon during the night when buildings are high and streets are narrow.
Thus, trapping of longwave radiation leads to an increase in the UHI during the night. On the
other hand, the shadowing effect limits the amount of radiation reaching into the canopy for a
large aspect ratio. This effect leads to a decrease in the UHI for large aspect ratios. These
two processes can guide city planners how to use the aspect ratio in designing to create
more comfortable environments. For example, higher buildings or more narrow streets do not
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Figure 2.5: The modelled urban heat island, (a.) UHITmin and (b.) UHImax , for different geostrophic wind speed and
aspect ratios (only changing the width of the street). Model spin-up time is 48 hours.

necessarily imply higher temperatures. In addition, the difference in changing the building
height and the street width will have a slightly different effect on cooling ability of the street
canyon as a result of the change in the building area fraction.

2.4.4 Sensitivity to wind speed
The idealised case is designed with a low wind speed to simulate favourable conditions for
a large UHI effect. In order to quantify the effect of wind speed on the UHI, simulations with
different aspect ratios were performed for different wind speeds. Thus these runs differ from
the previous simulations as both the wind speed in the initial profile and the geostrophic wind
are varied. Runs are presented for a geostrophic wind speed of 6, 10, 15 and 20 ms−1 , which
is higher than the default run with a geostrophic wind speed of 3 ms−1 . Figure 2.5 shows the
two different definitions of the UHI for varying wind speed and aspect ratios.
The UHImax is not notably sensitive to the aspect ratio as seen in the previous section (Fig.
2.3). UHImax is more sensitive to the wind speed. Changing the wind speed from 3 to 20 ms−1
causes UHImax to decrease from about 8 K to 6 K. The UHImax takes place during the start
of the evening and the timing stays the same with a higher wind speed, this decrease in the
UHImax can be explained. An increase in the wind speed enhances the mixing in the surface
layer and boundary layer. This enhanced mechanical mixing limits the cooling during the night.
As a result the nighttime temperatures are enhanced. However, this effect is delayed in the
urban simulations compared to the rural simulations. This is because the urban environment is
cooling at a slower rate than the rural environment at the time of UHImax , early night (Section
2.4.2), while the rural environment already does. Therefore, the urban temperature at this
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time is similar for different wind speeds and the rural temperature is not. This leads to smaller
differences between the rural and urban environment with increased wind speed at this time.
The UHITmin reacts similarly to the increased wind speed (Fig. 2.3a). The sensitivity of the
UHITmin to the aspect ratio changes only slightly with an increased wind speed, from about 3.5
to 8.5 K for 3 ms−1 to 1 to 5 K for 20 ms−1 . However, comparable to UHImax the temperature
in the grass simulation increases more than the urban temperature with the wind. Thus, the
UHITmin decreases with a larger wind speed.

2.4.5 Model sensitivity
In order to test the robustness of the model set-up to its parameter values and to test the
sensitivity of the urban canyon temperature to the parameters of the model, 140 simulations
were done with the default geostrophic wind of 3 ms−1 and an aspect ratio of 1. The model
sensitivity of several parameters (road width, roof width, roof height, road and wall albedo,
emissivity, thermal conductivity and heat capacity) were explored by doing runs for 10 random
values for each parameter. These 10 values were selected within a realistic range suggested
by Loridan et al. (2010).
Analysing the results of the various simulations, (Fig. 2.6) note that independent from the
employed UHI definition, the UHI is not very sensitive to many of the parameters (e.g. the
albedo or emissivity). However, the UHI is more sensitive to changing wall parameters than
road parameters, especially to the wall thermal conductivity. Also, the building wall thickness
has a clear non-linear effect on the UHI. This is strongly related to the building’s indoor temperature. For thin walls the temperature in the urban canyon is closer to the indoor temperature.
Whereas thick walls cause the indoor environment to have less influence on the temperature
in the urban canyon. In addition, with a wall thickness of 40 cm the indoor temperature of the
building still has a large influence on the UHI. These most sensitive parameters will be taken
into account in the next section, when realistic cases are considered.

Table 2.1: List of cases and their properties, the prescribed geostrophic wind (UG ), minimum and maximum temperature
from observations at Cabauw and the prescribed volumetric soil moisture content (ρ).

Case
"Ideal"
1/29/11
3/29/11
7/19/10
10/1/11
6/27/11
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UG ms−1
3
10
3
4
3
9

Tmin o C
7
-6
-3
14
11
17

Tmax o C
21
1
14
27
25
30

ρm3 m−3
0.39
0.46
0.43
0.23
0.23
0.28

2.4. ’Idealised’ case

Figure 2.6: The sensitivity of UHITmin (solid circles) and UHImax (open circles) to different parameters in the model: road
width, roof width, roof height, the standard deviation of the roof height, road and wall albedo, emissivity, thermal
conductivity and heat capacity, the wall and roof thickness and indoor temperature. These results are simulated with a
geostrophic wind of 3 ms−1 and a default aspect ratio of 1. Model spin-up time is 48 hours.
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2.5 Seasonal dependence
With the understanding gained in the previous section, it is tempting to validate the model
findings, for realistic cases in Rotterdam, the Netherlands. Four representative cases are
used with a large UHI potential (e.g. low wind speed, no clouds), one for each season (Table
2.1). The relation between the UHI and the aspect ratio is evaluated for each case. These
results are again compared with observations from different measurement sites with a variety
of aspect ratios, as described in Table 2.2.

2.5.1 Case set-up
Table 2.1 summarises the meteorological conditions of the four cases, each representing a
season. In addition, a fifth, summer case is added to compare model results with mobile
observations (tricycle measurements). All cases consider cloudless days with a relatively low
geostrophic wind speed (<10 ms−1 ).
Similar to the simulations of the idealised case, the runs are performed for two different
surfaces, grassland and an urban surface. As a default the urban simulations use the adjusted
urban parameters (e.g., building height, street width (14 m), roof width (14 m), albedo (0.2),
urban fraction (100%)) derived in the city of Rotterdam (section 2.4.1).

2.5.2 Observations
For the model validation we used a rural site and an urban site. The rural site is located in
Cabauw (51.971 o N, 4.927 o E) approximately 30 km north-east from the centre of Rotterdam.
The measurement site is well-known in boundary-layer research (van Ulden and Wieringa,
1996; Ronda and Bosveld, 2009). It has a grass vegetation over peat and clay soil and is well
watered throughout the year.
Observational data from the urban site Centre are taken as an urban location. The site is
part of a network of 14 urban measurement stations in Rotterdam (van Hove et al. (2010),
Table 2.2, Figure 2.7). All stations measure incoming and outgoing long- and shortwave radiation, surface and air temperatures, wind speed and direction, relative humidity and precipitation. Observations from other urban stations are used to assess the relationship between
the UHI and aspect ratio. A more detailed description is given in Table 2.2 and following the
9 requirements of Stewart (2011) a more detailed description of the measurements reads as
follows:
• Conceptual model: All stations measure within the urban canopy layer, the measuring
height varies (see Table 2.2).

• Operational definitions: For each site an UHI is calculated using the same reference
station. For this we use the screen level temperature for all sites.
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Table 2.2: Urban weather stations with the name of the station, the measurement height (MH), measurement period and
the urban and local climate zone (UCZ (Oke, 2004) and LCZ (Stewart and Oke, 2012) respectively). The aspect ratio
and area averaged percentage vegetation and water within a radius of 250 m of the station. The last two columns give
the latitude and longitude.
Station Name

MH

Period

UCZ (LCZ)

Aspect
Ratio

Vegetation
fraction

Water

Latitude

Longitude

Reference
station

1.5 m

8/28/09present

Grassland

0

90 %

3%

51.986

4.436

Groothandelsmarkt

3m

6/21/10present

4 (extensive lowrise)

0.34

2%

2%

51.933

4.415

Vlaardingen

1.5 m

6/22/10present

3/7 (compact
lowrise/sparsely build)

0.449

42 %

8%

51.911

4.349

Centre

6m

8/28/09present

2 (compact midrise)

1.062

2%

0%

51.923

4.468

South

1.5 m

8/28/09present

2 (compact midrise)

0.916

14 %

0%

51.888

4.487

Figure 2.7: The positions of all the measurement stations in the metropolitan area of Rotterdam (Source: Google Earth).

• Instrument specifications: All stations are standard Campbell (CS215) weather stations

with added 4-component radiation sensor (Hukseflux NR01) and Black Globe temperature sensor (Sensor Data). The accuracy: temperature +/- 0.3 K at 25 o C, 0.4 K over +5
o

C to 40 o C and humidity +/- 2% over 10-90%, +/- 4% over 0-100%.
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• Site Metadata: A detailed overview of the site metadata is given in Table 2.2 and the
map in Figure 2.7 shows the locations of the stations.

• Site representativeness: Instruments were placed in representative locations for their
local climate zones (Table 2.2).

• Number of replicates: For each site we only have one temperature measurement.
• Weather control: Only data for selected days were used. These cases were selected to
be cloudless and low 10-meter wind speeds (< 5ms−1 at the reference station).

• Surface Control: The city of Rotterdam has a flat surface, the river Nieuwe Maas runs
through the city. However we only used the stations that have less than 10 % water in a
radius of 250 m from the station. This was estimated using satellite images.
• Synchronicity: All stations use 30 min. averaged quantities.
Despite the fact that the observations fulfil many requirements it is important to note that the
measurements of the urban canyon temperature is not necessarily the average temperature
of the street canyon. As recently shown by Park et al. (2012), the spatial patterns of heating
within an urban canyon greatly depend on street orientation and wind direction. In addition
to the stationary observations, traverse measurements are used. These measurements are
performed using 2 cargo tricycles, cycling 2 routes in and around Rotterdam within the urban canopy layer at several times during the day. The bike measurements are described in
detail in Heusinkveld et al. (2014). The bikes were equipped with a shielded and ventilated
(43502-L Compact Aspirated Shield from R.M. Young, U.S.A.) thermometer and humidity sensors (CS215), a 2D ultrasonic anemometer from Solent Windsonic and 12 radiation sensors
measuring long and shortwave radiation in 6 directions (Hukseflux NR01), all measured and
recorded, with a Campbell CR1000 data logger, at an interval of a second. The measured
wind speed is corrected for the bike speed. The measurements were taken on June 27, 2011
between 19:00 and 3:00 local time (18:00 and 2:00 UTC), a warm, cloudless day. However,
to derive the UHI in the evening only the measurements between 20:00 and 1:00 local time
are used in our analysis and compared to the reference station of Rotterdam described in
Table 2.2. This day was a cloudless day, only after 1:00 local time high cirrus clouds drifted in.
During the day the temperature at Rotterdam Airport reached 31.5 o C. Here, only the role of
the aspect ratio is analysed. Therefore, only streets with a similar (and low) green fraction are
selected, with an aspect ratio ranging between 0.3 and 3.1.

2.5.3 Case validations
In this section the model spin-up is shorter than in section 2.4 as the simulations are initialised
on the day of interest and no external forcing is applied for simplicity.
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Figure 2.8: The 2-m temperature from the second hour of the simulation, for four cases on (a.) January 29, 2011, (b.)
March 29, 2011, (c.) July 19, 2010 and (d.) October 1, 2011. Data from WRF (lines) and measurements (dots). The
grass simulation is compared to measurements at Cabauw, the Netherlands and the urban simulations to Centre station
in the Metropolitan area of Rotterdam, The Netherlands. The grey areas show the area between the minimum and
maximum 2 m canyon temperature from sensitivity simulations (explained in the text, section 2.5.3) Model spin-up is
one hour.

In addition, an uncertainty range of the simulations is introduced to provide insights into
the uncertainty in the input parameters and the time in the simulation. As was shown in
section 2.4.5, the UHI is sensitive to certain parameters, including the indoor temperature, wall
thickness and thermal conductivity. The default values of these parameters were not realistic
of the Rotterdam (the Netherlands) urban area, and a better area specific estimation of the
parameters was made. In order to quantify the model uncertainty, the urban simulations have
been repeated for a realistic range. First, the range of the indoor temperature was between
15 and 23 o C, with a default at 17 o C as an average between buildings with climate control
on and off. However, in some cases (July 19, October 1 and June 27) the temperature at
the Centre station did not drop below 15 o C and a minimum of 17 o C was used. The thermal
conductivity and the thickness of the walls were changed simultaneously, because they both
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vary depending on the materials used. As a default a wall thickness of 0.3 m and thermal
conductivity of 1.01 Wm−1 K−1 , based on the materials (reinforced concrete and glass windows)
of the building next to the weather station. Based on the surrounding buildings, the range was
set between an average wall thickness of 0.22 m with an average thermal conductivity of 0.74
Wm−1 K−1 and an average wall thickness of 0.46 m with an average thermal conductivity of
1.68 Wm−1 K−1 . The uncertainty range in figures 2.8, 2.9 and 2.10 indicates the minimum and
maximum urban canyon temperature or UHI from the simulations with the described range
of parameters (indoor temperature, wall thickness and thermal conductivity). Naturally, the
uncertainty of the air temperature at rural site to surface parameters should also be calculated.
However, the difference in two meter temperature is negligible compared to the uncertainty in
the urban simulations.
The winter case of January 29, 2011 is the most challenging of the four cases to be represented by WRF (Fig. 2.8a). After the examination of several similar, cloudless, winter cases
(only one shown here), it appears that the model underestimates the night-time temperature
and overestimates of the daytime temperature in the grassland environment. In this case there
is thin layer of relatively warm and moist air close to the surface. During the night, another layer
of moist air appears two kilometre above this layer. This layer is not created by the model, as
this could be due to advection or subsidence. As soon as the model switches from an unstable
to a stable boundary layer the temperature decreases dramatically. The absence of this moist
layer above the boundary layer the downwelling longwave radiation is largely underestimated
(more than 20 Wm−2 ), leading to more cooling close to the surface. The misrepresentation of
the stable boundary layer in the winter is a well known problem of numerical models (Hanna
and Yang, 2001; Svensson et al., 2011; Atlaskin and Vihma, 2012). The misrepresentation of
the stable boundary layer results in an overestimation of the diurnal temperature range (DTR),
since ∼11 K is modelled and ∼6 K measured. The opposite is true for the urban simulation.
After initialisation, the modelled temperature is too high for the remainder of the night and the

daytime. After 17 LT the modelled temperature does not cool as much as is seen in the observations. Consequently, the urban DTR is modelled to be only 3 K, while a DTR of 5 K was
observed. However, as the simulation progresses the urban canyon temperature becomes

Table 2.3: The root mean squared error of the model output temperature between 03.00 local time on the first day and
10.00 local time on the second day of the simulation and the mean bias of the night-time temperature between 15.00
local time and 08.00 local time on the second day of the simulation.
o
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C

January

RMSE
Bias

3.19
-3.13

RMSE
Bias

1.38
1.39

March
July
Rural
2.12
1.13
-1.55
-0.81
Urban
1.43
2.71
0.83
2.38

October

Mean

1.06
-0.18

1.76
-1.42

1.38
1.01

2.07
1.40
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more sensitive to building materials or indoor temperatures. It is assumed that the indoor
temperatures do not reach below 15 o C. While during the winter, if buildings are not used the
indoor temperature may be lower, closer to the outdoor temperature. In addition, in reality the
indoor temperature may not have a large effect on the canyon temperature, due to e.g. better
isolation. The too high urban night-time temperature and especially the underestimation of the
night-time rural temperature (table 2.3) results in an UHI overestimation of ∼ 6 K. During the
day, the temperature, especially in the urban environment, is represented well enough by the
model for the purpose of our study.
For the spring case on March, 29, 2011, the model performs satisfactory for the 2 meter
temperature in both the urban and the rural environment (Fig. 2.8b). However, similar to the
January case, the largest uncertainty in the urban canyon temperature, due to the uncertainty
in the model parameters is seen at night, especially the second night. The UHI is slightly
overestimated by the model, because it overestimates the nighttime urban canyon temperature and the minimum temperature occurs earlier in the rural observations, amounting to a
maximum of 3 K difference.
For the summer case of July 19, 2010, the model has a relatively good representation (Fig.
2.8c). However, the two meter temperature of the grassland simulation is 1-2 K too cold. After
initialisation at 00 UTC, the urban area cools too much. This also results in a lower daytime
temperature than observed. However, in the evening the model does not cool as fast as
measured at this station and the modelled urban temperature meets the observations again.
As soon as the sun rises the model warms faster than the observations. This is the result
of the passing of a front, which is not taken into account in the model. Therefore the root
mean squared error is also very large in this case (table 2.3). Contrary to the other cases, the
temperature in the canyon is not very sensitive to the model parameters.
For the autumn case on October 1, 2011, the underestimation of the two meter temperature
in the rural area appears again, but it has slightly improved compared to the July case (Fig.
2.8d). The urban simulation compares very well with the measurements and is especially
sensitive to model parameters during the late night.
Overall, the model performs surprisingly well in simulating the four cases without any external forcing and taking into account the uncertainty of the measurements. The uncertainty
range in the model is especially large in the January and March case due to the large difference between the indoor and outdoor temperatures. The inaccuracies in the model lead
to differences in the UHI between the model and observations. For the different cases this
amounts to about 6 K for the winter case, 3 K for the spring case, almost no difference for the
summer case and less than 1 K in the autumn case.
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Figure 2.9: The modelled urban heat island (circles with lines) for different aspect ratios with observations (squares).
The different panels display the different cases, (a.) January, (b) March, (c) July and (d.) October. The grey areas show
the area between the minimum and maximum UHI from sensitivity simulations (explained in the text, section 2.5.3).
Model spin-up is 12 hours. The UHI is computed within the first full night.

2.5.4 UHI and the aspect ratio
The modelled UHI as a function of aspect ratio from the idealised case described in section
2.4.3 is repeated using the four realistic cases. Figure 2.9 shows the UHI for different aspect
ratios in each of the four cases and the uncertainty range of the UHI based on the uncertainty
in model parameters.
In the January the incoming shortwave radiation is limited. Hence trapping of longwave
radiation dominates the relation between the UHI and aspect ratio. This is reflected on the
model simulation results in Figure 2.9a. Comparing the model results to observations, the
model overestimates UHI by ∼ 6 K. However, if the bias is corrected for, the model results are
close to the observations, since the shape of the UHI, aspect ratio relation is the similar.

The set-up for the March case is approximately similar to the idealised case in section 2.4.2
(Fig. 2.9b). The relationship between the UHI and aspect ratio is also very similar to the
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idealised case. The UHImax is less sensitive to the change in aspect ratio than UHITmin . The
UHImax is reached directly after sunset. Therefore it is sensitive to the lack of solar radiation
reaching into the urban canyon during the day for high aspect ratios. Consequently, the UHImax
does not increase much when the aspect ratio is larger than 1. However, the minimum temperature is reached at the end of the night when trapping of longwave radiation is controlling
the UHITmin aspect ratio relationship. The behaviour of the observations closely resembles the
model results. However, as seen in section 2.5.3 the UHI in the model is overestimated by 3
K. However, the shadowing effects are not visible in the UHImax . Unfortunately our observations do not cover aspect ratios larger than 1, where the shadowing effects start to become
important.
In July trapping of longwave radiation appears to not be the controlling factor in the relationship between the aspect ratio and UHI (Fig. 2.9c). Only when the aspect ratio is below 0.5
the aspect ratio has an enhanced effect on the UHI. Adopting a larger aspect ratio leads to
a decreasing UHI: shadowing effects become important, both for the early and the late night.
In July, midlatitude nights are short and days are long. Therefore, the solar radiation input is
relatively high in this season and plays a more important role than trapping of longwave radiation in the contribution of the aspect ratio to the UHI. The observations in the July case do not
support the modelled results. The observations show a positive relation between the aspect
ratio and the UHI, whereas a negative relation found using the model. An explanation may
be that the observations were influenced by other factors, such as a difference in vegetation,
anthropogenic heat, building materials etc. In addition, the range of observed aspect ratios is
very small. Shadowing effects may also start to be important for larger aspect ratios (>3) as
shown by Marciotto et al. (2010). However, section 2.5.5 will show that the shadowing effects
can play a role in the relation between the UHI and the aspect ratio of the street canyon.
Close to the equinox as in the March and idealised case, the October case has a similar
relation between the street geometry and the UHI (Fig. 2.9d). However, the influence of the
aspect ratio on the UHImax , in the early night, is mostly dependent on the shadowing effects
and the UHImax slightly decreases with the aspect ratio. The UHITmin , in the late night, is mostly
influenced by the trapping of longwave radiation, particularly with an aspect ratio lower than
1. For higher values of the aspect ratio, UHITmin remains constant when increasing the aspect
ratio. The observed relation is similar to the modelled relation, for UHITmin . The UHI increases
with the aspect ratio. However, the observations do not reach further than an aspect ratio of 1
and it is unknown if the UHI remains constant for higher aspect ratios.
The uncertainty of the UHI is in the order of 1 or 2 K and larger at the time of UHITmin , due
to the accumulation of uncertainties. Most importantly, changing the model parameters does
not change the shape of the relationship between the UHI and aspect ratio, only the value of
the UHI changes.
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Figure 2.10: (a) Same as Figure 2.8 (RMSE: urban 1.18 o C, rural 1.48 o C) (b) as Figure 2.9 but for the case of June 27,
2011. Panel b covers additional observations from bike traverse measurement (grey), split between observations taken
within a 2000 meter radius of the centre of the city (up pointing triangles) and outside this radius (down pointing
triangles).

2.5.5 Comparison with traverse measurements
In section 2.5.4 the stationary weather stations could not confirm the modelled relation between the aspect ratio and the UHI completely. The measurements of the station confirmed
the effect of trapping of longwave radiation. However, the shadowing effects were less visible.
In order to test whether this is due to the different environments of the weather stations (different green fraction, anthropogenic heat, building materials etc.) mobile measurements were
used. Since UHI cases with these measurements are rare, an additional case with available
bike traverse observations was set up. During this case the wind was relatively high (10-meter
wind speed outside the city reached up to 5 m s−1 ).
An effect of advection can be seen in the temperatures in Figure 2.10a. The model simulations are close to the observations after initialisation. However, in the afternoon the city is
cooler than modelled and does not cool down as much during the night. In the rural area the
main difference in the modelled and observed temperature is during the evening and night. In
the model the rural environment cools down much earlier and more than in reality. The fact
that both runs are cooler by the end of the night still gives smaller error in UHITmin (Fig. 2.10b).
However, the cooling rates in both the rural and urban simulations are incorrect and this leads
to a large overestimation of the UHImax .
In Figure 2.10b the model results show the relationship between the UHI and aspect ratio
is mostly negative as in Figure 2.9c. This means that shadowing effects are dominant in
this case. The available shortwave radiation at this time is even larger than in the July case,
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because the timing is closer to the summer solstice. As in section 2.5.4, the stationary weather
stations do not confirm the shadowing effect on the UHI, aspect ratio relationship. This may
be due to the fact that the range of aspect ratios is small. Results of Marciotto et al. (2010)
indicate that shadowing effects may become important at an aspect ratio larger than 3.5. In
this study, the shadowing was also found. However, it was found to have an impact on the
UHI, aspect ratio relation starting at an aspect ratio between 0.5 and 1.
The bicycle measurements do confirm the shadowing effect on the UHI, both inside and outside the city centre. Especially streets located outside the centre of the city show a decreasing
UHI with increased aspect ratio. The mobile observations within the centre do not show a large
negative change in UHI with increasing aspect ratio. However, this neither confirms the shortwave shadow or rules out trapping of longwave radiation effects. The UHI values of the bicycle
measurements are lower than the model UHImax as a result of the model bias. In addition, the
observations outside the city centre are influenced by local advection from outside the city and
have lower UHI values than the observations in the city centre.
This large difference in the results found with stationary and mobile measurements indicates
that caution should be taken in the placement of the instruments (i.e. inside the urban canyon,
similar vegetation fraction, building properties etc.).
Overall, this modelling approach appears to be to useful in understanding the the mechanisms involved in the UHI, aspect ratio relationship. Depending on the case the one-dimensional
model simulations are able to reproduce the UHI. However, in cases where advection is an important contributor, this modelling approach has more difficulties in reproducing the measured
temperature. For example, the January case was not well reproduced by the model possibly
due to this lack of advection. Here a three-dimensional model might give better results.
The definition of this UHI with the mobile measurements is slightly different from the other
observations. Since the measurements were taken during the start of the night they should be
compared to UHImax , which is overestimated by the model.
With the mobile bicycle measurements we are able confirm that besides the trapping of
longwave radiation effect shown by the stationary weather stations, the shadowing effects
also play an important role in the relation between the street canyon aspect ratio and the UHI.

2.6 Conclusions
In this paper the different processes involved in determining the effect of the aspect ratio on
the UHI are analysed. This is done using a novel modelling technique, a single-column model
employed with an urban canopy model, and the results are evaluated using observations. In
doing so, this study shows that the relation between the aspect ratio and the UHI is more
complex than previously thought. We were able to reproduce and understand the results of
Marciotto et al. (2010) with a different urban canopy model than the one that was used by

47

Chapter 2. Street geometry
them.
We found that the UHI is controlled by two counteracting processes. First, by the process
of trapping of longwave radiation, which has an increased effect on the UHI. It causes more
longwave radiation to be trapped when buildings are higher and streets are more narrow.
Secondly, the process of shadowing effects has a decreased effect on the UHI within the urban
canopy. As streets narrow, less solar radiation reaches into the canyon leading to less heating
during the day. This causes the nighttime temperature and thus the UHI to stabilise and in
some cases even decrease when streets become more narrow. This adds to the findings by
Oke (1981, 1988), using only one maximum UHI throughout the year to find a positive relation
between the UHI and aspect ratio.
We were able to confirm these two processes with two different kinds of observations.
Firstly, the trapping of longwave radiation effect was confirmed by the stationary weather stations located in different urban areas. Secondly, the shadowing effects were observed in a
summer case with mobile traverse measurements.
Which of these two processes dominates the effect of street geometry on the UHI depends
on many factors. Most important are the time during the night at which the UHI takes place
(depending on the definition of the UHI) and the overall available shortwave radiation (depending on the season, latitude, cloudiness etc.). At the start of the night the shadowing effects
play an important role, while later during the night trapping of longwave radiation regulates
the effect on the UHI. The individual processes influencing the available shortwave radiation
should be the subject of further study.

Appendix: extended model description
The wind speed at roof level is described by (Loridan et al., 2010):
UR = UA

Z −Z
ln( RZ D )
0C

Z −Z
ln( AZ D )
0C

Where UA is the wind speed at the lowest model level, ZR the roof level height, ZD the displacement height ( 15 of the roof level height), Z0C is the roughness length for momentum above
the canyon (10% of the roof level height) and ZA is the height of the first atmospheric model
level. From the wind speed at roof level the wind speed in the canyon is calculated as follows
(Loridan et al., 2010):
UC = UR e

Z

−a(1− ZC )
R

In this case a is the attenuation constant (Inoue, 1963) and ZC is the height at which the
wind speed is calculated in the canyon (0.7ZR ).
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When examining the street canyon geometry, it is important to have a good representation
of short and long wave radiation in the model. The shortwave radiation that reaches the roof
(SR ), walls (SW 1 and SW 2 ) and the road (SG1 and SG2 ) is given by Kusaka et al. (2001) :
SR = SX (1 − αR )

SW 1 = SX FW →S (1 − αW )
SG1 = SX FG→S (1 − αG )
α

SW 2 = SG1 1−αG FW →G (1 − αW )
α

G

SG2 = SW 1 1−αW FG→W (1 − αG )
W

where SX is the solar radiation received by the horizontal surfaces. The albedo of the roof,

walls and road is given by αR ,αW and αG , respectively. FW →S is the sky view factor integrated
over the wall (Sakakibara, 1996). Similarly, FW →W is the wall view factor of a wall, FW →G the

road view factor integrated over the wall, FG→S the sky view factor of the road, FG→W the wall
view factor integrated over the ground.
As for the long wave radiation a similar method is used:
LR = ϵR (L↓ − σTR4 )
LW 1 = ϵW (L↓ FW →S + ϵG σTG4 FW →G + ϵW σTW4 FW →W − σTW4 )
LW 2 = ϵW [(1 − ϵG )L↓ FG→S FW →G + (1 − ϵG )ϵW σTW4 FG→W FW →G + (1 − ϵW )L↓ FW →S FW →W + (1 −
ϵW )ϵG σTG4 FW →G FW →W + ϵW (1 − ϵW )σTW4 FW →W FW →W ]
LG1 = ϵG [L↓ FG→S + ϵW σTW4 FG→W − σTG4 ]
LG2 = ϵG [(1 − ϵW )L↓ FW →S FG→W + (1 − ϵW )ϵG σTG4 FW →G FG→W + ϵW (1 − ϵW )σTW4 FW →W FG→W ]
where L↓ is the downward atmospheric longwave radiation above the urban canopy, ϵR , ϵW
and ϵG are the emissivities of the roof, wall and road and TR , TW and TG are the surface
temperatures of the roof, wall and road.
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Chapter 3. Open water bodies
Due to the combination of rapid global urbanization and climate change, urban climate issues are
becoming relatively more important and are gaining interest. Compared to rural areas, the temperature in
cities is higher (the urban heat island effect) due to the modifications in the surface radiation and energy
balances. This study hypothesizes that the urban heat island can be mitigated by introducing open surface
water in urban design. In order to test this, we use the WRF mesoscale meteorological model in which
an idealized circular city is designed. Herein, the surface water cover, its size, spatial configuration, and
temperature are varied. Model results indicate that the cooling effect of water bodies depends nonlinearly
on the fractional water cover, size, and distribution of individual lakes within the city with respect to wind
direction. Relatively large lakes show a high temperature effect close to their edges and in downwind
areas. Several smaller lakes equally distributed within the urban area have a smaller temperature effect,
but influence a larger area of the city. Evaporation from open water bodies may lower the temperature,
but on the other hand also increases the humidity, which dampens the positive effect on thermal comfort.
In addition, when the water is warmer than the air temperature (during autumn or night), the water body
has an adverse effect on thermal comfort. In those cases, the water body eventually limits the cooling and
thermal comfort in the surrounding city, and thus diverges from the original intention of the intervention.

3.1 Introduction
In the last century, the percentage of people living in cities increased from 13% in 1900 to 49%
in 2005 (United Nations, 2014). This number is projected to increase even further in coming
years and decades. A second important aspect for the urban environment is the projected
climate change (McCarthy et al., 2010). In a changing climate, the number of heat waves
is expected to increase in the next century, e.g., up to a factor of nine for Chicago (Peng
et al., 2011). This has aggravated effects on the urban area (Tan et al., 2010), and the added
pressure on cities shows the importance and urgency of understanding the physics of the
urban climate.
One of the key aspects of the urban climate is the higher nocturnal temperature in cities
compared to the rural surroundings. This phenomenon is known as the urban heat island
(UHI) and may cause severe discomfort to inhabitants, especially during hot summer days
and nights (Patz et al., 2005; Vandentorren et al., 2006; Tomlinson et al., 2011). This research
focuses on the evolution of the urban temperature during a full diurnal cycle (24 h) and studies
the effectiveness of water bodies in the city as intervention tools, for both day and night. We
assess the instantaneous air temperature at the 2-m level and quantify the modeled urban
temperature with and without intervention using lakes.
The main objective of this work is to quantitatively investigate the influence of the water
bodies on the urban temperature and human thermal comfort. This objective is divided into
four separate subtopics. First, we study how the spatial distribution of water bodies and water
fraction in the city influences the temperature in the urban area. Second, we quantify the
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influence of the lake water temperature on the urban temperature. The third topic covers
the technical aspect of the model, i.e., how the selected atmospheric boundary layer (ABL)
schemes can influence the results. The final topic is a quantification of the results for thermal
comfort.
This research is not based on field measurements, but approaches the objectives with a
mesoscale meteorological model. In this way, we are able to study a city with an idealized
setup, which allows us to draw general conclusions rather than conclusions for a specific city.
Experiments in which lakes can be modified are virtually impossible in practice. In addition,
field observations around different water bodies are not representative of only the studied
feature (in our case, it would be the presence of an open water body), but are also influenced
by several other aspects like orography or land use. These issues can be easily solved in a
model environment by changing the spatial characteristics of the city and its surrounding rural
areas. We used this possibility to create a circular city and study the temperature change
under influence of different size and distribution of water bodies within the urban area.
This paper is organised as follows. Section 3.2 gives a theoretical background of the problem and reviews the literature related to the topic. Section 3.3 describes the used methods
and different approaches to assess the influence of water bodies on the urban temperature.
Section 3.4 describes the results connected to the different approaches, followed by a short
assessment of the influence on human thermal comfort. Finally, we discuss the results in
section 3.5 and give some conclusions in section 3.6.

3.2 Theoretical Background
The UHI, here defined as the air temperature difference between a rural grass field and the
urban canopy layer temperature (Stewart and Oke, 2012), is mainly caused by a different
energy balance in cities compared to rural areas,
Q ∗ +AH = H + Lv E + S

(3.1)

where Q ∗ is the net radiation (Wm−2 ), AH the anthropogenic heat production, H the sensible
heat flux, Lv E the latent heat flux, and S the storage flux (positive downward). Within cities,
the lower albedo generally results in a slightly higher Q ∗ (Christen and Vogt, 2004). In addition,
the Lv E component is significantly reduced compared to rural areas due to a lower vegetation
cover and consequently lower evapotranspiration. In addition, the soil moisture in urban areas
is relatively low, because most of the precipitation runs off directly to the wastewater system.
Thus, the net radiation is mostly partitioned into the H and S. The sensible heat flux increases
(in particular during daytime) due to the larger vertical temperature gradient, between the
surface and air temperature. Finally, the storage or soil heat flux is larger than in rural areas
due to the larger surface area and different building materials.
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Additional factors contributing to the UHI magnitude are the anthropogenic heat flux, surface
roughness, or the specific topography of the cities, where buildings are organized in urban
canyons. All these factors cause a heat accumulation in the urban areas during the day and
a release of stored heat at night, resulting in higher temperature in cities compared to rural
areas (Oke, 1982)
Enhanced evaporation can lower the air temperature and thus mitigate the UHI and increase
the thermal comfort of inhabitants. More evaporation increases Lv E and affects the energy
partitioning of H and S, such that an H reduction and a decrease in the magnitude of S
introduce a relative temperature decrease in the urban canyon. Increased evaporation can be
achieved by increasing vegetation or the amount of surface water.
Several studies concerning the influence of vegetation on urban temperatures are available.
For example, Huang et al. (2011a) assessed the impact of the size and distribution of vegetation in a city during daytime. On the other hand, studies reporting the effectiveness of water in
mitigating the urban heat are relatively scarce. Only a few studies hypothesize water bodies
as the strongest cooling element in the city during hot summer days (Rinner and Hussain,
2011; Oláh, 2012). However, these studies are mostly from a measurement perspective, either using field observations or remote sensing data and with a strong focus on the daytime.
Therefore, the current study focuses on the influence of open water on day- and nighttime
urban temperatures and thermal comfort.
Water is commonly used in urban planning as a decorative aspect of public places (Kleerekoper
et al., 2012). The cooling effects of water bodies, such as lakes, rivers, or fountains, have been
studied and known for quite some time (e.g., Xu et al., 2010; Sun and Chen, 2012). In some
cities, water is an inseparable part of everyday life, e.g., for cities on a riverside or next to
lakes. For example, Xu et al. (2010) used observations to study the influence of a water body
on thermal comfort, for very hot days with air temperatures above 35◦ C. Their results indicate
that the water bodies with a surface area larger than 2.104 m2 significantly cool their littoral
zones. Concurrently, a modeling study conducted by Inard et al. (2004) showed that small
ponds (4 m2 ) have a cooling effect on their surroundings as well. Another study focused on
the cooling effect of water-holding pavements; this showed a temperature decrease of several
degrees centigrade (Nakayama and Fujita, 2010).
The impact of water bodies on urban temperatures has not been completely unraveled
(Steeneveld et al., 2011). In addition, a systematic study (i.e., excluding local effect of city
specific issues) to the role of the spatial distribution of water bodies has not been performed
yet. Most of the studies also focus on either nighttime, when the UHI is strongest, or daytime,
when the extreme temperatures in the city may be potentially dangerous to the health of
inhabitants.
In this study, a lake with a constant temperature shifts the energy balance partitioning above
the lake to cause a decrease in the sensible heat, leading to an increase in latent heat. This
limits the heat in the city. On the other hand, with higher evaporation, the air humidity increases
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as well. Thermal comfort is a combination of many factors, such as, temperature, wind speed,
or the relative humidity, radiation, clothing, and metabolism (Budd, 2001). Higher air humidity
lowers the thermal comfort and counteracts the effect of evaporation on temperature. The net
effect on the thermal comfort of inhabitants is given by superposition of these aspects.

3.3 Methodology
In this section, the methodology are presented. First, the numerical model (WRF) is described
and its settings are explained. Second, a general case description is given with the specific
approaches to the sensitivity experiments. Finally, the analysis is shortly explained.

3.3.1 Model Description
In order to investigate the influence of surface water on urban temperature and thermal comfort, we use the Weather Research and Forecasting (WRF) Model version 3.2.1 with the ARW
core (Skamarock et al., 2008). The most important settings of the model are displayed in Table
3.1. In order to represent the urban canopy in the model, the single layer urban canopy model
(Kusaka et al., 2001; Chen et al., 2011) with adjustments from Loridan et al. (2010) is used,
which is coupled to the NOAH land surface scheme (Ek et al., 2003). It calculates the momentum and energy exchange between atmosphere and three types of urban facades: roofs,
walls, and roads. This model also takes into account the influence of specific geometry of
the street canyons and includes the shadowing from buildings. The single layer urban canopy
model is used in this study because the temperature within the city is analyzed during dayand nighttime. In particular, during nighttime, an urban canopy model represents the urban
boundary layer better than a slab model, due to the trapping of radiation included in the urban
canopy model.
Several versions of this model along with many other urban canopy models are studied in
(Grimmond et al., 2010, 2011). Their study showed that no urban canopy model performed
best for all parts of the energy balance. Loridan et al. (2010) and Wang et al. (2011) found that
within the single layer urban canopy model used in this study, the net radiation is vulnerable
to changes in the albedo of the facades and to the urban geometry. In addition, the sensible
heat flux is especially sensitive to thermal properties and the thickness of the roof and the
geometry of the street canyon (building height and roof width). Finally, the storage heat flux
responds largely to changes in the thickness of the facades and again the canyon geometry.
Since this study aims to formulate generally valid conclusions, i.e., not restricted to one
particular city or water body, the research uses an idealized case. Hence, it is difficult to
validate this case with observations. A brief quality check will be presented in section 4.1.
However, WRF is a widely used tool in urban modeling and has been validated for different
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cities, such as Beijing (Miao et al., 2009), New York City (Holt and Pullen, 2007), London
(Loridan et al., 2013), and Taiwan (Lin et al., 2008) as summarized in Chen et al. (2011).
The model setup contains three nested domains with 32 x 32, 60 x 60, and 100 x 100 grids.
The grid length for these domains equals 25, 5, and 1 km respectively. This domain setup is
required for the downscaling from the one-degree resolution boundary conditions (1◦ x 1◦ six
hourly NCEP-FNL data) to 1 km resolution of the smallest domain. In the middle of the third
domain, a circular city is created. The simulations use 35 eta levels in the vertical direction
with nine levels below 1000 m, and with the lowest model level at ∼22-m. In addition, the
model spin-up is 24 h.

In order to study the sensitivity to the selected ABL scheme, we repeated our study using two different permutations of the ABL schemes, described in more detail in section 3.5.
The nonlocal, Medium-Range forecast scheme (MRF) (Troen and Mahrt, 1986) and the local,

Table 3.1: A Summary of the Most Important Model Settings

General Settings
Time
Grid size
Horizontal resolution
Vertical resolution
Initial, boundary conditions
Parameterizations
Land surface
Urban canopy model
Boundary layer
Eddy coefficient
Horizontal diffusion
Microphysics
Longwave radiation
Shortwave radiation
Convection scheme
Surface Properties
Roughness length
Albedo
Emissivity
Soil moisture
Soil temperature
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7 May 2008, 06:00 - 10 May 2008, 18:00 UTC
D1: 32 x 32
D2: 60 x 60
D3: 100 x 100
D1: 25 x 25 km
D2: 5 x 5 km
D3: 1 x 1 km
35 eta levels
◦
◦
1 x 1 six-hourly NCEP-FNL data
NOAH
Single layer urban canopy model with:
Default settings for high-intensity residential area
Anthropogenic heat: 0 Wm−2
MRF (default)
MYJ (sensitivity analysis)
Smagorinsky first-order closure
Sixth-order numerical diffusion, prohibiting up-gradient diffusion
WSM3 simple ice
CAM
Dudhia
Grell-Devenyi
Grass: 0.12 m
Grass: 0.19
Grass: 0.985
Grass: 0.27 m3 m−3
Urban: 0.33 m3 m−3
Grass and Urban:
L1: 290.0 K
L2: 285.5 K
L3: 284.5 K
L4: 283.0 K
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Mellor-Yamada-Janjic (MYJ) (Mellor and Yamada, 1982; Janjic, 1990) are used. The simulations with the MYJ scheme generated some rolls-type structures in vertical cross section of
potential temperature. The same structures were observed by Salamanca et al. (2012) as
well, who used a fixed diffusion coefficient to circumvent this model artefact. For this reason,
we use the same value of horizontal diffusion; 300 m2 s−1 , with the horizontal Smagorinsky
first-order closure scheme.
For completeness, our runs use the WSM3 simple ice microphysics scheme (Hong et al.,
2006), the CAM (Collins et al., 2004) longwave radiation scheme, Dudhia (1989) for the shortwave radiation, and the Grell-Devenyi convection scheme. Finally, the sixth-order numerical
diffusion, prohibiting up-gradient diffusion is used.

3.3.2 Numerical Setup
An idealized, circular city with monotonous natural surroundings is created in the model environment. In order to ensure a substantial effect in the mesoscale model sensitivity studies,
the city has a 50 km diameter; almost 2 103 grid cells. This diameter is representative for
cities as London, Paris, or Phoenix (Chow et al., 2012). The parameters used in the urban
canopy model are the default parameters for a high-intensity residential area as defined by
Chen et al. (2011). The only deviation from these default values is that no anthropogenic heat
flux is prescribed.
The city is located in Europe (52◦ N, 7.5◦ E), relatively far from the sea (not closer than 150
km) in order to prevent the influence of a sea breeze, which is beyond the scope of this paper.
For the initialization and boundary conditions, weather conditions from 7-10 May 2008 have
been selected. These days were relatively warm (18 - 25◦ C) and sunny without clouds over
this part of Europe. This was dictated by a high-pressure system with its center located north
of the Netherlands (Figure 3.1). The 10 m wind speed was between 2.5 and 5 ms−1 from a
southeasterly direction.
The simulation time was 84h, starting on 7 May 06:00 and ending on 10 May 18:00, 2008.
The first 24 h are spin-up time and were not included in the analysis.
In order to exclude local effects of the surrounding rural areas such as orographic effects or
the effect of variable land use, the area surrounding the city has been set to grassland with
a fixed terrain height of 10 m. The prescribed roughness lengths are 0.33 m for the urban
canopy, based on the building and displacement height, and 0.12 m for grass (with a few
shrubs), and in the city the albedo is 0.20 for individual facades (road, roof, and walls) and the
grass has an albedo of about 0.19, while the emissivity is set to 0.90 for the roof and wall and
0.95 for the road within the city and 0.985 for grass. In addition, the soil type and initial soil
moisture have been modified. These factors can influence the air temperature development
and therefore they have been unified all over the domains. As soil type, we selected the most
common type in this region (i.e., loam) and the soil moisture was adjusted after a number of
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Figure 3.1: Synoptic situation in Europe on 7 May 2008 at 12 UTC. H and L indicate the center of high- and
low-pressure systems, respectively. Semi-circles indicate warm fronts, triangles indicate cold fronts and combined
semi-circles and triangles represent the occlusion fronts.

consecutive test run for the resulting soil moisture; in this case, 0.27 m3 m−3 . Within the city,
the soil moisture as provided by NCEP was higher than realistic for a city, i.e., 0.439 m3 m−3 for
all levels, and the soil temperature was relatively low, i.e., 283 K for all soil levels. As a result,
during the simulation, the soil was warming and drying for more than two days before reaching
an equilibrium value. To avoid the possible consequences of this spin-up artefact on the air
temperature, we have set the equilibrium values of the soil temperature achieved after multiple
iterations of the WRF forecast, as initial for all the model runs. The soil temperature is changed
to 290 K, 285.5 K, and 284.5 K for the soil surface, first, and second level, respectively. The
third soil level is left unchanged, because it does not experience any significant temperature
change within the simulated four days. In addition, the soil moisture in the urban area is
changed to 0.33 m3 m−3 for all levels in an analogue procedure similar to the soil temperature.
Three approaches are used to meet the research objectives. Initially, the different water
temperatures are evaluated, secondly, the distribution and surface area of the water over the
city is varied, and finally, the study compares two ABL schemes. Two reference runs are
performed: one run with the city without any water bodies inside and another with neither a
city nor a lake.
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3.3.3 Water Temperature
The first sensitivity experiment evaluates the influence of open water bodies on urban temperatures for different lake water temperatures. We hypothesize that colder water has a larger
cooling effect and very warm water may even increase the urban temperature. This situation
may occur when the air cools to below the water temperature. In order to investigate these
possibilities, we prescribe three different lake temperatures, constant in time. For deep, wellmixed lakes or rivers, it is not unrealistic to assume the water temperature stays constant over
a period of three days.
In the first case, the lake water temperature is 10◦ C, which is always lower than the air
temperature in the city. The second lake water temperature, 15◦ C, has been chosen as a
typical water temperature for May in western part of Europe. However, that time of the year is
when the water temperature changes. Therefore, also the 10◦ C can be considered realistic for
this time of the year. The third lake water temperature is 20◦ C; this temperature can easily be
reached during autumn, when the air temperature is similar to spring, but the water has been
heated during summer.

3.3.4 Lake Distribution and Percentage of Surface Water
Additional important factors connected to the influence of a water body on the air temperature are the sizes and distribution of the water masses. Typical percentage of water cover
in European cities typically varies between 6% in Berlin and 25% in Amsterdam. During this
experiment, the percentage of water in the city varied between 5, 10, and 15% of a total size
of the city, with 10% for the default experiment.
In order to study temperature effects of spatially differently distributed water surfaces for
each lake temperature, three percentages of surface water and both ABL parameterization
options, four different spatial distributions are analyzed (see Figure 3.2). First of them is the
default lake case; here all water is stored in one big lake in the middle of the city (case A). The
second and third cases have two lakes, each on one of the diagonals of the city (cases B and
C). Because the temperature effect in an urban area usually occurs downwind from the lakes,
the different locations of these lakes in the city should simulate how it will be affected if the
wind is from a different direction. These two particular ways of positioning the two lakes are
chosen such that one of them represents a case where a large part of the city experiences
the influence of the lakes (case C). In the other case, the lakes are behind each other with
respect to wind (case B) and therefore the influenced area is expected to be smaller than in
the previous case. The last approach shows the influence of four small lakes evenly distributed
over the city (case D).
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Figure 3.2: Case setup of different distributions of surface water in the city.

3.3.5 ABL Schemes
The topic we study is a typical ABL phenomenon, and as such it is valuable to quantify the
sensitivity of the results to different ABL schemes. Therefore, the results for two different
ABL schemes are compared, MYJ and MRF. The MRF scheme is a first-order, nonlocal closure, which means that it accounts for large eddies that effectively transport energy and mass
through the ABL. The MYJ scheme is a local scheme that only accounts for vertical transport
from neighboring grid cells. The literature indicates that MRF has more skill in representing the
heat transfer between surface layer and the ABL than the MYJ scheme and therefore is more
advantageous during the day (e.g., Holtslag and Boville, 1993). On the other hand, earlier
model evaluations revealed that MRF might overestimate the surface sensible heat flux (e.g.,
Steeneveld et al., 2008), especially in convective conditions for areas with high surface roughness. In contrast, the MYJ scheme gives a better representation of the ABL during night, when
MRF overestimates the turbulent transport. MYJ also tends to produce a colder and shallower
ABL during the day (Mellor and Yamada, 1982).
To simplify the discussion of our model results, we introduce abbreviations for each run
composed from the ABL scheme, lake distribution case (described in section 3.3.4), and water
temperature. For example, the run with MRF, with one lake covering 10% of the city area with
water temperature of 20◦ C is labeled MRFA10 20 . For the run without lakes and the run without
city or lake, we use MRFcity and MRFno city , respectively.
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3.3.6 Analysis
This study mostly focuses on the temperature change caused by the introduction of open
water in an urban area. Several methods are used to assess the effects of the modifications.
First, we use a method that averages the temperature change over the entire city, providing
a rough estimate of how the particular case influences the whole city. A second method only
assesses the part of the city that is directly influenced by the water bodies, the plume. Then,
we compare the average temperature change downwind of the lake, the temperature change
on the edge of the lake, and further in the city. In addition, we analyze which areal percentage
of the city experiences a substantial change in temperature.
In order to investigate the influence on human thermal comfort, the wet bulb globe temperature (WBGT) is used, defined as (Willett and Sherwood, 2012):
WBGT = 0.567Ta + 0.393e + 3.94

(3.2)

where Ta [◦ C] is the air temperature and e [hPa] water vapor pressure. This index depends on
air temperature and humidity of the air and therefore is well applicable for this case.

3.4 Results
This section summarizes the results of our model experiments. As a start, we assess the UHI
generated by the model and describe the general patterns in the temperature change caused
by the introduction of a water body. Subsequently, a detailed description of results connected
to different sensitivity analyses is presented. The last paragraph of this section describes the
influence of the introduction of the lakes in a city on thermal comfort.

3.4.1 General Results
First, the magnitude of the UHI generated by the default simulation (MRFcity ) is determined.
In Figure 3.3, the UHI is defined as the difference between the 2-m air temperature in the city
center and in the rural center (MRFno city ). Hence, there is no chance that the rural temperature
is influenced by the urban plume. It appears that the modeled UHI varies from around 1◦ C
during late morning and early afternoon to values around 6◦ C in the early night (Figure 3.3).
This seems a realistic UHI, considering findings in earlier observational studies within Europe
(e.g., Hidalgo et al., 2008; Steeneveld et al., 2011). In addition, the UHI diurnal cycle is similar
to the classical behavior for an urban-rural temperature contrast as described by Oke (1982).
The order of magnitude of the UHI in the model results for this particular case has been
corroborated by analyzing the observed UHI in an urban area closed to the modeled location.
As an example, the Ruhrgebied in Germany (including Essen, Bochum, Duisburg, Dusseldorf,
etc.) is an urban area of similar size as the city in this study. Two hobby meteorologist urban
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Figure 3.3: Diurnal variation of temperature in degrees Celsius. Dashed line indicates the temperature at a point in the
middle of the domain (x = 50, y = 50) where no city is simulated, full lines give the same point in the domain in the city
simulation, and the dotted line is the difference between these two. Grey panels depict night hours.

stations in Bochum in two different environments are used for this, compared to a rural station
(lat: 51.647 N, lon: 7.199 E). The first station is located close to an area with very little vegetation and high emissions of anthropogenic heat (lat: 51.477 N, lon: 7.159 E). The second
station is located close to the center of the city and to a park (lat: 51.486 N, lon: 7.211 E). The
measurements indicated a UHI of 3◦ C at 21:00 local time during the first night shown in Figure
3.3. This value increased during the night until the maximum UHI of 7.8◦ C was reached at 6:00
local time. In contrary to the measurements of the first station, the second urban measurement station recorded the maximum UHI of 2.7◦ C at 22:00 local time and decreased slowly
to remain around 1.5◦ C for the remainder of the night. These two stations show the diversity of the UHI within the city. Therefore, it is not possible to correctly compare this idealized
case with homogeneous surroundings to real urban field measurements. However, the model
shows UHI results in between these measurements, indicating the correct order of magnitude.
Apart from the temperature effect, the city also affects wind speed and direction. Urban
areas have a higher roughness length than the grassland surrounding the city. Therefore, the
wind is slowed down and funneled. As a result, we find a difference in wind pattern between
the MRFcity run and the MRFno city run. The largest difference in the wind speed occurs at night;
when the 10 m wind is 2.5 ms−1 lower in the city center than in the areas not influenced by
the city, and when the air above the city is still unstable or neutral and the air above the rural
area is stable. The smallest differences are around noon, when the deviation of the 10 m wind
speed in the city center and the rural area is around 0.5 ms−1 (not shown). During daytime, the
difference in wind speed between rural and urban areas is small because the turbulent mixing
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is high. At this time, the atmosphere is unstable and turbulence is dominantly produced by
buoyancy. This buoyancy is strong enough to mix air parcels with a high momentum toward
the surface. The efficiency of the turbulence is approximately similar in the city and over the
grassland.
Another aspect that influences the wind speed and direction is the UHI itself. Generally,
the warmer air in the city rises and transports in the air from the rural surroundings into the
city itself; this effect is called the urban breeze and has been described a number of times
before (e.g., Hidalgo et al., 2008). However, this phenomenon has not been discovered in this
modeling study. This is caused by a relatively high background wind speed in this case, which
is around 5 ms−1 during the day and 2.5 ms−1 at night.
In order to streamline the description of the model results, the MRFA10 15 run is selected
to be the default simulation and in each analysis only one of the aspects is varied: the ABL
scheme, the water distribution and percentage of water cover, or the water temperature. In
order to assess the different water temperatures, we use runs with one lake and the MRF ABL
scheme.

3.4.2 Water Temperature
This section illustrates the influence of different lake water temperatures on the urban air
temperature. Therefore, we prescribe the water temperature to constant values of 10, 15, and
20◦ C.
Figure 3.4 shows the comparison of the diurnal cycle of temperature and the temperature
change caused by the introduction of a lake with 15◦ C water. The diurnal temperature change
has two maxima and two minima. The first temperature change minimum occurs in the early
morning (10:00 LT) and represents the time of strongest cooling. This situation takes place
when the city temperature rises rapidly, but the water temperature stays constant. In addition,
the development of the turbulent ABL starts and allows the relatively cold air originating from
the lake to enter the built-up parts. Later during the day, the ABL is deeper, and the cooling by
the lake is distributed over a relatively deep layer and therefore the actual cooling is weakened
compared to the morning conditions. In addition, during the day, the atmospheric instability
downwind of the lake is slightly strengthened by advection of relatively cold air from the lake
over a relatively warm surface. This will enhance the vertical turbulent transport of heat away
from the surface.
The second minimum occurs around 22:00 LT, i.e., shortly after the sunset, when the city
is cooling (most pronounced before sunset of the second day in Figure 3.4). This minimum is
much smaller than the early morning minimum and corresponds to peaks in the components
of the energy balance above the lake (negative for H, positive for Lv E; see Figure 3.5b) and a
vanishing H and Lv E for the city (Figure 3.5a). The peak in the H causes a higher turbulence
intensity above the lake.
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Figure 3.4: Diurnal variation of (a) temperature in a city without a lake (solid line) and with a lake in the middle of the
domain (dashed line) and (b) the temperature difference between the simulation with and without a lake (dotted line),
from MRFA1015 at a chosen point close to the lake (x = 40, y = 55). Grey panels depict night hours.

The explanation for the small secondary peak originates in the turbulent transfer in stable
conditions, as over a lake during the day. From basic micrometeorological principles, the
turbulent heat flux under stable conditions has an optimum with respect to the atmospheric
stability (e.g., Holtslag et al., 2007). For small stability an increase in stability will enhance
the magnitude of the flux, since the temperature difference between surface and air increased
(regime I). For an already very strong stability, an increase in stability will reduce the flux
magnitude since the strong stability inhibits the vertical turbulent transfer (regime II).
Hence, in our case, the stability over the lake is very strong during the day (regime II). The
stability over the lake decreases before sunset (Figure 3.5c), which can increase the turbulent
intensity. This enhances the Lv E and H magnitudes from the lake, allowing for a temporary
faster cooling of the air above the lake. Subsequently, this additionally cooled air is advected
downwind and observed as a secondary minimum in the receptor point in Figure 3.4.
At night, the cooling effect weakens until it vanishes (approximately around 4:00 LT) after
which the lake stops acting as a cooling element. This is simply caused by the air tempera-
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Figure 3.5: Energy balance components (a), the sensible (solid lines), latent (dashed lines), and storage flux (dotted
lines) leeward (x = 42, y = 53) (black) and windward (x = 60, y = 40) (light grey) of the lake within the city and (b) the
sensible (solid lines) and latent heat flux (dashed lines) over the lake (x = 50, y = 50) (dark grey). (c) Shows the potential
temperature gradient between the temperature at the first model level (22-m) and the surface temperature leeward
(black), windward (light grey), and above the lake (dark grey). Vertical black line highlights the situation at 21:00 local
time 9 May 2008.

ture being lower than the water temperature. From this time on, the lake starts to warm up
its surroundings with the highest intensity around 6:00 LT, when the temperature change is
between 0.7 and 1.0◦ C. The comparison of the simulations with different water temperatures
shows that the maximum temperature change is always located on the northwestern coast
of the lake (Figures 3.6 and 3.7), because the wind direction is southeasterly. The wind is
transporting the air from above the lake toward west or northwest (the wind direction slightly
changes during the simulation period) and creates a plume of colder or warmer air downwind
in the city and further in rural areas. The plume is still present at 22-m as well (Figure 3.7).
The main difference between the plume at 2-m (Figure 3.6) and at 22-m (Figure 3.7) is the
temperature difference outside the city during the night. Close to the surface, where the air
above grassland is stable, the warm air of the lake (and the city) traveling over the cool air of
the rural area can make the air more stably stratified and decrease the temperature in some

65

Chapter 3. Open water bodies

Figure 3.6: The difference in 2-m temperature between the simulation with and without a lake for different water
temperatures, (MRFA10 10 (10◦ C a,d), MRFA10 15 (15◦ C b,e), and MRFA10 20 (20◦ C c,f) for 6:00 and 16:00 local time
(UTC +2).

areas. This effect is strongest with the largest temperature difference, where the lake is 20◦ C
(Figure 3.6c).
Figure 3.8 shows the difference in air temperature between the simulations with and without
a lake with the distance from the lake in the wind direction. For a water temperature of 10◦ C,
the water body in the city always works as a cooling element. Here, the air temperature
is never below the lake water temperature. For a water temperature of 15◦ C, the situation
is already different. During the day, when the air temperature is more than 20◦ C, the lake
works as a cooling element of the city downwind of the lake. During the night, when the air
temperature is below 15◦ C, the influence of the lake changes. Suddenly, the air temperature is
lower than the water temperature and therefore the lake warms its surroundings. In this way,
the presence of the lake causes an increase in the air temperature.
Figure 3.8 shows that the lake has a larger influence on its direct surroundings than on the
areas further downwind of the lake. The cooling effect of a lake with 15◦ C temperature can
reach 1.5◦ C or 2◦ C in areas close to the lake and only 0.5◦ C or 1◦ C in the urban location
further downwind of the lake (Figure 3.9b).
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Figure 3.7: Same as Figure 3.6 with the temperature difference at 22-m (first model level).

The lake with a water temperature of 20◦ C has a much stronger warming effect during the
night than the cooling effect during the day. During the day, the lake cools the city only by
about 0.5◦ C and the shore areas by 1◦ C (Figure 3.9c). However, this is not such a significant
difference with the 15◦ C lake. The temperature experiences a much higher influence at night.
Close to the lake, the air temperature can be as much as 3.5◦ C higher than in a case without a
lake. This influence again weakens with distance. However, the city location further downwind
of the lake experiences air temperatures almost two degrees higher than in a city without
lake. This result is consistent with observational findings of Heusinkveld et al. (2014), who
found analogue results over the river Meuse in Rotterdam (Netherlands). Also note that the
spread in the influence of the lake on the air temperature increases when the lake temperature
increases (Figures 3.8 and 3.9)
It is important to note that our model simulation does not account for possible heterogeneity
in building properties. In reality, building density and building height can be organized such
that the flow is obstructed in certain preferential directions. In addition, the urban parameters,
prescribed in the model setup, are able to alter the results as well. Consequently, in reality,
the flow could follow a different path than shown in Figures 3.6 and 3.7. However, our results
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Figure 3.8: The 2-m temperature difference between the (a) MRFA10 10 , (b) MRFA10 15 , (c) MRFA10 20 , and MRFcity in the
urban area with the distance from the lake for several times (local time) during the day. The direction of the line drawn
from the lake corresponds with the background wind direction at that time.

Figure 3.9: Influence of the lakes of different temperatures on the difference in 2-m temperature at a point close to the
lake (x = 42, y = 53) (solid) and further in the city (x = 31, y = 58) (dashed). Figure depicts the temperature difference
between runs (a) MRFA10 10 , (b) MRFA10 15 , (c) MRFA10 20 , and MRFcity . Grey panels depict night hours.

are inherent to the model setup in which we wish to answer our research question for general
conditions.

3.4.3 Lake Distribution and Percentage of Surface Water
The second analysis concerns the effect of alternative spatial distributions of the water within
the city. Figure 3.10 depicts the percentage of the city that experiences a temperature change
larger than 0.1 and 0.5◦ C, either warming or cooling. The timing of the transitions from cooling
and warming does not change substantially, as well as the approximate times of maximum and
minimum temperature changes. However, the percentage of the city influenced by the water
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Figure 3.10: Percentage of the city influenced by the presence of the lake. (a-d) Show the percentage of the city
influenced more than 0.1◦ C and (e-h) percentage of the city influenced more than 0.5◦ C. Each graph represents one of
the model runs for different lake distributions (from left to right MRFA10 15 , MRFB10 15 , MRFC10 15 , and MRFD10 15 ). Grey
panels depict night hours.

body changes significantly. For the simulation with one big lake, 19.3% of the city experiences
a temperature change. This percentage can reach up to 26.8%. When the water is distributed
more equally over the city, these percentages are significantly higher. For the simulation with
four small lakes, an average of 34.3% of the city experiences a significant temperature effect.
The largest area of warming of 47.7% is reached at 6:00 LT. At this time, 23.7% of the city
area with one lake (MRFA10 15 ) experiences this change. The percentage of the city influenced
by the temperature change higher than 0.5◦ C does not show such a large variability within the
different cases (bottom panels of Figure 3.10)
Since the percentage of water in the city was fixed at 10% in the reference case, a higher
number of lakes implies that each lake has a smaller size. The area of the water body influences the resulting air temperature change. According to our results, a bigger lake causes
stronger cooling than a smaller one (Figure 3.11). The largest lake cools its closest surroundings up to 2.4◦ C, while the temperature change at the edge of the lake with four times smaller
area only reaches up to 1.4◦ C.
By examining whether introducing lakes where the water covers ranges from 5 to 15%, it
generally appears that a large areal water cover provides a stronger effect on the temperature
(Table 3.2). We can focus on two different situations: the extremes, when the cooling or
warming is strongest (maximum warming and maximum cooling), and the average over the
city (average cooling, average warming, and average influence). Table 3.2 shows that the
spatial influence increases with the spatial variability of the lakes, as well as with the total
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Figure 3.11: The 2-m temperature difference between the simulations with and without a lake at a point on the coast of
lakes of different sizes: MRFA10 15 (x = 42, y = 53) (solid line), MRFB10 15 (x = 53, y = 46) (dashed line), and MRFD10 15 (x
= 55, y = 44) (dotted line). Grey panels depict night hours.

water fraction. However, the influence is not linear over the range of water fraction. The
temperature effect between 5 and 10% water fraction is more pronounced than between 10
and 15% water fraction. For example, the change between MRFD5 15 and MRFD10 15 reaches
9%, while the change between MRFD10 15 and MRFD15 15 is only 3.4%. This suggests that
a larger spatial water cover does have a nonlinear effect on the air temperature. Therefore,
a strategic distribution of a lower amount of water can be more effective than simply adding
more surface water.

Table 3.2: Percentage of the City Influenced by the Presence of the Lake (∆T2m >0.1◦ C) for Different Amounts of Water
and Different Distributions of the Open Water Surfaces in the Citya

[%]
Case
Max warming
Max cooling
Avg warming
Avg cooling
Avg influence

A
20.5
20.5
7.1
12.6
14.2

5% Water
B
C
30.4 28.6
26.8 23.6
12
10.5
16.2 15.1
19.2 17.6

D
36
34.6
14
19.9
23.3

A
23.7
26.8
8.5
17.3
19.3

10% Water
B
C
35.6
36.4
33.2 34.4
13.4
13
22.4 22.4
25.9 26.5

D
47.7
47.7
16.8
29.5
34.3

A
27.8
31
10.1
20.1
23.4

15% Water
B
C
40.9 44.3
36.4 41.3
15.1 15.9
24.7 27.8
29.3 32.2

D
51.5
47.9
16.9
32.2
37.8

a Max warming and max cooling show the percentage of the city at the time when the warming and cooling, respectively, are strongest (the
peak values in Figure 3.10). Avg warming and avg cooling show the average percentage (in time) of the city experiencing warming or cooling
(the time averaged percentage in Figure 3.10). Avg influence shows the average percentage of the city experiencing any temperature change
(warming and cooling combined) caused by the presence of the water.
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Figure 3.12: Vertical cross section through the third domain (at y = 50) showing the temperature difference between
(a-c) MRFA10 15 and MRFcity , and (d-f) MYJA10 15 and MYJcity for three times during the day: 4:00, 10:00, and 15:00 local
time (UTC + 2). Grey bars show the position of the city and black the lake.

3.4.4 Sensitivity to Selected ABL Schemes
As described in section 3.3.5, both ABL schemes cause a different model response. Figure
3.12 shows that MYJ generates an ABL that is shallower than MRF since the cooling over
the lakes is distributed over a smaller layer. We also find that the vertical heat transport at
night is strongest with MRF, because the warming is distributed over a deeper layer than with
MYJ, which is consistent with results in, e.g., García-Díez et al. (2013). The MRF scheme is a
nonlocal scheme and accounts for vertical gradients over the entire ABL. Contrarily, MYJ is a
local scheme and only accounts for local gradients and therefore does not spread the warming
effect over the complete ABL.
The results for MRF as described in the previous section are similar for MYJ. The ABL
schemes provide the most prominent differences in the extremes. In Figure 3.13, it appears
that the temperature change due to the lake spread over a wider range with MRF than with
MYJ. During several hours at night, the average temperature increase is almost 0.5◦ C and the
strongest cooling effect during the day reaches 1◦ C on average (Figure 3.13). On the other
hand, the number of hours with an extreme cooling effect (air temperature effect higher than
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Figure 3.13: Frequency of time steps of the 2-m temperature difference between simulations with and without a lake,
within the plume (-0.05◦ C > ∆T > 0.05◦ C), for the two boundary-layer schemes: (a) MRFA10 15 and (b) MYJA10 15 .

0.5◦ C) is lower for MRF than for MYJ. With the MYJ scheme, 14 h (out of the simulated 60 h)
resulted in a cooling effect higher than 0.5◦ C, while this is only 11 h with MRF.
Even though the different ABL schemes influence the extremes of the temperature change
and the ABL development, the major aspects are consistent, and as such our model findings
appear to be robust. Warming and cooling periods have the same length, with exception of
two additional hours of warming with MRF compared to MYJ. This difference is caused by the
evening transition between the cooling and warming effects of the lake.

3.4.5 Human Comfort
The difference between the air temperature and wet bulb globe temperature (WBGT; eq. 3.2)
depends on the water temperature (Figure 3.14). With a water temperature of 10◦ C, the
humidity in the air always lowers the perceived cooling effect (Figure 3.14a). For example, in
the morning, when the cooling in the air temperature reaches 2.5◦ C, the perceived cooling is
only 0.5◦ C. This suggests that the humidity causes a discrepancy in the actual and perceived
cooling up to more than half (60%). However, such a difference is dominantly visible during the
periods of largest temperature change; during the rest of the day, we find that the difference
between average air temperature change and average WBGT change amounts to 0.5◦ C.
For a lake with a water temperature of 15◦ C (Figure 3.14b), the difference between Ta and
WBGT depends on the time of the day as well. At night, during the warming episodes, the
influence of the air humidity on thermal comfort seems negligible, while during the rest of the
day, the difference between the temperature change and WBGT change is also around 0.5◦ C,
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Figure 3.14: The 2-m temperature (solid lines) and the 2-m WBGT (dashed lines) difference between simulations with
and without a lake at a point close to the lake (x = 42, y = 53). Figure depicts the 2-m temperature difference between
(a) MRFA10 10 , (b) MRFA10 15 , and (c) MRFA10 20 and MRFcity . Grey panels depict night hours.

with extremes reaching 0.8◦ C difference.
The influence of the air humidity during a period of warming is more pronounced when
the warming is relatively strong (Figure 3.14c). Here, the WBGT is lower than the actual
temperature and mitigates the warming effect by about 0.8◦ C. The humidity effect during the
cooling period is the same as described above. Generally, the difference between the Ta and
WBGT change is most pronounced during episodes of the strongest cooling or warming.

3.5 Discussion
A number of previous studies found that the water bodies in urban areas have a cooling effect
on their surroundings (e.g., Xu et al., 2010; Inard et al., 2004). On the contrary, our results
indicate that the cooling effect of lakes is only relevant during the daytime, while at night,
we find a so far less discussed warming effect. Especially, at night, the thermal comfort is
necessary for getting asleep and the critical WBGT threshold is lower than during the day.
Moriyama and Matsumoto (1988) showed that high temperature and humidity inhibit sleep,
which subsequently can cause health problems. Our results indicate a warming effect at
night, which as such thus counteracts the intended improvement to thermal comfort effect.
Other studies mostly focused on influence of the lakes in their close surroundings (e.g
Kleerekoper et al., 2012). However, our study shows that the effect can also influence more
distant areas. Colder air originating from the lake is transported by wind and creates a plume
of air influenced by the presence of the lake several kilometers long. The size and length of
the plume are mostly dependent on the wind. The wind speed during the days of interest was
between 2.5 and 5 ms−1 , but other wind speeds would lead to different results. Another way to
influence the wind over the city is to increase the roughness of the terrain. For example, higher
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buildings lead to a higher roughness length and slow down the wind over the city. Therefore,
various urban parameters will alter the shape of the plume as well.
Furthermore, the size of the lake and distribution of the water over the city play their role.
Relatively large lakes also seem to have a relatively strong cooling effect on their surroundings
and also longer and colder plume influencing the city downwind. However, several smaller
lakes influence higher percentage of the city. This corresponds to findings of Sun and Chen
(2012), who also considered influence of the geometry of the water body. With use of largeeddy simulation, they concluded that several smaller regularly shaped water bodies have the
most beneficial effect when it comes to lowering extreme temperatures during the day.
Lakes vary in their properties, e.g., well-mixed, deep, large, or small. In this study, a wellmixed deep lake was assumed and therefore a constant water temperature was prescribed.
However, during days with high solar radiation and a small amount of mixing within the water,
an assumption of a constant water temperature is insufficient (Kaplan et al., 2003; Vercauteren
et al., 2011). Therefore, Figure 3.15 shows the diurnal temperature change for a constant lake
temperature (Figure 3.15a) compared to a simulation where the lake water temperature has
a diurnal cycle of two degrees varying between 15 and 17◦ C (Figure 3.15b). The maximum
lake temperature has a delay of 2 h compared to the maximum air temperature. The second
simulation has a diurnal cycle of four degrees varying between 15 and 19◦ C (Figure 3.15c).
These simulations show analogue results for the city temperatures as with a constant lake
temperature. Enhancing the diurnal cycle leads to less hours of cooling in the evening and
more warming during the night. This amounts to an addition 2 h of warming in the case
of a diurnally varying water temperature of 2◦ C and four additional hours of warming where
the water temperature is varied 4◦ C. These results only enhance the critical point that lakes
not only cool during the day but can also be responsible for significant warming in a city.
Consequently, in the future, it will be beneficiary to work with an interactive model to simulate
the water temperature interactively.
In this study, the WBGT is used as an estimate of the influence on thermal comfort. The
WBGT index only incorporates temperature and humidity. However, this index does not take
into account radiation, (mean radiant temperature) the air movement, and therefore the possibility or restriction of sweat evaporation (Budd, 2008). For a more elaborated assessment of
human thermal comfort, it would be necessary to use more advanced index, such as Physiological Equivalent Temperature (PET) (Mayer and Höppe, 1987), or the universal thermal
comfort index (UTCI) (Jendritzky et al., 2012). These methods incorporate various other atmospheric factors such as radiation or wind speed, but also human properties such as age or
clothing.
Despite the obvious relation between the urban temperature and the available surface water,
a further understanding of the role of lakes in the urban climate needs to be explored. In
particular, different influencing factors including the water body area, geometry expressed in
the landscape shape index, distance from the city center, and the properties of the surrounding
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Figure 3.15: The difference in 2-m temperature for simulations with and without a lake at a point close to the lake (x =
42, y = 53) (solid) and further in the city (x = 31, y = 58) (dashed) for (a) constant lake water temperature, (b) a lake
water temperature with a diurnal cycle of 2◦ C, and (c) a diurnal cycle of 4◦ C. Grey panels depict night hours.

built-up area need to be studied further (Sun and Chen, 2012).

3.6 Conclusion
This study investigates the influence of urban water bodies on the urban air temperature and
thermal comfort, using a mesoscale modeling setup of an idealized city and various surface
water distributions, area sizes, and temperatures. The air temperature change due to the
introduction of a lake depends on the size and number of lakes, distance from the lake, and
water temperature. Generally, we find that the influence of the water decreases with the
distance from the lake. However, the influence of the lake is still measurable several kilometers
downwind of the lake.
Within urban design studies, often the paradigm exists that surface water acts as a cooling
element in cities. On the contrary, this study shows that the water temperature (changing per
season) mostly dictates the temperature change, overshadowing the cooling due to evaporation. Water with a lower temperature than its surroundings always works as a cooling element
and vice versa. This way, the lake works as a buffer of the diurnal cycle of the temperature:
cools the environment during the day and warms it at night. A consequence of this finding:
when water bodies have reached a higher temperature at the end of the summer season, they
can act as nocturnal warming elements and are adverse to thermal comfort.
In addition, the temperature effect of a lake on the city differs for various distributions of the
same amount of water over the city. One large lake has a strong effect on its surroundings,
while several smaller lakes influence a higher percentage of the city. Moreover, increasing
the surface water in a city does not necessarily lead to a linear relationship with the temperature change within a city. Thus, proper weighing of the size and location of the lake can be
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beneficial to urban planning.
Concerning the sensitivity of our results to the boundary-layer schemes, we find that the
variance in cooling and warming is similar for the studied MRF and MYJ schemes; however,
their results differ in the extreme values. The MRF scheme models a stronger warming and
cooling effect of the lake. On the other hand, the MYJ scheme forecasts more hours with very
strong cooling (more than 0.5◦ C difference) than the MRF scheme.
The increased atmospheric humidity caused by evaporation from the introduced lakes decreases the perceived thermal effect of the lake. However, the difference between the air and
the WBGT change is substantial and amounts to a maximum of ∼0.8◦ C in some cases. This
implies that up to ∼60% of the comfort achieved by the cooling effect is cancelled out by the

humidity change. These findings can be used in urban planning, where the mitigation of UHI
and adverse human thermal comfort becomes more important due to extensive urbanization
in the last century.
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Chapter 4. Equation for the urban heat island
The urban heat island, defined as the air temperature difference between the urban canyon and the
nearby rural area, is investigated. Since not all cities around the world are equipped with an extensive
measurement network, a need exists for a relatively simple equation for the urban heat island effect.
Here, we derive a simple, diagnostic equation for the urban heat island using dimensional analysis. This
equation provides a first order estimation of the daily maximum urban heat island based on routine meteorological observations and straightforward urban morphological properties. The equation is tested for 14
cities across Western-Europe and appears to be very robust. The comprehensiveness of this analytical
equation allows for applications beyond atmospheric science.

4.1 Introduction
The best known phenomenon resulting from the difference in urban and rural microclimates is
the urban heat island (UHI) effect. Here, the UHI is defined as the difference in air temperature
between the rural environment and the urban street canyon, and is typically largest during the
evening and nighttime. In general, the UHI is induced by differences between the radiation
and energy balance between the land use types (Oke, 1982). Urban areas have a relatively
low albedo, a relatively large heat storage in the urban fabric during daytime and subsequent
release during the night. The released thermal radiation is often trapped in the urban canyons.
In addition, extra heat release due to human activities and less evapotranspiration due to the
lack of vegetation compared to the rural surroundings all lead to higher temperatures in urban
areas.
Consequently, the UHI generally depends on urban characteristics, such as street geometry
and urban vegetation fraction. However, the location and climate of the city surroundings and
meteorological conditions play important roles in determining the UHI magnitude as well. Due
to the myriad of processes governing the urban climate, there have been very little attempts
to find a diagnostic equation to estimate the UHI within the urban canopy (Arnfield, 2003).
However, research and operational activities in urban design, health studies and energy demand planning may benefit from reliable UHI estimates using these types of straightforward
equations.
The UHI undergoes a diurnal cycle (Oke, 1982), during the morning and early-afternoon
the UHI is smallest and can become negative in some cases (Morris et al., 2001; Theeuwes
et al., 2015). However, at the end of the afternoon the incoming solar radiation decreases and
both the urban and the rural environments cool. The urban area retains more heat and cools
slower than the rural surroundings, causing the UHI to reach a maximum during the evening
or night.
The maximum observed UHI has been positively (and occasionally negatively) related to
the aspect ratio or sky-view factor (e.g. Oke, 1981; Eliasson, 1996; Marciotto et al., 2010;
Theeuwes et al., 2014), negatively related to vegetation (e.g. Dimoudi and Nikolopoulou, 2003;
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Steeneveld et al., 2011; Petralli et al., 2014), negatively related to cloud cover and radiation
and wind speed(i.e. Ackerman, 1985; Kidder and Essenwanger, 1995; Morris et al., 2001).
Nowadays, the UHI is often successfully modelled with sophisticated atmospheric mesoscale
models coupled to an urban canopy or building energy model (i.e. Chen et al., 2011; Salamanca et al., 2011; Kusaka et al., 2012). However, these models still take a significant amount
of computing time and are not easy to use for non-experts. In addition, they require a large
amount of morphological input parameters and initialisation data, that are often not available
or uncertain. Alternatively, statistical models have been utilised, usually linear regression (i.e.
Bottyán and Unger, 2003; Szymanowski and Kryza, 2012; Hoffmann et al., 2012). These
methods are relatively straightforward and user friendly, but not purely physically based and
require retuning for each city.
Alternatively, in this research we present a physically based equation to diagnose a typical
daily maximum UHI at street level for various urban locations in North-Western Europe and
weather types. We will novelly utilise the well-established method of dimensional analysis
(Buckingham, 1914; Langhaar, 1951) for the application in urban meteorology. Previously,
scaling approaches were attempted by for example Summers (1964); Oke and East (1971);
Hidalgo et al. (2010); Lee et al. (2014). However these scalings were based on data not easily
measured, such as the boundary-layer height and the surface sensible heat flux in urban and
rural locations.
The diagnostic equation of this study is based on routine, rural weather observations and
basic city characteristics that should be easily accessible (section 4.2). An analysis which
meteorological variables are essential for the estimation of the UHI is given in section 4.3.
The diagnostic equation is derived and subsequently validated with observations from other
weather stations from hobby meteorologists in Western Europe and for a wide range of city
sizes (section 4.4). The final goal is to provide non-experts with a tool to make a first order
estimate of the daily maximum UHI.

4.2 Observations
Routine temperature measurements in urban areas are still scarce, because the complex
terrain causes issues concerning representativeness, maintenance and vandalism. However,
many hobby meteorologists measure temperatures within cities. These observations have
been used before to analyse the UHI in various cities in the Netherlands by Steeneveld et al.
(2011) and by Wolters and Brandsma (2012). These have been found to be very valuable after
careful screening.
Here, we use 11 hobby meteorology stations across Europe to derive and evaluate the
equation for the daily maximum UHI (Tab. 4.1). These stations have been selected for a
measurement height of around 1.50 m above the surface, so no roof stations were considered.
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Figure 4.1: The locations of the different measurement stations, the red, closed dots indicate measurement stations in
urban areas and the green, crossed dots in rural areas. The abbreviations of the city names can be found in table 4.1

Most of these stations are Davis Vantage pro 2 stations with active 24-hour ventilation and
have a very low bias (0.2 K) according to Bell et al. (2015). The Alecto stations also have
active ventilation, whereas the Cresta and La Crosse stations is naturally ventilated. This
ventilation is important in reducing the radiation error. However, since the maximum UHI
occurs during the evening and night this radiation bias is absent. Table 4.1 summarises more
characteristics of each urban station. The vegetation fraction within a 500 meter radius of the
urban weather stations is below 0.40. The local climate zones (LCZ; Stewart and Oke, 2012)
are mostly compact and open mid- and low-rise.
Two additional stations are located in Wageningen and in Amsterdam (the Netherlands), and
consist of Davis solar powered, ventilated radiation screens, and Decagon VP-30 temperature
and humidity sensors with a Decagon EM50G logger. Note that the screens are the same
as those of the Davis Vantage Pro 2 weather station, but are only ventilated when the solar
panels receive direct incoming radiation. The construction consists of an east facing and a
westward facing solar panel, specially designed to measure inside the urban canyon. These
stations have been attached to lampposts at a height of 3-5 m.
The weather station set up in Birmingham is a Vaisala WXT520 weather transmitter sampling every 15 seconds using SDI-12 protocol logging 1-minute averages. The measurement
height is around 3 m above the surface. For more information about the Birmingham measurement network, we refer to Chapman et al. (2014).
In order to compute an UHI and quantify the meteorological variables, observations from
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rural areas surrounding the city are also needed. Therefore observations of temperature,
wind, rain and relative humidity in the Netherlands are provided by the Dutch National Weather
Service and the United Kingdom Met Office (Fig. 4.1). These measurement stations are
located at airports (except Hoogeveen and De Bilt, the Netherlands) and all on a grass field
(LCZ D, low plants), in accordance to WMO standards. For the cities outside the Netherlands,
data from the European Fluxes Database Cluster are used. The rural reference station of Köln
was located near Jülich above cropland. A flux station near Grignon was used for computing
the UHI in Paris and Palaiseau (Fig. 4.1). This station was also located cropland and used
in previous research, such as by Lehuger et al. (2010). The distance between the urban and
rural weather stations

4.3 Selecting variables
For designing a diagnostic equation for the UHI it is essential to select the variables that impact
the UHI most and are physically based. Figure 4.2 shows a typical day and nighttime vertical
temperature profile for the urban and rural area. In this figure, we see that the maximum UHI
is largely dependent on the rural temperature profile. The rural temperature for its part, is
mainly dependent on weather conditions, which determine the nighttime cooling (preferably of
low wind and clear skies). In addition, we may expect that the UHI depends on the energy
stored in the urban canopy during daytime by solar radiation. As such, we can postulate the
following variables:

Table 4.1: Characteristics of the measurement stations used.
Abr.

City

Rural Station

Instrumentation

Coordinates

W Wageningen Veenkampen

Davis screen &
Decagon VP-30

51.974 N, 5.671 E

A

Amsterdam

O

Oss

distance
from
Inhabitants
rural
station

vegetation
fraction

SVF LCZ

Time

3.7 km

3.74 104

0.21

0.57

3

Schiphol

Davis screen &
Decagon VP-30

52.351 N, 4.894 E 11.8 km

8.23

105

0.08

0.39

2

5/2014 - 2/2015

Volkel

Davis Vantage Pro 2

51.762 N, 5.513 E 18.1 km

5.75 104

0.19

0.53

3

1/2014 - 12/2014

5/2013 - 5/2014

N

Nijmegen

Volkel

Davis Vantage Pro 2

51.837 N, 5.839 E 23.0 km

1.69 105

0.20

0.52

3

8/2010 - 12/2014

H1

Hoogeveen

Hoogeveen

Davis Vantage Pro 2

52.724 N, 6.516 E

4.2 km

3.89 104

0.36

0.72

3

2/2011 - 1/2015

T

Tilburg

Gilze-Rijen

Cresta WXR815LM

51.553 N, 5.095 E 11.6 km

1.91 105

0.37

0.60

3

8/2009 - 1/2015

U

Utrecht

De Bilt

Alecto WS-4000

52.079 N, 5.139 E

3.7 km

3.31 105

0.38

0.61

3

3/2009 - 3/2015

G

Groningen

Eelde

Davis Vantage Pro 2

53.232 N, 6.604 E 12.0 km

1.98 105

0.39

0.66

6

12/2012 - 3/2015

H2

Hoogezand

Eelde

Davis Vantage Pro 2

53.159 N, 6.759 E 12.5 km

2.14 104

0.30

0.70

6

4/2012 - 3/2015

P1

Paris

Grignon

Davis Vantage Pro

48.852 N, 2.336 E 28.5 km

2.25 106

0.05

0.23

2

1/2006 - 12/2008

P2

Palaiseau

Grignon

La Crosse WS-2305

48.724 N, 2.251 E 25.9 km

3.03 104

0.29

0.66 5/6

6/2005 - 12/2008

K

Köln

Jülich

Davis Vantage Vue

50.931 N, 6.959 E 37.3 km

1.03 106

0.04

0.68 2/5

2/2013 - 12/2014

L

London

Kenley

Davis Vantage Pro

51.524 N, -0.134 E 24.5 km

8.42 106

0.14

0.27

2

1/2012 - 7/2015

B

Birmingham

Coleshill

Vaisala WXT520

52.472 N, -1.901 E 10.3 km

1.09 106

0.27

0.84

5

1/2014 - 12/2014
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z

UHImax
θ
DTR

f(urban properties)

Figure 4.2: A sketch of the potential temperature profiles in the urban (red) and rural (green) area during the daytime
(dashed) and nighttime (solid). The UHImax and the diurnal temperature range in the rural are have been indicated as
well. The red shaded area indicates the general area of uncertainty in the urban temperature profile caused by different
urban properties (e.g. vegetation, sky view factor)

• S ↓ : the incoming shortwave radiation as averaged over the day at the rural site, to indi-

cate the energy entering the system. (i.e. Ackerman, 1985; Kidder and Essenwanger,
1995; Morris et al., 2001). We express S ↓ in kinematic units [Kms−1 ], so the amount of
incoming radiation in [Wm−2 ] divided by the air density and specific heat capacity (ρCp )

• DTR in [K]: the diurnal temperature range at the rural site (Tmax − Tmin ), to introduce a

measure for the cooling potential during the night outside the city. (i.e. Gallo et al., 1996;
Holmer et al., 2013). A higher diurnal temperature range indicates that lower nighttime
temperatures can be reached at the rural site and thus a higher UHI.

• Uavg in [ms−1 ]: the average 10-m wind speed during the day and night at the rural site.
Table 4.2: Information about the selected variables for the analysis
Variable
UHImax

Time
day 0, 8:00 - day 1, 7:00
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S↓

day 0, 1:00 - day 1, 0:00

Uavg
Davg
DTR

day 0, 8:00 - day 1, 7:00
day 0, 8:00 - day 1, 7:00
day 0, 8:00 - day 1, 7:00

∆T
∆z

day 0, 17:00 - day 1, 7:00

Rsum

day 0, 1:00 - day 1, 0:00

Description
max(Turban − Trural ) from one-hour average data.
Average of the shortwave incoming radiation from one-hour maxima in
rural area
Average wind speed at 10 meter from one-hour averages in rural area
Average wind direction at 10 meter from one-hour averages in rural area
Difference between the maximum and minimum temperature in rural area
min(T1.5m )−min(T10cm )
Difference between the minimum rural temperature at
1.5−0.1
1.5 m and at 10 cm in rural area
The total sum of rain from one-hour averages in rural area

4.3. Selecting variables

Figure 4.3: The observed maximum urban heat island against (a) the averaged incoming shortwave radiation during the
day, (b) the diurnal temperature range (c) the diurnally averaged wind speed at 10 meters and (d) the temperature
gradient close to the ground, all at the rural location, for the station in Hoogeveen. The colours indicate the magnitude of
other variables, green in (a) is the wind speed yellow is low and dark green high, red in (b) and (d) is the incoming
shortwave radiation with yellow low and dark red high values, and blue in (c) is the diurnal temperature range yellow is
low and dark blue is high. The grey lines in the upper-left corner indicate the error bars. The data with rain (Rsum > 0.3
mm) and fog (relative humidity > 80%) have been excluded.

(i.e. Ackerman, 1985; Kidder and Essenwanger, 1995; Morris et al., 2001). A stronger
wind speed will mix horizontal differences more effectively and will decrease the UHI.
•

∆T
∆z

in [Km−1 ]: the maximum temperature gradient (in this study between 2 m and 10 cm)

close to the ground at night at the rural site as a measure for stability during the night
(i.e. Lee, 1979; Baik et al., 2007; Hu et al., 2013). This variable could be included as an
alternative to the DTR.

Figure 4.3 shows these four variables and their relation to the measured daily maximum
UHI (UHImax ) for an urban station (Hoogeveen). These two locations were selected since they
are not located on the edge of the city and have very little influence of mesoscale flows, due to
orography or proximity to the sea and are thus ideally located to answer our research question.
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As expected the incoming shortwave radiation has a positive relation with the UHI (Fig.
4.3a), consistent with Steeneveld et al. (2011). Note that S ↓ is both influenced by clouds
and the season, since we analyse data at mid-latitudinal locations. An increase in the energy entering the urban canopy increases the heat that is released during the night from the
urban fabric, elevating the temperature difference between the urban and rural environment.
There are some outliers for lower values of S ↓ , these mainly occur during the winter months
where anthropogenic heat release starts to play a larger role in this part of the world. The anthropogenic heat created by industry or residents warming their houses also supplies energy
into the urban system, increasing the maximum UHI. In addition, figure 4.3a also shows that
these high UHI values at low incoming radiation occurs under very low wind speed. Generally,
difference in wind speed also explains the wide range in the relation between S ↓ and UHImax .
As shown in figure 4.3b the diurnal temperature range is positively correlated with the maximum diurnal UHI. The DTR has been successfully related to the urban and rural cooling rate
by Holmer et al. (2013). If the rural environment becomes more stable the minimum temperature is able to reach a lower value and the DTR increases. While the nighttime urban
temperature does not decrease as much as the rural temperature, causing a large UHI under
stable conditions with a high DTR. These figures also show that the large DTR is also closely
related to the incoming shortwave radiation. It does not only explain some of the spread in the
DTR-UHImax relation, but it also explains the magnitude of the DTR. This can be explained,
because during clear sky days the maximum (and minimum) temperature can reach much
higher (and lower) values than during cloudy days (and nights).
The wind speed appears to be negatively correlated with the UHI (Fig. 4.3 c), as many other
studies have shown before (i.e. Ackerman, 1985; Park, 1986; Kidder and Essenwanger, 1995;
Morris et al., 2001). The increased wind speed leads to more mixing, both in the vertical and
the horizontal direction. Enhanced mixing between the rural and urban environment leads to
a lower UHI. Overall, the figures indicate that both the wind speed and diurnal temperature
range need to be included in the equation.
Finally, we also explore the vertical temperature gradient

∆T
∆z

in the rural area near the sur-

face, which is another measure of the atmospheric stability in the rural environment. This
variable is positively related to the UHI (Fig. 4.3d). The maximum temperature gradient at
night increases if the atmospheric surface layer becomes more stable. When the air is more
stably stratified, turbulence is suppressed, decreasing the sensible heat flux, leading to a lower
rural temperature (Holtslag et al., 2007). On the other hand, the air in the urban areas mostly
remains relatively well mixed, due to nighttime heat release and thus limiting this large temperature drop. As a result, a more stable rural area increases the urban-rural temperature
difference and the UHI. This variable is shown to be more independent of the shortwave incoming radiation, because the maximum temperature gradient is a night-time only parameter.
The temperature gradient - UHI relation can be improved with the inclusion of incoming radiation, although the final result is not as evident compared to the DTR. Another disadvantage of
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∆T
∆z

is that it is not routinely observed outside of the Netherlands.

4.4 Designing equations
In this section, a diagnostic equation will be derived for the UHI from the meteorological variables described in the previous section. Therefore the technique of dimensional analysis
(Buckingham, 1914; Langhaar, 1951) is used. Dimensional analysis is a method used to find
a physically meaningful equation between variables based on their fundamental dimensions
(i.e. time, length, mass). This technique has been proven to be very valuable in atmospheric
sciences, for instance Monin-Obukhov Similarity theory has generated flux profile relations
that were developed using dimensional analysis (Businger et al., 1971; Dyer, 1974). In addition, Steeneveld et al. (2007) derived an equation for the stable boundary layer height using
dimensional analysis.
Using Buckingham’s Π theorem (Buckingham, 1914; Langhaar, 1951) dimensionless groups
can be created with the variables as described above. For example, if only the variables
UHImax , S ↓ , DTR and U are used, the following matrix formula for Π can be constructed:
α
Π = UHImax
S ↓β DTR γ U δ

(4.1)

Based on the dimensions amount of dimensions, 3, we get the following system of equations:
⎧
⎪
⎪
⎪
α+β+γ =0
⎪
⎪
⎪
⎪
⎨
⎪
β+δ=0
⎪
⎪
⎪
⎪
⎪
⎪
⎩−β − δ = 0

Here, we see that the last two equations are equal to each other and do not add any additional
including both does not add any additional information. Therefore, we can create two dimensionless groups. In order to create these dimensionless groups we chose 2 parameters. For
the first group we choose β = 0 and δ = 0:
⎧
⎪
⎪
⎪
α+0+γ =0
⎪
⎪
⎪
⎪
⎨
0+0=0
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩−0 − 0 = 0

1
Consequently, α = 1 and γ = −1 resulting in Π1 = UHImax
S ↓0 DTR −1 U 0 giving:

Π1 =

UHImax
,
DTR

(4.2)
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Figure 4.4: Two dimensionless groups plotted as a function of each other with data for the station in Hoogeveen. (a)
shows the dimensionless groups derived in equations 4.2 and 4.3 with trend lines of the functions y = c1 · x 4 (black) and
y = c2 · x (grey). (b) shows the dimensionless groups derived in equations 4.9 and 4.10 with a trend line of the function
y = c3 · x . The grey lines in the upper-right and lower-left corners indicate the measurement uncertainty. The data with
rain (Rsum > 0.3 mm) and fog (relative humidity > 80%) have been excluded.

For the second group we choose α = 0 and δ = −1:

⎧
⎪
⎪
⎪
0+β+γ =0
⎪
⎪
⎪
⎪
⎨
β−1=0
⎪
⎪
⎪
⎪
⎪
⎪
⎪
⎩−β + 1 = 0

0
Consequently, β = 1 and γ = −1 resulting in Π2 = UHImax
S ↓1 DTR −1 U −1 giving:

Π2 =

S↓
U · DTR

(4.3)

Subsequently, a function is derived using observations, describing the relationship between
these two groups. The two dimensionless groups are plotted as a function of each other in
figure 4.4a. One of the functions that can be fit through the Hoogeveen data is:
Π2 = c1 · Π41

(4.4)

Here c1 is a constant specific for the Hoogeveen dataset. Note that Π1 and Π2 have the DTR
as a common variable, this may lead to self-correlation (Baas et al., 2006) will be discussed in
section 4.7. Rewriting equation 4.4 to make UHImax explicit, we find:
UHImax = a1
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S ↓ DTR 3
U

(4.5)
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On the other hand, a linear function could also be fit through the Hoogeveen data (Fig.
4.4a):
Π2 = c2 · Π1

(4.6)

Rewriting this equation for UHImax , causes the DTR to cancel out and results in the following
equation:
UHImax =

a2 S ↓
U

(4.7)

In a similar manner dimensional analysis can be performed with another combination of
variables such as: UHImax , S ↓ ,

∆T
∆z

, U and a length scale L. Then Buckingham’s Π theorem

states that 2 dimensionless groups can be formed, 5 variables - 3 dimensions ([K], [m] and [s])
= 2 groups.
Here, L [m] is a horizontal length scale that could describe the distance of the city to a
large water body and the city’s footprint of the stations location. The location of the city with
respect to the sea may be important to incorporate, due to the dampening effect of water on
temperature, but also mesoscale effects bringing local advection of moisture and temperature
into the city. These aspects are secondarily included in the DTR in equation 4.5. In addition,
the size of the city and the location within the city are important as well. Therefore, a second
length scale can be used to quantify the distance the wind travels over the city (e.g. a landsea breeze circulation). The idea to formulate a length scale in this manner is widely used in
the modelling of the nocturnal boundary layer (i.e. Blackadar, 1962; Delage, 1974), where the
mixing length is formulated analogously, ensuring a smooth transition of the two length scales
using inverse interpolation of the two individual length scales.
1
1
1
=
+
L Lcityedge Lwater

(4.8)

Here Lcityedge is the distance from the city measurement station to the edge of the city, dependent on the wind direction and Lwater is the distance to a large water body. The definition
of a large water body is a water body with a larger diameter than the distance it takes to get
there from the urban station. Being close to the sea decreases L. For a location far inland the
last term in equation 4.8 becomes negligible and only Lcityedge contributes, creating a physically
realistic variable to be related to the UHI.
Using these variables the two following dimensionless groups can be formed:
Π1b =

UHImax
,
∆T
L
∆z

(4.9)

Π2b =

S↓
U · UHI

(4.10)

The data for Hoogeveen shows that these two dimensionless group can be linearly related
(Fig. 4.4b):
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Π2b = c3 · Π1b

(4.11)

Rewriting this equation for UHImax gives the following equation:
UHImax = a3

2

S ↓ ∆T
L
∆z
U

(4.12)

In equations 4.5, 4.7 and 4.12 the ai denote constants specific to each dataset. Table
4.3 shows the best fit of ai for each of the above mentioned equations. The dataset was
randomly split in two, i.e. a statistically independent calibration and validation dataset. This
was done randomly to exclude time-dependent errors (e.g. seasonality, minor changes in
urban configuration and changes in vegetation). The values of ai were determined with the
first half of the dataset.

4.5 Evaluating the equations
Figure 4.5 shows the result of the three equations for the second half of the dataset from the
two cities (Hoogeveen and Nijmegen). Indicated are the trend lines that show the best linear fit
(based on the median absolute error) for ai and table 4.3 shows the slope (ai ), the root mean
squared error (RMSE) and the median absolute error (MEAE) for each of the equations.
Equation 4.5 shows a very close relation to the observed maximum UHI (Fig. 4.5a. For
Hoogeveen the relation performs better than for Nijmegen, a RMSE of 0.75 K compared to a
RMSE of 0.98 K. However, the overall performance of this equation is very good compared to
the other two equations, that have RMSE’s of 0.89 K versus 1.61 K and 0.82 K versus 1.40 K
for Hoogeveen and Nijmegen.
Figure 4.5b displays the measured UHI with the result of equation 4.7. When the UHImax is
higher than 3 K the UHI is increasingly underestimated, which seems to be caused by the wind
speed. The key difference between this equation and equations 4.5 and 4.12 is the relation
between UHImax and U is not a root function. Morris et al. (2001) found the UHI could be

Table 4.3: The best fit of constant a (based on the MEAE) fitted for one half of the dataset and the root mean squared
error, median absolute error and the standard error for the second half of the dataset.

Equation
4.5
4.5
4.7
4.7
4.12
4.12
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City
Hoogeveen
Nijmegen
Hoogeveen
Nijmegen
Hoogeveen
Nijmegen

ai best fit
0.97
1.26
35.9
51.5
0.20
0.18

RMSE [K]
0.75
0.98
0.89
1.61
0.82
1.40

MEAE [K]
0.52
0.65
0.62
1.08
0.54
0.87

4.5. Evaluating the equations

Figure 4.5: The observed maximum UHI against the predicted maximum UHI from the three different equations (a)
equation 4.5, (b) equation 4.7 and (c) equation 4.12. The red dots show data for the station in Hoogeveen and the blue
diamonds for Nijmegen. The trend lines are given for the best fit for half of the dataset of each station, solid lines are for
Hoogeveen and dashed lines for Nijmegen. The grey lines in the upper-right corner indicate the measurement
uncertainty. The data with rain (Rsum > 0.3 mm) and fog (relative humidity > 80%) have been excluded.
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best fitted with the fourth root function of U, as represented in equation 4.5. In addition, the
difference in the performance between the Hoogeveen and Nijmegen is exceptionally large,
RMSE = 0.89 K for Hoogeveen and 1.61 K for Nijmegen. Meaning that in Nijmegen not all
processes may be taken into account with this equation.
As shown in figure 4.5c, equation 4.12 shows a correlation with UHImax . In Hoogeveen
the equation again complies better with the observations than in Nijmegen, RMSE of 0.82 K
versus 1.40 K. In both cities the equation underestimates observed maximum UHI’s lower than
3-4 K, and overestimates the UHI above 3-4 K. Clearly, we identify the effect of variable L in
this equation. The constant a3 that is best suited for the Nijmegen data (a3 = 0.18) is close to
the a3 best fit for the Hoogeveen data (a3 = 0.20).
Overall, equation 4.5 performs best to represent UHImax for both Hoogeveen and Nijmegen.
Therefore, in the remainder of the research, equation 4.5 will be referred to as the equation to
estimate the UHImax . In order to make this equation applicable to other cities, we expect a1 to
be a function of urban morphological properties.

4.6 Application to other cities
The next step is to evaluate the performance of the diagnostic equation 4.5 for other cities and
to include urban properties important for the estimation of the UHI. In order to quantify this
effect figure 4.6 shows the dependence of a1 in equation 4.5 on different urban properties: the
vegetation fraction in a radius of 500 m around the urban weather station, the sky view factor
at the stations location, estimated from the building heights and street width, the population
density of the chosen city, and the average horizontal length scale L (section 4.4).
Here, a1 shows the best relation with the sky-view factor at the location of the station (Fig.
4.6b). The vegetation fraction in a 500 meter radius also shows a clear relationship with
a1 (Fig. 4.6a), as well as the population density (Fig. 4.6c), in line with previous research
(e.g. Oke, 1981; Steeneveld et al., 2011; Heusinkveld et al., 2014; Theeuwes et al., 2014).
However, the distribution of the population density is insufficient in order to concretely relate
to a1 . The length scale L appears not to be convincingly related with a1 to be a meaningful
parameter in the further analysis.
Given the findings, we use the vegetation fraction and sky-view factor to represent a1 . Since,
both variables show a linear relation to a1 , a multiple linear regression method is applied to
find the relation between the sky view factor and vegetation and a1 . Resulting in an equation:
a1 = 1.94 − 0.93 · SVF − 0.88 · fveg this will be simplified to the following function (Fig. 4.7):
a1 = 2 − SVF − fveg

(4.13)

With this approximation the MEAE of a1 increases from 0.024 K to 0.042 K (from ∼2% to ∼3%)
and therefore stays very small.

90

4.6. Application to other cities

Figure 4.6: The best fit for a for the first half of each of the city’s dataset against different urban characteristics: (a)
vegetation fraction in a radius of 500 meter around the urban measurement station, (b) sky-view factor, (c) population
density of the city and (d) and the length scale from equation 4.8. The abbreviations of the city names can be found in
table 4.1 and the grey lines indicate the error bars estimated from the uncertainty in the estimation of the urban
properties and confidence in estimating a1 .

This quantification of a1 results in the following diagnostic equation for the daily maximum
UHI:
UHImax = (2 − SVF − fveg )

1
4

S ↓ DTR 3
U

(4.14)

This formula is derived and therefore valid for 0 < fveg < 0.4 and 0 < SVF < 1. Note that in
the limit of fveg and SVF going to 1, a1 is zero and the UHI will vanish, as can be physically
expected. U is limited to values higher than 0.5 ms−1 , however the cup anemometers used in
the Dutch rural stations are unreliable with wind speeds lower than 1 ms−1 .
Figure 4.8 shows the performance of eq. 4.14 for the evaluation half of the dataset of each
city in table 4.1. Generally, the new equation performs reasonably well given its simplicity, with
a RMSE of 1.2 K and a MEAE of only 0.85 K. The fact that the errors are larger in figure 4.8
than in table 4.3 are due to the uncertainty in equation 4.13, not all cities are placed exactly
on this 2:1 line in figure 4.7.
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Figure 4.7: The best fit for a for the first half of each of the city’s dataset against equation 4.13. The solid line indicates
the function y = x. The abbreviations of the city names can be found in table 4.1 and the grey lines indicate the error
bars estimated from the uncertainty in the estimation of the urban properties and confidence in estimating a1 .

4.7 Discussion
In this study a new diagnostic equation was presented to calculate the maximum UHI. Here,
some of the uncertainties of the equation and the methods used will be discussed.
There have been previous attempts to scale the urban heat island using a simple equation.
Summers (1964) suggested to use the atmospheric boundary-layer height and the potential
temperature gradient above the boundary layer to estimate the urban heat island in Montreal,
Canada (Oke and East, 1971). However, the application of such an equation it is difficult
since vertical profiles are not routinely measured in most parts of the world, and if they are
only once or twice a day. Hidalgo et al. (2010) suggested using the difference in the sensible
heat flux between the rural and urban surface and the boundary-layer height to scale the UHI
using numerical experiments. As well as the boundary-layer height is not often measured,
energy balance measurements are performed even less frequently. In addition, energy balance measurements have additional issues dependent on the measurement technique and
the instrument’s footprint. Lee et al. (2014) estimated the time dependent UHI with the difference similarly with the sensible heat flux, the wind and the length of the city. Note that none
of these studies use any urban morphology parameters, such as a measure for vegetation,
building density or materials, whereas this study does. Moreover, the diagnostic equation de-
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Figure 4.8: The observed maximum urban heat island against the predicted urban heat island using equation 4.14 for all
stations. The solid line is the one-to-one line. The grey lines in the upper-right corner indicate the error bars estimated
from the measurement and model uncertainty. The data occur 1 hour before or 5 hours after sunset, and data with rain
(Rsum > 0.3 mm) and fog (relative humidity > 80%) have been excluded.

rived here only uses routine meteorological measurements, such as 10-m wind speed, solar
radiation, and 1.5-m temperature.
In this study we have utilised weather stations set-up by hobby meteorologists that are
located in gardens, and rooftop stations have been eliminated. Unfortunately, this gives a
limited variability in urban climate zones where measurements are taken (Tab. 4.1). The
urban stations in Paris, Amsterdam, and Köln gave much more information about the inclusion
of surface properties into equation 4.14. It is also important to note that the sky-view factor,
not only indicates the street geometry but also the building density and the location within the
city, on the edge or in the centre.
The selected cities are all in North-Western Europe. This region of the world does not have
many high-rise buildings and has buildings with similar thermal properties. Another restriction
in using only measurement stations in Western-Europe is the climate. Western Europe has a
mild maritime climate (Cfb), with relatively cool summers and mild winters, where evaporation
is usually not limited by soil moisture availability. Therefore, we observe a large range of
weather types and therefore a broad range in UHI magnitudes.
The UHI is such that the temperature difference between two locations is used, the urban
and rural. Above we mainly discussed the urban surface properties that can influence the
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results. In addition, we only examined measurements above grass- and cropland and did not
test the performance above different rural land surface types. However, moving to a rural location that is bare soil or forest or a location with a different soil moisture content will influence
the ability of the rural environment to cool. The rural cooling effect is implicitly included in the
DTR (Dai et al., 1999; Bonan, 2001; De Wekker and Whiteman, 2006).
Concerning the measured wind speed above the rural surface, the surface roughness and
the measurement height influence the magnitude of the wind speed. In order to correct for
the roughness of the rural terrain and the measurement height, the potential wind speed (Up )
can be used (Wieringa, 1986). For a measurement height of 10 meters with low vegetation
(a roughness length of about 0.03 m) the correction factor is 1, therefore the measured wind
speed is the same as the potential wind speed. However, if the wind speed is measured at a
location with a higher roughness length, the potential wind speed increases.
Note that this diagnostic equation does not account for several other urban properties such
as building materials, anthropogenic heat and water fraction. This research assumed that
building properties are generally similar, which is not unreasonable to assume in Western
Europe, since building materials are mostly the same. Moving to areas with different ways of
building houses and offices a different factor may need to be included in a (Eq. 4.13). Similarly,
anthropogenic heat is not included in equation 4.14, so this equation should not be applied in
places with heavy industry. However, if the amount of anthropogenic heat release is known
it could be added to S ↓ or added as a new variable in the dimensional analysis. This was
not attempted in this research due to the uncertainty in the available methods of estimating
anthropogenic heat compared to the actual anthropogenic heat emission values. Concerning
the water fraction, water dampens the diurnal temperature range inside and outside the city.
The DTR of the rural area will be influenced by the proximity to the sea or other large water
body. Therefore, the diagnostic equation performs best when the city and the rural station are
of approximately similar distance to a water body. Equation 4.14 is not influenced by small
channels, lakes or ponds within the city.
While using the dimensional analysis method to create an equation for UHImax , there was
not a sufficient amount of variables to create completely independent groups. While deriving
equation 4.14 both dimensionless groups included DTR. This means that there may be some
degree of self-correlation when these two groups are plotted as a function of each other in
figure 4.4. In order to determine the amount of self-correlation, Baas et al. (2006) proposed
randomising the observational dataset. Randomising the dataset used in this research and
redrawing figure 4.4, showed very scattered results without any obvious relation. This gives
us confidence that self-correlation does not characterise the relation between the two dimensionless groups.
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4.8 Conclusions
In this study a diagnostic equation was derived to estimate the daily maximum urban heat
island within the urban canyon. Key meteorological variables, solar radiation, diurnal temperature range, wind speed and the vertical temperature gradient, and their relation to the UHI
were analysed. Using these variables, multiple equations for the UHI could be composed and
evaluated. Equation 4.14 performed best after including urban morphology parameters (in this
case sky-view factor and vegetation cover) for several cities in Western-Europe.
The diagnostic equation 4.14 is relatively simple, physically based and is in good agreement
with field observations. It only requires routine observations or forecasts of screen-level temperature, solar radiation and 10-m wind speed in the rural area. However, the variety of cities
tested is limited and further testing to cities outside Western-Europe is preferable.
The analytical equation is straightforward to be applied in practice and gives a surprisingly
satisfactory estimation of the daily maximum UHI under different weather conditions, without
running a complicated and time-consuming urban canopy or atmospheric numerical model.
This allows for applications far beyond urban meteorological or climate studies, to include,
amongst others, energy demand and health studies.
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Chapter 5. Urban cool island
The urban heat island effect is a phenomenon observed worldwide, meaning that nocturnal temperatures in cities are usually several degrees warmer than in the surrounding countryside. In this study we
show that cities are surprisingly found to be cooler than their rural surroundings in the morning and early
afternoon. An overarching physical explanation for this so-called daytime urban cool island effect has
been lacking so far. We use a well-validated conceptual atmospheric boundary-layer model to explain that
the urban cool island forms due to differences seen in the early morning mixed-layer depth over the city
(deeper) and over the countryside (shallower). This study gradates the strength of the urban cool island
for various types of urban morphology through local climate zones, a universal urban land-use classification scheme. Our findings emphasise the importance of including atmospheric boundary-layer dynamics
in studying urban climate.

5.1 Introduction
Currently, urban areas are confronted with challenges regarding increasing population densities (urbanisation) and the impacts of climate change. Nowadays ∼52% of the 7.3 billion

people reside in urban areas, which is foreseen to increase to 67% in 2050 (United Nations,
2014). In this same time frame the world global air temperature is projected to raise by around
1.5 ◦ C, in conjunction with a projected increase in the abundance of heat waves in many parts
of the world (Meehl and Tebaldi, 2004; Stocker et al., 2013). Both developments underline
the need to understand the environmental physics of the urban environment since this directly
governs health, well-being and labor productivity of urban dwellers through thermal comfort,
air quality and an unique wind climate. The urban land-use strongly influences the energy
and water balance and thus meteorology. The urban heat island effect (UHI) is the most profound meteorological contrast between cities and the countryside, i.e. the urban temperature
exceeds the rural temperature, particularly in the evening and at night; in some cases more
than 6 ◦ C (Oke and Maxwell, 1975; Kłysik and Fortuniak, 1999; Steeneveld et al., 2011). The
UHI is driven by a variety of processes that lead to excess heat stored in the city during the
day, which is subsequently released during the night (Oke, 1982).
The UHI has been the focus in many studies; though a significant number of these studies
document that cities often remain cooler than the countryside from the early morning until
the early afternoon during fair weather and low wind speed conditions. This so-called urban
cool island (UCI) may amount to 1-2 ◦ C (Kłysik and Fortuniak, 1999; Steinecke, 1999; Morris
et al., 2001; Sang et al., 2000; Rotach et al., 2005; Chow and Roth, 2006). Despite the UCI
having been both observed and forecasted using an atmospheric model (Miao et al., 2009;
Salamanca et al., 2012), earlier studies only qualitatively suggest that the UCI originates from
shadow effects in the urban canyon (Oke, 1982; Steeneveld et al., 2011), the daytime energy
storage in the urban fabric (Rotach et al., 2005), or the attenuation of net radiation due to
aerosols (Sang et al., 2000). The current study explores a new physical explanation for the

98

5.1. Introduction

Figure 5.1: Schematic overview of the urban and rural ABL around sunrise. The potential temperature profiles display
the schematic representation of the urban and rural ABL. The dashed line denotes the height of the rural (green) and
urban (red) boundary layer.

UCI that is rooted in atmospheric boundary-layer (ABL) dynamics.
The ABL is defined as the turbulent layer of the atmosphere closest to the Earth’s surface
(Stull, 1988). At night, the rural ABL cools and can be relatively shallow (∼100 m, (Steeneveld
et al., 2007)). Simultaneously, the urban nocturnal ABL remains substantially deeper (∼400
m) (Oke, 1982) because it remains supplied with heat that was stored in buildings during the
day, the storage or ground heat flux. Here, we hypothesise that the difference in the thin rural
ABL and thick urban ABL causes a difference in heating rate between the urban and the rural
environment in the early morning. We expect that the countryside will warm up faster than
the urban environment since the layer overlying the countryside is thinner and contains less
thermal mass than the urban ABL. This hypothesis will be evaluated using prognostic equations for the ABL height and potential temperature. This conceptual ABL model is initialised
and evaluated with observations during the BUBBLE campaign in Basel, Switzerland (Rotach
et al., 2005; Christen, 2005), which observed the UCI effect during the intensive observation
period in the summer of 2002. Furthermore, the sensitivity of the modelled UCI will be tested
for a variety of ABL and urban surface properties.
The paper is organised as follows: first the model, measurements and experimental set-up
are described in sections 5.2.1, 5.2.2 and 5.2.3. Next, the experimental results are discussed,
starting with an explanation of the process behind the UCI formation, in section 5.3.1, followed
by a sensitivity analysis to the ABL and urban surface properties in sections 5.3.2 and 5.3.3.
Finally, the main conclusions will be summarised in section 5.4
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5.2 Methodology
5.2.1 Model formulation
Our hypothesis is based on the daytime ABL evolution, therefore a conceptual mixed-layer
model (Tennekes, 1973) is an appropriate infrastructure to study the UCI. This mixed-layer
model has been widely evaluated in e.g. (Fedorovich et al., 2004; Tombrou et al., 2007; Huang
et al., 2011b), and has been successfully applied to study the impact of aerosols (Barbaro
et al., 2013), land-atmospheric coupling (Ronda et al., 2002; van Heerwaarden et al., 2009),
clouds (Betts, 1973; Vilà-Guerau de Arellano et al., 2012), carbon dioxide (Combe et al.,
2014) and urban areas (Onomura et al., 2015) on the ABL. The mixed-layer model consists
a uniform potential temperature (< θv >) and specific humidity (< q >) profile, with a sharp
potential temperature (∆θv ) and specific humidity jump (∆q) at the ABL top (h), and a linear
increase (decrease) in the potential temperature (specific humidity) in the free atmosphere
aloft (Fig. 5.1), described by:
∂ < θv > w ′ θv′ − b · w ′ θv′
=
∂t
h

(5.1)

∂∆θv
b · w ′ θv′
∂ < θv >
=−
γθ −
∂t
∆θv
∂t

(5.2)

∂h
b · w ′ θv′
=−
+ wL
∂t
∆θv

(5.3)

∂ < q > w ′q′ − b · w ′q′
=
∂t
h

(5.4)

These equations are both applied to the urban and the rural ABL. b is the fraction of energy
added by entrainment at the top of the ABL and amounts to -20 %, which is a ratio widely used
to simulate the convective ABL in low wind speed cases (Stull, 1988; Ball, 1960). Furthermore,
the free tropospheric lapse rate is denoted by γθ and subsidence is wL .
The ABL development is strongly dependent on the surface fluxes for heat (w ′ θv′ ) and moisture (w ′ q ′ ), therefore the mixed-layer model is coupled to a land-surface model. Observations
of sensible and latent heat fluxes are available for these sites for evaluation (section 5.2.2 and
supplementary information). The coupling of a land-surface model gives realistic diurnal variations in the surface fluxes and allows for studying the sensitivity to urban surface properties
as formulated in the Local Climate Zones (Stewart and Oke, 2012; Stewart et al., 2014). The
evolution of the surface temperature is calculated as follows (Duynkerke, 1991):
c

∂θsfc
= Q ∗ − S − H − Lv E
∂t

(5.5)

c is the heat capacity per unit area and θsfc is the surface skin temperature. Q ∗ is the net
radiation calculated as in previous research (Stull, 1995). The storage or ground heat flux (S)
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is calculated following the objective hysteresis model by (Grimmond and Oke, 2002), and H
and Lv E are the sensible and latent heat flux calculated using the Businger-Dyer relationships
(Businger et al., 1971). More details about the land-surface model are given in the supplementary materials.
In order to evaluate model results with observations at pedestrian level, we estimate the air
temperature from the ABL to the surface layer using (Theeuwes et al., 2014):
θ(z) =< θ > +

H(z) · rah
ρCp

(5.6)

We use a rural reference height z = 2 m, while in the urban environment this is more complex.
Therefore, a two-step approach is used to evaluate the model performance in an urban area:
first evaluating the temperature above the roughness sublayer, followed by the evaluation of
the air temperature in the urban canyon. At the observational site used in this study there
are temperature observations at 3 and 33 meter above the surface, later described in section
5.2.2. First, we use eq. (5.15) to calculate θ(z = 33m), i.e. at 2.64 times the building height
which is above the roughness sublayer height. Subsequently, we evaluate θ(z = 33m) against
observations. Figure 5.2b shows the modelled 33 meter potential temperature compares very
well with the observed temperature measurements at 33 meters (RMSE(root mean squared
error)=0.71◦ C, MEAE(median absolute error)=0.65◦ C), thus we conclude that the model can
successfully simulate θ(z = 33m).
In the next step, we estimate the air temperature in the canyon. Therefore, canyon sensible
heat flux is estimated using an empirical method (Christen, 2005) that accounts for the divergence of the sensible heat flux in the roughness sublayer. The estimated canyon heat flux is
used to interpolate the temperature from 33 m down in the urban canyon at three meter. Consequently, the modelled canyon temperature in figure 5.2b shows a remarkable resemblance
to the observed 3-meter canyon temperature (RMSE=0.56◦ C, MEAE=0.42◦ C). Finally, the rural 2-m temperature is also very close to the observations (RMSE=0.49◦ C, MEAE=0.26◦ C).

5.2.2 Observations
For this study we selected a day in which the UCI was measured during the intensive observation period in the BUBBLE campaign (June 26, 2002), because of its favourable fair weather
conditions and high availability of observations (e.g. radiation and energy balance, soundings,
and lidar) (Rotach et al., 2005). In order to initialise and evaluate the described model, temperature and humidity profiles and turbulent fluxes above urban and rural locations are of vital
importance. The BUBBLE campaign is one of the rare datasets where this combination of
observations is available and as such we limited ourselves to this data for Basel, Switzerland.
Table 5.1 shows the initial conditions used in the mixed layer equations and the land surface
model. The day is started at 5:00 local time with an ABL-UHI of 1 ◦ C and an urban boundary-
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Table 5.1: List of the default input variables into the mixed layer equations

Variable
< θ0 >
∆θ0
γθ
< q0 >
∆q0
γq
h0
wL
c
εa
εsfc
α
fvegetation
β
AH
u∗
u
z0m
zh

Rural
Urban
287 K
288 K
5K
4K
0.007 Km−1
0.007 Km−1
8.7 g kg−1
9.1 g kg−1
-0.1 g kg−1
-0.1 g kg−1
-0.001 g kg−1 m−1 -0.001 g kg−1 m−1
100 m
400 m
-0.00324 ms−1
-0.00324 ms−1
Land Surface Model
1.5 · 105 Jm−2 K−1
2.9 · 105 Jm−2 K−1
0.8
0.8
0.99
0.95
0.2
0.1
1.0
0.29
βrural
0.6
fvegetation
−2
0 Wm
0 Wm−2
−1
0.276 ms
0.374 ms−1
−1
1.92 ms
1.96 ms−1
0.1 m
0.8 m
12.5 m

layer depth four times the rural boundary-layer height. These initial conditions are based on
vertical profiles of temperature and surface heat-flux measurements. Subsidence is derived
from the European Centre for Medium-Range Weather Forecasts reanalysis vertical velocity
above the ABL, averaged over the entire day (Dee et al., 2011). As for the input of land surface
model, the α is based on measurements of incoming and outgoing shortwave radiation, β, u
and u ∗ are also based on measurements of that particular day. Values for c are based on
previous studies (Tsuang, 2003).
The urban simulations are initialised and validated with data from the Basel-Spalenring
(47.555 N; 7.576 E). The vegetation fraction and building height for the urban site were previously defined (Rotach et al., 2005; Christen, 2005). The urban ABL height (Fig. 5.2a) is
estimated to be the aerosol mixed-layer height obtained from Lidar signal, where we assume
an uncertainty of about 200 meter (Hennemuth and Lammert, 2006).
The rural simulations are initialised and validated with data from Grenzach (47.537 N; 7.675
E). The rural ABL height in figure 2a is estimated from the vertical velocity of a doppler sodar
system. To this end we assumed the standard deviation of the vertical velocity was larger than
0.6 ms−1 in the ABL. The sensitivity to initial ABL profiles is documented in section 5.3.2
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5.2.3 Experimental set-up
The following experiments are used to test whether the UCI is formed due to the higher earlymorning urban ABL compared to the rural ABL height:
Experiment 1 Is the default experiment with an urban and rural mixed layer initialised with
values from table 5.1.
Experiment 2 Determining the sensitivity of the UCI to the thermodynamic state of the ABL,
here the initial ∆θv , h and γθ are varied.
Experiment 3 Determining the sensitivity of the UCI to urban surface properties, here εsfc ,
α, z0 , zh , AH and fvegetation (Tbl. 5.2) are varied for each of the 10 local climate zones
described in section 5.2.4.

5.2.4 Local climate zones
In the experiment 3 the sensitivity of the UCI formation is tested for different urban morphological properties. These properties will alter the surface fluxes, leading to differences in the
ABL growth, temperature and UCI. A classification of urban morphology is provided by local
climate zones (LCZ) (Stewart and Oke, 2012; Stewart et al., 2014). This classification system is applicable worldwide and designed to couple typical land-use characteristics, such as
surface type, structure and anthropogenic activity, to the local thermal climate. Each LCZ has
characteristic values for the urban surface properties, such as albedo, emissivity, aspect ratio,
impervious, pervious and building surface fractions and anthropogenic heat production.
It appears that the largest sensitivity of the UCI magnitude is provided by the vegetated/
impervious surface fraction and the anthropogenic heat flux, displayed in table 5.2. The anthropogenic heat is added to the sensible heat flux using a sinusoidal function with two peaks
at 8:00 in the morning and 16:00 in the afternoon local time (LT) during the rush-hours, similar to previous research (Sailor and Lu, 2004). The added heat is expected to increase the
urban sensible heat flux especially in the morning, expected to cause the UCI to decrease
in intensity. Urban areas with added vegetation are expected to have the opposite effect and
decrease the sensible heat flux during the day and enhance the UCI.

5.3 Results
5.3.1 Urban cool island formation
The model is initialised at sunrise with an urban ABL that is deeper (400 m) than the ABL over
the rural area (100 m) following the observations (Fig. 5.1). Figure 5.2 shows the modelled
diurnal evolution of the convective ABL height, the 2-m temperature and the UHI. Overall the
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Figure 5.2: Diurnal evolution of the ABL height and temperature modelled (lines) and observed (markers) for
boundary-layer height (a), the air temperature (b) and the resulting urban heat island (c) in the urban environment at 33
meter (red dotted lines and stars), at 3 meter (red solid lines and dots) and rural (green dashed lines and squares)
environment. The measurements are for June 26, 2002 at the urban measurement site Basel-Spalenring and the rural
site Grenzach (Rotach et al., 2005)."I" indicates the heating phase and "II" the growing and heating phase (section
5.3.1).

model results compare well with the available observations for temperature and the boundarylayer height. In the first 3.5 hours of the morning we find a heating phase with increasing
temperatures over both the urban and rural area. During this phase the ABL is only heated
by the input of the surface heat flux, while the ABL growth is marginal (Fig. 5.2a). Although
the urban surface heat flux is larger (∼ 110 Wm−2 ) than the rural surface flux (∼ 50 Wm−2 ),
the urban heating rate is lower than the rural heating rate (maximum of 1.49 versus 2.71 Kh−1 )
because the volume of air in the urban ABL that needs to be heated is much larger than
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the volume of air in the rural ABL. This finding corresponds to the earlier observations of a
smaller heating rate in the urban environment compared to the rural environment (Oke, 1982;
Johnson, 1985; Holmer et al., 2007).
The larger heating rate in the rural environment causes the rural temperature to become
higher than the urban temperature in the morning two hours after sunrise. This difference is
to such an extent, that the initial UHI (of 1 ◦ C) shifts to an UCI effect with a maximum value of
∼2 ◦ C (Fig 5.2c) approximately 4 hours after sunrise.

In the second growing and heating phase, both the urban and rural ABL start to grow and

warm from around 8:30 h due to the entrainment of free tropospheric air into the ABL. In this
phase, the urban temperature increases more rapidly than the rural temperature due to the
higher surface sensible heat flux of the city (maximum of ∼330 versus ∼190 Wm−2 ) (Fig. 5.5).
Ultimately, the urban temperature exceeds the rural temperature around 13:30 LT. This effect

is also confirmed by the BUBBLE observations. The simulated ABL height and screen-level
temperatures in and outside the city are simulated in close agreement with observations (Fig.
5.2), which emphasises the robustness of the proposed UCI mechanism. In addition, in both
phases the modelled fluxes approximately agree with BUBBLE observations, which underlines
the model validity (Fig. 5.5). The sensitivity of the UCI to these fluxes will be further explored
in section 5.3.3

5.3.2 Sensitivity to boundary-layer thermodynamic state
The simulations suggest that the UCI basically forms due to the difference in the ABL depths
at sunrise and disappears in the afternoon due to the higher surface sensible heat flux of the
city compared to the countryside. Therefore, experiment 2 explores the sensitivity of the UCI
magnitude to the initial ABL depth over the two terrain types, as well as to the free atmospheric
lapse rate and the initial temperature jumps at the ABL top (Fig. 5.3).
Figure 5.3 indicates that the difference in initial ABL height is the only factor to trigger the
UCI (Fig. 5.3a). The UCI is only zero when the initial ABL height of the urban area is less than
twice the initial ABL height over the rural area. For example, if the initial rural ABL height stays
100 m, but the initial urban ABL is only 200 meter instead of 400 meter, the UCI is almost
non-existent. Here, the higher urban sensible heat flux heats up the urban ABL as fast as the
rural ABL is heated up, giving the rural and urban area the same temperature in the morning.
The UCI magnitude is sensitive to the temperature inversion (∆θv ) at the top of the rural
ABL, as a result of the shallower ABL in the growing phase. The UCI increases if ∆θr is
stronger, because it takes longer for the convection to break through the inversion layer and
allowing the ABL to grow. This increases the duration of the heating phase in the rural environment, leading to a larger UCI (Fig. 5.3b). For example, increasing the ∆θv ,r by 1 ◦ C, the
UCI increases to ∼2.5 ◦ C and lasts at least to 18:00 LT. On the other hand, decreasing the

∆θv ,r by 1 ◦ C causes the UCI magnitude to decrease to ∼1.5 ◦ C and only lasts until 11:30.
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Figure 5.3: The sensitivity of the urban cool island to the initial parameters. The maximum urban cool island (from the
2-m temperature) subtracted by the initial urban heat island as a function of the initial rural (x-axis) and urban (y-axis)
ABL heights (a), temperature inversions (b) and free tropospheric lapse rate (c). The black dot indicates the values in
the default simulations.
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Figure 5.4: The potential urban cool island in different local climate zones. The maximum urban cool island (from the
2-m temperature) subtracted by the initial urban heat island (dark blue bars) and the urban cool island dose, the
integrated light blue area in figure 5.2c (light blue bars) of the local climate zones using specific initial values (Stewart
et al., 2014).

Changes in the initial urban temperature jump have a much smaller effect on the magnitude
of the UCI.
Figure 5.3c shows the dependence of the UCI on the free tropospheric lapse rate. In the
reference simulation for the selected BUBBLE day we use the same γθ = 0.007 Km−1 in both
the urban and rural environment. Note that the observed γθ for the current day is in close
agreement with values reported elsewhere of about 0.005-0.006 Km−1 (Santanello et al., 2005;
Janssen and Pozzer, 2014). The figure shows if we assume an infinite residual layer (i.e. γθ =
0.001 Km−1 throughout the entire simulation, (Kim and Entekhabi, 1998)) above the rural ABL,
it does not impact the formation of the UCI, since the UCI does not vanish for low γθ . On the
other hand, an infinite urban residual layer amplifies the UCI because it allows for a rapid top
entrainment. This causes the boundary layer to grow more quickly and increases the area to
be heated further, leading to a lower heating rate and a larger UCI.

5.3.3 Sensitivity to surface characteristics
Our model results indicate that the UCI formation is not necessarily dependent on detailed
surface characteristics, such as building shading or the thermal properties of the urban sur-
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face. However, its magnitude is influenced by urban surface properties. Urban morphology
influences the radiation balance, through the surface albedo and emissivity, and the surface
energy partitioning through the vegetated surface fraction and added anthropogenic heat, altering the surface sensible heat flux and consequently the growth of the urban ABL.
In experiment 3 we estimate the UCI in a similar manner as in experiment 1 for each LCZ, in
order to provide a more general characterisation of the UCI for real-world urban morphologies.
Table 5.2 shows the fraction sensible heat of the net radiation, Bowen ratio and the resulting
maximum heating rate and ABL growth rate for each LCZ. Whereupon, figure 5.4 shows the
maximum and integrated UCI for all 10 defined LCZ compared to the rural area. The integrated
3
UCI (UCIINT ) is defined as (θu − θr )dt for θu < θr and represents the dose UCI during its
presence, and is as such a better proxy for the day-time cooling potential than the maximum
UCI magnitude.
The magnitude of the modelled maximum UCI for each LCZ is substantial, ranging from 1.4
◦

C for LCZ 7 (lightweight low-rise) to 3.8 ◦ C for LCZ 9 (sparsely built). For compact high-rise

and heavy industry (LCZ 1 and 10 respectively) the high anthropogenic heat flux leads to a
higher sensible heat flux in the early morning, causing a higher heating rate in these urban
areas, limiting the maximum UCI<2◦ C. In contrast, the zones with a relatively large areal
vegetation fraction (LCZ 4 (open high-rise), 5 (open mid-rise), 6 (open low-rise) and 9) have
the largest UCI, up to ∼3.8 ◦ C. These areas have a relatively low sensible heat flux, as shown
in table 5.2. For instance, LCZ 4 has a fraction sensible heat flux of the net radiation of 0.30,
compared to a fraction 0.48 over LCZ 1. However, the difference in the initial ABL heights still
causes a small ABL growth (∼168 mh−1 compared to ∼221 mh−1 ) and a small heating rate in
the urban area (∼1.36 Kh−1 versus ∼1.81 Kh−1 ).

The UCIINT values vary more between LCZs than the maximum UCI. In particular for LCZ 1,

2 (compact mid rise), 3 (compact low-rise), 7 and 8 (large low-rise) the UCIINT is substantially

Table 5.2: A list of the local climate zones and their in- and output properties: vegetation fraction, anthropogenic heat,
sensible heat fraction of the net radiation, bowen ratio, maximum heating rate and maximum boundary layer growth rate.

LCZ
1
2
3
4
5
6
7
8
9
10
rural
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fveg
[-]
0.05
0.10
0.15
0.35
0.30
0.40
0.15
0.15
0.70
0.45
1.00

AHmax
[ Wm−2 ]
50
17.5
15
15
7.5
5
15
20
2.5
150
0

H
Q∗

[-]
0.48
0.45
0.46
0.30
0.34
0.33
0.56
0.40
0.26
0.32
0.25

H
Lv E

[-]
12.0
6.0
4.0
1.7
2.0
1.5
4.0
4.0
0.9
1.3
0.6

∂θ
∂t max

[Kh−1 ]
1.81
1.63
1.68
1.36
1.46
1.45
1.87
1.51
1.33
1.99
2.71

∂h
∂t max

[mh−1 ]
221
212
218
168
185
182
245
193
160
181
265
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smaller than the maximum UCI, indicating that the UCI phenomenon is relatively shorter lived
in these LCZs due to a higher sensible heat flux (Table 5.2 shows sensible heat flux over net
radiation fractions above 0.4).
Exploring the relevance for UCI of the real-world cities, we refer to preliminary results from
the World Urban Database and Access Portal Tools (WUDAPT) (Bechtel et al., 2015), that indicates the analysed mid-latitude western metropolitan areas (including Milan, Italy; Chicago,
USA; Vancouver, Canada and Nancy, France) mainly consist of LCZ 6 (open low-rise), followed by LCZ 9 (sparsely built). Hence, these parts of the urban area are expected to experience a substantial UCI on fair weather days provided the initial rural ABL height is more than
twice the initial urban ABL height.
Vegetating the urban surface, causes more energy to be partitioned into evaporation and
less to the sensible heat and heat storage in buildings. For example, LCZ 3 and 4 have a
different vegetation fraction 0.15 versus 0.35, causing the sensible heat fraction to drop from
0.46 to 0.30. This causes less warming (1.68 versus 1.36 Kh−1 ) and ABL growth (∼218 mh−1
compared to ∼168 mh−1 ) during the heating and growing phase, resulting in an UCI that lasts
for a longer period of time, up to the start of the evening (18:00 LT). Thus, the LCZ’s within a

city strongly determine the urban cooling potential during the day. Vegetation provides a robust
means to influence the urban climate, and to decrease urban heat and its adverse effects on
human thermal comfort.
Finally, note that we assume the same initial conditions of the urban ABL for each LCZ.
However, extra vegetation is expected to reduce the nocturnal UHI, but also reduces the initial
ABL height at sunrise. These effects compensate each other, as shown in figure 5.3a. For
example, running a simulation with the same set-up as experiment 3, but reducing the initial
UHI to 0.25 ◦ C (instead of 1 ◦ C) and the initial ABL height to 300 m (instead of 400 m), results
in the same integrated UCI for all LCZ’s.

5.4 Conclusions
Cities are generally known for the evening and nocturnal urban heat island effects. Surprisingly, cities have been reported to be cooler in the morning and early afternoon. Our experiments provide a new physical explanation for this urban cool island. The nocturnal heat
release from the urban surface leads to a deeper ABL over cities than over the countryside
at sunrise. This difference in ABL depth induces a higher early morning heating rate over
the countryside than over the cities. Consequently, the initial UHI at the end of the night progresses into an UCI. This UCI peaks about 4 hours after sunrise and can last into the early
afternoon. For a case with an initial boundary-layer UHI of 1◦ C and an urban and rural ABL
height of 400 and 100 meter, the UCI reaches up to 2 ◦ C.
The magnitude of the UCI and its duration strongly depend on the urban morphology. An-
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thropogenic heat increases the sensible heat flux in the urban area especially during the
morning and leads to a decrease in the UCI magnitude. A higher vegetation fraction has
the opposite effect: a decrease in sensible heat flux and an increase in the UCI. The strong
link between the UCI magnitude and the urban morphology indicates that the UCI can be
employed as an efficient tool in urban planning.
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Appendix: extended model description and surface flux evaluation
In this study, the land-surface model calculates the required net radiation as follows:
4
Q ∗ = (1 − α)I0 τ cos (ζ) + εa σTa4 − εsfc σθsfc
− (1 − εsfc )εa σTa4

(5.7)

Here, α is the surface albedo, I0 is the solar constant, τ is the sky transmissivity (Stull, 1995),
ζ is the solar zenith angle, εa and εsfc are the emissivity of the atmosphere and the surface
respectively, σ is the Stefan-Boltzmann constant and Ta is the absolute temperature at the top
of the surface layer (= 0.1h).
The sensible heat flux (H) is estimated as:
H = ρCp w ′ θs′ = Ch · u · ρ · Cp (θsfc − < θ >) + AH

(5.8)

where Ch is the heat exchange coefficient, ρ is the air density, Cp is the specific heat capacity,
u is the wind speed and AH is the additional anthropogenic heat flux.
The storage or ground heat flux (S) is calculated the following the objective hysteresis model
(OHM) by (Grimmond and Oke, 1999, 2002).:
S=

n
n
n
4
4
∂Q ∗ 4
(fi a1i )Q ∗ +
(fi a2i )
+
(fi a3i ),
∂t
i=1
i=1
i=1

(5.9)

which has been specifically designed for heterogeneous urban environments, and has been
further evaluated in (Rigo and Parlow, 2007). Here, fi are the fractions pervious, impervious
and building surface and the constants a1 , a2 and a3 used in the urban simulation are 0.34,
0.31 h, -31 Wm−2 for pervious, 0.70, 0.33 h, -38 Wm−2 for impervious and 0.11, 0.25 h, -6
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Wm−2 for buildings, and 0.32, 0.54 h, -27.4 Wm−2 for the open grass of the rural simulation,
respectively, as tested in previous research(Grimmond and Oke, 1999, 2002). Despite more
sophisticated heat storage models have been developed, the level of complexity of the OHM
and the ABL model balance well with each other.
The sensible heat flux (H) is estimated as:
H = ρCp w ′ θs′ = Ch · u · ρ · Cp (θsfc − < θ >) + AH

(5.10)

where Ch is the heat exchange coefficient calculated using:
Ch =

ln

5z

a +z0m

z0h

6

κ · u∗
5 z +z 6

− Ψh

a

L

0m

+ Ψh

5z 6
0h

(5.11)

L

Here, the stability function for the unstable atmosphere during the day is:

Ψh

⎡
5
61
⎢⎢⎢
z 2
⎢⎢⎢ 1 + 1 − 16 L
= 2 ln ⎢⎢⎢
⎢⎣
L
2

$z %

and the Obukhov length (L) is given by:

L=−

⎤
⎥⎥⎥
⎥⎥⎥
⎥⎥⎥
⎥⎦

< θ > u∗3

(5.12)

(5.13)

κg · w ′ θv′ ,s

The latent heat flux (Lv E) is derived from the sensible heat flux using the observed Bowen
ratio using the surface fluxes(Table1) (β):
Lv E = ρLv w ′ qs′ =

H
β

(5.14)

Here, u∗ is the observed friction velocity, κ is the von Karman constant (= 0.4) (Högström,
1996), g is the acceleration of gravity (=9.81 m s−2 ), ρ is the air density, Cp is the specific heat
capacity, u is the wind speed (in this case at 28 meters over the rural surface, assumed to be
in the surface layer) and AH is the additional anthropogenic heat flux, za is the surface layer
depth (Fig. 1), for which we use 0.1 · h. For the urban simulation za is subtracted by a displacement height (d = 0.8zh ). Furthermore, z0h is the roughness length for heat for which we use

about 0.25 times the roughness length for momentum (z0m ) in the urban environment as in
(Kawai et al., 2009) and a value of 0.1 times the roughness length for momentum in the rural
environment is used as in (Beljaars and Holtslag, 1991) valid for homogeneous circumstances
(Table 5.1).
We estimate the air temperature in the surface layer using (Theeuwes et al., 2014):
θ(z) =< θ > +

H(z) · rah
ρCp

(5.15)
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Figure 5.5: The modelled and observed surface sensible heat flux calculated using a land surface model (dashed) in the
urban (red) and rural (green) simulation. The measurements are for June 26, 2002 at the urban measurement site
Basel-Spalenring and the rural site Grenzach (Rotach et al., 2005). The uncertainty in the energy balance is estimated
from the residual in the energy budget divided by the measured bowen ratio.

rah =

$z %
$ z %8
1 7 $ za %
a
ln
− Ψh
+ Ψh
κu∗
z
L
L

(5.16)

In the rural environment z is 2 m. However in the urban environment this is more complex and
we use equation 5.15 to calculate the temperature at z = 33 m. The latter is 2.64 times the
building height and above the roughness sublayer.
In order to interpolate the air temperature down into the canyon, a canyon sensible heat flux
is needed for equation 5.15 since the sensible heat flux is not constant with height. Therefore, we used the following equation to calculate the sensible heat flux down into the canyon
(Christen, 2005):
H(z) = H(z ∗ )e−k
k=

ch (ze − z)
ze

(5.17)
(5.18)

Here ze is the effective building height assumed to be ≈ 1.2 times the mean building height
(Christen, 2005)(= 12.5 m in this case ), above ze a relatively constant sensible heat flux
was measured. Here, z is 3 meter. Furthermore, ch is an empirical constant assumed to
be 1.4 (Christen, 2005). H(z ∗ ) is the sensible heat flux above the effective building height
as calculated in equation 5.10. This equation and its constants were derived and tested for
the site in Basel, Switzerland used in this study (Christen, 2005). Using the estimated heat
flux at three meters in the urban canyon from equation 5.17, we again apply equation 5.15 to
interpolate the temperature from 33 m down in the urban canyon at three meter.
The method to estimate the urban canopy temperature from the mixed layer temperature
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can be debatable, since it is a method based in Monin-Obukhov similarity theory, that is not
necessarily valid for complex heterogeneous surfaces. Even though it is not developed for
urban areas it is still often used in one form or another; also in complex urban canopy models
or parameterisations (UCM) (Masson, 2000; Kusaka et al., 2001; Martilli et al., 2002). Using
one of these UCM (town energy balance (TEB) (Masson, 2000)) the results of figure 5.2b were
compared when interpolating the bulk mixed layer temperature down to canyon level using an
offline simulation. The results of this complex model simulation were in close agreement with
the modelled temperature using the canyon temperature calculation proposed here. This gives
us additional confidence that the method we use to model the urban canyon temperature gives
a good approximation.
Figure 5.5 shows the prescribed and modelled surface sensible heat flux. The observed
sensible and latent heat fluxes are derived from eddy covariance measurements of 3D-ultrasonic
anemometer-thermometers coupled with humidity fluctuation measurements. The rural observations are located at 28 meters above the surface and the urban flux observations are located
at 37.6 meters (∼ 3 times the building height) The uncertainty in the measurements are calculated from the energy balance closure. Adding all measured terms in the energy balance
we are left with a residual. This residual is divided over the latent and sensible heat flux using
the observed Bowen ratio. In the urban case the storage flux is not measured and is assumed
to be 30% of the net radiation. This gives an uncertainty of ∼75 Wm−2 for the urban sensible
heat flux, ∼38 Wm−2 in the urban latent heat flux, ∼48 Wm−2 for the rural sensible heat flux
and 73 Wm−2 in the rural latent heat flux. For more details about the sites and the data see
the BUBBLE overview article (Rotach et al., 2005; Christen, 2005).
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Chapter 6. Summary
The main goal of this thesis is to understand the processes that drive the urban air temperature and
the urban heat island (i.e. difference between urban and rural air temperature). First, the effects of urban
morphology, street geometry and open water bodies on the diurnal cycle of the urban air temperatures
were investigated. This was followed by a search for a universal scaling of the meteorological variables
into a diagnostic equation for the daily maximum urban heat island. Finally, it is explored how the daytime
urban heat island is influenced by atmospheric boundary-layer dynamics and how it may induce a counterintuitive urban cool island during the morning.

The urban heat island (UHI) is defined as the temperature difference between the rural and
urban environment, which is typically largest during the evening and early night. This thesis
mainly studies the UHI in the urban canopy layer. The UHI is driven by the net energy storage
in buildings during the day and its subsequent release during the evening and night. The two
main motivations for studying this UHI effect are the expected increase of urbanisation and
the projected enhanced heat stress, as a result of climate change. The urban population is
expected to increase in the coming decades. In addition, the projected temperature rise and
increase in the number of heat waves has a negative effect on thermal comfort and could
increase health issues. These effects emphasise the necessity of mitigation of excess heat
from the cities, through the fundamental understanding of the processes, and the possible
application in urban planning. In addition, the air temperatures in cities strongly influence
energy demand and use.
A myriad of natural or anthropogenic variables and related physical processes influence
the magnitude and the diurnal cycle of the UHI. Variables of an anthropogenic nature are
usually related to urban morphology such as street geometry (chapter 2) or open water bodies
(chapter 3). On the other hand, there are variables uncontrollable by humans, such as weather
related variables (chapter 4) or atmospheric boundary-layer dynamics (chapter 5).

6.1 Street geometry
In order to understand and quantify the influence of street geometry on the urban heat island,
particularly for narrow streets and high buildings, the following research question was studied
in chapter 2:
Question 1 What is the seasonal influence of the street canyon aspect ratio on the urban
temperature and urban heat island and what are the dominant physical processes?
The effect of urban morphology on the urban temperature, the role of street geometry is
rather complex. This complexity arises from different counteracting processes on different
timescales, namely the trapping of longwave radiation and the shadowing effect leading to
a lower solar radiation in the street canyon. Longwave radiation trapping is the process that
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narrow streets with high buildings (high aspect ratios) tend to trap a large part of the emitted
radiation by walls and roads. In contrast, wide streets with low building heights (low aspect
ratios) are relatively more efficient in the emission of thermal radiation. Longwave trapping
supports the UHI formation. On the other hand, the shadowing effect causes streets with
high aspect ratios to receive less solar radiation, and in streets with low aspect ratios more
incoming solar radiation is able to penetrate into the urban canyon. Thus, the aspect ratio has
a negative effect on the UHI.
The net effect of these two processed is highly dependent on the stage during the night
and the season. Using the WRF single-column model coupled to a single-layer urban canopy
model and observations in Rotterdam (the Netherlands) several cases in different seasons
were analysed. In agreement with literature, in almost all cases the trapping of longwave
radiation dominates for aspect ratios up to 0.5-1, i.e. for these values the aspect ratio has
a positive effect on the urban canopy heat island. When a street has an aspect ratio larger
than 1, the UHI at the start of the night usually remains constant or decreases with the aspect
ratio. In that case, shadowing effects dominate, except in the winter and during the start of
the spring, where there is very little incoming solar radiation. Therefore, in these low solar
radiation cases the trapping of longwave radiation is the most important process determining
the relationship between the UHI and the aspect ratio. In cases with high incoming solar
radiation, the shadowing effect dominates for streets with aspect ratios above 0.5-1. Especially
in June and July the shadowing effect dominates throughout the entire night, decreasing the
UHI for narrow streets with high buildings. Hence, these new insights extending previous
research and reveal and physically explain an optimum of the UHI-aspect ratio relationship.

6.2 Open water bodies
In some cities the presence of open water bodies is a vital urban morphological property. In
order to quantify the impact of these open water bodies on the urban temperature the following
research question was studied in chapter 3:
Question 2 How do open water bodies influence urban temperatures and human thermal
comfort spatially and temporally?
This research question was addressed using the 3-dimensional WRF mesoscale meteorological model with an idealised circle-shaped city. In this idealised city different configurations
of surface water cover were applied: variations in the size, spatial arrangement and water temperature of the lakes. Generally, WRF simulations reveal the influence of the water decreases
with the distance from the lake. However, the temperature effect is still noticeable several
kilometres downwind of the lake.
Previous research mostly identified the cooling ability of water bodies. On the one hand
water surfaces provide cooling due to evaporation, mainly during the daytime. On the other
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hand, water has a relatively large heat capacity and dampens the diurnal temperature range.
This thesis shows that the water temperature (varying per season) mostly dictates the air
temperature difference. Water with a lower temperature than its surroundings always works
as a cooling element and vice versa. As such, the lake works as a buffer of the diurnal cycle
of the temperature: it cools the environment during the day and warms it at night compared
to the situations without a lake. A consequence of this new finding: when water bodies have
reached a higher temperature at the end of the summer season, they can act as nocturnal
warming elements and can significantly increase the magnitude of the UHI.
In addition, the temperature effect of a lake on the city differs for various distributions of the
same amount of water over the city. One large lake has a strong effect on its surroundings,
while several smaller lakes influence a higher percentage of the city. Moreover, increasing
the surface water area cover in a city does not necessarily lead to a linear change in the air
temperature of a city. Finally, open water bodies also cause an increase in humidity, especially
during the day. This humidity influences thermal comfort indices such as the wet-bulb globe
temperature, reducing the cooling ability of the lake.

6.3 Equation for the urban heat island
In order to combine the weather related and urban morphological variables to estimate the
UHI, the following question was answered in chapter 4:
Question 3 How can a diagnostic equation for the daily maximum urban heat island be derived on the basis of routine weather observations and basic urban morphological parameters?
Since urban temperatures are not measured in each city around the world exists a need for
a universal diagnostic equation for the UHI. The derivation of a diagnostic equation for the daily
maximum UHI was explored using observations from measurement stations in and around 14
cities of North-Western-Europe and dimensional analysis. Part of the measurement stations in
the cities were operated by hobby meteorologists, the other part were set up by professionals.
Several meteorological variables (incoming shortwave radiation, windspeed, diurnal temperature range and vertical temperature gradient in the rural area) and their effect on the daily
maximum UHI were analysed. This analysis revealed a diagnostic equation that provides a
quick estimation of the daily maximum UHI from routine meteorological and urban morphological observations. The analytical equation is easily applicable and provides a satisfactory first
order estimation of the daily maximum UHI under different weather conditions, without running a complicated and time-consuming urban canopy or atmospheric numerical model. As
such, the diagnostic equation may be useful for applicability beyond the atmospheric science
community.
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6.4 Urban cool island
Although the UHI is widely studied, previous research indicates the city appears to be surprisingly cooler (∼1-2 ◦ C) during the morning, while it is mechanistically not understood. The
processes behind the daytime negative UHI are analysed while addressing the following question in chapter 5:
Question 4 What are the physical mechanisms of the atmospheric boundary-layer structure
and surface properties that drive the formation of the morning urban cool island?
In order to unravel the impact of atmospheric boundary-layer (ABL) dynamics on the negative UHI during the morning, the so-called urban cool island (UCI), a bulk ABL model coupled
to a land-surface model is utilised. This model is initialised and evaluated by observations
from the BUBBLE campaign in Basel (Switzerland). The numerical experiments provide a
physical explanation for the fact that urban areas are typically cooler during the morning and
early afternoon under calm, clear-sky conditions. It appears that the nocturnal heat release
from the urban surface leads to a deeper ABL over cities than over the countryside at sunrise.
The difference in ABL depth induces a higher early morning heating rate over the countryside
than over the city. As a result, the UCI peaks about 2-3 hours after sunrise and can last into
the early afternoon. The magnitude of the UCI and its duration strongly depend on the urban morphology and the local climate zone. The strong link between the UCI magnitude and
the urban morphology indicates that the UCI can be employed as an efficient tool in urban
planning.
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Chapter 7. Perspectives
In this chapter the general results will be synthesised and positioned in a broader perspective, together
with suggestions for further research. First of all, some attention is dedicated to the influence of the city
temperature on its surroundings. In the next section, a brief description of the link between the research in
this thesis and thermal comfort in cities is discussed. Next, we discuss whether vegetation or water brings
the most cooling to an urban environment, followed by a discussion on different methods to calculate the
urban canyon temperature. The results of this thesis will be placed in a perspective of urban planning and
further recommendations for future urban climate research are given.

Figure 7.1 depicts an overview of the variables influencing the urban heat island formation
and magnitude, derived from literature and from this thesis. The main two processes impacting
UHI are the amount of mixing taking place, and the heat input into the urban environment.
The amount of mixing depends on the meteorological variables such as wind speed and
atmospheric stability. The night-time atmospheric stability difference between the urban and
rural environment (stable boundary layer in rural environment versus an more unstable urban
boundary layer) can also lead to urban temperatures that are lower than the rural surrounds
(chapter 5). However, the roughness of the urban surface (reliant on building or tree heights)
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Figure 7.1: A schematic overview of the most essential processes and variables influencing the UHI. Solid arrows
indicate a positive influence, dashed arrows indicate a negative influence. The blue boxes indicate processes, green are
natural factors and orange boxes are anthropogenic factors.
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generally slows down the wind speed (Arnfield, 2003).
Heat input in the urban system depends on the heat capacity of the building materials, the
fraction of impervious surface of a city, the radiation trapped during the night for high aspect
ratios (chapter 2). However, chapter 2 also taught us that a higher street canyon aspect
ratio could also suppress the UHI through the shading effect. Furthermore, high vegetation,
such as trees can also provide shading (Akbari et al., 2001). Vegetation causes evaporation,
decreasing sensible heat flux and the urban air temperature. Open water bodies are also a
source of evaporation, although in chapter 3 we found the influence of the locally advected
water temperature has larger consequences for the UHI. Finally, anthropogenic heat is an
additional source of heat for the urban environment, it can be advected from other parts of the
city or be generated locally.

7.1 Influence of cities on their environment ∗
This thesis mainly discussed the effect of urban morphology on the urban air temperature.
Here, the influence of the city on its surroundings is discussed. Increased urbanisation has
led to an expansion of many cities in the 20th century. The expansion of cities will lead to
an increase in the temperature of the area surrounding a city, the urbanisation-induced temperature effect (UITE) (Oke, 1982; Karl et al., 1988; Schaefer and Domroes, 2009; Fall et al.,
2010). Weather stations with long temperature records do not only record increased temperature trends due to a changing climate but it is hypothesised that if the weather station is close
enough to a metropolitan area it is subject to the UITE as well (Van Weverberg et al., 2008).
In order to test this hypothesis we compare model output of WRF-3D with the long temperature record of weather station De Bilt, east of Utrecht, the Netherlands. This station has the
longest temperature record in the Netherlands. The WRF model simulations were performed
for 14 8-day periods. Each of these periods represents one of the 7 typical large-scale flow
regimes in the winter and in the summer season (Groswettertypes, Gerstengarbe and Werner,
2005). Each of these 14 cases was run with the land-use maps of 1900 and of 2000 in order to compute the UITE. Using the frequency distribution of these flow regimes the average
temperature increase of this 100 year period is estimated.
Figure 7.2 shows the average temperature change between 1900 and 2000. This UITE is
largest east of the city Utrecht, due to the most dominant wind direction being from the west.
The frequency of the westerly circulation case accounts for 28.8% in the winter and 25% in
the summer season. This is when weather station De Bilt is located downwind of Utrecht.
Here, the warming trend due to urbanisation over the last 100 years was estimated to be 0.22
◦

C ± 0.06 ◦ C. The UITE is about 20 % of the estimated 100 year trend (1.1 ◦ C) in De Bilt

and more than twice the previously estimated urbanisation temperature trend as estimated by
∗

part of Koopmans et al. (2015)
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Figure 7.2: The modelled yearly averaged urbanisation-induced temperature effect around Utrecht, the Netherlands
(Koopmans et al., 2015). DB indicates the location of the weather station in De Bilt.

Brandsma et al. (2003). A similar exercise was performed by Van Weverberg et al. (2008),
who only modelled 64 % of the large-scale flow patterns. They found the UITE of Brussels on
weather station Uccle was about 0.8 ◦ C in the last 100 years. However, these high values are
scarce. Chrysanthou et al. (2014) found that that averaged pan-European temperatures are
only influenced by urbanisation by about 0.0026 ◦ C per decade.
These studies prove that urban areas do not only effect the climate within the city as shown
in this thesis, but also the climate around them. In addition, chapter 3 also showed that the
influence of urban morphology even influences the temperature outside the city. For example,
in figures 3.6 and 3.7 the plumes of an added water body still had a significant temperature
effect 20 km outside of the city. In addition, Zhang et al. (2013) found that thermal pollution
from energy consumption can lead to an increase of up to 1 ◦ C in some parts in the high- and
mid-latitude of the world. The impact cities have on their surroundings opens up new questions, like whether a neighbouring city will benefit from a city’s urban morphology changes and
how much the UITE is dependent on urban morphology. These questions could be quantified
using a 3-dimensional mesoscale model like WRF, used in chapter 3. With this type of model,
an urban canopy parameterisation can be used to estimate the effects of urban morphology
(e.g. vegetation, water, street geometry and building materials) on the energy partitioning of
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the urban surface. This will affect on the local temperature advection and the UITE.
Cities and anthropogenic activities do not only influence the temperatures in the surrounding
areas, but also other meteorological variables, such as wind, clouds and precipitation. In countries where wind speeds are generally high, such as the Netherlands, urban areas may impact
wind climatology. Cities generally have much larger obstacles and roughness elements compared to the rural surroundings (especially grassland and agricultural land patches). These
larger roughness elements slow down the wind speed and may alter the wind direction. This
will not only have consequences for wind measurements, but also for pollution dispersion (e.g.
Bottema, 1997) and wind energy (Walker, 2011). Research in this area has mainly focused
on turbulence and dispersion in homogenous urban street canyons (Meroney et al., 1996;
Bottema, 1997). Moving to a smaller-scale models such as large eddy simulation (or when
computational power is less limited direct numerical simulations) will help in understanding
fundamental processes influencing the wind speed in and above urban areas.
In addition, the role of clouds in the urban boundary layer has barely been discussed (Barlow, 2014). Coupled to this is the influence of the city on convection and precipitation formation
is still unclear. Some studies have focused on the triggering of convection above a city and
the urban breeze (Baik et al., 2001, 2007; Hidalgo et al., 2010) and others on the alteration
of convective systems by the city (Bornstein and Lin, 2000; Shepherd et al., 2002; Shem and
Shepherd, 2009). For example, a measurement campaign in St Louis, US (METROMEX;
Changnon Jr et al., 1971) showed enhanced precipitation downwind of the city. Some urban
factors known to influence precipitation, include: enhanced convergence due to the roughness
of the urban surface, convection due to the UHI, subsidence upwind o urban areas and the
enhanced aerosol concentrations influencing the cloud condensation nuclei (Shem and Shepherd, 2009). However, it is still unclear which process dominates in which situation. Based
on this research, a suggestion for future studies would be a combined approach. Examining
how the urban surface influences convection, moisture, cloud formation and precipitation and
under what conditions convective systems are influenced or formed. In order to examine this
a complex modelling approach is required, with a model that accurately produces clouds, convective systems and precipitation, and includes the roughness and surface energy balance of
a city and the aerosols above it.

7.2 Thermal comfort †
Air temperature is not the only indicator of thermal comfort and the level of heat stress for the
city’s inhabitants. Nowadays, numerous thermal comfort indexes have been formulated based
on human energy balance models, accounting for variables such as: air temperature, humidity,
wind speed, radiation, but also peoples clothing or activity level (Höppe, 1999; Nikolopoulou
†

Model simulations in collaboration with Fredrik Lindberg (Gothenburg University), measurements from Bert
Heusinkveld (Wageningen University)
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Figure 7.3: The modelled mean radiant temperature using the SOLWEIG model (Lindberg et al., 2008; Lindberg and
Grimmond, 2011) for a part of Rotterdam, the Netherlands on September 9, 2012 at 12:30 UTC. The dots indicate the
mean radiant temperature of tricycle measurements (Heusinkveld et al., 2014) of the mean radiant temperature derived
from the long- and shortwave radiation components in six directions, at the same time.

et al., 2001; Höppe, 2002; Jendritzky et al., 2012). For example, the Physiological Equivalent Temperature (PET; Höppe, 1999) and the more recent, Universal Thermal Climate Index
(UTCI; Jendritzky et al., 2012), take into account all of the before-named variables. Other
indexes, such as, wind-chill (Steadman, 1971), or wet-bulb globe temperature (WBGT; Budd,
2008), only take into account two variables and do not attempt to solve the human energy balance. Accurately representing the temporal and spatial variability of human thermal comfort is
one of the major challenges
In complex areas such as cities, the variability in radiation causes the largest variability of
thermal comfort during the day. In order to include the long- and shortwave radiation components in thermal comfort indexes such as the PET and UTCI, the mean radiant temperature
(MRT) is predominantly used. Figure 7.3 shows an example of the modelled and measured
mean radiant temperature during a cloud-free day in September 2012 in the south of Rotterdam, the Netherlands. This figure shows the largest difference in MRT is between the
shaded and sunny patches of urban surfaces, with differences between 20 and 35 ◦ C from
sunny to shaded areas. The bicycle measurements of MRT show more variability, because
the measured radiation has a delayed response (typically ∼15 s), when moving from a shaded
to a sunny patch or vice versa. Similar to the delayed response the human body feels when
cycling from shaded to sunny patches and vice versa.
The presented large differences in the MRT are predominently found during the day. In
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contrast, during the night, the MRT closely resembles the air temperature in the urban canyon.
In order to complement the research within this thesis, it would be beneficiary to relate thermal
comfort to urban morphology. This includes studying the variability of radiation within a city (as
partly done by Lindberg and Grimmond, 2011; Hwang et al., 2011), but also the variability of
wind (e.g. Ali-Toudert and Mayer, 2006; Mochida and Lun, 2008) and humidity (e.g. Kotthaus
and Grimmond, 2012).

7.3 Vegetation or water?
In the introduction of this thesis, evapotranspiration has been suggested as an effective tool
of reducing heat in urban areas. This section will discuss whether vegetation or open water
bodies are the most effective tool in reducing urban heat. This is an interesting argument especially for the fields of urban planning and design, on the road to creating a more comfortable
and sustainable city in a future climate.
Chapter 3 discussed the role of water bodies within a city. However, the effect of vegetation is not explicitly discussed in this thesis, due to the already significant amount of studies
analysing vegetation in cities (e.g. Dimoudi and Nikolopoulou, 2003; Wong and Yu, 2005;
Steeneveld et al., 2011; Heusinkveld et al., 2014; Petralli et al., 2014).
In figure 7.4 the results of two studies in the Netherlands have been summarised and some
additional simulations were performed with the WRF modelling framework used in chapters 2
and 3. In order to compile figure 7.4 four experimental approaches are brought together:
Observations from fixed stations Since long-term observational records in cities are scarce,
we explore the possibility to use long observational records from hobby meteorologists,
as also used in chapter 4. After careful selection and classification of these observations
in terms of measurement height, urban architecture, and filtering out fog and rain, we
found that in the Netherlands the mean daily maximum UHI amounts 2.3 ◦ C and the
95 percentile amounts 5.3 ◦ C. The studied sites differ substantially in green vegetation
cover. The green vegetation cover were determined using GoogleMaps images in an
area of 600 x 600 m around the observational site (Steeneveld et al., 2011).
Bike traverse measurements in Rotterdam On August 6, 2009, two tricycles equipped with
measurements of temperature, humidity, wind speed, and 3D radiation components
made 3 traverses through Rotterdam, the Netherlands, 20 km each, covering a variety of urban/local climate zones. The observations reveal a substantial UHI of about
4 ◦ C in the city centre and smaller UHI in the city’s outskirts. The nocturnal UHI measurements have been related to the green vegetation cover in a 600 m radius from each
measurement point (Heusinkveld et al., 2014).
WRF single-column model In this approach the WRF (version 3.2.1) single-column model is
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Figure 7.4: The calculated or modelled vegetation fraction with the observed or modelled UHI. The red dots indicate the
measurements of the 95 percentile of the daily maximum UHI and the relationship with the vegetation fraction of
Steeneveld et al. (2011). The green dots give the UHI derived from bicycle traverse measurements by (Heusinkveld
et al., 2014). The blue dots give the WRF simulations, light blue are the 3D simulations (performed by Reinder Ronda)
and dark blue the 1D simulations.

run for an conceptual case with a geostrophic wind speed of 3 ms−1 , for two independent
columns, i.e. a rural and an urban column. For the urban column, the model has been
equipped with the Single-Layer Urban Canopy Model (SLUCM Kusaka et al., 2001),
using urban parameters determined for Rotterdam with a varied vegetation fraction as a
separate tile. The rural column is located and evaluated for the Cabauw tower site, with
a grassland surface (chapter 2 or Theeuwes et al., 2014).
WRF 3D model In this approach, the previous method has been repeated for the city of Rotterdam with the full 3D WRF model (version 3.3.1). Upon using this approach additional
processes such as advection and mesoscale circulations are introduced. Similar to the
single column model approach, this experiment utilises the YSU boundary-layer scheme
(Hong et al., 2006) and the NOAH land surface scheme (Ek et al., 2003) equipped with
the SLUCM (Kusaka et al., 2001), using an aspect ratio of 1 and an anthropogenic heat
flux of 38 Wm−2 . Other parameters are similar to Chen et al. (2011).
Green vegetation strongly reduces the UHI, as found in earlier observational studies by
hobby meteorological data (Steeneveld et al., 2011) is supported by bike traverse observations
(Heusinkveld et al., 2014), Fig. 7.4. However, it appears that the measurement results for
Dutch cities are also supported by the WRF single-column model, and 3D WRF. Surprisingly,
the sensitivity of the UHI to vegetation is approximately similar in all approaches, i.e. typically
0.6 ◦ C decrease for each 10% vegetation cover increase.
The fact that the bike traverse data generally show lower UHI magnitudes compared to the
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observations from fixed measurement stations is due to the fact that the traverse data cover
only a single warm day. The points from the fixed stations represent the 95 percentile of the
daily maximum UHI, based on multiple years of data. In addition, for traverse data the KNMI
station at Rotterdam airport has been taken as the rural reference. However, this station could
be influenced by nearby urban areas as well. Similarly, the WRF simulations also have a
different offset in the nocturnal UHI magnitudes since these are also based on one particular
case.
Note that the UHI in WRF is based on the difference in minimum temperature between rural
and urban sites, while the bike traverse data represent instantaneous UHI values at the start
of the night, whereas the fixed station data (Steeneveld et al., 2011) use the maximum urbanrural temperature difference. The different UHI definitions hamper one-to-one comparison, but
also partly explain the difference in the offsets.
This relationship between the UHI and the vegetation cover will not necessarily hold in
other countries or climates since the effect evapotranspiration of plants is limited by the water
availability. Generally, in the Netherlands water availability is relatively sufficient, but in dryer
climates vegetation will dry out during the spring or summer, especially low vegetation such
as grasslands (Teuling et al., 2010). In order to effectively use green spaces to cool the urban
environment irrigation of vegetation is vital. Supposing that the vegetation in urban areas is
well irrigated, but the rural surroundings are not, the UHI effect will be very small or can even
become negative (Spronken-Smith and Oke, 1998).
The effect of open water bodies is also sensitive to past weather, especially the air temperature. As discussed in chapter 3 water is thermally slow, and depending on the depth
and mixing properties of the open water body it adjusts its water temperature to the mean air
temperature of the previous days or weeks. For instance, during heat waves the water temperature will increase over this period, where the water offers cooling at the start of this period
but only enhances urban heat (mostly during the night; Fig. 3.6) at the end of this period. This
effect of local temperature advection prevails over the evaporative cooling effect. In the case
of a heat wave, trees would offer a cooling effect for a longer period of time, however not as
strong as that of grass or open water bodies. In addition, trees are very beneficial against heat
stress, since they provide shading against solar radiation.
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7.4 Canyon temperature calculation
In this section, methods of estimating the canyon temperature from the air temperature and
heat flux above the roughness sublayer will be discussed. In chapters 2 and 5, the urban
canopy temperature was estimated from the air temperature above the canyon and the sensible heat flux in the canyon using a Monin-Obukhov Similarity Theory (MOST). However, there
is still much debate on how to interpolate temperatures in the atmospheric surface layer down
into the urban canyon. For example, MOST is based and constrained by the condition of stationarity and homogeneity, both of which are non-existent in an urban setting. Although some
studies found that it can be applicable if located high enough above the urban canopy (Vesala
et al., 2008; Wood et al., 2010).
The general applicability of MOST will be tested within the urban canopy using different
variations and corrections for the canopy layer. Figure 7.5 provides an overview of the different layers close to the surface used in these methods. zc will be referred to the height of
the desired temperature within the urban canopy layer. z∗ is the extent of the roughness sub-

layer (Fig. 7.5), the layer that is dynamically influenced by the buildings, or other roughness
elements. This layer is usually defined as 2-5 times the average building height (zh ). Finally,
za is an atmospheric layer above the roughness sublayer where the heat flux measurements
and occasionally temperature measurements are performed. In atmospheric models za is the
lowest atmospheric model level.
In order to calculate and evaluate the urban canopy air temperature, hourly data of the
BUBBLE campaign are used. The discussion will be based on three different methods, all
methods arise from (MOST):
Method 1 Using standard MOST with the sensible heat flux (H(za )) measured or modelled
above the roughness sublayer (z∗ , Fig. 7.5).
T (zc ) = T (za ) +

H(za )rah
ρCp

(7.1)

Here, T (zc ) is the canyon temperature at a certain height (z) within the canopy, T (za ) is
the air temperature above the roughness sublayer at height za , rah is the aerodynamic
resistance calculated using MOST and height (eq. 2.2), ρ is the air density, and Cp is
the specific heat capacity of dry air.
Method 2 Using MOST with the sensible heat flux measured or modelled in the urban canyon
H(zc ). In chapters 2 and 5 this method of estimating the canyon temperature is used.
T (zc ) = T (za ) +

H(zc )rah
ρCp

(7.2)

Here, the canyon sensible heat flux can be modelled with an urban canopy model as in
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Figure 7.5: A schematic overview of the urban canopy (zc ), roughness sublayer (below z∗ ) and above (za ). The sensible
heat flux above the urban roughness sublayer (H(za )) and in the urban canopy (H(zc )) are illustrated with the red arrows.
The right part of the figure shows a typical profile of the sensible heat flux during convective situations (Christen, 2005).

chapter 2 or estimated using an empirical method (e.g. Christen, 2005) as in chapter 5.
Method 3 Using MOST with the sensible heat flux measured or modelled in the urban canyon
as in method 2, however with a corrected aerodynamic resistance for heat in the roughness sublayer rah,z∗ formulated by De Ridder (2010).
T (zc ) = T (za ) +

H(zc )rah,z∗
ρCp

(7.3)

Here, the rah,z∗ includes an additional term to correct for the roughness sublayer (De Ridder, 2010):

rah,z∗ =
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(7.4)

(7.5)

Here Φh are the stability functions (De Ridder, 2010), u∗ the friction velocity, κ is the von
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Figure 7.6: The observed absolute air temperature 3 meter in urban canyon compared with the 3 methods of
interpolating the air temperature. Method 1 is given in the black dots, method 2 is given in the red dots, the third method
is given in green dots.

Karman constant (=0.4), L is the Obukhov length and d the displacement height. ν, µ
and λ (0.5, 0.95 and 1.5) are empirical constants estimated using data from a boreal
forest canopy De Ridder (2010).
Figure 7.6 and table 7.1 show the comparison of these 3 methods of estimating the urban
canopy temperature based on the BUBBLE dataset in Basel, Switzerland (Christen, 2005;
Rotach et al., 2005). The data used are a month of hourly averaged data from the intensive
observation period during the BUBBLE campaign from June 10, 2002 - July 9, 2002 at station
Basel - Spalenring (47.555 N; 7.576 E), as in chapter 5. The air temperature is observed at 33
meters (z/zh = 2.64), the sensible heat flux at 37.6 meters (z/zh = 3.01), and the friction velocity
at 29.9 meter (z/zh = 2.39).
When examining the entire month of data the estimated canyon temperature when applying the first method performs worst (based on the RMSE, SDE and r 2 ). This means that
just applying MOST in the ’standard way’ does not give a good representation of the urban

Table 7.1: Error estimations of each method of calculating the canyon temperature from the air temperature sensible
heat flux and friction velocity above the canyon. r 2 is the Pearson correlation coefficient, RMSE the root mean squared
error, MAE the median absolute error and SDE the standard deviation of the error.

Method
1
2
3
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r2
0.61
0.93
0.88

RMSE [◦ C]
4.67
1.67
2.14

MAE [◦ C]
0.47
0.57
0.36

SDE [◦ C]
4.53
1.47
2.07

7.4. Canyon temperature calculation
canyon temperature. Contrarily, when estimating the sensible heat flux down into the urban
canyon in an accurate way already improves the results significantly. The median absolute
error increases slightly, but all the other error estimators improve.
Building forth on the second method of interpolating the sensible heat flux down into the
urban canyon, an additional term to correct for the roughness sublayer is added in method
3. Most error estimators in table 7.1 indicate this method performs worst. However, figure
7.6 shows the canyon temperature using method 3 is closer to the one-to-one line. This
comparison is confirmed by the median absolute error that is smallest of all three methods.
As shown by RMSE or r2 , this method of downscaling provides much more scatter in the
predicted canyon temperature compared to the second method. This scatter is caused by this
additional term in the calculation of the aerodynamic resistance, where additional uncertainty
in the stability (zc/L ) is included, compared to the previous method. Naturally, filtering for a
smaller range of zc/L helps to improve the errors, however, in this case the results for the other
two methods also improve.
In addition, method 3 is still highly ’tuneable’ for urban canopies. The empirical parameters
ν, µ and λ have to be adjusted for specific sites, and will be very different between urban and
forest canopies. Some permutations of these constants were tested for the BUBBLE dataset
and found that lower values of ν and higher values of µ and λ decrease the error of the canyon
temperature estimation, but do not yield a dramatically lower error estimations (with in the
best-case scenario: r 2 = 0.93, RMSE = 1.61 ◦ C, MAE = 0.36 ◦ C and SDE = 1.55 ◦ C). These
errors are very close to the errors of method 2. However, to be able to estimate ν, µ and λ
and use method 3 for the urban canopy, year-round data from multiple urban sites should be
treated.
The above mentioned methods are all based on MOST, which is not valid for complex heterogeneous terrains. In addition, from a more fundamental point of view, knowledge on turbulent transfer in and from the urban canyon is still lacking. In order to accurately model the
scalars in the urban canyon a new physically based theory, or a physically based extension to
existing theories is desirable. For such an ambitious exercise very specific measurements are
required, e.g. vertical profiles, of temperature, humidity, wind, sensible heat, latent heat, and
momentum fluxes are required. Observational campaigns such as BUBBLE (Rotach et al.,
2005), ClearfLo (Bohnenstengel et al., 2015) and CAPITOUL (Masson et al., 2008) should
serve as examples for these types of measurements.
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7.5 Shading and evaporative cooling
The research in this thesis offers a better understanding of how urban properties influence
the temperature within a city. When preparing cities for the expected urbanisation and climate
change, heat is a critical factor to take into account. In minimising the effect of an increased
mean temperature and frequency of heat waves, local governments must create mitigation
and adaptation strategies. In this thesis, some insight was offered on how street geometry,
open water bodies and vegetation interact with urban air temperatures and how they might be
integrated in urban planning strategies.
A concrete recommendation or urban planning purposes is to provide shading. Analysing
the effect of street geometry, the study described in chapter 2 found that higher buildings and
narrow streets (high aspect ratios) do not always have a negative effect on the UHI as previous
studies show (Oke, 1981, 1988; Hamdi and Schayes, 2008; Giannopoulou et al., 2010). In
fact, during the summer, when heat is usually most problematic, the shading provided by
streets with high aspect ratios will determine the air temperature even into the night. However,
when before designing more narrow streets this theory should be tested for other latitudes and
climate zones. Another tool to provide shading are trees, as seen in figure 7.3, the shading
provided by trees reduces the mean radiant temperature and heat stress. In addition, this
vegetation also provides evaporative cooling that even reduces the UHI during the night (Fig.
7.4).
A second recommendation is to provide evaporative cooling. Figure 7.4 showed vegetation
decreases the UHI if there is access to enough water. Planting vegetation without proper
irrigation will not be as effective. Therefore, vegetation should be selected that will thrive in the
climate of the city it is located in, whether that is a dry continental climate or a wet maritime
climate. Open water surfaces have been believed to contribute to cooling a city (e.g. Oláh,
2012; Sun and Chen, 2012), however results in chapter 3 and a recent study by Steeneveld
et al. (2014) showed that surface water will enhance the UHI in some cases. In particular after
long periods of high temperatures water bodies act as a buffer for the air temperature in the
city. Resulting in a city that will not be able to cool down sufficiently during the night or at
the end of a heat wave. A better method of using water for evaporative cooling purposes is by
spraying it in the air, or by irrigating vegetation in cities. Note that evaporation also brings extra
water into the air influencing the thermal comfort. As determined in chapter 3 the increased
humidity as a result of the presence of lakes reduces the cooling effect of lakes in the wet-bulb
globe temperature, by up to ∼60% compared to the air temperature cooling effect.

7.6 Further recommendations for urban climate research
The field of research focussed on the urban climate, heat and thermal comfort in cities is
rapidly expanding. The spatial and temporal heterogeneity of urban areas offers plenty of
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challenges for further study. In the next section some will be discussed.
In this thesis different aspects of the UHI formation and how its magnitude is influenced by
weather and urban morphology were studied. However, the question is do we know enough
about the interaction between the UHI and weather and urban morphology? Especially in the
interaction between urban morphology and the UHI some aspects are still not fully understood.
Chapter 2 dealt with influence of street geometry on the UHI and analysed the seasonal variability of the driving processes. Similarly, chapter 3 analyses the different water temperatures
and their processes in determining the urban temperatures.
A similar seasonal analysis should be applied to the interaction between vegetation and
the UHI. Although some research has been done on the effect of the surface energy balance
on the seasonal variability of vegetation (Loridan and Grimmond, 2012), or using satellite
data to research the seasonal variability of urban surface temperature and the vegetation
fraction (Gallo and Owen, 1999; Yuan and Bauer, 2007; Cui and De Foy, 2012). However,
this has never been extensively excited for the urban canopy air temperature. A way to tackle
this problem could be by analysing different years of urban temperature measurements from
different sites within a city, in multiple cities. These observations should be compared with the
seasonal variation in vegetation fractions for each site, derived from for example satellite data.
For this study it is vital to include multiple cities in different climate zones, because different
parts of the world include different types of vegetation, each having a distinctive influence on
the urban temperature.
On the other hand, an aspect that was not extensively discussed in this thesis is the anthropogenic heat component of the urban surface energy balance in equation 1.6. This component in the energy balance may have a substantial impact on the UHI magnitude especially
in densely build cities. For example, when examining the effect of aspect ratio on the UHI
in chapter 2, anthropogenic heat was not taken into account. One could expect if cities will
increase the aspect ratio of their streets (building more densely), this additional heat flux will
increase as well, caused by more people and activity taking place in a smaller area. The
anthropogenic heat flux is not readily measured, and the best estimate is from measuring all
other components of the urban energy balance (Sailor, 2011). However, here we assume that
the energy balance can close using measurements, while even in rural locations it is rare to
close that the energy balance closes using measurements of all surface fluxes (Stoy et al.,
2013). In addition, the spatial and temporal variability of anthropogenic heat is such that the
estimation at one location is not at all representative for the anthropogenic heat of another
location in the city.
This thesis mainly focussed on the urban canopy UHI and not at the boundary layer UHI
or surface UHI, as described in section 1.2. Nowadays, UHI related research has mainly focussed on the surface and canopy layer UHI, and very little on the boundary-layer UHI. These
three definitions of the UHI have usually been seen as occurring in separate layers (Oke, 1976;
Voogt and Oke, 2003). However as found in chapter 5 the boundary layer influences the urban
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canopy temperature. Therefore, a recommendation for further study would be to explore the
interactions between the surface, canopy and boundary-layer UHI. Using simultaneous measurements to explore whether there are other processes that drive interactions between urban
boundary-layer, canopy-layer and surface temperatures.
As stated before the urban boundary layer above the roughness sub-layer is the subject
of very little research. Whereas the general theoretical basis of the urban boundary layer
processes is still lacking (Barlow, 2014). This may be due to the limited availability of measurements in this part of the atmosphere. In the 1960’s and 1970’s the urban boundary layer
was studied with aircraft measurements (Bornstein, 1968; Clarke, 1969; Oke, 1976). Nowadays municipalities in countries around the world have strict rules about flying over cities with
aircrafts, limiting these types of measurements. However, new types of remote sensing tools
such as lidars offer the possibility to fill this research gap. In addition these types of vertical
measurements, in combination with surface and near-surface measurements of fluxes and
meteorological variables, will also give a better indication about the turbulent nature of the
urban boundary layer, essential for modelling purposes as discussed in section 7.4.
Since these detailed urban measurements are scarce, a useful tool would be harvesting
social media data or crowdsourcing. In chapter 4 for example, temperature data available
from hobby meteorologists was used to compute the UHI. These data proved to be very useful
after careful screening. However, in most cases data collected from and by citizens is not
as accurate, but could be a fruitful source of data for other applications. Overeem et al.
(2013) found that battery temperatures of cell phones can be are closely related to the air
temperature. In addition, other attempts have been made use citizen data for environmental
science purposes, like mapping aerosols (Snik et al., 2014), and land-use data (See et al.,
2015).
Finally, in order to model the urban climate of different cities around the world, accurate high
resolution land-use and land-cover data is required. To this end, a comprehensive database to
capture the shape and texture of cities would be beneficiary for future studies. The World Urban Database and Access Portal Tools (WUDAPT; Ching, 2013; Bechtel et al., 2015) project
has been created. WUDAPT aims to create a global high-resolution database of urban properties. This project is still in the development stage, however, Bechtel et al. (2015) already
developed a method of classifying urban areas into local climate zones based on satellite images. The next step will be to add more detail to the WUDAPT database, while still being
applicable world-wide.
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Samenvatting

Het belangrijkste doel van dit proefschrift is het begrijpen van de processen die de temperatuur in de
stad en het stedelijk hitte-eiland bepalen. Ten eerste wordt het effect van straatgeometrie en open water op de dagelijkse gang van stedelijke luchttemperaturen bestudeerd. Ten tweede wordt de zoektocht
beschreven naar een schaling om verschillende meteorologische variabelen samen te vatten in een diagnostische vergelijking voor het dagelijkse maximum van het stedelijk hitte-eiland. Als laatste wordt er
uitgezocht hoe het stedelijk hitte-eiland overdag wordt benvloed door de dynamica van de atmosferische
grenslaag en er ook voor kan zorgen dat het ’s ochtends relatief koel blijft in de stad.

Het stedelijk hitte-eiland (UHI) is gedefinieerd als het verschil in de temperatuur tussen het
platteland en de stad. Dit temperatuurverschil is meestal het grootst in de avond en nacht.
Dit proefschrift behandelt vooral het UHI op straatniveau. Het UHI ontstaat door de opslag
van energie overdag en de daaropvolgende uitstraling tijdens de nacht. De twee belangrijkste
aanleidingen om het UHI te onderzoeken zijn de toenemende urbanisatie en de verwachte
toename in hittestress naar aanleiding van een veranderend klimaat. De komende eeuwen
neemt naar verwachting de stedelijke bevolking toe. Daarnaast heeft de verwachte temperatuurtoename en de toename in het aantal hittegolven negative gevolgen voor thermisch comfort
en kan hierdoor een toename in het aantal gezondheidsklachten genereren. Hiermee wordt de
noodzaak groter om hitte uit de stad te verdrijven, waarbij het begrijpen van de fundamentele
processen die de temperatuur in de stad benvloeden essentieel is. Daarnaast benvloedt de
temperatuur in de stad ook de vraag naar energie.
De dagelijkse gang van het UHI wordt benvloed door verscheidene natuurlijke en antropogene variabelen. Antropogene variabelen zijn vaak gerelateerd aan stadsontwerp zoals
geometrie van de straten (hoofdstuk 2) of open water (hoofdstuk 3). Anderzijds spelen variabelen waar de mens geen invloed op heeft ook een rol, zoals weersgerelateerde variabelen
(hoofdstuk 4) of de dynamica van de atmosferische grenslaag (hoofdstuk 5).

Straatgeometrie
Om de invloed van straatgeometrie op het stedelijk hitte-eiland te begrijpen wordt de volgende
onderzoeksvraag bestudeerd in hoofdstuk 2:
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Onderzoeksvraag 1 Wat is de invloed van de geometrie van de straat op de stedelijke temperatuur en het hitte-eiland per seizoen en wat zijn de dominanten fysische processen?
Als het gaat om de invloed van stedelijke morfologie op de luchttemperatuur, is de rol van
de geometrie van de straten tamelijk complex. Deze complexiteit stamt vooral uit twee tegenstrijdige processen die effect hebben op verschillende tijdschalen, namelijk het vasthouden
van langgolvige straling en het schaduweffect. Door het proces van het vasthouden van langgolvige straling houden smalle straten met hoge gebouwen (hoge aspect ratio) de energie uit
gebouwen en straten vast. Daarentegen zijn brede straten met lage gebouwen (lage aspect
ratio) efficinter in het laten ontsnappen van thermische straling. Daarom houdt het vasthouden
van langgolvige straling het UHI in stand. Anderzijds, het schaduweffect zorgt ervoor dat
straten met hoge aspect ratios minder zonnestraling ontvangen, en in straten met een laag
aspect ratio meer zonnestraling de straat in kan dringen. Gezien dit effect, heeft de aspect
ratio een negatief effect op het UHI.
Het uiteindelijke effect op het UHI van deze twee processen is afhankelijk van het tijdstip
gedurende de nacht en het seizoen. Met behulp van het WRF één-kolomsmodel gekoppeld
aan een enkel-laags stratenmodel en temperatuur waarnemingen in Rotterdam zijn een aantal
situaties in verschillende seizoenen geanalyseerd. Zoals gezien in andere studies, domineert
het vasthouden van langgolvige straling in bijna alle gevallen tot een maximale aspect ratio tot 0.5-1. Voor deze waardes heeft het aspect ratio een positief effect op het UHI. Voor
gevallen waarin het aspect ratio hoger is dan 1, blijft het UHI aan het begin van de avond
meestal constant of neemt soms af met een toenemend straat aspect ratio. In dat geval domineert het schaduweffect, behalve in de winter en aan het begin van het voorjaar, wanneer er
weinig inkomende zonnestraling is. In deze gevallen is het proces dat de invloed van straat
geometrie op het UHI domineert het vasthouden van langgolvige straling. In gevallen met
hoge inkomende zonnestraling domineert het schaduweffect voor straten met aspect ratios
hoger dan 0.5-1. Vooral in juni en juli domineert het schaduweffect gedurende de hele nacht,
waardoor het UHI afneemt als de straten smaller en de gebouwen hoger worden. Door deze
nieuwe inzichten wordt eerder onderzoek uitgebreid en biedt een fysische verklaring voor een
maximum in de UHI-aspect ratio relatie.

Open water
In sommige steden is open water een fundamenteel deel van het stadsbeeld. Om de invloed
van open waterpartijen op de stedelijke temperatuur te kwantificeren wordt de volgende onderzoeksvraag in hoofdstuk 3 geanalyseerd:
Onderzoeksvraag 2 Hoe benvloeden open waterpartijen stedelijke temperaturen en thermisch comfort in ruimte en tijd?
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Deze onderzoeksvraag wordt behandeld met de 3-dimensionale versie van het mesoschaal
model WRF met een denkbeeldige cirkelvormige stad. In deze geïdealiseerde stad worden
in verschillende configuraties waterpartijen geplaatst met verschillende grootte, ruimtelijke ordening en water temperatuur. Over het algemeen blijkt uit de model simulaties dat de invloed
van het water afneemt naarmate de afstand tot het water groter is. Dit terwijl, het temperatuureffect een aantal kilometer benedenwinds van het meer nog steeds merkbaar is.
Eerder onderzoek was vooral gericht op het koelend vermogen van open water partijen.
Aan de ene kant geeft water verkoeling door verdamping, vooral overdag. Aan de ander
kant heeft water een relatief grote warmtecapaciteit en dempt de dagelijkse gang van de
temperatuur. Het onderzoek in dit proefschrift toont aan dat de water temperatuur (verschillend
per seizoen) de motor is voor de invloed van water op de luchttemperatuur. Water met een
lagere temperatuur dan de luchttemperatuur werkt altijd als een koelelement en andersom.
Het water werkt dus als een buffer van de dagelijkse gang van de temperatuur: Overdag koelt
het water de omgeving en tijdens de nacht verwarmt het de omgeving in vergelijking met een
situatie zonder water. Een gevolg hiervan is dat als het water gedurende de zomer een hoge
temperatuur bereikt en het de omgeving verwarmt gedurende de nacht. Hiermee wordt het
UHI versterkt.
Het temperatuureffect van de waterpartijen blijkt bovendien ook te verschillen voor verschillende ruim-telijke verdelingen van dezelfde hoeveelheid oppervlaktewater. Één groot meer
heeft een grote invloed op de omgeving, maar meerdere kleine waterpartijen hebben een invloed op een groter gedeelte van de stad. Daarbij heeft het verhogen van de hoeveelheid
oppervlaktewater geen lineair effect op de luchttemperatuursverandering. Tot slot, open waterpartijen leiden ook tot een toename van de luchtvochtigheid, vooral tijdens de dag. Deze
luchtvochtigheid heeft een negatief effect op het thermisch comfort en vermindert het verkoelend vermogen van een open waterpartij.

Formule voor het stedelijk hitte-eiland
Om de weers- en stadsgerelateerde variabelen te combineren om het UHI te schatten, wordt
de volgende vraag behandeld in hoofdstuk 4:
Onderzoeksvraag 3 Hoe kan men op basis van routine-weerwaarnemingen en stedelijke parameters een eenvoudige vergelijking voor het UHI afleiden?
Omdat stedelijke temperaturen niet in elke stad in de wereld worden gemeten is er een
behoefte aan een universele vergelijking voor het UHI. Aan de hand van waarnemingen in en
rond 14 kleinere en grotere steden in Nederland en het Noord-West van Europa werd dimensieanalyse gedaan om een vergelijking af te leiden. Een deel van de gebruikte meetstations
in steden waren opgezet door weeramateurs en een ander deel door onderzoekers. Het effect van meerdere meteorologische variabelen (inkomende kortgolvige straling, windsnelheid,
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dagelijkse gang van de temperatuur en verticale temperatuurgradiënt) op het UHI werd geanalyseerd. Deze analyse gaf een diagnostische vergelijking voor een snelle schatting van
de dagelijks maximum van het UHI. Deze vergelijking is makkelijk toepasbaar en geeft een
goede eerste-orde schatting van het UHI voor verschillende weersituaties zonder het gebruik
van complexe stratenmodellen en atmosferische numerieke modellen. Op deze manier is
deze diagnostische vergelijking goed toepasbaar buiten de atmosferische wetenschappen.

Stedelijk koelte-eiland
Ondanks dat het UHI veel bestudeerd wordt, geeft eerder onderzoek aan dat de stad met
name ’s ochtends een aantal graden koeler kan zijn dan de omgeving (∼1-2 ◦ C), iets wat nog
niet volledig begrepen is. Om de processes achter dit effect te begrijpen wordt de volgende
vraag in hoofdstuk 5 behandeld:
Onderzoeksvraag 4 Welke rol speelt de atmosferische grenslaag bij de relatieve stedelijk
koelte in de ochtend?
Om deze vraag te beantwoorden wordt een bulk atmosferisch grenslaag (ABL) model gekoppeld aan een landoppervlakte model. Het model wordt opgestart en geëvalueerd met metingen van de BUBBLE campagne in Basel (Zwitserland). De numerieke experimenten geven
een fysische verklaring voor het feit dat stedelijke gebieden ’s morgens onder rustige en
heldere omstandigheden vaak koeler zijn dan het omringende platteland. Het blijkt dat de
nachtelijke hitte in de stad ervoor zorgt dat de stedelijke grenslaag dikker blijft dan boven het
platteland. Dit verschil in de grenslaaghoogte heeft als gevolg dat het platteland sneller opwarmt dan in de stad, wat resulteert in een minimum UHI ongeveer 2-3 uur na zonsopgang.
Dit effect kan duren tot in de middag. De sterkte van het minimum hangt af van de stedelijke
opbouw. De sterke link tussen het negatieve UHI en stedelijke parameters geeft aan dat het
stedelijk koelte-eiland gebruikt kan worden als instrument in stedelijke planning.
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