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Summary

Urban climate at street scale: Analysis and adaptation

It is well known that the urban environment changes local climate inside
the city. This change of the local climate manifests itself mainly through
differences in air temperature, where cities remain warmer than the rural
environment during the night. This phenomenon is called the Urban Heat
Island (UHI) effect, and is defined as difference in air temperature between
the urban and rural environment. The UHI effect is found in many cities of
different sizes around the world, and ranges between 1 and 10oC during the
night. The combination of the increasing urbanisation, global warming and
the impact of increasing temperature on human health makes the urban heat
island a topic that is gaining more and more attention.

This thesis focusses on the urban micro-climate, which treats indivicual
buildings and their direct surroundings. A numerical modelling approach is
used in this thesis, such that the local urban climate can be investigated and
perturbed in a systematic way. The developed 2D model, called URBSIM,
combines computation of radiative transfer by a Monte-Carlo model, conduc-
tion of energy into the urban material and a Computational Fluid Dynamics
(CFD) model to compute air flow and air temperature.

With this model, it is shown that the main source of energy to the urban
heat budget is due to radiative transfer. During the night, the long wave
trapping effect (defined in this theses as radiation emitted by one surface and
absorbed by an other) and absorbed long wave radiation emitted from the
sky are of the same order of magnitude for a building height (H) over street
width (W) ratio of H/W=0.5. With increasing building height, longwave
trapping becomes the main source of energy to the urban energy budget.

During the day time, absorbed shortwave radiation is the main source of
energy, followed by the long wave trapping effect. The relative contribution
of these radiative components is decreasing with increasing building height,
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and the conductive heat flux becomes more important.

The large impact of radiation sparked the question which high albedo
adaptation measure (white surfaces) is best suited to reduce the Urban Heat
Island effect. This thesis shows that there is a clear distinction between
the atmospheric UHI (air temperature) and pedestrian heat stress. Lower
air temperatures can be achieved by using high albedo materials, whereas
thermal comfort at street level can be improved by using low albedo materials.
By using a low albedo material, less radiation is reflected back inside the
canyon, thereby reducing the mean radiant temperature. The lowest pedes-
trian heat stress is found by using a vertical albedo gradient from high albedo
at the bottom part to a low albedo at the top part of the wall for H/W=1.0.
This study indicated that using a high albedo material can decrease the UHI
effect, but increases pedestrian heat stress, which might not be the desired
effect.

The developed micro-scale model is also compared to a large-scale urban
parametrisation scheme that is used in meso-scale models. In this parametri-
sation, a 2D geometry is used to compute the fluxes of the 3D environment.
Results indicate that radiative transfer is well captured in the parametrisation.
Canyon wind speeds and the sensible heat flux showed much larger differences
between the two models, which is most likely due to the 2D geometry that is
used as a basis for the parametrisation. It is very likely that these parametri-
sations are adapted to better represent the 3D urban environment.

The result of this thesis is an advanced numerical model that includes
most processes relevant to the urban environment. Despite the fact that
the model is limited to 2D cases, the studies presented in this thesis have
aided the understanding of the elementary processes that control urban air
temperature, the feedback processes and interactions between the different
mechanisms in the urban surface energy balance.



Chapter 1

Introduction

Hot town, summer in the city
Back of my neck getting dirty and pritty

Been down, isn’t it a pity
Doesn’t seem to be a shadow in the city

All around people looking half dead
Walking on the side walk, hotter than a match head

But at night it’s a different world
Go out and find a girl

Come-on come-on and dance all night
Despite the heat it’ll be all right

Lyrics from: The Loving Spoonful - Summer In The City (1966)

1.1 Introducing the problem

About half of the world’s population lived in urban areas in 2005 and this
number is projected to increase further to 60% in 2030 (Golden, 2004) and
70% in 2050 (World Health Organisation, 2014). Over the same time period,
global warming is expected to result in at least a 2oC rise in air temperature
in 2050 compared to current day climate (IPCC, 2013). The temperature
increase caused by climate change has a pressing effect in densely populated
urbanized areas. It is well known that the urban environment changes
the local climate inside the city (Arnfield, 2003). This change of the local
climate manifests itself mainly through differences in air temperature, where
cities remain warmer than the rural environment during the night. This
phenomenon is called the Urban Heat Island (UHI) effect, and is defined as
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Fig. 1.1: Schematic picture of the number of daily deaths as a function of
daily temperature for current climate (gray line) and future warmer climate
(black line). Figure adapted from McMichael et al. (2006).

the difference in air temperature between the urban and rural environment.
The first report on the UHI dates back to the time of Luke Howard, who
documented the effect of London already in 1833 (Howard, 1833). Since then,
this finding has been confirmed by many other studies, indicating a nighttime
UHI effect between 1oC and 10oC in cities of different size around the world
(Oke, 1981; Klysik and Fortuniak, 1999; Kim and Baik, 2004; Grimmond,
2007; Steeneveld et al., 2011; Theeuwes et al., 2014).

The increase in urban air temperature during the night compared to the
rural area has a large impact on human health during extreme temperature
events (heat waves). Several studies (Whitman et al., 1997; Vandentorren
et al., 2001; Baccini et al., 2008) have reported a relation between ambient
air temperature and the number of heat related deaths. A schematic figure of
this temperature-mortality relation is shown in Fig. 1.1. Note that this is a
simple schematic conveying the general idea. It shows the number of deaths as
a function of temperature for the climate of 2005 (gray line) and the expected
climate of 2050 (black line). The depicted relation varies greatly by latitude
and climatic zone. In the Netherlands, the annual number of cold-related
deaths exceed the number of heat-related deaths at the moment. However,
each degree of air temperature increase will lead to an excess number of
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deaths. In the future climate, there will be fewer cold-related deaths (top
left corner), but the number of heat related deaths increases at a much higher
rate (box in the top right corner). The numbers of excess deaths due to heat
are significant: estimates indicate that an additional 70,000 people died in
the European heat wave of 2003 (Robine et al., 2008).

In addition to the changes of the local climatic conditions inside the city,
the urban environment also influences the urban boundary layer (Barlow
et al., 2015), the surrounding rural environment due to (for instance) the
urban plume (Masson, 2006) and can change the precipitation in the wake of
a city (Baik et al., 2001). With the tendency to run weather forecast models
at increasingly finer horizontal resolution, the urban environment cannot be
neglected in these models. This forces large-scale weather forecast models to
take the urban characteristics into account, and its net effect on the exchange
of heat, temperature and momentum between the surface and atmosphere.

An overview of the different urban scales, and the link between them,
is shown in Fig. 1.2. On the top, the meso-scale is shown, which includes
the urban boundary layer and the urban plume. When taking a close-up
(bottom left), the local scale is observed, which typically includes small towns
or neighbourhoods. The focus of this thesis is the urban micro-scale, which
is depicted on the bottom right of Fig. 1.2. This regime includes the effect
of individual buildings on the air flow.

The combination of the increasing urbanisation, global warming and the
impact of increasing temperature on human health makes the urban heat
island a topic that is gaining more attention. Especially when it is considered
that adapting the urban environment is a slow process, with time-scales in
the order of decades. This is partly due to the slow decision making process
(governance) and partly due to the long planning and construction times.

1.2 The Dutch Climate Proof Cities research program

One of the first studies on the UHI effect in a Dutch city has been conducted
by Conrads (1975). From measurements in the city of Utrecht, it was found
that the summer nighttime air temperature was (on average) 2.7oC warmer
than the rural environment, with local peak values of 8oC. The city of
Rotterdam has been studied by Roodenburg (1983), where similar tempera-
ture differences were found between the urban and rural environment.

Since then, the number of studies regarding air temperature in Dutch
cities remained limited. It was believed that the relative small city size in
combination with the moderate climate would not lead to large problems
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Fig. 1.2: Overview of the different urban scales

concerning human health. However, the heat waves that struck Europe in
2003 and 2006 led to an estimated excess number of heat related deaths
between 1000 and 2200 in the Netherlands, a relatively high number when
compared to other European countries (European Environment Agency, 2008).
This sparked the question whether the UHI effect could be of importance in
the Netherlands.

In 2004, the Dutch research consortium ”Klimaat Voor Ruimte” (”Climate
Changes Spatial Planning Program”) started. The mission of the program
was to introduce climate change and climate variability as one of the guiding
principles for spatial planning in the Netherlands. Exploratory measurements
were undertaken in the urban environment in this program, which confirmed
the findings by Conrads and Roodenburg (Steeneveld et al., 2011). When the
follow-up program ”Kennis Voor Klimaat” (Knowledge For Climate) started
in 2010, a program particularly dedicated to the urban environment was
initiated: Climate Proof Cities. This PhD study has been conducted as a
part of that research program.

The goal of the Climate Proof Cities consortium is to answer the following
questions:

� What are the most important processes governing the urban climate in
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Fig. 1.3: Schematic overview of the Climate Proof Cities program. Vertical
blocks are different work-packages, horizontal blocks are different scales that
are studied. The subject of this thesis is located in the dashed block.

Dutch cities?

� How vulnerable are Dutch cities to the effects of climate change?

� Which measures can be taken in order to better adapt cities to a future
climate?

� How can these measures be implemented in urban areas?

� What is the cost-benefit balance of the adaptation measures?

To answer these research questions, the consortium is split in different
work-packages, which have their own field of research. The different work-
packages are linked through the scale on which they act (see Fig. 1.3 for a
schematic overview of the work-packages and scales).

This PhD-thesis is part of work-package ’Urban climate’, in which the
main focus is on understanding the local climate. The scale considered in
this research is that of individual buildings and the urban street canyon
(shown in the most top left of Fig. 1.3).

1.3 The urban street canyon

This thesis focusses on the urban micro-climate, which treats individual
buildings and their direct surroundings. It is considered the smallest scale



6 Chapter 1: Introduction

on which the outdoor urban environment can be studied. The micro-climate
discussed here is not a long-period mean value, but the instantaneous climatic
conditions consisting of radiation, temperature and wind. The most basic
form of buildings and street on the micro-scale is that of the urban canyon
(or street canyon). The canyon is represented by two buildings with height
H, which are spaced apart by a street with width W (see Fig. 1.4). When the
buildings are assumed to be infinitely long, this creates a 2D representation
of the urban area. The building height over street width (H/W ) ratio is the
main governing dimensionless number.

The first studies of the urban canyon were mainly concerned with air flow.
Oke (1988) suggested that there are, in principle, three types of air flow as
a function of the H/W ratio for a 2D environment. These are depicted
in Fig. 1.4. When buildings are spaced far apart, there is no interaction
between the obstacles (isolated roughness flow). With intermediate H/W
ratios, there is interaction between the wake of the first building and the
stagnation zone in front of the second building. There are high levels of
mixing due to the complex interplay between these regions (wake interaction
flow). For large H/W ratios, there is a skimming flow. This indicates ’closed’
vortices inside the canyon, capped by a free stream flow over the buildings.
There is little mixing of ambient air inside the canyon, which can trap exhaust
gasses and warm air. In further studies, this classification of air flow inside
the urban canyon is extended by heating of different surfaces (Kim and Baik,
2001; Bohnenstengel et al., 2004) or the effect of the H/W ratio on pollutant
dispersion (Sini et al., 1996; Xie et al., 2005).

In addition to air flow and pollutant dispersion, the elementary 2D shape
has also been used for studies on radiation, where different components play
an important role. A numerical modelling study by Fortuniak (2008) showed
that the effective albedo (the amount of radiation that is reflected back to
the atmosphere) decreases with increasing building height. In addition to
shortwave radiation, longwave radiation is important in the urban canyon.
Especially the longwave trapping effect (radiation emitted at a surface and
absorbed at another surface) can increase the urban surface temperature.
These compensating radiative effects are studied in Theeuwes et al. (2014)
and show a maximum urban heat island effect for a height to width ratio of
H/W=1.0.

These different processes can be captured in the surface energy balance
(Wallace and Hobbs, 2006), which is a balance between absorbed shortwave
and longwave radiation, the sensible heat flux (heating of air) H, latent heat
flux (evaporation of water) Le, and the transient conductive heat flux (heat
storage as a function of time) G. Note that the conductive heat flux, which
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Fig. 1.4: Schematic overview of the urban canyon and the different flow
regimes. Adapted from Oke (1988).

represents energy transfer into or away from the ground, is time dependent.
Therefore, it acts as a heat buffer, and it is also called the storage flux.
Surface temperature is determined by the magnitude of each component in
the surface energy balance.

Radiation︷ ︸︸ ︷
SW ↓ −SW ↑ +LW ↓ −LW ↑ =

Convection︷ ︸︸ ︷
H + Le +

Conduction︷︸︸︷
G (1.1)

Several studies have been performed concerning the urban canyon and
urban surface energy balance. This is either done by measuring or numerically
investigating the above mentioned processes (Nunez and Oke, 1977; Oke,
1982, 1988; Ryu and Baik, 2012). However, the governing processes in the
urban environment as a function of building aspect ratio are still uncertain.

In addition to air temperature and surface temperature, there is a third
temperature which is essential, especially during daytime (even though it also
present during the nighttime): the apparent temperature. This temperature
is indicative of the human thermal comfort. The apparent temperature
studied in this thesis is the Universal Temperature Climate Index UTCI
(Fiala et al., 2012). It combines information on air temperature, wind speed,
mean radiant temperature (amount of absorbed radiation by a standing
person), humidity and the human metabolism. These different temperatures
are linked through convective and radiative processes, which are a function
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of the urban geometry, where a great amount of interaction between the
different processes is present.

1.4 Numerical modelling

To study the local urban climate in a systematic way, a modelling approach
is used in this thesis. Existing numerical models that focus on the urban
micro-scale can be roughly filed in two groups.

One group of models is called urban parametrisation schemes. A nice
overview of different urban energy models is provided in the International
Urban Energy Model intercomparison (Grimmond et al., 2010, 2011). In
Chapter 5 of this thesis, the model of Kusaka et al. (2001) is discussed in
more detail. These urban parametrisation models are typically used in larger
scale (weather) models. The goal of the urban parametrisation scheme is
to represent the urban environment and the interaction on the atmosphere
above, without explicitly taking into account the detailed urban geometry.
These models often represent the urban geometry by a two-dimensional,
symmetrical street canyon with infinite length. From the elementary 2D
geometry, radiative transfer, the conductive heat flux and the transport of
convective heat are computed for a 3D environment. These schemes employ
tile-based parametrisations, which allow for vegetation, water and urban
environment within a single grid box. Even though different a grid box
can consist of different tiles, the implicit assumption made for the urban
environment is that the urban geometry within a grid box behaves as a
street canyon where variations in building heights, street widths and canyon
orientations are not taken into account.

The second group of models is called micro-scale models. The first type
of micro-scale models solves radiative transport accurately. Examples are for
instance SOLWEIG (Lindberg et al., 2008) and RayMan (Matzarakis, 2000).
These models simplify the surface energy balance by making assumptions on
the convective heat fluxes (ventilation effects) and the conductive heat flux
(energy transfer into buildings and ground). The TUF3D model developed
by Krayenhoff and Voogt (2007) is an intermediate model in which only the
convective heat flux is parametrised, thereby computing the heat storage
inside buildings as a function of radiation in a more accurate manner.

The second type of micro-scale models aim at accurately describing air
flow through the urban environment by using Computational Fluid Dynamics
(CFD) modelling. These models often specify the surface temperature. This
can be seen as a highly simplified surface energy balance, since radiative and
conductive heat fluxes are typically not taken into account.
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The model developed for this thesis (called URBSIM) is a micro-scale
model, where CFD, radiative transport and the surface energy balance are
coupled and refined, such that there is less need for modelling of contributions
to the urban heat budget. In this way, a tool is obtained that is suited to
investigate the way different processes interact. The CFD model used in this
thesis is solving the Reynolds Averaged Navier-Stokes equations (RANS),
which gives an accurate representation of the urban environment within
reasonable computation times.

While developing the combined model, there was only one model reported
in literature that combines the different processes similarly to the developed
model in this thesis: ENVI-met (Bruse, 1999). This model focusses on
practical applications, for instance aiding in urban planning (Taleghani et al.,
2015; Kleerekoper et al., 2015), with the benefit of small computation times
and a relatively easy to use interface. As a result of these choices, physical
processes are parametrized and the domain size that can be investigated
is limited (to reduce memory-requirements and computation time). In this
thesis, it is decided to develop a new model. The focus is on representing the
different processes as accurately as possible, where long computation times
are accepted. Furthermore, a high degree of flexibility is required in the
processes that are taken into account or neglected, in order to systematically
study the urban environment. By developing different modelling approaches,
information is also obtained on the level of accuracy required, which can help
future models concerning the urban micro-climate.

During this PhD work, mutiple other models similar as presented in this
thesis have been developing. One example is the Palm4U model, where
multiple universities and research institutes developed a building resolving
urban model used for scientific research and applied urban planning (Maronga
et al., 2019). The Palm4U model is based on an existing Large Eddy Simula-
tion model, and includes the urban environment, vegetation and chemistry
modelling.

Another example is the PhD thesis of Suter (2019), who uses the work by
Tomas et al. (2016), and extended this with radiation and the surface energy
balance.

1.5 Research questions

From the start of this project, the focus has been on practical research
questions, since the Climate Proof Cities consortium is partly funded by
different city councils in the Netherlands.
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Therefore this research started with simulations of air flow through the
cities of Arnhem, Amsterdam and Rotterdam. The different neighbourhoods
are converted to a Digital Elevation Model (DEM), which displays the location
of buildings and the color of a building is used to indicate the height. An
example for the Van Muijlwijkstraat in Arnhem is shown in Fig. 1.5. From
this DEM, the buildings can be converted into a mesh, which is used for
the CFD simulations. The CFD model that has been used (Kenjeres and
Hanjalic, 1999, 2006, 2009; Kenjeres and ter Kuile, 2013; Kenjeres et al.,
2015) only works with hexagonal grids, which means that building blocks
that do not fit the square grid cells are not allowed. Therefore, all buildings
are converted to square blocks, resulting into staircase like blocks which is
shown for a close-up in Fig. 1.5b. The mesh is then used as input for the
CFD model. These steps have been automated, such that large areas can
quickly be meshed, and results can be obtained within a relatively short
time frame. A typical steady RANS CFD result is shown in Fig. 1.5c,
which shows the air flow (colors) and stream traces (black lines, which trace
the path of an individual air packet). Ambient air flow is entering with 2
ms−1 from the bottom of the figure. The air flow is largely disturbed by
the urban environment. There is acceleration of air through the large open
roadways, flow as depicted in 1.4 when the building blocks are perpendicular
to the air flow and large areas of wake interaction. The complex 3D situation
makes it hard to make generic comments on the air flow pattern, since these
are highly dominated by local geometric parameters. Simulations for this
neighbourhood also showed transient effects, where vortex shedding from
building corners is present. There is not only a large spatial variation, but
also a time variation in these realistic urban environments.

In addition to simulations in Arnhem, the neighbourhood Plein ’40-’45
in Amsterdam is studied, which has completely different characteristics in
terms of plan area density, orientation and H/W ratio. Fig. 1.6a shows
the contours of air flow and streamlines at average building height in that
neighbourhood, obtained with the same method from DEM to mesh and CFD
simulations as discussed in Fig. 1.5. Free stream air is entering from the left
with 2 ms−1 and is largely disturbed by the complex urban geometry. Wind
speeds inside the neighbourhood are higher compared to the neighbourhood
in Arnhem, due to the large open streets that are aligned with the flow in
the Amsterdam neighbourhood. However, also in this neighbourhood, the
local wind speed and wind direction is largely controlled by the 3D building
geometry.

As a next step, temperature effects were added in a simplified and rather
crude manner, where surface temperature is only determined using sun or
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Fig. 1.5: a): digital elevation model of the neighbourhood surrounding the
Van Muijlwijkstraat, Arnhem. The building height is depicted as a color,
which is indicated in the legend on the right. b): Close-up of the mesh
generated from the DEM. c): Velocity contours and stream traces at average
building height, as calculated from the steady RANS CFD model. The mesh
consists of 500 x 272 x 34 cells and 973 obstacles.
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shadow locations, neglecting multiple reflections. Results for such a study
are shown in Fig. 1.6b for the neighbourhood in Amsterdam which shows
air temperature at average building height in combination with the stream
traces which are identical to Fig. 1.6a. Free stream air has a temperature
of 20oC, while surfaces that are directly sunlit have a surface temperature of
30oC and shaded areas are set to a surface temperature of 20oC. The range
of air temperatures is relatively modest with air temperature differences of
up to 1oC in the simulation domain. One can visually identify the link
between the tunnelling of air from the stream traces and air temperature,
where locations with high wind speeds are generally colder. Especially in
the wake of obstacles, where wind speeds are low, air temperature is higher
compared to their surroundings. This is despite the fact that these locations
are often shaded, and therefore have a lower surface temperature, implying
that advection of warm air plays an important role.

In reality, the surface temperature is a result of the interaction of many
processes through the surface energy balance discussed in Section 1.3. These
processes include multiple reflections of shortwave radiation, longwave radia-
tion absorbed from the sky, absorption of longwave radiation that is emitted
by neighbouring buildings (trapping) conductive heat flux and sensible heat
flux. Even though the shortwave radiation can be modelled using a simple
ray tracer (neglecting multiple reflections), the complex interaction between
the processes in the surface energy balance cannot be simplified. Therefore, it
was believed that the surface energy balance should be solved in high detail,
to obtain realistic surface temperatures. Therefore, a radiative transfer model
for the urban environment has been developed, and later a conductive heat
transfer model to compute the energy transfer from the surface to the under-
lying material. The developed model computes the most important processes
involved in the urban heat budget, but also comes with additional complexity
and feedback mechanisms.

As depicted above, the amount of information obtained from the 3D CFD
simulations already demonstrate a large spatial and temporal variability,
without the additional complexity of the surface energy balance. Since the
goal of this PhD thesis was to gain understanding in the processes governing
the urban heat island, it was felt that simplifying the problem to more generic
urban geometries would be better suited to increase the understanding of
individual processes. Therefore, the 3D environment was abandoned in favour
of the most elementary urban form: the 2D street canyon. From this basic
2D geometry, the importance of different processes and feedback mechanisms
can be studied in an idealized manner, without being overwhelmed by the
complexity of the 3D environment. This aids a deeper understanding of the
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Fig. 1.6: Contours of velocity (a) and air temperature (b) and stream traces
of the velocity at average building height for the neighbourhood Plein ’40-
’45, Amsterdam, as calculated from the steady RANS CFD model including
buoyancy effects. The simulation consists of 1232 obstacles, with 404 x 218
x 55 (length, width, height) cells in the domain.
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problem, that can be applied later to real-life 3D environments. In order to
already provide information on the 3D environment, the developed micro-
scale model is compared to urban parametrisation schemes.

Therefore, the research questions could be summarized as

� Which processes dominate the urban energy budget during day and
night, and how is the budget impacted by varying the height to width
ratio?

� What is the effect of different adaptation measures on air temperature,
surface temperature and apparent temperature?

� How do large-scale urban parametrisations compare against the devel-
oped micro-scale model?

1.6 Outline

Within this thesis, each question will be discussed individually in a chapter.
Each chapter can be read individually, as Chapters 2-4 are (based on) articles
that have been published in peer reviewed journals.

Chapter 2 focusses on the nighttime energy budget of the urban environ-
ment, and is based on the publication Schrijvers et al. (2015). The developed
micro-scale model is discussed in detail, and a range of H/W ratios and
mechanisms are considered in order to identify the factors that have the
largest influence on the urban environment.

Chapter 3 is in the same reign as Chapter 2, but focusses on the daytime
situation. Besides air and surface temperature, mean radiant temperature
is also considered. The mean radiant temperature is the temperature that a
standing person is feeling as a function of the amount absorbed radiation, and
is used in the computation of apparent temperatures like the Physiological
Equivalent Temperature (PET, Höppe (1999)) and the Universal Temperature
Climate Index (UTCI, Fiala et al. (2012)). The PET and UTCI can be
used to determine the level of heat stress that person would perceive while
standing at a location in the street, which directly related to human comfort
and health.

High albedo materials (white surfaces) are often advocated as a way to
mitigate the urban heat island. Chapter 4 studies the impact of these different
high albedo adaptation strategies on surface temperature, air temperature
and the UTCI for a single street canyon. In addition to using a uniform
albedo, there are also cases where the albedo of the north and south facing
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wall are varied independently and a case with an albedo gradient along the
vertical walls.

Chapter 5 focusses on an urban parametrisation scheme used in meso-
scale models like WRF (Weather and Research Forecast model, Skamarock
et al. (2005)) where the urban environment is simplified to a 2D street canyon.
In this chapter, a parametrisation scheme by Kusaka et al. (2001) is discussed
and compared to the developed micro-scale model. Based on these findings,
possible improvements of these parametrisation assumptions are discussed.

The thesis ends with concluding remarks and an outlook to possible future
research.
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Chapter 2

Breakdown of the night time urban heat
island energy budget

Abstract1

This conceptual study aims at identifying the dominant factors involved
in the nighttime urban heat island energy budget at building level for an
idealized 2D urban geometry. For this purpose a simulation model has been
developed which combines radiative transfer, conductive heat transfer and
convective heat transport by Computational Fluid Dynamics modelling at a
uniform 1 meter spatial resolution. A wide range of building height (H) to
street width (W) ratios are considered. Starting from radiative equilibrium,
complexity is added with each next test case, adding the longwave trapping
effect, heat transfer by conduction and finally by convective transport of
sensible heat. It is found that the longwave trapping effect is the main
mechanism controlling the surface temperature. For H/W=0.5, canyon aver-
aged longwave trapping and absorbed longwave radiation from the sky are
similar in magnitude, but for deeper canyons longwave trapping is the main
source of energy to the urban energy budget. The conductive heat flux is
decreasing relative to the absorbed radiation. The sensible heat flux process
is similar in magnitude to the conductive heat flux. Air temperature inside
the canyon is higher then air above roof level for H/W=0.5 and H/W=2.0.
Small air temperature differences are present inside the canyon.

1This chapter is based on the article published in Building and Environment (2015)
83 and the corrigendum published in Building and Environment (2020) 174 with H.J.J.
Jonker, S.R. de Roode, S. Kenjereš © Elsevier
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2.1 Introduction

The Urban Heat Island (UHI) is a well documented effect of anthropogenic
changes to the environment (Arnfield, 2003). Several studies have shown a
reduced decrease of nighttime air temperature of the urban environment in
the range of 1 to 10 Kelvin (Grimmond, 2007; Klysik and Fortuniak, 1999;
Kim and Baik, 2004; Oke, 1981; Steeneveld et al., 2011), and several causes
for the temperature difference between the urban and rural environment have
been proposed.

In principle, the urban heat island effect could be due to (Grimmond,
2007; Oke, 1982; Rizwam et al., 2008; Nunez and Oke, 1977; Oke, 1988) 1)
reduced ventilation, 2) reduced evaporation, 3) enhanced release of stored
heat from the urban material, 4) trapping of longwave radiation, 5) anthro-
pogenic heat emissions, 6) enhanced absorption of shortwave radiation, 7)
increased longwave radiation from the sky, and any combination of these
factors. It is unclear which effect is dominant.

Several studies have been performed to find the influence of the urban
environment on air temperature. Nunez and Oke (1977) performed measure-
ments in a specially instrumented street canyon with a building height (H)
to street width (W) ratio (H/W) of 0.7 in Vancouver, Canada. They found
that during the night, the radiative deficit is almost entirely compensated
by the release of subsurface heat storage showing the importance of canyon
material.

Oke (1988) suggested the seven above mentioned causes of the urban
heat island, and eliminates five of them based on observations. The two
remaining causes are: decreased longwave radiation loss (longwave trapping)
and an increased release of heat stored in the urban material. The relevant
parameters governing the differences in air temperature were found to be
the radiative geometry and the surface thermal properties. Anthropogenic
heat was discarded in Oke (1988) as a source of the UHI, since the UHI is
strongest in summer, whereas the peak anthropogenic heat is emitted during
the winter.

The conclusion on anthropogenic heat was opposed by Ryu and Baik
(2012), who performed a systematic study of different physical processes with
the meso-scale WRF (Weather and Research Forecasting) model, which works
on a larger scale and the urban environment is parametrized. Three main
causative factors were identified: anthropogenic heat, impervious surfaces
and 3D urban geometry. Their study indicated that during nighttime, the
anthropogenic heat contributes most to the urban heat island, followed by
the impervious surface factor (reduction in surface moisture availability and
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increased thermal inertia) and the 3D urban geometry (additional heat stored
in vertical walls, radiation trapping and reduction of ventilation).

In this study, performed within the Climate Proof Cities consortium
(Albers et al., 2015), the line of Ryu and Baik (2012) is continued, but
on a smaller scale: the scale of the urban street canyon. For this purpose
a new simulation model has been developed in the line of Krayenhoff and
Voogt (2007) and Krayenhoff (2010), which combines radiative transfer, heat
conduction into the ground and obstacles, and Computational Fluid Dynam-
ics (CFD) calculations for turbulent transport of sensible heat. The model
and its validation is discussed in section 2.2. This section also includes the
case set-up. Instead of looking at all the different processes acting together,
the present study chose to start from the simplest case with only radiative
transfer, and add physical processes step by step. In this way insight is gained
in the different mechanisms that play a role in the urban heat island without
losing the physical interpretation of the cases. The results of the simulations
can be found in section 2.3. Model assumptions and limitations of the model
are discussed in section 2.4, after which conclusions are drawn. Our goal is
to quantify the contribution of the factors controlling the urban heat island.
Therefore this study does not only add complexity in the processes that we
consider, but we also consider a range of H/W ratios (0.0, 0.5, 1.0 and 2.0)
in order to study the importance of building geometry.

2.2 Methods and case set-up

To perform this study, a new transient 2D simulation model has been devel-
oped which couples three different energy transport phenomena: radiative
transfer, conduction and ventilation. Radiative transfer is computed with a
Monte-Carlo radiation model, whereas ventilation is modelled using a CFD
model. The surface energy balance is computed, which involves a 1D heat
conduction equation for the conductive heat flux in the urban material.
Transient simulations are performed where the diurnal cycle is taken into
account. This is necessary for the computation of the conductive heat flux,
which is dependent on the daytime conditions. All sub-models will be dis-
cussed and validated separately in this section.

2.2.1 Radiative transfer

A Monte-Carlo radiation model is developed to compute the radiative
transfer in a complex urban geometry. The Monte-Carlo model computes
photon paths for direct and diffuse shortwave radiation and longwave radia-
tion emitted by the sky and by walls. Direct and diffuse splitting of shortwave
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radiation is based on Skartveit et al. (1998).

Used variables in Skartveit et al. (1998) are (see table 2.2): I the solar
constant, dn the Julian date, latitude and longitude, TL the Linke turbidity
factor (Kasten, 1996) and γ the solar zenith angle, which is computed based
on Iqbal (1983). Only clear skies are considered, which results in a maximum
incoming direct shortwave radiative flux at the top of the domain of 833.1
Wm−2 and a maximum incoming downward diffuse shortwave radiative flux
of 84.2 Wm−2 at mid-day.

For longwave radiation, the Stefan-Boltzmann law (E = εσT 4
s ) is assumed,

where Kirchoff’s law is applied, i.e. the same value of the emission of
longwave radiation (ε) is used for the absorption (α = ε). If a surface is hit,
reflected photon packets require a new direction based on the Lambertian
cosine law. The same assumption is made for diffuse emitted photon packets
emitted at the top of the domain, such that the angle distribution is cosine
weighted. The amount of longwave radiation emitted by the sky is taken
as LWsky = εskyσT

4
a , where the emissivity of the sky is computed following

Prata (1996) as

εsky = 1−
(

1 + c
ea

Ta

)
× exp

[
−
√

1.2 + 3.0× c ea

Ta

]
(2.1)

where ea is the water vapour pressure (in hPa) which uses the relative
humidity which is set to 75% in this study, Ta the free stream air temperature
(in K) and c = 46.5 K/hPa is constant based on typical values for the water
vapour scale height and temperature lapse rate (Prata, 1996).

Photon paths are tracked using step sizes from one grid cell face to
another. If a surface is hit, a fraction of the energy ζ is absorbed (based
on material albedo or emissivity), while the remainder travels in a random
direction based on the Lambertian cosine law with a fraction (1− ζ) energy
left. Horizontal periodic boundary conditions are applied, such that a photon
packet can only leave the domain through the top boundary. To reduce
computation time, photon packets with less than 0.5% of the initial energy
are discarded in an unbiased manner.

All diffuse radiative components (diffuse shortwave radiation, longwave
radiation emitted by the sky and longwave radiation emitted by surfaces)
are computed once, after which the photon distribution is stored. Longwave
radiation emitted by the sky and the diffuse shortwave component can be
scaled, since these are only a function of the building geometry, and not
on time of the day. For the longwave radiation emitted by the surface, the
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surface temperature determines the amount of emitted longwave radiation.
Therefore the spatial photon distribution is stored per grid cell. Not only the
amount of emitted energy is stored, but also the emitted radiation that is
absorbed at another surface (longwave trapping). Direct shortwave radiation
is computed each time step, since the solar zenith angle changes with time.

The number of photon packets emitted is dependent on the covered area
and the size of the obstacles. N = 105 photons per m2 are taken into account
per radiation component, which proved to be sufficient to get convergent
statistics.

Validation longwave radiation: 2D infinite canyon

The first validation case consists of two infinite parallel walls, where
longwave radiation is emitted and absorbed. The surface temperature de-
pends on the radiative transfer and on the fixed inner wall temperature (Tb)
that is given at a distance ∆x from the surface. The set-up is shown in the
inset of Fig. 2.1, where the dashed line is the surface and the solid line is the
depth at which the inner wall temperature is fixed. An analytical solution
for this case exists (Mills, 1999), which takes into account 4 components: 1)
conductive heat flux, 2) emitted radiation by surface 1, 3) radiation emitted
by surface 1, reflected by surface 2 and then absorbed by surface 1 and 4)
radiation emitted by surface 2 and absorbed by surface 1. In formula form,
this takes the form of

−k
T1 − Tb,1

∆x1
− ε1σT 4

1 +
ε1σT

4
1 (1− ε2)ε1

1− (1− ε1)(1− ε2)
+

ε2σT
4
2 ε1

1− (1− ε1)(1− ε2)
= 0 (2.2)

where T1 is the surface temperature of surface 1, Tb,1 is the corresponding
inner wall temperature, ∆x1 the depth at which the inner wall temperature
is specified (1 meter in this case) and ε1 the emissivity of wall 1. The same
formula holds for surface 2, which allows to solve both T1 and T2.

Fig. 2.1-left shows the results for the case where the fixed inner wall
temperature of surface 2 is varied from 293.15 to 273.15K, while surface 1
has an inner wall temperature of 293.15K. The emissivity ε is constant and
set to 0.95 for both walls. The surface temperature is a function of the
conductive heat flux and the radiative transfer between the two surfaces.
With a lower inner wall temperature, the surface temperature will decrease,
thereby decreasing the amount of emitted longwave radiation. This will affect
the other wall due to a reduced radiative transfer and will therefore also start
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Fig. 2.1: Validation of longwave radiative transfer with analytical results
(Mills, 1999) for two infinite parallel walls. The left panel shows surface
temperature as a function of inner wall temperature difference between
surface 1 and 2, with ε1=ε2=0.95. The right panel shows the dependency
of surface temperature on the emissivity where ε1=ε2, Tb,1=293.15K and
Tb,2=273.15K.

to cool. Since infinite plates are assumed, there will be a balance between
conductive heat flux, emitted radiation and absorbed radiation. Results show
a linear decrease of surface temperature for both walls with decreasing inner
wall temperature of surface 2, and good agreement between the analytical
and Monte-Carlo results. The maximum difference in surface temperature
that is found is 0.04K without systematic errors.

Fig 2.1-right shows the surface temperature where the emissivity is varied
from 0 to 1. The inner wall temperature of surface 1 is fixed at 293.15K, the
inner wall temperature of surface 2 is set to 273.15K while the emissivity is
the same for both walls (ε1=ε2). With lower emissivity values, there is more
reflection and thus less radiative energy transfer between the surfaces. This
leads to higher temperature differences between the two walls. In the case
of ε=0, the surface temperature is equal to the inner wall temperature. The
maximum error between analytical and Monte-Carlo results is 0.03K.
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Validation shortwave radiation: Aida test case

Validation for shortwave radiation is conducted by comparing simulation
result to the effective albedo measurements by Aida (1982). The albedo is a
material property, but the effective albedo is the amount of radiation reflected
from a system, in this case a street canyon. Although a variety of geometries
are used in Aida (1982), only the 3D grid geometry (see inset Fig. 2.2) is
used here. This case consists of cubic concrete blocks of 0.15m, which are
spaced 0.15m apart (H/W=1.0). The material albedo of the blocks is 0.41.
The experiment was conducted on the top of a building in the campus of
Yokohama National University (35◦ 28’ N, 139◦ 35’ E) over a diurnal cycle
in summer and wintertime. Although the albedo of the concrete is 0.41, the
effective albedo is lower in both cases due to the multiple reflections, which
increase the shortwave absorption within the block geometry.

Results of the Monte-Carlo simulations are shown in Fig. 2.2, where
the solar zenith angle is plotted against the effective albedo. The morning
period is plotted with negative solar zenith angles to distinct the morning
and afternoon period. During winter, the solar zenith angle ranges from 90 to
58 degrees. A diurnal pattern is visible with the effective albedo approaching
the surface albedo for zenith angles close to 90 degrees. At noon, the effective
albedo drops to 0.25, in line with the experimental data.

During summer, the solar zenith angle ranges from 90 to 10 degrees. The
same geometry and boundary conditions are used as for the winter case, but
the diurnal pattern is less visible. This is due to the changed splitting of
direct and diffuse radiation. In the summer case, the turbidity (amount of
aerosols and dust particles in the air) is increased which means that relatively
more diffuse radiation is scattered, causing a relatively large contribution
of downward diffuse solar radiation. Since the zenith angle distribution of
diffuse shortwave radiation is independent of time, this reduces the diurnal
pattern in the effective albedo. A fair agreement is found between the Monte-
Carlo simulation and experimental data.

2.2.2 Conductive heat flux

The conductive heat transfer (G) is computed using the temperature
gradient inside the into the ground or obstacle as

Gi = λ
∂T

∂ξ
(2.3)

with ξ the direction perpendicular to the surface.
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Fig. 2.2: Validation of shortwave radiation with experimental data of Aida
(1982). Effective albedo is plotted for summer and winter conditions against
the solar elevation angle. Morning data is plotted with negative solar zenith
angles for clarity.

The temperature gradient in the urban material is a function of time and
space, and is computed in 1D as

∂T

∂t
= kd

∂2T

∂ξ2
(2.4)

where kd is the thermal diffusivity, based on the conductivity λ, density ρ
and specific heat Cv of the material

kd =
λ

ρCv
(2.5)

This equation can be solved by applying two boundary conditions. On the
surface, the surface temperature of each individual grid cell is used. For the
interior of the building or ground, a zero flux boundary condition is used at
a distance ∆ξ.

With these boundary conditions, temperature profiles into the ground
and obstacle are computed by using the finite difference method, where fifty
layers are used with a time step of 1 second. The time step of the other sub
models is 6 minutes, indicating that the conductive heat flux only updates
the surface temperature boundary condition at this time period.
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2.2.3 Computational Fluid Dynamics (CFD) model

The outdoor airflow is computed by an in-house CFD model, which uses
the Transient Reynolds Averaged Navier-Stokes (T-RANS) equations to solve
air flow, air temperature distribution and sensible heat flux (Kenjeres and
Hanjalic, 1999, 2006, 2009; Kenjeres and ter Kuile, 2013). The equations for
mass, momentum and temperature are

∂Ui
∂xi

= 0 (2.6)

∂Ui
∂t

+ Uj
∂Ui
∂xj

= ν
∂2Ui
∂x2

j

− 1

ρ

∂P

∂xi
− ∂uiuj

∂xj
− giβ(T − Tref) (2.7)

∂T

∂t
+ Uj

∂T

∂xj
= κ

∂2T

∂x2
j

− ∂θuj
∂xj

(2.8)

where Ui is the i-th component of the velocity, U gives the ensemble averaged
value and u gives the fluctuation around variable U , T is the temperature
and θ the fluctuations around T , P is the pressure, ν the viscosity, ρ the
density, g the gravitational vector, β the thermal expansion coefficient, Tref

a reference temperature and κ the thermal diffusivity.

The turbulent stress uiuj and turbulent heat flux θuj are unknown and
require modelling. For velocity, the standard k− ε turbulence model is used.
Here, the unknown turbulent stress is modelled by using the eddy viscosity
hypothesis. The eddy viscosity is then computed by a ratio between turbulent
kinetic energy and dissipation, which both have their own transport equations

∂k

∂t
+ Uj

∂k

∂xj
=

∂

∂xj

[(
ν +

νt

σk

)
∂k

∂xj

]
− uiuj

∂Ui
∂xj
− ε− giβθui (2.9)

∂ε

∂t
+ Uj

∂ε

∂xj
=

∂

∂xj

[(
ν +

νt

σε

)
∂ε

∂xj

]
+

ε

k

(
Cε1uiuj

∂Uj
∂xi
− Cε2ε+ Cε3giβθui

)
(2.10)

νt = Cµ
k2

ε
(2.11)
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Cµ σk σε Cε1 Cε2 Cε3
0.09 1.0 1.3 1.44 1.92 1.44

Table 2.1: Model constants for the standard k − ε turbulence model

where k is the turbulent kinetic energy (TKE), ε is the dissipation of TKE,
and Cµ, σk, σε, Cε1, Cε2 and Cε3 are constants, taken from the standard k−ε
model (see table 2.1).

The unknown turbulent heat flux is modelled by the Simple Gradient
Diffusion Hypothesis (SGDH) model, which relates the turbulent heat flux
to the eddy viscosity and temperature gradient

−θui =
νt

Prt

∂T

∂xi
(2.12)

where Prt is the turbulent Prandtl number, which is constant and set to
Prt = 0.86. The sensible heat flux is now computed with

Hi = ρcpθui (2.13)

where ρ is the density of air (1.208 kgm−3) and cp the specific heat capacity
of air (1004 Jkg−1K−1).

The latent heat flux is ignored in this study.

CFD validation

The CFD model has been validated by comparing simulation results with
experimental data by Uehara et al. (2000). In this experiment, a grid-
structure of 100mm high obstacles are placed in a heated wind tunnel where
neutral (Rb=0), stable (Rb=0.78) and unstable (Rb=−0.21) stratifications
are considered; here the Richardson number Rb is defined as

Rb =
gH(Ta − Tf)

TU2
H

(2.14)

where H is obstacle height, Ta the free stream air temperature, Tf floor
temperature and UH the velocity at obstacle height.

Measurements are conducted in the 5th street canyon, where wind speed
and temperature profiles are measured. The Reynolds number based on
obstacle height and the velocity at roof level is constant for all measurements
at Re=104.
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Fig. 2.3: Validation of the CFD model with experimental data by Uehara
et al. (2000) with Re=104 and Rb=−0.21. The left panel shows non-
dimensional velocity (scaled with u700=1.6ms−1) as a function of height
(scaled with obstacle height H=0.10m). The right panel shows non-
dimensional temperature profiles, scaled with Ta=293.15K and Tf=352.15K.
Building height is at Z/H=1.



28 Chapter 2: Breakdown of the night time urban heat island energy budget

Fig. 2.4: Different sub models and computation order that is used to compute
the surface energy balance for each grid cell.

Results for the strong unstable case (Rb=−0.21) are shown in Fig. 2.3,
where velocity profiles are shown in the left panel and temperature profiles
in the right panel. Velocity profiles demonstrate good agreement between
experiment and simulation, with a wake region below building height. Veloci-
ty is scaled with the wind speed at 700mm (7 times obstacle height), which
is u700=1.6ms−1.

Air temperature profiles are scaled with the free stream air temperature
Ta=293.15K and the specified floor temperature Tf=352.15K and show reason-
able agreement between measurements and simulations. The largest differ-
ences are found below building height, where the CFD model shows lower air
temperatures compared to measurements. The maximum difference between
measurement and simulation is 2.9K, with an air temperature of 303.6K for
the CFD simulation and 306.5K for measurements at 0.9H. This is probably
due to the mixing of air inside the canyon, which is overestimated in the CFD
model.

2.2.4 Integrated energy balance model

With all individual components discussed and validated, these are com-
bined into one model. This section discusses the details of this coupling. The
equation that needs to be solved is the energy balance per grid cell,

SWdir + SWdif + LWsky + LWtrap = LWout +H +G (2.15)
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where SWdir is the absorbed direct component of shortwave radiation, SWdif

the absorbed diffuse shortwave component, LWsky the absorbed longwave
radiation emitted by the sky, LWtrap the longwave radiation emitted by one
surface and absorbed by another surface, LWout is the emitted longwave
radiation by surfaces, H the sensible heat flux (where a positive flux is heating
of air) and G the conductive heat flux (positive is adding energy to the
underlying layers). Note that SWdir, SWdif and LWsky also include multiple
reflections.

As a first step, all diffuse radiative components are computed and stored
in memory. Based on the surface temperature of the previous time step, all
other fluxes in eq. 2.15 are computed, which results in a net flux F which
is the surplus or deficit of energy per grid cell. Based on this net flux, the
surface temperature is computed by

∆skinρskinCv,skin
∂Ts
∂t

= F (2.16)

where a skin layer is assumed with ∆skinρskinCv,skin=0.01 JK−1m−2. This
skin layer prevents large changes in surface temperature from one time step
to the other. A sensitivity study to the skin layer is discussed is Section 2.5.3.

The computed surface temperature is fed back as a new boundary condi-
tion into the CFD model where a transient simulation is conducted with 50
iterations per time step of 6 minutes (see Fig. 2.4 for the overview of steps
taken per time step). The T-RANS simulation provides information on the
development of vortices and changes of these during the day due to buoyancy
effects. The surface temperature is also fed to the radiative transfer model,
where the longwave radiation emitted by walls is computed for the next time
step. This does not only influence the outgoing longwave radiation, but also
longwave trapping.

2.2.5 Test cases and research methodology

To test the effect of different mechanisms and the effect of changing the
H/W ratio, an urban geometry is simulated with 10 obstacles (see Fig. 2.5).
This set-up mimics an idealized 2D city, where all obstacles have uniform
height and have equal spacing. The number of obstacles give rise to a fully
developed flow pattern in the last canyon, which means that more obstacles
will not change the results from canyon to canyon. Building width is constant
at B=25 meter, street width is constant at W=50m, while building height is
varied ranging from 0.0 meter (H/W=0.0), 25 meter (H/W=0.5), 50 meter
(H/W=1.0) and 100 meter (H/W=2.0). With this range of H/W ratios, the
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effects can be studied of different mechanisms on the surface temperature
and air temperature inside the street canyon.

In addition to changes in the obstacle height, also different physical
mechanisms are considered (see table 2.3 for an overview). The simplest test
case is considered first, where the longwave trapping mechanism, conductive
heat flux and sensible heat flux are not included. This causes a radiative
equilibrium, where all absorbed radiation is emitted again through longwave
radiation and leave the domain without being perturbed by the other obsta-
cles. longwave trapping is included in case 2, the conductive heat flux process
is added in case 3 and finally the sensible heat flux process is added in case
4.

To obtain quasi-steady state results (indicating that the diurnal cycle is
repetitive), 10 days are considered. A quasi steady state is required for two
reasons 1) the temperature profile into the ground or obstacle is independent
of the initially estimated temperature profile at t=0 and 2) the air flow and
turbulence production is independent of the surface temperature at t=0. All
results shown here satisfy this quasi-steady state constraint. Starting from
the 10th of June, the simulation runs for 10 days with a time step of 6 minutes
and results for the night between day 10 and 11 will be considered.

The input parameters for the cases are shown in table 2.2. The results
plotted in Figures 7-10 are done according to the inset in Fig. 2.5. Vertical
walls are normalized to a height of 1, independent of the actual building
height. This allows us to compare all H/W ratios in a single graph similarly.
Horizontal surfaces are normalized by the street width in such way, that all
surfaces have a length of 1.

2.3 Results

2.3.1 Time series

To give an overview of time-evolution, the H/W=0.0 case i.e. no buildings
(also referred to as flat plate) is plotted in Fig. 2.6. The spatially averaged
surface temperature is shown in the left panel, while the spatially averaged
surface fluxes for case 4 (the case including conductive and sensible heat
fluxes) are shown in the right panel.

The surface temperature for case 1 shows a large diurnal variation, ranging
from 278K to 358K. This is due to our assumption of radiative equilibrium
for this case. There are no compensating mechanisms to limit the surface
temperature from reaching very high or low values. When the conductive
heat flux process is added (case 3) energy is transferred into the ground
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Radiation

Solar constant I 1360 Wm−2

Emissivity 0.95
Albedo 0.40

Latitude 52◦ 22’ N
Longitude 4◦ 53’ E
Start date 2012-06-10 00:00
End date 2012-06-20 23:59

Heat conduction

λ 0.72 Wm−1K−1

ρ 1920 kgm−3

Cv 835 Jkg−1K−1

∆ξground 1 m
∆ξbuilding 0.25 m

CFD

Ta 293.15 K
U 4.0 m/s

cell width 1.0 m

Table 2.2: Input constants for radiative transfer, heat conduction and the
CFD model.

during the day and released again during the night, leading to less extreme
surface temperatures. Finally, when the sensible heat flux process is added
(case 4), there is now a second compensating mechanism which decreases
surface temperature variations compared to case 3. Since the free stream
air temperature is 293.15K, adding the sensible heat flux process will reduce
the surface temperature during day, while at night the sensible heat flux will
have a heating tendency.

When the individual fluxes are studied (Fig. 2.6-right, results are shown
for case 4), it shows that the conductive heat flux (G) has it’s largest negative
value just after sunset (sunset and sunrise are indicated as a dotted lines).
From this point in time, the conductive heat flux will release energy to the
surface, thereby creating smaller temperature gradients inside the material
and thus lowering the conductive heat flux itself. When the sun rises, the
conductive heat flux follows the absorbed radiation at the surface. The
sensible heat flux (H) is negative during the night. During the day, the
sensible heat flux rises, peaks after mid day and declines during the afternoon.
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Fig. 2.5: Schematic of case set-up including spacing around obstacles. 10
buildings are spaced 50 meter apart, while building height is varied. Building
height (H) is defined as the height from the ground plane to the top of the
obstacle. Plotting is done according to the inset in the top right.

The dashed line in both graphs is the middle of the night between June
20 and June 21 (the last night of the simulation). This point in time will
be used for detailed analysis of the spatial surface temperature and surface
fluxes within the street canyon.

2.3.2 Radiation

The spatial radiative fluxes as observed during the middle of the night
between simulation days 10 and 11 are displayed in Fig. 2.7. The street
canyon between obstacle 9 and 10 (see Fig. 2.5) is used for the analysis.
Plotting is done according to the inset shown in Fig. 2.5 and again in the
middle panel of Fig. 2.7 for clarity.

For the flat plate, longwave radiation from the sky is uniformly absorbed.
When obstacles are present, the same value at roof level is obtained as for the
flat plate, since the same emissivity is used for all surfaces and there are no
multiple reflections or longwave trapping effects. Inside the canyon, there is
a decrease of absorbed longwave radiation from the sky at the vertical walls,
where the absorbed radiation is decreasing when approaching ground level.
At the ground surface, a parabolic-like shape is found, which peaks at the
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Case RAD LWtrap G H

1 +
2 + +
3 + + +
4 + + + +

Table 2.3: Physical mechanisms that are considerd per case. For each case,
five different H/W ratios are computed.

centre of the canyon. This is due to the sky view factor, which is largest
at that point. With increasing H/W ratio, the spatial variation of the sky
view factor at street level is reduced, resulting in smaller variations at ground
level.

Longwave trapping is defined in this paper as the amount of longwave
radiation emitted by a surface and absorbed at another surface. Longwave
trapping is absent for the case with H/W=0.0, since all radiation is emitted
towards the sky and nothing is absorbed elsewhere. When buildings are
present, there is a peak at the lower corner levels in the street canyon
where the longwave trapping effect is most effective, while at the middle
of the ground surface the longwave trapping effect reduces. With increasing
H/W ratio, the energy involved with longwave trapping increases. For deep
canyons, there is a larger surface area that emits longwave radiation compared
to a shallow canyon. In addition, longwave radiation cannot escape deep
canyons as easily as for shallow canyons.

Since radiative equilibrium is assumed, the absorbed and emitted long-
wave radiation should balance. This is shown in the bottom panel. Since
the roof and flat terrain have the same radiative properties, these overlap for
all H/W ratios. In the street canyon, emitted radiation is increasing with
increasing H/W ratio. The longwave trapping effect exceeds the reduced
absorption from longwave radiation emitted by the sky.

2.3.3 Surface temperature

If only radiation is taken into account, important processes are ignored.
Therefore, we add the longwave trapping effect, conductive and sensible heat
flux mechanism for each test case. Results are shown in Fig. 2.8, which
shows the surface temperature for different cases (lines) and different H/W
ratios (different sub-plots). From the results for case 1, similar patterns
can be observed as for the absorbed longwave radiation from the sky (Fig.
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2.8), with a rapid decrease of surface temperature along the vertical walls
and a parabolic-like shape at ground level. Surface temperatures can reach
extremely low values of 150K deep inside the street canyon, since the surface
temperature is only determined by the amount of absorbed longwave radiation.

The longwave trapping effect has a large heating tendency, where especially
the lower parts of the vertical walls show a large increase in surface tempera-
ture. This effect can be as big as 160K (for H/W=2.0). Also for the ground
surface, surface temperatures are increasing for all non-zero H/W ratios as a
result of longwave trapping.

If case 3 (which includes the conductive, but not the sensible heat flux
mechanism) is considered, there is again a further increase of surface tempera-
ture. Energy is stored during the daytime and released during the night,
as shown in the time-series of Fig. 2.6. The spatial change in surface
temperature is quite constant, indicating that there is no preferential location
where the conductive heat flux is most active.

When the sensible heat flux process is added, a nearly constant surface
temperature is observed over the canyon. Due to our free stream air tempera-
ture of 293,15K, the sensible heat flux forces surface temperature towards this
free stream air temperature. For H/W=1.0 there is a large dip in the surface
temperature at the west wall corner with the roof, which is due to an artificial
increase in the turbulent viscosity. The increase in viscosity results in an
unrealistically large sensible heat flux which extracts heat from the surface
and leads to a low surface temperature. This issue is further discussed in
Chapter 3 of this thesis.

2.3.4 Surface fluxes

Although the surface temperatures shown in Fig. 2.8 are insightful, it
is hard to distinguish the contributions of different physical mechanisms.
Therefore, all surface fluxes that are computed in Eq. 2.15 are shown here
for case 4 (see Fig. 2.9). Note that a positive value of LWout, G and H
means extraction of energy from the surface (cooling tendency).

For the flat plate this shows that LWsky is 300 Wm−2, while the emitted
longwave energy is 400 Wm−2. This energy deficit is compensated by the
sensible and conductive heat fluxes, with each component adding 50 Wm−2

to the surface. In Fig. 2.9, the lines for the conductive and sensible heat flux
are overlapping, and are therefore not clearly distinguishable.

If obstacles are considered, it can be seen that the canyon averaged
absorbed LWsky is around the same value as LWtrap for H/W=0.5. There are
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however large spatial differences over the canyon, where longwave trapping
is lowest in the center of the street, where absorbed longwave radiation from
the sky is largest. The largest local difference between longwave trapping and
absorbed longwave radiation from the sky is in the corner between the street
and vertical walls, and exceeds 170 Wm−2. With increasing H/W ratio, the
absorbed longwave energy from the sky is decreasing over all surfaces. The
longwave trapping effect is increasing, and is strongest at the corner between
the street and vertical walls. The sensible heat flux and conductive heat flux
play a much smaller role compared to radiation, and G and H are of the
same order of magnitude. For H/W=1.0, the sensible heat flux shows a large
peak at the corner between the west wall and roof, which also reduces the
amount of LWout at that location. The large peak in sensible heat flux is a
numerical artefact, but due to the coupled energy balance, all other energy
resources respond to this local disturbance.

In addition to plotting all processes for a single H/W ratio, the same
results are also plotted for individual processes (sub-plots) and a range of
H/W ratios (lines) (see Fig. 2.10). In this way, insight is gained in the
contribution of processes to the surface energy balance with increasing H/W
ratio. The reduced absorbed LWsky displays a clear effect of building height,
where absorbed radiation is decreasing with increasing H/W ratio. The
emitted longwave radiation LWout is fairly constant, except at the rooftop
corner for H/W=1.0, which is a numerical artefact. Longwave trapping is
increasing with increasing H/W ratio, similar to the radiation only case.
The conductive heat flux shows some small changes over the canyon, but is
generally quite invariant to changes in H/W ratio except for H/W=1.0. For
H/W=1.0, changes in the conductive heat flux are found of 80 Wm−2 between
roof level and the center of the street. For H/W=0.0, the conductive heat
flux is around 15% of the absorbed longwave radiative energy for H/W=0.0
and reduces to 10% of the absorbed radiative energy for H/W=2.0 (canyon
averaged conductive heat flux). These numbers are similar to De Bruin and
Holtslag (1982), who showed a ratio of 10% based on observational data
obtained from grassland at Cabauw (The Netherlands).

The sensible heat flux is close to 0 for H/W=2.0 over the canyon, indicat-
ing that the air temperature is very close to the surface temperature. For
lower H/W ratios, there is a slight cooling effect of the sensible heat flux.

2.3.5 Air temperature

By using a CFD model to compute the sensible heat flux, also the wind
speed and air temperature inside the street canyon are obtained for case 4
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Fig. 2.9: Surface heat fluxes (lines) for different H/W ratios (sub-plots) for
case 4 (including all physical mechanisms). Positive values of LWout, G and
H indicates extraction of energy from the surface (cooling tendency), while
positive values of LWsky and LWtrap indicate a heating tendency.
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Fig. 2.10: The same surface heat fluxes shown in Fig 2.9, but now for different
H/W ratios (lines) and different H/W ratios (sub-plots). Note the different
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(the case including all physical mechanisms). Air temperature contours and
velocity vectors are shown in Fig. 2.11.

There is mixing below obstacle height resulting in smaller temperature
gradients with height, which was also observed in experiments by Uehara
et al. (2000). Air temperature inside the canyon for H/W=0.5 and H/W=2.0
are slightly higher than ambient air, while for H/W=1.0 air inside the canyon
is slightly lower than ambient air. For all H/W ratios there is one single
rotating vortex inside the street canyon.

2.4 Model assumptions

To put the results in perspective, several simplifications in the case set-up
and numerical model need to be discussed. The most obvious simplification
is our 2D assumption of the urban geometry. This assumption has a large
influence on the ventilation effect, where mixing of air is limited through the
top of the canyon. When a 3D situation is considered, there will be outflow
of air along the sides of the building and thus enhanced mixing. This limits
the model to cases where 3D effects are small (e.g. long canyons with low
H/W ratio). In addition to this simplification, only a limited domain size is
used (1km) which might not allow for the development of a fully developed
urban heat island, the albedo is constant in this study, the anthropogenic
heating effect is not taken into account and constant input values for free
stream air temperature and wind speed are used.

In addition to these simplifications in case set-up, there are also possible
improvements in the used model. Firstly, it is known that CFD models
can have trouble with strongly buoyant flows. It might be worthwhile to
investigate a Large Eddy Simulation (LES) approach, although this comes
with additional computation costs.

A second point that could be improved is our assumption of 1D heat
conduction. This is valid if the temperature-gradients in the span-wise direc-
tion are small, which is not the case on the boundary between shaded and
sun-lit part. In these regions, there will also be heat conduction alongside
the walls, redistributing the conductive heat flux.

Finally, the longwave radiation from the sky could be improved. In the
current model the assumption is that all longwave radiation is emitted at the
top of the domain with a sky emissivity. In reality, canyon air locally absorbs
and emits longwave radiation. This could reduce the differences that are
found in air temperature inside the street canyon, since the warmer patches
of air would emit more energy, which in turn is absorbed at other, colder,
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locations.

2.5 Corrigendum to the original submission

This chapter is based on the publication of Schrijvers et al. (2015). The
numerical model that was described and used in the original submission
did not scale longwave trapping correctly with the local cell size. Within
this chapter, these erroneous results have been corrected and results without
this programming error are presented. These results supersede the results
presented in the original journal submission. A corrigendum has been pub-
lished to update the results for the deep canyons Schrijvers et al. (2020b).

2.5.1 Source of the programming error

The programming error that was found erroneously scaled the longwave
trapping effect for the cell size area. In the original submission, a non-uniform
cell size was used of 1 m2 at ground level and roof level, and cells could expand
5% with each next grid cell over the vertical walls. The maximum cell size
for H/W=2.0 is 3.0 m2 in the middle of the canyon. Due to the programming
error, radiation from longwave trapping was not scaled properly to Wm−2

with the cell area ratio. This resulted in an underprediction of the longwave
trapping effect when cells are not exactly 1 m2. For shallow canyons, cells are
close to 1 m2, and the programming error did not have such a large influence.

2.5.2 Changes in the results

With increasing H/W ratio, the relative contribution of longwave trapping
to the urban energy budget is increasing, instead of decreasing as presented
in the original submission. In case of radiative equilibrium, the presence of
buildings locally increase the surface temperature compared to a flat terrain.
The increase in longwave trapping exceeds the reduction of LWsky. The
increase in longwave trapping directly influences all other processes in the
surface energy balance, where the longwave trapping effect strongly prevents
surface cooling, especially in the lower parts of the canyon. The conductive
heat flux raised surface temperature further, while the sensible heat flux
showed a small cooling trend.

The increase in longwave trapping leads to heating of the air temperature
compared to the ambient air for H/W=2.0, instead of the very stable stratifica-
tion that was observed in the original manuscript. It was hypothesized that
the very strong stable stratification was due to our 2D assumption. Our
hypothesis is thus not (fully) correct, but the strong stable stratification was
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formed due to a programming error.

2.5.3 Sensitivity to skin layer value

As mentioned in section 2.15, a skin layer ∆skinρskinCv,skin is used with
value of 0.01 JK−1m−2 in order to prevent large changes in surface tempera-
ture from one time step to the other. Even though this is a practical solution,
it may not be fully correct. A better way to couple the net flux at the surface
F to the surface temperature is by using the approach by Suter (2019)

∂Ts
ξ

=
F

λ
(2.17)

with ξ the direction perpendicular to the surface, F the net energy at the
surface and λ the conductivity of the ground or obstacle.

At this stage of the work, it is not possible to implement this new boundary
condition. In order to quantify the influence of the skin layer, a sensitivity
study has been conducted for H/W=0.5, where the skin layer is changed by
10% from 0.010 JK−1m−2 to 0.009 JK−1m−2 and 0.011 JK−1m−2. Results
for the diurnal cycle in the centre of the canyon at the ground surface are
shown in Fig. 2.12 for the surface temperature and Fig. 2.13 for the sensible
heat flux and conductive heat flux. For brevity, the skin layer value is denoted
in the legend with τ .

Using a skin layer with value of 0.011 JK−1m−2 shows large deviations
compared to the other two calculations, both for the surface temperature and
the fluxes. There are large jumps in surface temperature for one time step to
the next, which can be as large as 2 K at midday. From the surface fluxes,
the surface energy balance has not reached an equilibrium over the last three
simulated days days, where the sensible heat flux and conductive heat flux
are continuously increasing over time.

The differences between simulations using a skin layer of 0.010 JK−1m−2

and 0.009 JK−1m−2 are small. At midday, the difference in surface tempera-
ture is 0.1 K. For the sensible and conductive heat flux, differences are 0.7
Wm−2 and 0.2 Wm−2 respectively. At mid-night, the difference in surface
temperature is 0.0 K, and for the fluxes 0.1 Wm−2 for both the sensible and
conductive heat flux.

An increase in the skin layer thus results in a numerically unstable system,
with large fluctuations per time step. The difference between a value of 0.01
JK−1m−2 and 0.009 JK−1m−2 is small.



2.5 Corrigendum to the original submission 45

Time [day]

-2 -1.5 -1 -0.5 0 0.5 1

S
u
rf

a
c
e
 t
e
m

p
e
ra

tu
re

 [
K

]

292

294

296

298

300

302

304

306

308

310

τ  = 0.011

τ  = 0.010
τ  = 0.009
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for a canyon with H/W=0.5 and different values of the skin layer τ
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2.5.4 Conclusions of the erratum

Within the original submission, it was stated that longwave radiation is
the main source of energy to the urban energy budget. This remains the
case, and is even strengthened with the new results. Longwave trapping is
the main contribution to the nighttime urban energy budget in our study.
A very stable stratification was found for H/W=2.0. It was hypothesized
that this is due to the 2D geometry that is used, that results in a strong
stable stratification. The new results do not show this stable stratification,
due to the increase in longwave trapping at the lower part of the canyon.
One comment that was made in the original submission is that there is a
subtle and complex interplay between all processes. This remains the case
with the new results, which demonstrated that one small programming error
can cause drastically different results. Therefore, it remains vital that all
physical processes are taken into account as accurately as possible.

2.6 Conclusions

A systematic 2D conceptual study has been performed which aims at identify-
ing dominant factors that are involved in the nighttime urban heat island
energy budget at building level. A new transient simulation program has
been developed which combines a Monte-Carlo radiative transfer model,
conductive heat flux through the 1D heat conduction equation and convective
heat transport by solving the transient RANS equations. Different H/W
ratios have been considered as well as different physical mechanisms.

Results showed that buildings have a heating contribution to the surface
temperature if only radiation is taken into account. The reduced sky view
factor reduces the amount of absorbed LWsky, while the longwave trapping
effect (radiation emitted by a surface and absorbed at another surface) increas-
es absorbed radiation. The reduction in LWsky is smaller than the increase in
longwave trapping, and the longwave trapping is becoming relatively stronger
for increasing H/W ratios.

If surface temperature is considered, it was demonstrated that longwave
trapping strongly prevents surface cooling, especially in the lower parts of the
canyon. The conductive heat flux raised surface temperature further, while
the sensible heat flux showed a small cooling trend.

In addition to surface temperature, the magnitude of all processes are
studied for the case including all physical mechanisms. Canyon averaged
longwave trapping is in the same order of magnitude as absorbed radiation
from the sky (LWsky) for H/W=0.5, but trapping is the main source of energy
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for deeper canyons. The conductive heat flux is around 15% of the absorbed
radiation for H/W=0.0 and decreases to 10% for H/W=2.0 due to the strong
increase in longwave trapping. The contribution of the conductive heat flux
is similar to the 10% that was found by De Bruin and Holtslag (1982) for a
grass land. Sensible heat flux was shown to be almost zero in the lower parts
of the canyon.

The increase in longwave trapping leads to in heating of the air tempera-
ture compared to the ambient air for H/W=0.5 and H/W=2.0. For H/W=1.0
no heating of the air temperature was observed.
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Chapter 3

On the daytime micro-climatic conditions
inside an idealized 2D urban canyon

Abstract1

This study investigates the surface temperature, air temperature and mean
radiant temperature inside an idealized 2D street geometry during daytime.
The goal is to unravel the relative impact of radiative transfer, heat conduction
and ventilation to the urban heat budget. A building-resolving simulation
model has been used, which represents these processes at a 1m spatial resolu-
tion. Different combinations of the canyon height to width ratio (H/W )
and physical mechanisms are investigated. Shortwave radiation is the main
source of energy, and for small H/W can be higher at the canyon ground level
compared to flat terrain due to the occurrence of multiple reflections. The
longwave trapping effect has the second largest contribution and becomes
relatively more important with increasing H/W ratio. The influence of
the interior building temperature (either a fixed temperature of 20oC or
a zero-flux boundary condition) is small. Surface temperature and mean
radiant tempera-ture are closely related, since both are largely controlled by
radiative properties. No straightforward relation was found between surface
temperature and air temperature, since air temperature is dependent on
the competing mechanisms of forced and natural convection. All processes
are modelled in high detail in this study, and a small urban heat island
is observed. Including all these processes results in large computational
requirements. In order to make the step to 3D, radiation can be computed
using the view-factor approach instead of the expensive Monte-Carlo method.

1Published in Building and Environment (2019) with H.J.J. Jonker, S.R. de Roode, S.
Kenjereš
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3.1 Introduction

During clear nights with weak winds, cities tend to be 1 to 10oC warmer
than the surrounding rural environment at night. This phenomenon has
been observed for both small and large cities, in the tropics as well as
in colder regions, and is called the Urban Heat Island (UHI) effect (Oke,
1981; Klysik and Fortuniak, 1999; Kim and Baik, 2004; Grimmond, 2007;
Steeneveld et al., 2011). However, the daytime UHI effect is much smaller
(Taha, 1997; Klysik and Fortuniak, 1999) and can even be negative, even in
cold climates (Ryu and Baik, 2012). Furthermore, the daytime and nighttime
UHI can have different distribution patterns and intensities over relatively
short distances of less than 1km, as was found from measurements by Soltani
and Sharifi (2017). This also holds for surface temperatures and mean radiant
temperature, which is a quantity indicative of the human thermal comfort.
The mean radiant temperature only depends on radiation, and is used in
the computation of apparent temperatures like the Physiological Equivalent
Temperature (PET, Höppe (1999)) and the Universal Temperature Climate
Index (UTCI, Fiala et al. (2012)). Because of the higher temperatures,
radiation, and thus heat load, human comfort in the city is more critical
during daytime as compared to the night.

Klysik and Fortuniak (1999) studied the daytime atmospheric UHI effect
of the town Lodz in Poland by using fixed point measurements from a weather
station in the city centre over two different periods of three years. They found
that on days with clear skies, there are large thermal contrasts within the
city. In areas with narrow streets, the air close to the ground may be cooler
than the rural environment due to shading of the ground surface. Klysik and
Fortuniak (1999) state that the radiation and energy budget of roofs play an
important role in that scenario. A warm layer of air can be formed at roof
level, while the air inside the canyon remains cool due to the shading effect,
creating a local inversion layer between canyon and roof level and limiting
the vertical exchange of air in the street canyons.

In addition to air temperature, mean radiant temperature is also measured
in dedicated field campaigns. Such measurements were conducted (amongst
others) by Lindberg et al. (2008), who observed large local variations of mean
radiant temperature. On a large open square in the city centre of Göteborg in
Sweden, a peak value in mean radiant temperature of 57oC was found, which
is on the threshold for moderate heat stress (Monteiro et al., 2012; Thorsson
et al., 2014). In contrast, simultaneous measurements in a courtyard resulted
in a mean radiant temperature of 17oC when shaded, which quickly raised
to 27oC when the measurement location was directly sunlit. These measured
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values are well below the threshold of moderate heat stress of 55oC, indicating
the large impact of geometric properties and shading.

Even though the mean radiant temperature can be measured and the
atmospheric UHI frequently observed, the urban UHI is a difficult phe-
nomenon to interpret, due to its spatial inhomogeneity. When interpreting
profiles of thermodynamic variables from a single measurement location, the
effect of advection across the heterogeneous urban surface should also be
taken into account, which is difficult to observe or quantify (Barlow, 2014).
To overcome the local nature of measurements, numerical models can be
used to study the urban environment, in which the complexity and non-
linearity of the urban environment can be studied in a systematic manner.
Often, these models apply on a larger scale (meso-scale) and the urban
street canyon is parametrized. For instance, a meso-scale model (Weather
and Research Forecasting model, WRF) coupled with a single-layer urban
canopy model (SLUCM, (Kusaka et al., 2001)), was used by Ryu and Baik
(2012). The building height (H =15 m) over street width (W =15 m) ratio
(H/W ) used was H/W=1.0. Their study indicated that during daytime the
impervious surfaces (including the reduction in surface moisture availability
and increased thermal inertia) contribute most to the urban heat island
(+2.1oC). The 3D urban geometry (transfer of energy in vertical walls, shad-
ing, radiative trapping and reduction in ventilation) actually cools the city
(-0.5oC).

Ryu and Baik (2012) used just a single H/W ratio, though it is known
that this parameter has a large impact on the UHI effect (Oke, 1988).
Marciotto et al. (2010) investigated the influence of the aspect ratio and mean
building height on local canopy energy fluxes by using an Urban Canopy
Model (UCM) similar to Masson (2000). A north-south oriented canyon was
used, and a full daily cycle was investigated. Results for one time-instance at
midday (12:00) were discussed. Increasing the H/W ratio from 0.5 to 10.0,
decreases the net radiation, as well as the sensible heat flux, by an amount of
120 Wm−2 (from 490 to 370) and 300 Wm−2 (from 360 to 60), respectively.
The reduction in absorbed energy is compensated by the conductive heat flux,
which transports energy towards the surface, and increases by 180 Wm−2.

Theeuwes et al. (2014) differentiated the two compensating radiative
effects in the urban canyon: shadow casting and longwave trapping. The net
effect depends on the amount of available shortwave radiation penetrating the
canyon. It was found that for H/W=1.0 the largest UHI effect is present.
With increasing H/W ratio shading effects start to dominate over the long-
wave trapping effect during the day, and the UHI is decreasing.
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All previously mentioned numerical studies used a meso-scale model in
which the urban environment is parametrized. Therefore, results were ob-
tained for the canyon as a whole, or for individual surfaces. When more
spatial details are desired, smaller scale models are available that focus on
the urban micro-scale. These include for instance Solweig (Lindberg et al.,
2008), RayMan (Matzarakis, 2000), TUF-3D (Krayenhoff and Voogt, 2007)
and envi-MET (Bruse, 1999). Hertel and Schlink (2019) developed a method
for decomposing the urban heat island intensity at the neighbourhood scale.
Envi-MET simulations are used as input, after which the surface energy
balance is translated into temperature differences between two neighbour-
hoods. Unfortunately, no results were presented of a case study, nor validation
of the model. In addition to the above models, generic Computational Fluid
Dynamics (CFD) models are often applied in which surface temperature is
prescribed and air flow is investigated. Toparlar et al. (2017) have performed
an extensive review of CFD studies on the urban micro climate. They
conclude that at present, CFD modelling results can be often validated from
observations and CFD models are being increasingly applied for realistic case
studies, including the assessment of the effect of adaptation measures. One
specific example is Robitu et al. (2006), who used a coupled CFD, radiation
and conduction model to investigate the effect of vegetation and ponds on
the urban micro-climatic conditions. The presence of water ponds and trees
improves the urban thermal comfort in summer during daytime by cooling
the air and shading the urban surface. The influence of trees and ponds
was not distinguished, nor the influence of trees and ponds on the different
components of the surface energy balance.

Within the current study and Schrijvers et al. (2015), a new numerical
model called URBSIM has been developed, which computes all processes at
a 1 m spatial resolution at the canyon surface. The goal of the present study
was to identify the mechanisms that control daytime surface temperature, air
temperature and mean radiant temperature within a single canyon at a high
resolution. As shown in the literature review, these processes are currently
known for the canyon as a whole, thereby neglecting the spatial variability
over a single surface. The processes taken into account are shortwave radia-
tion, longwave radiation, conduction and turbulent transport of heat. Our
objective was three-fold: 1) disentangle the mechanisms involved in the
urban heat budget, 2) quantify the relation between surface temperature, air
temperature and mean radiant temperature within a single street canyon, and
3) create insight for future studies into which processes can be parametrized
at the urban micro-scale. The focus in this study was on the different
processes and interactions, not so much on the most accurate representation
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of the actual urban geometry. This was also reflected in our assumption of
an idealized 2D geometry.

3.2 Methods and case set-up

The 2D micro-scale model URBSIM, that was discussed in Schrijvers et al.
(2015, 2016) has been used. URBSIM couples a Monte-Carlo radiation model,
1D heat conduction equation for the conductive heat flux into buildings
and the ground and a Computational Fluid Dynamics (CFD) model for the
convective heat fluxes. In the present study, the 2D micro-scale model was
extended with a new boundary condition for the interior building temperature,
and mean radiant temperature can be routinely computed at any time and
at any location. A 2D version of the model was used in order to simplify
the geometrical complexity. A similar case set-up is used as in Schrijvers
et al. (2015), and a range of H/W ratios were considered (0.0, 0.5, 1.0, 2.0).
In addition to different canyon aspect ratios, also the inclusion of different
physical processes were considered. Starting from a radiation only case,
complexity was added by including the conductive heat flux and sensible
heat flux. The canyon orientation is north-south, such that building facades
are east-facing or west-facing. This is a typical orientation for 2D studies,
and was also used in Schrijvers et al. (2015). A spatial resolution of 1 m was
used at the building surface, and although a full diurnal cycle was modelled,
here we only report the situation for a solar zenith angle of 28.9o which
corresponds to solar noon for the Netherlands at June 21. Details of the
model and validation are discussed in Schrijvers et al. (2015), and only a
brief description will be given here for convenience. Extensions of the model
for this study are discussed in more detail.

3.2.1 Radiative transfer

Radiative transfer is computed by the Monte-Carlo model that was devel-
oped in Schrijvers et al. (2015), in which photon paths are computed for four
radiative components: 1) diffuse shortwave radiation from the sky, SWdif, 2)
direct shortwave radiation from the sky, SWdir, 3) longwave radiation emitted
by the sky, LWsky and 4) longwave radiation emitted by the surface, LWout

computed as:

LWout = σεsT
4
s (3.1)

with σ the Stefan-Boltzmann constant in [Wm−2K−4], εs the emissivity
of the surface and Ts the surface temperature in each grid cell in [K].
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Note that reflection-events are not addressed separately; a photon emitted
as direct radiation will be labelled SWdir after a scattering event at the
surface. The only exception is LWtrap, which is LWout that is absorbed at
another surface. Due to the 2D assumption, the solar azimuthal angle is not
taken into account and only the solar zenith angle is used to describe the
solar position. This means that the solar position is only described in the
east-west plane, and that the north-south plane is discarded. The azimuthal
angle is taken into account in the computation of the amount of incoming
solar radiation at the top of the domain.

The photon packets trajectory is computed from cell face to cell face
until a surface is hit. A fraction of the energy (1 − ζ) is absorbed at the
surface, which is related to the albedo of the surface (shortwave radiation)
and emissivity (longwave radiation). Note that radiation does not interact
with the air inside the canyon, but only interacts at the surface.

The magnitude of the shortwave radiative flux is based on a parametriza-
tion proposed by Skartveit et al. (1998) and assuming clear skies. Maximum
values for downwelling shortwave radiation and the constant value for LWsky

that are used at roof level, are shown in Table 3.1. Although LWsky has
a diurnal variation in reality, this is not taken into account in the current
study. Kirchoff’s law is assumed for broadband radiation, indicating that the
same value is used for absorption (LWsky) and emission (LWout) of longwave
radiation at the surface (α = ε).

3.2.2 Mean radiant temperature (Tmrt)

The existing model has been extended to diagnose the mean radiant
temperature, which is computed by

Tmrt = 4

√
Sstr

εpσ
(3.2)

where Sstr is the local mean radiant flux density [Wm−2] and εp the emissivity
of the human skin, which is a constant independent of the application with
a value of 0.97.

The mean radiant flux density can be regarded as the amount of radiation
(both shortwave and longwave) that is absorbed by a person. It is computed
following Thorsson et al. (2007)

Sstr = (1− αk)

6∑
n=1

SWnFn + εp

6∑
n=1

LWnFn (3.3)
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Radiation

Emissivity ε 0.95
Albedo α 0.40
Latitude 52◦ 22’ N

Longitude 4◦ 53’ E
Start day 2012-06-10 00:00
End day 2012-06-18 23:59

max SWdir 833.1 Wm−2

max SWdiff 84.2 Wm−2

LWsky 325 Wm−2

Heat conduction

λ 0.72 Wm−1K−1

ρ 1920 kgm−3

Cv 835 Jkg−1K−1

Computational Fluid Dynamics

Ta 20oC
U 4.0 ms−1

cell width 1.0 m

Table 3.1: Input constants for radiation, heat conduction into the urban
material and the CFD model.

where n is the orientation (north, east, south, west, top, bottom), αp is the
albedo of the human body (with a standard value of 0.3), SWn the total
shortwave radiative flux in [Wm−2], LWn the total longwave radiative flux
in [Wm−2] and Fn a geometric factor representing a standing human body.
A summation is performed over the 4 cardinal points (north, east, south,
west), for which the geometric factor is set to 0.22 for each direction, while
the geometric factor is set to 0.06 for radiation entering from the top and
bottom (Lindberg et al., 2008). Since a 2D setting is used in this study,
information is missing on the two faces that are occupying the sides of the
canyon. These missing radiative fluxes are taken as the average of the two
cardinal points that are available. This can physically be seen as computing
mean radiant temperature on a square surrounded by obstacles.

3.2.3 Mean radiant temperature validation

The computation of Tmrt within the Monte-Carlo model is validated
against values of the actinic flux from Madronich (1987). In that paper,
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a derivation of the actinic flux (also called integrated density or flux density)
is given and solutions are presented for the irradiance for direct and diffuse
shortwave radiation.

Two cases are considered. In the first case direct radiation of 800 Wm−2

has been emitted with a solar zenith angle of 0 degrees onto a diffuse scattering
surface with albedo α=1 (no absorption). For this configuration, the horizon-
tal flux should be half of the incoming energy (400 Wm−2). The left panel
of Fig. 3.1 shows the horizontal and vertical flux directions, which show
that the horizontal component is 400 Wm−2 (50%) of the incoming direct
radiation. There are small spatial differences due to the Monte-Carlo method,
which are around 2 Wm−2. The averaged difference is 0.8 Wm−2 for the
vertical components (0.1%) and 0.15% for the horizontal components. These
differences decrease with increasing number of photons.

In the second simulation setup, diffuse radiation (100 Wm−2) is emitted,
for which Madronich (1987) derived that the irradiance is equal in all direc-
tions (this only holds for a perfect reflecting surface, with α=1). Results are
shown in the right panel of Fig. 3.1, which shows an uniform distribution of
100 Wm−2 with fluctuations of 0.5 Wm−2.

The Monte-Carlo radiation model performs well against the results by
Madronich (1987), and as such will be used in the remainder of this study.
The spatially averaged Monte-Carlo results are within 0.15% of Madronich
(1987).

3.2.4 Conductive heat flux

The conductive heat transfer is computed using the temperature gradient
inside the urban material (building walls and layers beneath the street)

Gi = −λ ∂T
∂xi

(3.4)

where λ is the thermal conductivity of the material in [Wm−1K−1] (see Table
3.1) and xi the distance into the ground or building surface in [m]. The
value of λ used in this study is that of brick, which is close to the thermal
conductivity of asphalt and medium to dense concrete. Note that this is a
highly simplified representation of the building walls, in which normally two
layers of brick are used with a cavity in between. To simplify the problem,
the cavity is not taken into account. Furthermore, no sensitivity study on
other building materials is conducted, which is left for future work. The
temperature profile is computed using the 1D heat conduction equation
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Fig. 3.1: Validation of radiative fluxes for two numerical tetsts against
analytical results by Madronich (1987). Results show the horizontal flux
(eastward and westward) for direct shortwave flux density for all directions
and diffuse shortwave flux density for all direction. Input for the direct
shortwave radiation is 800 Wm−2 and 100 Wm−2 for the diffuse shortwave
radiation.
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∂T

∂t
= kd

∂2T

∂x2
i

(3.5)

where kd is the thermal diffusivity in [m2s], based on the conductivity λ,
density ρ in [kgm−3] and specific heat Cv of the ground or obstacle in
[Jkg−1K−1].

kd =
λ

ρCv
(3.6)

Two different boundary conditions are used for the building interior. The
first is a zero flux boundary condition at a distance of 1 m into the ground
or 0.25 m into an obstacle. It was found that diurnal temperature cycle
does not influence the interior temperature in the ground over more than
1 m, which is why this distance was used. The distance of 0.25 m for the
fixed building temperature is based on the typical thickness of a building
wall. Alternatively, a fixed interior temperature is used of 20oC at the
same distance into the ground and obstacle. The choice of 20oC is based
on a temperature inside a building that is comfortable. As a consequence of
the zero-flux boundary condition, the interior building temperature follows
from the absorbed radiation, sensible heat flux and conductive heat flux of
previous time steps. With a constant, prescribed interior temperature, the
energy inside the building is dissipated or generated, which can act as an
unlimited source of energy. Physically, this can be seen as using an extremely
efficient air-conditioning unit which is able to maintain the prescribed interior
temperature. A time step of the global model is used of 6 minutes, except for
the conductive heat flux where a time step of 1 second is used. The surface
temperature of each grid cell is thus updated every 6 minutes. This will be
discussed in more detail in section 3.2.7.

3.2.5 Computational Fluid Dynamics (CFD) model

Ventilation effects are computed by an in-house developed CFD model
(Kenjeres and Hanjalic, 1999, 2006, 2009; Kenjeres and ter Kuile, 2013;
Kenjeres et al., 2015). This model uses the Transient Reynolds-Averaged
Navier-Stokes (T-RANS) equation to solve the wind field and air temperature
distribution, and includes buoyancy effects.

The unknown Reynolds stresses uiuj [m2s−2] are computed using the
k− ε turbulence model, which relates the turbulent stresses to the turbulent
kinetic energy k [m2s−2] and dissipation ε [m2s−3]. The model coefficients
(Cµ, σk, σε, Cε1, Cε2 and Cε3, see table 3.2) used are taken from the standard
k-ε model, as often used for a wide range of turbulent flows in street canyons
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Cµ σk σε Cε1 Cε2 Cε3
0.09 1.0 1.3 1.44 1.92 1.44

Table 3.2: Model coefficients used in the standard k − ε turbulence model.

(Launder and Spalding (1974), Versteeg and Malalasekera (1995), Santiago
et al. (2007)).

In addition to the velocity field, the temperature field is solved by using
the T-RANS equations. The unknown turbulent heat flux θui [ms−1K]
is computed using the Simple Gradient Diffusion Hypothesis, where the
turbulent flux is related to the temperature gradient and the turbulent viscosi-
ty:

−θui =
νt

Prt

∂T

∂xi
. (3.7)

with νt the eddy viscosity [m2s−1], and Prt the turbulent Prandtl number (the
ratio between the eddy diffusivity for momentum and heat transfer Km/Kh),
and is set to 0.86. Although the value of the turbulent Prandtl number
depends on stability (Grachev et al., 2007; Li, 2019), we set Prt to 0.86
which is typically used in commercial CFD codes and is also in between the
range between 1/3 and 1 commonly used in large-eddy simulation models for
convective and stable conditions (de Roode et al., 2017).

The sensible heat flux at each individual surface grid cell is defined as

SHFi = ρcpθui (3.8)

where ρ is the density of air (1.208 kgm−3) and cp the specific heat capacity
of air (1004 Jkg−1K−1). The sensible heat flux is computed based on the
temperature gradient between surface and air in the neighbouring grid cell.
The Boussinesq approximation is used, stating that density differences can
be neglected except for the buoyancy term. Buoyancy effects are taken into
account in the computation of the temperature field, and are therefore not
specifically required in the computation of the sensible heat flux.

3.2.6 Integrated energy balance model

All sub-models compute a part of the total surface energy balance, which
dictates that all fluxes should balance:
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SWdir + SWdif + LWsky + LWtrap

= LWout + SHF +G (3.9)

where SHF is the sensible heat flux (for SHF >0 there is heating of air)
and G the conductive heat flux (for G >0 energy is added to the ground).
The latent heat flux (evaporation of water) is not taken into account in this
study. Multiple reflections of radiation are not addressed separately, but are
included in the terms of SWdir, SWdif and LWsky.

The controlling parameter for the surface fluxes is the surface temperature.
A skin layer is assumed to prevent large variations in surface temperature in
time

∆skinρskinCv,skin
∂Ts
∂t

= Γ (3.10)

with Γ the flux imbalance resulting from the surface energy balance and
∆skinρskinCv,skin=0.01 JK−1m−2, which results from a very thin layer ∆skin.
This also creates an under-relaxation-factor, which helps to stabilize the
simulation.

For a time step, all fluxes in the surface energy balance are computed
based on the surface temperature of the previous time step in each building
surface grid cell. This can result in a small flux imbalance Γ. Based on the
flux imbalance and old surface temperature, the surface temperature for the
new time step is computed. Surface temperature is thus not a fixed value,
but interactive through all surface fluxes.

The time step of 6 minutes is used for the Monte-Carlo radiation model,
CFD model and integrated model, while the conductive heat flux model uses
a time step of 1 second. The time step of 6 minutes is based on the movement
of the shadow: for the cases considered here, the shadow does not travel more
than 1 grid cell per time step. Ideally, a smaller time step would be used for
the CFD model, but this would increase computation times significantly.

3.2.7 Test cases and methodology

To study the effect of different physical processes as a function of the
H/W ratio, an idealized 2D urban geometry has been used consisting of 10
obstacles which are spaced W=50 m apart. By using an array of obstacles,
a fully developed flow pattern is found in the most downwind street canyons,
which indicates that more obstacles would not change the flow in the next
canyon. The establishment of a fully developed flow after multiple obstacles
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has been obtained from a sensitivity analysis, and is confirmed by literature
(Santiago et al., 2007; Memon et al., 2010). A uniform grid of 1 m is
used. From sensitivity studies, it was found that for a convergence of the
modelling results, a canyon should be covered by at least 20 x 20 cells to
be grid independent. The total number of cells ranges between 400,000 for
H/W=0.5 up to 1,500,000 for H/W=2.0. All buildings are B=25 m wide,
while building height is varied between 0 m (H/W=0.0), 25 m (H/W=0.5),
50 m (H/W=1.0) and 100 m (H/W=2.0), see Fig. 3.2 for a schematic
overview.

For the radiation modelling, periodic boundaries are implicitly used at
the domain sides, such that radiation can only be absorbed at the building
surface or reflected towards the sky. The CFD model uses an inflow boundary
condition with a prescribed uniform inlet velocity, outflow boundary condition
with a zero diffusion flux for all variables, symmetry boundary condition at
the top of the domain which does not allow a vertical velocity gradient and
no-slip walls at the ground and building surfaces.

In addition to changes in building height, different components of the
surface energy balance are switched on and off. Instead of performing a full
factor separation analysis like Ryu and Baik (2012) where all combinations of
different processes were considered, the simplest case with only radiation is
used as a starting point. From this basic case, complexity has been added by
adding the conductive heat flux process with a zero-flux boundary condition
(case 2) and sensible heat flux (case 3). The case including the sensible heat
flux and fixed interior temperature is addressed separately.

Eight consecutive days were considered in the middle of June, which is
the month where the sun is at its maximum zenith angle in the Netherlands.
The simulated weather conditions correspond to sunny, cloud free weather.
The maximum radiative components mentioned in Table 3.2 are a few tens
of Wm−2 smaller than the maximum values observed in the Netherlands. By
using eight days, quasi-steady state results are obtained that are independent
on the initial conditions (the daily cycle is repetitive). For a point in the
center of the canyon for H/W=1.0, differences between the last three days
in the maximum surface temperature are below 1oC, while the maximum
conductive heat flux differs by 3 Wm−2. The inlet air has a velocity of 4
ms−1 and a temperature of 20oC and both are constant with height and
time. The inlet wind speed of 4 ms−1 is used to avoid an urban heat island
internal circulation that can develop in the presence of very weak background
winds (Oke, 1995). The wind speed of 4 ms−1 is similar to the study by
Draxler (1986), and leads to a wind speed above roof level of 2.5 ms−1 at
the most downwind canyon, which is slightly lower than the 30 year average
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wind speed in the month June at weather station De Bilt in the Netherlands
(www.klimaatatlas.nl).

Both for daytime and nighttime, constant values in time and height are
used for the inlet wind speed and air temperature. The reason for using these
strongly idealized lateral boundary conditions, that ignore the diurnal cycle
of wind and temperature, is to increase the understanding of the individual
processes such as the radiative forcing on the surface energy balance. By
using more realistic, time-dependent input parameters, differentiating the
different processes from the input parameters becomes much more difficult,
which would limit the insights gained from this study. The initial surface
temperature is set to 27oC on all surfaces based on expected average surface
temperatures over the complete canyon. In total, 8 diurnal cycles are simu-
lated, such that the choice of the initial surface temperature does not influence
the results. Other input parameters are shown in Table 3.2.

Fig. 3.2 illustrates how further results (Figure 4-7) are plotted, where
all vertical surfaces are scaled to a length of 1. This allows us to compare
different H/W ratios in a single plot. For H/W=0, the full domain is plotted
(length of 1000m) which is plotted as a scaled distance from 0 to 4.

3.3 Results

Even though multiple diurnal cycles were computed, the results presented
here only show the results for the last computed day and the time instance
where the sun reaches its highest position. The last day has been used, to
ensure that the initial conditions do not have an influence on the results, and
the diurnal cycle is repetitive. For details on the diurnal cycle of surface
temperature, the conductive heat flux and sensible heat flux, please see
Schrijvers et al. (2015). The highest position of the sun is chosen, since
radiation is strongest at this point in time, and will thus lead to the most
clear relation between mean radiant temperature and surface temperature.
Note that the sun is not directly overhead the canyon, such that there is
shading of the west-facing wall.

3.3.1 Case with radiation only

The first case considers radiative equilibrium. Since there is no conduction
or convection, this situation implies that all absorbed radiation should be
emitted through longwave radiation. This case acts as the reference case,
from which the effect of including additional process can be determined.
Absorbed longwave radiation from the sky is shown in Fig. 3.3a, and is
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Fig. 3.2: Schematic of the case set-up with changing H/W ratio. Ten
buildings are spaced W=50 m apart, while building height (H) is varied.
Plotting is done according to the inset in the top right, which also includes
the solar position with zenith angle of 28.9o. Building orientation is shown
in the top left, surface 1 is denoted as ’west-facing’, surface 3 is denoted as
’east-facing’.
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decreasing with increasing H/W ratio due to the reducing sky-view factor.
For a flat terrain (H/W=0.0) fluctuations are seen in the absorbed radiation.
This is due to the Monte-Carlo method, where a finite number of photons
are emitted. As a result, each grid cell receives a slightly different amount of
energy. The fluctuations are decreasing when more photons are emitted, but
this comes at a cost of increasing computation time. These fluctuations are
also seen when buildings are included.

Fig. 3.3b shows the absorbed longwave radiation that is emitted by the
buildings and the ground surface. This longwave trapping effect shows an
asymmetric pattern that is due to the differential solar radiative heating of
the canyon surfaces. The sunlit surface is warmer, emits more radiation and
therefore the longwave trapping effect in the corner between the street and
sunlit wall is higher.

For H/W=0.5 and H/W=1.0, longwave trapping peaks at the corner
between the ground and the east-facing wall. Trapping in the corner between
the ground and the east-facing wall is higher compared to the corner with the
west-facing wall, since surface temperature in the east-facing wall corner is
higher, and thus there is more emitted longwave radiation. With increasing
H/W ratio, there is less variation in the longwave trapping. With higher
buildings, longwave radiation progresses towards two infinite plates that are
facing each other, where there is a uniform distribution. The corners are of
less importance for these larger H/W ratios.

The total absorbed shortwave radiation (direct and diffuse component)
is shown in Fig. 3.3c. The trapping effect due to multiple reflections can be
observed at the ground level, where the absorbed shortwave radiation exceeds
that of the flat terrain for H/W=0.5 and H/W=1.0. The shadow location
on the ground can also be observed, where H/W=1.0 shows a larger shaded
area of the ground surface as compared to H/W=0.5. For H/W=2.0, the
street level is completely shaded.

Due to our assumption of radiation as the only transport means of heat,
the total of all the absorbed radiative fluxes balances the emitted longwave
radiation. This is shown in Fig. 3.3d, which displays a clear peak in emitted
radiation for H/W=0.5 and H/W=1.0 at the lower corner between the
ground and the east-facing wall, where emitted longwave radiation exceeds
that of the flat plate. The longwave trapping effect and the absorbed short-
wave radiation have approximately the same magnitude, while the magnitude
of the absorbed longwave radiation emitted by the sky is much smaller. There
is an imbalance over the canyon of 60 Wm−2, which is due to the time
stepping algorithm, where the emitted longwave radiation is based on the
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Fig. 3.3: Absorbed longwave radiation emitted by the sky, absorbed radiation
due to longwave trapping, total absorbed shortwave radiation and emitted
longwave radiation by walls in case of radiation only (case 1). Plotting follows
the inset at the top right, except for a flat plate. Note the difference in scaling
on the vertical axis for each plot.

surface temperature computed in the previous time step. For H/W=2.0, the
lowest emitted radiation is in the corner between the street and the east-
facing wall, at 500 Wm−2, with the total absorbed radiation at roof level at
800 Wm−2.
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3.3.2 Surface temperature

From the radiation only case, more physical processes are added to study
their effect on the surface temperature. For the radiation case, the surface
temperature of a flat plate becomes very high at about 82oC (see Fig. 3.4a).
Note that this is not a prescribed surface temperature, but its high value
follows directly from the balance between the absorbed and emitted radiation.
These temperatures are in line with Garratt (1992), who suggested that
surface temperatures in the vicinity of 90 to 100oC may occur for dry darkish
soils of low thermal conductivity (0.1-0.2 Wm−1K−1), considering a simplified
form of the surface energy balance equation, utilizing likely upper values of
absorbed shortwave flux (1000 Wm−2) and screen air temperature (55oC).

If the conductive heat flux process is added, energy is transferred into
the ground, reducing its surface temperature by 20oC. The inclusion of the
sensible heat flux allows for another energy transfer from the solid surface to
air which even further reduces the surface temperature by 30oC.

If obstacles are added, the effects of shadow casting (lower surface tempera-
tures on the west-facing walls) and multiple shortwave reflections (higher
surface temperature on the ground and the east-facing wall compared to
the flat terrain) are clearly demonstrated for obstacles with H/W=0.5 and
H/W=1.0 (Figs. 3.4b and 3.4c, respectively). The impact of multiple
reflections is smaller for deeper canyons, where only a portion of the east-
facing wall is directly illuminated. Surface temperatures at the ground level
exceed these of the flat terrain, due to the longwave trapping effect, which
is 750 Wm−2 in the corner between the street and the east-facing wall. In
the absence of conduction and sensible heat fluxes this additional radiative
energy causes excessively high surface temperatures of about 120oC.

The addition of the conductive heat flux influences the sunlit and shaded
part of the canyon differently. In the shaded areas, the conductive heat flux
has only a small effect. For H/W=2.0, the conductive heat flux has the
smallest influence. Note that a zero-flux boundary condition is used deep
inside the obstacle and the ground, of which the impact will be discussed
later.

The inclusion of the sensible heat flux filters out surface temperature
differences for H/W=0.5, where the temperature differs from 32oC close
to the east-facing wall to 20oC at the corner between the west-facing wall
and roof. For H/W=1.0, the highest surface temperature is located in the
corner between the east-facing wall and the ground. A sharp decrease in
surface temperature is found at the top corner. This is due to a local
very high turbulent viscosity (νt), which is directly influencing the sensible
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heat flux following from Equation 6. It is known that the standard k − ε
model computes too high values of turbulent kinetic energy at stagnation
points (Durbin, 1996). The too large value of turbulent viscosity is directly
increasing the sensible heat flux. The Durbin time-scale limiter τ may be
applied, which bounds the turbulent viscosity and therefore also the turbulent
heat flux (Durbin, 1996). Note that the same effect is also present for
the other H/W ratios, but to a lesser extent. For H/W = 2.0, surface
temperature is almost uniformly distributed, with temperature differences
between 21 and 26oC.

3.3.3 Surface fluxes

The surface temperature plots reveal, in a qualitative sense, which process-
es are more important. To get a more quantitative view, all individual fluxes
are plotted in Fig. 3.5. In this plot, all absorbed radiation entering from the
sky (SWdir, SWdif and LWsky) is combined. Also note that positive values
of LWout, G and SHF indicate a cooling tendency of the surface.

For the flat plate (Fig. 3.5a) the absorbed radiation contributes 900
Wm−2 to the surface, while 450 Wm−2 is emitted through LWout. The
energy surplus is compensated by the sensible heat flux (375 Wm−2) and the
conductive heat flux (50 Wm−2). At this moment in time, there is a flux
imbalance of 25 Wm−2.

When cases including obstacles are considered, absorbed radiation re-
mains the largest contribution in the sunlit areas, although its relative contri-
bution decreases for high H/W ratio, which was also shown in Fig. 3.3. The
incoming shortwave radiation is divided over a larger surface area, which
results in lower surface temperatures. The longwave trapping effect remains
larger than the conductive or sensible heat flux. Compared to absorbed
radiation from the sky, the longwave trapping is increasing for increasing
H/W ratio.

The conductive heat flux shows very small contributions at the west-facing
wall and the top part of the east-facing walls. Only at the location where the
absorbed radiation peaks, the conductive heat flux is significantly transferring
energy into the canyon material. The addition of the sensible heat flux shows
a small cooling tendency of the west-facing walls. For H/W=0.5, the sunlit
parts of the street and the east-facing wall shows a much larger cooling
effect, where energy is extracted from the warmer surface. For H/W=1.0
(Fig. 3.5c), the sensible heat flux at the ground surface is almost zero,
which indicates that the temperature differences between the surface and
the adjacent air are very small. The sharp peak in the sensible heat flux
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Fig. 3.4: Surface temperature for different H/W ratios (sub plots) and
different cases (coloured lines). Different vertical scales are used in each
plot to better visualize the temperature differences.
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Fig. 3.5: Surface fluxes for different H/W ratios (sub plots) and physical
processes (coloured lines) for case 3 (including conductive and sensible heat
flux, but excluding latent heat flux). The same scale is used for all plots.

is clearly seen at the top corner between the roof and the east-facing wall,
which is reducing the emitted longwave radiation directly. For H/W=2.0,
sensible heat flux increases from 5 Wm−2 at the ground level to 250 Wm−2 at
the corner between the roof and the east-facing wall, and is generally larger
than the conductive heat flux contribution.
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3.3.4 Air temperature

Air temperature and velocity vectors for Case 3 are shown in Fig. 3.6.
For H/W=0.5, a warmer canyon is observed as compared to the free stream
air temperature, and one single vortex is present. This is in contrast with
results by Sini et al. (1996), who found a second vortex in the lower left
corner in the absence of buoyancy forces. The non-uniform heating of the
canyon in the present study suppresses the formation of the second vortex.
However, in our model simulations a small second vortex becomes present
only if the buoyancy force is switched off. This result (not shown here) hints
at a subtle effect of the non-uniform canyon heating on the suppression of
the second vortex. From the east-facing wall, air is heated by the surface
and forced towards the west-facing wall, where the highest air temperature is
found. Air temperature inside the canyon is 1.5oC higher than ambient air,
which is comparable in magnitude to measurements from Giovannini et al.
(2013), who found temperature differences up to 2oC for H/W=0.85.

For H/W=1.0 (Fig. 3.6b), a similar pattern of the flow structure is
observed compared to H/W=0.5, but with lower air temperatures. Air
is locally heated close to the surfaces, with a slightly larger region in the
corners where the wind speed is low. Warm air is transported from the
west-facing wall upwards towards roof level, and from there dispersed to
the centre of the canyon due to the free stream air flowing over the top.
The temperature distribution within the canyon for H/W=1 is remarkably
different as compared to the other two examples shown for H/W equal to
0.5 and 2, respectively, in the sense that only a relatively small layer of warm
air is found near the ground surface. For H/W=1 the relatively warm air is
more efficiently transported out of the canyon.

Similar to H/W=0.5, a warmer canyon than the free stream air is seen for
H/W=2.0, with an average air temperature of 20.1oC. Air temperature inside
the canyon is rather uniformly distributed, with slightly higher temperatures
along the east-facing wall. One single vortex is seen, but velocity inside
the canyon is low. Other studies also presented a double vortex when one
side of the canyon is heated, which is not observed here. These studies
often apply uniform heating on one vertical wall, with typical temperature
differences between two surfaces of 5oC or 10oC. In the present study, the
application of an energy balance model at the solid surfaces lead to a non-
trivial surface temperature distribution. Therefore, buoyancy forces are not
constant inside the canyon, which can alter the formation of a double or single
vortex structure. Further study is required to fully grasp the influence of
these non-uniform temperature distributions and when the vortex structure
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changes inside the canyon. An extensive analysis of air flow in deep canyon
(H/W=2.1) is provided in the study by Offerle et al. (2007). Measurements
were conducted over a range of seasons and primarily analysed for sunny
days. A distinction was made on warmer windward and leeward walls in
combination with wind directions. When the leeward wall is heated, heat
transfer is concentrated near the wall, resulting in vertical transport of heat
and less mixing. When this buoyant flow encounters the cross-canyon flow
and the shear layer at the canyon top, the different flow layers become well
mixed, such that this buoyant flow will be recirculated. Even though there is
no cross flow in the present study, the mixing of the shear layer at the canyon
top is also observed here. Note that the measurements by Offerle et al. (2007)
indicate a weaker influence of buoyancy effects compared to several reported
numerical studies.

3.3.5 Influence of interior boundary condition

The zero-flux boundary condition for the conductive heat flux calculations
implies that the interior temperature will be determined by the net radiation
and the sensible heat flux. To investigate the impact of a zero-flux boundary
condition on the results, we have performed a sequence of simulations for
H/W up to 1.0 with another boundary condition in which a fixed interior
temperature of 20 oC is prescribed.

The surface temperature is plotted in Fig. 3.7, and compares the Case
3 (including sensible heat flux, but with a zero-flux boundary condition) to
the same case but with a fixed Tg. For H/W=0.0, the difference between the
two boundary conditions is about 1oC, where the fixed Tg provides a lower
surface temperature. For H/W=0.5, there is only a small difference in the
surface temperature of about 0.5oC on the east-facing wall resulting from
the use of the two different boundary conditions. For all other surfaces,
there is no distinctive surface temperature difference when changing the
interior boundary condition. For H/W=1.0, the case with the fixed interior
temperature provides a higher surface temperature, by 2oC. Furthermore,
the decrease in the surface temperature towards the top of the east-facing
wall is smaller. The fixed interior temperature is able to extract more energy
from the surface into the urban material, compared to the zero-flux boundary
condition.

In general, the differences between the two boundary conditions (fixed
interior temperature and zero flux) are small, provided that a reasonable
estimate is given for the interior temperature. Fig. 3.8 compares the individu-
al surface fluxes for H/W=1.0. Differences are below 10 Wm−2 for the
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Fig. 3.6: Absolute air temperature (oC) and velocity vectors for Case 3 for
different H/W ratios. The x-axis presents the distance from the west-facing
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A reference vector of 1ms−1 is shown on the bottom left of panel a.
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Fig. 3.8: Surface fluxes for H/W=1.0 for case 3 (including conductive and
sensible heat flux, with a zero flux boundary condition) and the same case
but with a fixed interior temperature Tg of 20oC.

conductive heat flux, except for the corner between the east-facing wall and
the roof.

Despite the small differences observed in the surface temperatures and
fluxes in this study, the fixed interior temperature can act as an unlimited
source of energy, forcing surface temperature towards the prescribed building
interior temperature. The large impact of the indoor temperature on the
outdoor environment has also been demonstrated by Theeuwes et al. (2014)
who studied the UHI with the WRF model, and showed a range of the UHI
between 2 and 7oC when changing building temperature from 5 to 23oC.

The interior temperature boundary conditions therefore can be used as a
’tuning parameter’ in which one can steer the model results by prescribing the
desired interior temperature. For instance, when in the validation case the
surface temperature is too low, one can prescribe a higher interior boundary
temperature to ’solve’ the problem. By using a zero-flux boundary condition,
there is no user input, and the results cannot be controlled by the user to
obtain the desired solution. Therefore, the choice was made to use the zero-
flux boundary condition as the default option in this study.
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3.3.6 Mean radiant temperature

The mean radiant temperature at a height of 2 m is shown in Fig.
3.9. For the flat plate (H/W=0.0), a mean radiant temperature of 69oC
is found. The threshold for moderate heat stress is at 55oC, while strong
heat stress is experienced above 60oC (Monteiro et al., 2012; Thorsson et al.,
2014), indicating that very strong heat stress is experienced. Inclusion of
obstacles below H/W=1.0 results in large spatial variations due to shading
in this case. The mean radiant temperature in the sunlit part exceeds that
of the flat terrain due to multiple reflections and longwave trapping and
peaks at 90oC for H/W=1.0 (extreme heat stress), while a value of 45oC is
found in the shade (no thermal heat stress). For H/W=0.5, a lower mean
radiant temperature in comparison to H/W=1.0 is found, but extreme heat
stress is observed over a larger region due to a smaller shaded area. For
H/W=2.0, there is no sunlit part of the canyon at this height, and the mean
radiant temperature is much more uniform and around 30oC. The highest
temperature is found near the west-facing wall, due to solar reflections from
the east-facing wall.

For H/W=2.0, a nearly constant surface temperature at the ground level
is found. Surface temperatures for H/W=1.0 are higher at the ground level
compared to H/W=0.5, especially in the sunlit area. The same is also seen
in the mean radiant temperature. However, the mean radiant temperature
is not only a function of surface temperature, but also of sky-based radiation
(both shortwave and longwave). There is a thus a clear relation between
the change in surface temperature and mean radiant temperature, although
linking absolute temperatures show a less trivial relation.

3.4 Discussion

3.4.1 Results

Results in this study showed that for all H/W ratios the surface energy
budget is strongly controlled by radiative terms. With increasing H/W
ratio, the longwave trapping effect and conductive heat flux become relatively
more important. This is similar to the findings by Marciotto et al. (2010),
who found the largest contribution from the net radiation (all absorbed and
emitted radiative terms combined) for H/W=0.5, while for H/W=10.0 the
conductive energy flux becomes almost equally important compared to the
net radiation.

Mean radiant temperature showed large spatial changes due to shadow
locations, where mean radiant temperature is up to 10oC higher compared
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Fig. 3.9: Profiles of mean radiant temperature at z=2m height between
buildings 8 and 9 for case 3.

to air temperature in shaded areas and up to 70oC higher in sunlit areas.
Similar results were found by Ali-Toudert and Mayer (2006), although the
mean radiant temperature in the sunlit part in their study is about 10oC
lower than in our study.

The large impact of radiation on the urban energy budget, in particular
for low H/W ratios, allows for a relatively simple link between mean radiant
temperature and the surface temperature. The strong relation between sur-
face temperature and mean radiant temperature is exploited in the modelling
approach followed by simulation models Solweig (Lindberg et al., 2008) and
RayMan (Matzarakis, 2000), in which the computation of the surface tempera-
ture is parametrized but accurate results are obtained for mean radiant
temperatures. This study indicates that for H/W=2.0, the sensible heat
transfer becomes more important compared to the conductive heat flux,
which is highly parametrized in both Solweig and RayMan. This might
compromise the accuracy of these models for deep canyons.

The addition of a CFD model in URBSIM gives insight in the impact of
surface temperature on the air temperature. There is a complex interplay
between forced convection (free stream air) and natural convection. Different
vortex dynamics inside a canyon as a function of surface temperature have
also been found by Magnusson et al. (2014) who found two vortices for a
canyon with H/W=2.5. When the leeward wall of the canyon was heated,
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the weak lower vortex disappeared and one vortex remained. However,
these simulations where conducted with a fixed surface temperature, without
feedback from warmer/colder air on the surface.

3.4.2 Model deficiencies

URBSIM has been developed with the goal to reduce the amount of
assumptions that are made for modelling the urban micro-scale. Therefore,
a Monte-Carlo radiation model and CFD model were used, which represent
the physical processes as detailed as possible. The model results show a
small increase in the air temperature inside the canyon for H/W=0.5 and
H/W=2.0 as compared to the ambient temperature above roof level. These
results appear physically sound. However, a weakness of the model is the
representation of the dynamics near roof corners, where the CFD model
produces a too large value for the turbulent viscosity (Durbin, 1996), which in
turn directly affects the turbulent heat flux and reduces the surface tempera-
ture locally.

In order to take all processes into account in such high detail, the urban
geometry is highly simplified by only taking into account a 2D street canyon.
Taking into account a full 3D urban geometry would be computationally too
expensive. Within URBSIM, it is assumed that if building arrays are much
longer than their height, they can be considered to be 2D. Santamouris et al.
(1999), Coronel and Álvarez (2001) and Giovannini et al. (2013) performed
measurements in canyons with ratios L/H of the building length L to the
height H in the range between 1.25 to 5.5, and found significant 3D effects
on the air flow. All of these measurements observed that flow characteristics
inside the canyon are either due to circulatory vortices or finite canyon length
effects that are related to 3D flow patterns. These findings indicate that even
with very long canyons, 3D effects are present, which are absent in the 2D
model used in this study.

In addition to the 2D assumption, there is the effect of temporal variations.
Although the whole diurnal cycle is computed, the current paper only focussed
on the situation at one time instance. Especially the conductive heat flux
shows large diurnal variations. Results shown here are therefore always
a function of the situation of the previous time-steps. The large diurnal
variations have been reduced in this paper by considering highly idealized
conditions, such as a symmetrical 2D street canyon, constant inlet wind
speed and air temperature, and a fully developed flow in the canyon of
consideration.

Despite these assumptions, calculations are expensive and require substan-
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tial amounts of computation time. A similar observation was made by Robitu
et al. (2006). Therefore, the step to a 3D URBSIM program is not yet
possible, and model simplifications must be made. The two most expensive
computations are the sensible heat flux (CFD model) and the radiation
(Monte-Carlo method). For the sensible heat flux computation, no suitable
alternatives are present at the moment, that compute the airflow inside
the canyon and handle the complex balance between forced convection and
buoyancy forces. For the radiation model, a simpler model is available using
view factor algebra. Especially for these simple urban canyon configurations,
computation times for the radiative components using the view factor ap-
proach should be small, providing very similar results to the Monte-Carlo
method. One limitation using view factor algebra is that only a limited
number of reflections are typically taken into account (one or two reflections).
Therefore, the radiation scheme is the most likely candidate to reduce the
computation time, without deteriorating the results.

One process that has not been investigated in this study is the latent heat
flux, which is extracting energy from the urban canyon through evaporation
of water. Taking into account the latent heat flux requires one additional
parameter in the CFD model (humidity) and a water balance on the building
surfaces. As Theeuwes et al. (2017) demonstrated with the aid of a diagnostic
equation, the inclusion of the vegetation fraction (directly relating to the
latent heat flux) is required to accurately compute the city-scale UHI effect.

3.5 Conclusions

This study focussed on the daytime micro-climatic conditions inside an ideal-
ized 2D canyon. A building-resolving simulation model has been used, which
includes key physical processes like radiation, conduction and ventilation by
air flow at a 1 m spatial resolution. A range of canyon height to width (H/W )
ratios and physical processes are considered.

Results showed that the daytime energy budget is strongly controlled
by radiation, where absorbed radiation from the sky (SWdir, SWdif and
LWsky, including their multiple reflections) is the main source of energy at
the surface, followed by trapped longwave radiation (energy emitted from the
surface and absorbed at another location). The radiative components are,
however, decreasing with increasing building height, while the conductive
heat flux is increasing. Mean radiant temperature increased locally for H/W
ratios of 0.5 and 1.0 compared to a flat plate. This is due to increased
multiple reflections of shortwave radiation and longwave trapping. For deeper
canyons, there is no direct sunlight reaching the street level, and mean radiant
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temperature drops quickly.

The link between surface temperature and mean radiant temperature can
be made (at least from a quantitative point of view) relatively easy, since both
are largely dependent on radiative fluxes. This relation allows for simplified
models, where the computation of the surface temperature is parametrized
but accurate results are obtained for mean radiant temperatures (Lindberg
et al., 2008; Matzarakis, 2000). The link between surface and air temperature
is much harder to make. Air temperature inside the canyon is determined by
a complex competition between forced convection (which is a function of free
stream wind speed) and natural convection (buoyancy forces). This makes it
difficult to develop a parametrization that holds for all H/W ratios and on
every individual canyon surface.

The model used in the present study takes all processes into account
in high detail, where the input of the user has been minimised as much as
possible. The down-side of this approach is that calculations are costly and
time-consuming, and the same approach can’t be extended to 3D environ-
ments due to the large computational requirements of the CFD model and the
Monte-Carlo model, in which the number of emitted photons would increase
drastically. For these simple building shapes, the Monte-Carlo model may
be replaced by a much faster view-factor model.

Furthermore, coupling to a large scale model, such as presented in the
overview paper by Chen et al. (2011) could be pursued to allow for more
detailed meteorological input conditions. Instead of using constant parame-
ters as done now, a diurnal cycle in air temperature and wind speed could
be used.
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Chapter 4

The effect of using a high-albedo material
on the Universal Temperature Climate Index

within a street canyon

Abstract1

This study investigates the effect of different high-albedo adaptation strategies
on air temperature, mean radiant temperature and the Universal Temperature
Climate Index (UTCI) for an idealized 2D street canyon. The used numerical
model computes the heat transport in the canyon, and specifically takes
into account the effect of multiple scattering of radiation. In general the
mean radiant temperature has a much larger impact on the UTCI than the
air temperature. Moreover, the mean radiant temperature exhibits strong
spatial variations in the canyon due to its sensitivity to shading. The impact
of albedo-differences on the UTCI is thus relatively small compared to the
large shading effects. The best strategy to minimize the UTCI for the outdoor
environment with building height to width ratio H/W=0.5 is found to be a
uniform albedo of 0.2. For H/W=1.0, an albedo gradient from high at the
bottom part to low at the top of the vertical walls showed the lowest UTCI.
Although using high-albedo materials can mitigate the atmospheric urban
heat island effect, it is very likely to increase pedestrian heat stress.

4.1 Introduction

Several studies (Whitman et al., 1997; Vandentorren et al., 2001; Baccini
et al., 2008) have reported a relation between the ambient air temperature

1Published in Urban Climate (2016) 17 with H.J.J. Jonker, S.R. de Roode, S. Kenjereš
© Elsevier
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and the number of heat related deaths. This heat-mortality relation, in
combination with the Urban Heat Island effect (UHI, which is the phenomenon
wherein the presence of buildings causes the temperature in the city to be
higher than in its rural surroundings), poses a challenging problem on city
planners to reduce the ambient air temperature inside the city. To achieve
this air temperature reduction, the use of high-albedo materials for roofs
or paving is often advocated, amongst others by Akbari et al. (2001) and
Synnefa et al. (2008).

As a result, the use of these high-albedo materials is also incorporated
as guidelines for architects and city planners. For instance, the New York
High Performance Infrastructure Guidelines (2005) and Philadelphia High
Performance Building Renovation Guidelines (2004) both recommend to use
high-albedo pavement as a substitution for black asphalt to counter the local
urban heat build up. The general idea is that high-albedo materials absorb
less solar radiation and thereby reduce the outdoor air temperature, which
has been shown by many (Silva et al., 2009; Santamouris et al., 2012; Erell
et al., 2014). For instance, Taha et al. (1999) studied the impact of large scale
albedo changes for ten regions in the USA. A high-resolution regional weather
forecast model was used, where the response of buildings and streets on the
surface energy balance was specifically taken into account. The regions were
characterized and simulated in reference- and modified-surface conditions.
The results suggested that large-scale increases in the albedo and vegetative
fraction can result in spatially-averaged decreases in mid-day air temperature
of -0.5K to -1.5K during a typical summer day. The highest reduction found
locally was -5K.

Changing the albedo also influences the indoor air temperature (or the
cooling load of obstacles, which is more often studied (Taha et al., 1988;
Simpson and McPherson, 1997; Bretz et al., 1998)). The effect of a different
exterior albedo on the indoor air temperature has been demonstrated by
Cheng et al. (2005), who performed idealized scale-experiments on a resolution
of 1.5m. These experiments were performed with separate black and white
test-boxes and little insulation (20mm thick waterproof plywood and 25mm
thick Styrofoam as interior thermal insulation). Both in summer and fall,
the maximum indoor air temperature inside the black test box was roughly
12K higher compared to the white test box.

Although a reduction in outdoor and indoor air temperature is considered
positive, there are also down sides of using high-albedo materials. One of
the adverse effects was demonstrated by Erell et al. (2014), in which the
response of high-albedo materials on the outdoor pedestrian heat stress was
investigated for four cities by using the Canyon Air Temperature model



4.1 Introduction 83

(CAT, Erell and Williamson (2006)). The CAT model uses meteorological
measurement data from nearby rural locations to compute the canyon air
temperature, wind speed and radiative properties inside the urban canyon.
Radiative properties are based on the sky view factor and H/W ratio of
the canyon, while urban wind speed and air temperature are computed from
empirical formulations. The CAT model was used to compute the effect of
different albedo values on the local urban climate inside the street canyon.
The output of this model was then used to compute the Index of Thermal
Strain (ITS model, Pearlmutter et al. (2007)), which is a pedestrian heat
stress parameter. The ITS model empirically relates the clothing insulation,
humidity of air, wind speed and the thermal and solar radiative fluxes to the
thermal comfort of a standing human in units of Watt. For example, Erell
et al. (2014) found that although a high-albedo material can lead to lower
air temperatures, it may also cause a higher value of the heat stress, which
is due to the increase in reflected radiation that can reach the pedestrian.
The thermal stress is decreasing with increasing H/W ratio, independent of
the albedo that is used. To quote the authors: ”The results of this study
indicate that local benefits, in terms of pedestrian thermal comfort, are likely
to be marginal at best and that high-albedo paving materials may actually
increase thermal stress in warm environments.” (Erell et al., 2014)

4.1.1 Goals

The current research aims to take the study by Erell et al. (2014) one
step further. Instead of assuming a uniform albedo for the entire canyon as
Erell et al. (2014), a variety of adaptation measures are tested. A building
resolving model, called URBSIM (Schrijvers et al., 2015), is used which
computes radiative transfer, heat conduction into the urban material, and
ventilation within the urban canyon at a 1m spatial resolution. Temperature
and wind in the canyon are computed at this resolution, compared to a single
point in the study by Erell et al. (2014). The different adaptation measures
include differentiation between the north-facing and south-facing walls and
albedo gradients along the vertical walls. In this way the impact of using
different albedo values on the air temperature, mean radiant temperature
and the Universal Temperature Climate Index (UTCI, (Fiala et al., 2012))
can be studied.
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4.2 Methodology and used data

4.2.1 The numerical model

The effect of different albedo adaptation measures is tested by using
the building resolving simulation model URBSIM that was developed and
used in Schrijvers et al. (2015). The strength of URBSIM is that it hardly
parametrizes the processes, but attempts to remain as close as possible to the
physics. Radiation is solved by a Monte-Carlo model, which does not rely on
view factor algebra, heat transport into the urban material is solved by the 1D
heat conduction equation and a transient Reynolds-Averaged Navier-Stokes
(RANS) Computational Fluid Dynamics (CFD) model is used for convective
transport of heat, while the CFD model also takes into account buoyancy
(Schrijvers et al., 2015; Kenjeres and Hanjalic, 1999, 2006, 2009; Kenjeres
and ter Kuile, 2013; Kenjeres et al., 2015). At present, URBSIM is the only
model available in literature, that combines Monte-Carlo radiation modelling
and CFD at the street canyon resolving resolution. Only a short description
is given here, and the reader is referred to Schrijvers et al. (2015) for model
details and validation cases.

The Monte-Carlo radiation model computes individual photon paths,
which allows the assessment of the absorbed shortwave and longwave radiation
at the surface, the longwave trapping effect and mean radiant temperature.
The mean radiant temperature is defined as the temperature that a human
body would have if all absorbed radiation is emitted again through longwave
radiation (which assumes that the human body is in radiative equilibrium),
and is computed by

Tmrt = 4

√
Sstr

εpσ
(4.1)

where Sstr is the local mean radiant flux density, εp the emissivity of the
human body (with a standard value of 0.97) and σ the Stefan-Boltzmann
constant. The mean radiant flux density is the amount of both shortwave
and longwave radiation that is absorbed by a standing human body and is
computed following Thorsson et al. (2007) as

Sstr = (1− αp)

6∑
i=1

SWiFi + εp

6∑
i=1

LWiFi (4.2)

where αp is the albedo of the human body (with a standard value of 0.3), SWi

the total shortwave radiative irradiance, LWi the total longwave radiative
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irradiance and Fi a geometric factor representing a standing human body.
The index i is used for the six directions where radiation is entering from.
The geometric factor F has a value of 0.22 for radiation entering from each of
the four cardinal points and 0.06 for radiation entering from the upward and
downward directions (Thorsson et al., 2007). Since the current study is 2D,
radiation entering from two cardinal points is missing (the faces occupying the
’air-sides’ of the canyon), and is taken equal to that of the averaged radiation
entering from the two known directions. This assumption can be regarded
as computing the mean radiant temperature for a square, surrounded by
obstacles.

The time dependent 1D heat conduction equation is used to compute the
energy transfer from a building or ground surface into the underlying urban
material (conductive heat flux). A zero-flux boundary condition is used for
the temperature inside the urban material.

Wind speed, air temperature and the sensible heat flux are computed
on a non-uniform grid, refined in the proximity of building walls and the
ground, by a CFD model, which solves the unsteady RANS-equations for
mass, momentum and temperature, as well as turbulent kinetic energy and
dissipation through the standard k−ε model including the Durbin time scale
(Durbin, 1996).

The three different model components, i.e. convective and radiative
transport of heat in the canyon, and heat conduction through the ground
and the walls, each compute a part of the surface energy balance, and are
coupled through the surface temperature. A time step of 6 minutes is used,
after which all fluxes are updated and a new surface temperature is computed.
The main advantage of the presented model is that it computes in detail the
interaction of the different processes at a building-resolving scale.

The input-parameters of the model are shown in Table 4.1. The location
considered is that of Amsterdam (The Netherlands) in the middle of June, the
month where the sun reaches the highest elevation angle in the Netherlands.
Free stream air temperature is 293.15K and is constant with height and time.
The same holds for the free stream wind speed of 4ms−1 (which is the average
wind speed during the summer at Schiphol airport, nearby Amsterdam), such
that only the solar radiation experiences a diurnal variation. These constant
input parameters are used to reduce the complexity of the urban system. This
idealized set-up does allow distinguishing between the different processes, and
investigating the effect of the albedo change on the processes that govern
the UTCI. For the same reason, both vegetation and vehicle traffic are
omitted from this study. Although more advanced urban geometries have
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Radiation

Latitude 52◦ 22’ N
Longitude 4◦ 53’ E
Start day 2012-06-10 00:00
End day 2012-06-20 23:59

max SWdir 833.1 /rmWm−2

max SWdif 84.2 Wm−2

LWsky 325.0 Wm−2

Heat conduction

λ 0.72 Wm−1K−1

ρ 1920 kgm−3

Cv 835 Jkg−1K−1

∆wall 0.25m
∆ground 1.00m

CFD

Ta 293.15K
U 4.0 ms−1

min cell width 1.0m
cell expansion 5 %
max cell size 25m

Table 4.1: Input constants for radiation, heat conduction into the urban
material and the CFD model, where λ is the thermal conductivity of brick,
ρ the density of brick, Cv the thermal heat capacity of brick, Ta the constant
inlet air temperature and U the constant inlet wind speed

been studied (e.g. Tominaga et al. (2005) for 3D wind patterns, Brown and
Delay (2001) for different building shapes and Theeuwes et al. (2014) for
different heat transfer coefficients), these studies do not take into account
the complex interplay between all processes at the building resolving scale.

The model uses an initial estimate of surface temperature, which is used
to compute the air temperature and heat fluxes at the first time step after
which all variables are able to freely evolve in time. Ten consecutive days are
simulated. The simplified set-up with constant inlet conditions causes the
results to become repetitive, in a statistical sense, after 5 days. We also note
that the results do become independent of the prescribed initial conditions.

The model has been validated in Schrijvers et al. (2015). The Monte-
Carlo radiation model was validated against effective albedo measurements
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conducted by Aida and Gotoh (1982), and showed a fair agreement between
measurements and simulation, both for winter and summer conditions. In
addition to experimental data, analytic results by Madronich (1987) were
used to validate the computation of the radiative fluxes. The CFD model
has been extensively validated by comparisons of velocity and concentration
measurements (Kenjeres and ter Kuile, 2013; Kenjeres et al., 2015) from the
Mock Urban Setting Test (MUST) wind tunnel experiments (Biltoft, 2002;
Hilderman and Chong, 2004) and against wind tunnel measurements of wind
speed and air temperature from Uehara et al. (2000). Both validation cases
showed good agreement between the CFD model and experimental data.
In addition to these validation cases, a grid convergence study has been
conducted which indicated that grid convergence is reached by using a 1m
resolution (50×50 cells for H/W=1.0 and 25×50 cells for H/W=0.5).

In the current work, the model output is used to compute the UTCI.
This is an apparent temperature, which takes into account air temperature,
wind speed, radiation, humidity, metabolism of the human body and clothing
insulation worn by the subject. The UTCI is defined as the isothermal air
temperature of the reference condition that would elicit the same dynamic
response (strain) of the physiological model (Jendritzky et al., 2012). It has
been developed as a standard measure for outdoor thermal conditions, and
is designed to be applicable in all climates, seasons, and time and spatial
scales. The advantage of using the UTCI is that all effects of an adaptation
measure on the outdoor environment are captured in one number, that is
directly related to the amount of heat stress.

From the UTCI-website (Bröde, 2005), a Fortran90 sub-routine is avail-
able, which uses a sixth order polynomial function to compute the UTCI,
which has been implemented in URBSIM. This function uses air temperature,
mean radiant temperature, wind speed and relative humidity as input, and
the energy balance between the human core and skin, between skin and
clothing and the human metabolism is parametrized. The fit is valid for the
following conditions:

� 223 ≤ Ta ≤ 323K

� -30 ≤ (Tmrt − Ta) ≤ +70K

� 0.5 ≤ u10m ≤ 17ms−1

where Ta is the local air temperature and u10m the wind speed at 10m height.

Since the local UTCI inside the canyon is investigated here, the wind
speed at each grid cell centre inside the street canyon is used instead of the
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UTCI [oC] Stress category

> +46 Extreme heat stress
+38 to +46 Very strong heat stress
+32 to +38 Strong heat stress
+26 to +32 Moderate heat stress
+9 to +26 No thermal stress

Table 4.2: Assessment scale of the Universal Temperature Climate Index
(Bröde et al., 2012).

wind speed at 10m height. In this way, changes in wind speed due to the
different adaptation measures are taken into account.

Relative humidity is a very complex parameter to take into account into
a micro-climate model, since it is dependent on evaporation, entrainment,
boundary layer height and large scale advection. This would severely compli-
cate the analysis, while it is not the main focus in the current investigation.
Therefore, the relative humidity is taken as a constant, and an estimate is
made of the maximum effect of relative humidity on the UTCI. By using
different constant values of the RH (changing these in the postprocessing
UTCI routine offline), an increase in the UTCI of 3.3oC is found when
changing the relative humidity from 0% to 100%.

The UTCI uses an assessment scale, which is displayed in Table 4.2.
This assessment scale relates the UTCI temperature to the amount of heat
stress that a human will experience. It must be noted that all temperatures
throughout this manuscript are in units of Kelvin, except the UTCI, which is
defined as the temperature in degrees Celsius to remain consistent with the
literature on the subject.

A graphical representation of URBSIM is shown in 4.1. This flowchart
displays the input parameters for URBSIM and the output parameters that
are in turn used as input for the UTCI subroutine.

4.2.2 Adaptation measures

Different adaptation measures are tested for an idealized 2D geometry
with square obstacles which are equal in height and spaced equally. The
building width (B) is 25m, distance between the obstacles (W ) is 50m,
while building height is varied between H=25m (H/W=0.5) and H=50m
(H/W=1.0). Ten obstacles are used in the domain to ensure a fully developed
flow in the last canyon. The 2D geometry limits this study to cases where
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Fig. 4.1: Graphic representation of the different input and output of URBSIM
to obtain the UTCI.

ventilation is mainly a 2D effect. For higher obstacles, it was found that
the 2D geometry prohibits cross-flow through the canyon, which leads to a
non-physical large stable stratification (Schrijvers et al., 2015). Therefore,
these deep canyons are not considered here.

An east-west oriented canyon is used, such that building facades are either
north-facing (shaded throughout the day) or south-facing (sunlit throughout
the day). Since the current study is 2D, there is no solar azimuthal angle, and
only the solar zenith angle is taken into account. Since the building facades
are north-facing and south-facing, the 2D assumption is perfectly valid at
solar noon.

As a first test, the albedo (α, which is referring to the reflectivity of solar
radiation) of all canyon surfaces is varied between 0.2 (case 1), 0.4 (case
2) and 0.6 (case 3) respectively. These values for the albedo are also used
for studying the impact of other adaptation strategies. An albedo of 0.2
corresponds to weathered asphalt, 0.4 to concrete and 0.6 to ’white-washed’
surfaces. The outcome of varying longwave radiation is also quantified for
different values of the emissivity ε, where ε is modified from 0.95 (case 2),
0.90 (case 4) and 0.85 (case 5) while the albedo is constant at α=0.4. Other
test cases are shown in Fig. 4.2. Cases 6 and 7 investigate the effect of
differentiating the albedo of the north-facing and south-facing wall, by using
an albedo of 0.6 on one vertical surface and an albedo of 0.2 on the other
surface. Cases 8 and 9 investigate walls with an albedo gradient, where a
high top albedo (from a low-albedo bottom part to a high-albedo top part
of the vertical wall) and a low top albedo (reversed) are used, respectively.
Case 10 investigates a white roof (α=0.6 on all roof surfaces instead of the
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Fig. 4.2: Graphic representation of different albedo adaptation strategies.
Cases with a uniform albedo (α=0.2, 0.4, 0.6) or uniform emissivity (ε=0.95,
0.90, 0.85) are not shown here. Note that the solar position is always on the
south side of the canyon.

reference value of α=0.4). The hypothesis is that this reduces the ambient
air temperature entering the canyon, which could cause a reduction of the
UTCI. Case 11 investigates the impact of striping, where strips with different
albedo values of 0.6 and 0.2 are used on the vertical walls. The reasoning is
that this creates large spatial differences in surface temperature and therefore
invigorates convection.

4.3 Uniform canyon properties

This section will discuss the two cases in which the canyon is uniformly
modified. Firstly, the albedo case is discussed, secondly the case with different
uniform emissivity values.
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Fig. 4.3: Daily variation in surface temperature for one point in the centre
of the street canyon (H/W=0.5) for three different albedo values. The cases
considered are with a uniform albedo.

4.3.1 Uniform albedo changes

Diurnal cycle

The first question addressed is how different albedo values affect the daily
cycle of surface temperature inside the canyon. Therefore, time series of
surface temperature are displayed in Fig. 4.3. Results for a single representa-
tive point centred on the road surface of the street canyon are shown for
H/W=0.5, and demonstrate a large variation in temperature, with the largest
differences ranging from 290K during the night to 319K during day for the
α=0.2 case. The case with α=0.6 displays differences between 290 and 306K.
The large influence of the albedo can be observed during the day when the
point of interest is directly sunlit, with surface temperature differences of
7K between the cases. However, the temperature differences during periods
when the measurement point is in the shade (morning and afternoon) are
small, indicating that the additional effect of multiple scattering is modest
with changing the albedo. The impact of different albedo values is also
limited during the night, where the surface temperature is mainly controlled
by longwave radiation.

Since variations during the night are small, this study will only consider
the results at solar noon of the last diurnal cycle.
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Spatial distributions within a street canyon

Spatial changes as a result of different albedo values are shown in Fig. 4.4
for surface temperature (Fig. 4.4a), air temperature at 2m height (Fig. 4.4b)
and mean radiant temperature at 2m (Fig. 4.4c). Solid lines are used for
H/W=0.5, while dashed lines are used for H/W=1.0. Surface temperatures
are plotted according to the inset in Fig. 4.4a, where all vertical surfaces
are scaled to uniform height, to allow for direct comparison of different H/W
ratios. Results for air temperature, mean radiant temperature and the UTCI
are plotted along the width of the canyon (shown as canyon location), with
0m at the north-facing wall and 50m at the south-facing wall. Since both
H/W ratios use a street width of 50m, this does not require scaling. Canyon-
average values at z=2m height for air temperature, mean radiant temperature
and the UTCI are also summarized in Table 4.3 for all cases.

The results are shown for solar-noon, and reveal higher values of surface
temperature near the street level for H/W=1.0 in the sunlit region compared
to H/W=0.5, due to an increased number of multiple reflections (Fig. 4.4a).
A low albedo increases surface temperature by as much as +5K (H/W=0.5)
and +14K (H/W=1.0) at the sunlit part of the ground surface compared to
the reference case, while the influence of changing the albedo is negligible in
the shaded areas. Temperature is changed in the high-albedo case by -5K
(H/W=0.5) and -8K (H/W=1.0) in the sunlit areas. For both H/W ratios,
the impact of changing the albedo on surface temperature becomes smaller
towards roof levels.

Air temperature is lower for the high-albedo case compared to the refer-
ence case (Fig. 4.4b). For H/W=0.5, the difference in air temperature is
(canyon averaged) +0.2K for α=0.2 and -0.4K for α=0.6 compared to the
reference case (α=0.4). Note that the absolute air temperature is lower for
H/W=1.0 compared to H/W=0.5 throughout the canyon. The difference
in air tempera-ture as a result of changing the albedo is comparable in
magnitude to the findings of Erell et al. (2014), despite the large differences
in case set-up, inlet conditions and model that is used. This indicates that
the impact of changing the albedo on air temperature is robust, i.e. similar
for different conditions.

In addition to profiles at 2m height, contours of air temperature are shown
in Fig. 4.5 for H/W=0.5 (left) and H/W=1.0 (right) and the three different
cases considered. The results indicate that a low albedo creates a warmer
canyon, for which there is more absorbed radiation, surface temperature is
higher and consequently air temperature is increasing. For H/W=0.5, there
is one recirculating vortex for all cases. For H/W=1.0, there are two counter
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rotating vortices, where the warm south-facing wall creates buoyancy forces
that are large enough to create a second vortex that spans the bottom part
of the canyon. The air temperature profile at 2m height reveals relatively
modest changes compared to the remainder of the canyon. It must be realized
that the conditions considered are idealized by using a fully developed flow
in the canyon under consideration and that the model is 2D. Despite these
simplifications, these results reveal an intricate interplay between a wind
induced vortex and canyon buoyancy.

According to Eqs 4.1 and 4.2, the mean radiant temperature (Fig. 4.4c) is
not only influenced by the change in reflected shortwave radiation, but also by
the emitted longwave radiation due to changing surface temperature. Mean
radiant temperature displays the contrary effect to air temperature, where
the high-albedo case shows a higher mean radiant temperature (+9.5K for
H/W=0.5). The difference is however small when compared to the effect
of shading, where Tmrt is over -40K lower in the shaded areas compared
to the sunlit areas. For H/W=1.0, there is a larger area in the shade, with
substantially lower canyon-averaged Tmrt as a consequence. In the sunlit part
of the canyon, Tmrt is higher for H/W=1.0 compared to H/W=0.5 due to
increased multiple reflections of shortwave radiation. Surprisingly, increasing
building height has thus two different effects: there is a larger shaded area
with lower heat stress, but due to the increase in multiple reflections the
sunlit area experiences stronger heat stress.

Tmrt is controlled by the large contributions of direct shortwave radiation
(which has a maximum value of 900 Wm−2 in the sunlit area. The maximum
value obtained is higher than the incoming 833Wm−2 from Table 4.1 due
to multiple reflections) and the longwave trapping effect (with a maximum
contribution of 700 Wm−2). This results in a Tmrt of 350K (sunlit part,
H/W=0.5, α=0.4). When these values are compared to measurements of
mean radiant temperature and radiative fluxes in the city of Göteborg, Swe-
den (Lindberg et al., 2008), the values obtained in the current study are
higher than obtained from measurements, where a maximum Tmrt was found
of 340K for a large open square with α=0.4. The higher mean radiant
temperature from the model is partly due to the 2D assumption, in which
radiative fluxes from the east and west direction are taken equal to the
average of the north and south direction. For the α=0.4 case, the horizontal
fluxes originating from the direct shortwave radiation in the sunlit area
are 680Wm−2 and 320Wm−2 for the southward and northward directions,
respectively. As a result, the current assumption uses its mean value 500Wm−2

for the east and westward flux, which results in a mean radiant temperature
of 333.0K. However, if the minimum value for the direct shortwave radiation
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Fig. 4.5: Overview of air temperature for H/W=0.5 (left panels) and
H/W=1.0 (right panels) when the albedo is changed uniformly over the entire
canyon. The same colour axis is used for all sub plots. Local wind is indicated
by arrows, where the top arrows at H/W=0.5 show a wind speed of 4ms−1.
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Case name Case description ∆Ta [K] ∆Tmrt [K] ∆UTCI [oC]

Case 1 α=0.2, ε=0.95 +0.2 / +0.3 -8.1 / -7.3 -1.9 / -1.9
Case 2 α=0.4, ε=0.95 0.0 / 0.0 0.0 / 0.0 0.0 / 0.0
Case 3 α=0.6, ε=0.95 -0.4 / -0.6 +9.5 / +9.7 +2.0 / +2.1
Case 4 α=0.4, ε=0.90 0.0 / +0.2 0.0 / 0.0 0.0 / +0.3
Case 5 α=0.4, ε=0.85 0.0 / +0.5 0.0 / -0.1 0.0 / +0.4
Case 6 South low +0.3 / -0.7 -2.2 / -2.7 -0.2 / -1.1
Case 7 North low -0.6 / +0.2 +1.7 / +0.2 -0.2 / +0.3
Case 8 High top -0.4 / -0.1 -0.7 / -1.2 -0.4 / -0.4
Case 9 Low top +0.8 / 0.0 -7.4 / -8.6 -1.1 / -2.7
Case 10 White roof +0.1 / -0.1 +0.4 / +0.2 +0.2 / +0.1
Case 11 Striping +0.8 / -0.6 -1.7 / -0.7 +0.3 / -0.3

Table 4.3: Effect of albedo and emissivity changes on air temperature, mean
radiant temperature and the UTCI compared to reference case 2 with α=0.4
and ε=0.95. Results are canyon averaged values at z=2m for H/W=0.5 and
H/W=1.0 respectively. Case description is shown in Fig. 4.2.

(in this case 320Wm−2) would be used, the mean radiant temperature would
reduce to 329.9K. In addition to the 2D assumption, the current study
considers highly idealized conditions, where there is no vegetation, no latent
heat flux and clear skies, thereby allowing for these large radiative fluxes.

The air temperature and the mean radiant temperature are both used as
part of the input in the computation of the UTCI, which shows an increase
for high-albedo canyons (see Fig. 4.6), by as much as +2oC for both H/W
ratios compared to the reference case. Using a low albedo changes the canyon-
averaged UTCI by -1.9oC for both H/W ratios. However, the influence of
changing the albedo is small compared to the shading effect, which changes
the UTCI in the shaded areas by as much as -12oC, thereby indicating only
’moderate heat stress’ if there is any stress at all. The large reduction of the
UTCI in shaded areas is mainly due to the large decrease of direct shortwave
radiation, which impacts the mean radiant temperature and therefore the
UTCI. The local differences in air temperature can not compensate the
change in the mean radiant temperature. For an increase in Tmrt of +15K, air
temperature should reduce by -7K to maintain the same UTCI temperature
for this case. Note that for this comparison, feedback effects from air tempera-
ture to the sensible heat flux, conductive heat flux, surface temperature
and mean radiant temperature are neglected, which gives just a very coarse
indication of the required temperature increase.
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Fig. 4.6: The UTCI temperature for different values of the albedo, where
the albedo is changed over the entire canyon. Solid lines indicate H/W=0.5,
dashed lines are used for H/W=1.0.

Erell et al. (2014) found that for any albedo value the thermal stress for
a pedestrian in the middle of the street canyon is decreasing with increasing
H/W ratio. A similar result is obtained in the current study for the shaded
part of the canyon. By contrast, in the sunlit part, the thermal stress
increases due to the effect of multiple reflections at this location.

4.3.2 Uniform emissivity effect

In addition to changing the canyon albedo, a varying emissivity is investi-
gated. There are currently coatings available that can be applied on the
glass surface, such that emissivity is reduced. Unfortunately, the combined
effect of glass including this emissivity-reducing coating is usually not given.
Therefore, this remains an academic case, to investigate the possible impact
of low-emissivity materials. Noting that according to Kirchhof’s law the
spectral emissivity equals the absorptivity of infrared radiation, one could
hypothesise that decreasing the emissivity could lead to a feedback effect
on surface temperature (less absorbed radiation from the sky, lower surface
temperature, less longwave trapping, lower surface temperature, etc.), which
could significantly lower the UTCI. The second consequence of reducing
the surface emissivity is an increase in the surface temperature, due to the
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Fig. 4.7: Effect of different values of the emissivity on the UTCI, compared to
the reference case with a uniform ε of 0.95. Solid lines are used for H/W=0.5,
dashed lines for H/W=1.0.

reduced emission of longwave radiation from the surface. In the current
study, the total impact of changing the emissivity is investigated, and the
two separate mechanisms discussed above are not investigated separately.

The effect of varying the emissivity on the UTCI is visualized in Fig. 4.7
and in Table 4.3 for the different cases. A decrease in the emissivity from
0.95 to 0.85 did not affect the UTCI for H/W=0.5 and increased the UTCI
by +0.4oC for H/W=1.0.

Absorbed infrared radiation at the surface is decreasing with a lower
emissivity. However, this decrease is much smaller compared to changing the
albedo of solar radiation. Due to the high value of the emissivity, the amount
of energy involved with multiple reflections is smaller. Since the change in
surface temperature is small, there is also little ramification on the longwave
trapping effect. The UTCI is therefore hardly changing. For H/W=1.0,
air temperature is increasing more than the mean radiant temperature is
decreasing, leading to an increase in the UTCI.
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4.4 Sensitivity studies

4.4.1 Differentiating albedo of the street canyon vertical walls

In this section, case 6 (a high-albedo on the north-facing wall) and case 7
(with a high-albedo for the south-facing wall) are compared to the reference
case 2 with a uniform albedo (see Fig. 4.2 for a graphic representation). Note
that the average albedo over all surfaces remains equal for these cases.

Varying the albedo of the vertical walls reduces the surface temperature
for case 7 (Fig. 4.8a) at the lower corner between the south-facing wall and
ground by -8K (-12K) for H/W=0.5 (H/W=1.0). The north-facing wall is
heated by +2K compared to the reference case for both H/W ratios. The
heating of the north-facing wall can be explained from the fact that the
surface does not only absorb more solar radiation due to the lower albedo,
but also due to the increased amount of received radiation that is reflected
by the south-facing wall. The impact of a high albedo for the north-facing
wall (case 6) is however smaller, with only a reduction in surface temperature
of -1.5K (-3.0K) for H/W=0.5 (H/W=1.0) at the north-facing wall, while
the surface temperature of the low-albedo south wall is increasing by +7K
(+15K) for H/W=0.5 (H/W=1.0).

Air temperature profiles (Fig. 4.8b) reveal differences of up to +0.7K for
case 7. The results are also summarized in Table 4.3. However, the most
interesting phenomena can only be seen from the spatial air temperature
patterns, as shown in Fig 4.10. For H/W=0.5, the canyon for case 7 is found
to be colder than the reference case, particularly due to the lower surface
temperature at the south-facing wall. For H/W=1.0, case 7 results in a
higher air temperature at the bottom of the canyon, which is due to a change
in vortex dynamics between the different cases. The reference case and case
6 exhibit two counter rotating vortices, where cold air is trapped at the
lower part of the canyon. For case 7, the surface temperature at the south-
facing wall is lower, there is less warm air rising and the forced convection
(due to the free stream air flow) is larger than natural convection (due to
buoyancy forces). This results in one single vortex which spans the whole
canyon. The considered adaptation measures demonstrate different effects
on air temperature for different H/W ratios. This justifies including CFD
modelling, as it illustrates how a change in the albedo can completely alter
the air flow patterns. It is recommended to investigate these phenomena with
more advanced models (for instance the algebraic flux model) further, since
it is known that k-ε turbulence models can have difficulties with complex
buoyant flows.

The mean radiant temperature is shown in Fig. 4.8c, and display a



100
Chapter 4: The effect of using a high-albedo material on the Universal Temperature Climate Index

within a street canyon

decrease for case 6 of -2.5K while it is increased by +1.7K (H/W=0.5) and
+0.2K (H/W=1.0) for case 7.

Despite the changes in surface temperature, air temperature and mean
radiant temperature, the effect of differentiating the albedo of the north-
facing and south-facing wall on the UTCI is small for H/W=0.5 (see Fig.
4.9). Both cases with a different albedo at either side of the buildings reduce
the UTCI by -0.2oC. For H/W=1.0, larger differences are present, where
case 6 reduces the UTCI by -1.1oC, while case 7 with the high-albedo south-
facing wall increases the UTCI by +0.3oC. Both H/W ratios indicate that
a low-albedo south-facing wall reduces the UTCI, despite the increase in air
temperature, again demonstrating the large impact of shortwave radiation.

4.4.2 Vertical albedo gradients

Instead of changing the albedo of the entire wall, two cases are considered
where there is an albedo gradient on the vertical walls (case 8, which uses a
high-albedo at the top, and case 9 which uses a low albedo at the top, see
Fig. 4.2).

Differences in surface temperature due to the varied albedo values are
mainly present at the bottom part of the south-facing wall (Fig. 4.11a), with
maximum changes of +7K for case 8 and -7K for case 9.

Larger differences in air temperature are found (Fig. 4.11b) for the albedo
gradient case compared to the uniform albedo cases, with a decrease in air
temperature of -0.4K (H/W=0.5) for case 8 and an increase of +0.8K for case
9 (H/W=0.5). With a high albedo at the upper part of the canyon, there is
less heating of ambient air at the top of the canyon, which has a lasting impact
on the remainder of the canyon. The recirculating air is heated inside the
canyon, but the canyon as a whole remains colder compared to the reference
case.

For each of the vertical albedo cases, the mean radiant temperature is
surprisingly decreasing as compared to the reference case (Fig. 4.11c). For
case 9, the mean radiant temperature decreases by roughly -8K, while this is
-1K for case 8. For a low albedo at the top part of the canyon, more shortwave
radiation is absorbed at the top of the canyon, and less radiation is reflected
towards the ground surface, and is present for both direct shortwave radiation
and diffuse shortwave radiation. For case 8, the high-albedo top of the canyon
reflects more radiation into the canyon, which is absorbed at the lower parts
of the vertical walls.

If all effects are combined into the UTCI (Fig. 4.12), a decrease is shown
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Fig. 4.8: Effect of using a high-albedo north-facing (case 6) and south-facing
(case 7) wall on surface temperature (a), air temperature at 2m height (b) and
mean radiant temperature at 2m height (c). A graphic representation of the
cases is displayed in Fig. 4.2. Solid lines are used for H/W=0.5, while dashed
lines are used for H/W=1.0. Surface temperature is plotted according to the
inset in the top left panel. Air temperature and mean radiant temperature
are shown as a function of the canyon location.
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Fig. 4.9: Effect of differentiating the albedo of north-facing and south-facing
wall on the UTCI, compared to the reference case with a uniform albedo of
0.4. Solid lines are used for H/W=0.5, dashed lines for H/W=1.0.

for both cases. Case 8 exhibits a decrease of -0.4oC for both H/W ratios,
while case 9 decreases the UTCI by -1.1oC for H/W=0.5 and -2.7oC for
H/W=1.0. The decrease in the UTCI for H/W=1.0 is larger for case 9 than
a uniform albedo of 0.2 and is thereby the most efficient measure to reduce
the outdoor thermal comfort found in the current study.

4.4.3 White roof and striping

Results for the UTCI for cases 10 (white roof) and 11 (striping) are
displayed in Fig. 4.13 and Table 4.3 and display small changes in the UTCI
compared to the reference case. For case 10, there is a reduction in ambient
air temperature as hypothesised in Section 4.2.2 for H/W=1.0, but this is
small (-0.1K). The reduction in ambient air temperature is not present for
H/W=0.5. Remarkably, mean radiant temperature is increasing, which leads
to an increase in the UTCI of +0.2oC for H/W = 0.5.

Case 11 (striping of vertical surfaces) has a large impact on surface
temperature, where local differences of up to 10K are found compared to the
reference case. However, such large temperature differences are not present
when air temperature is considered, with an increase for H/W=0.5 (+0.8K)
but a decrease for H/W=1.0 (-0.6K). Mean radiant temperature reveals
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Fig. 4.10: Overview of air temperature for H/W=0.5 (left panels) and
H/W=1.0 (right panels) for the reference case (uniform albedo of 0.4, top
panels), case 6 (high-albedo north-facing wall, middle panels) and case 7
(high-albedo south-facing wall, bottom panels). The colour scale used is
identical to the color-scale used in Fig. 4.5
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temperature at 2m height (b) and mean radiant temperature at 2m height
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Fig. 4.12: Effect of vertical albedo gradients on the UTCI, compared to the
reference case with a uniform albedo of 0.4. Case 8 uses a high albedo at
the top part of the vertical wall, case 9 a low albedo. Solid lines are used for
H/W=0.5, dashed lines for H/W=1.0.

opposite effects to air temperature, which results in a small impact on the
UTCI for H/W=0.5 (+0.3oC) and a decrease in the UTCI for H/W=1.0 of
(-0.3oC). It is unclear why striping demonstrates differences in the UTCI for
the different H/W ratios.

4.5 Discussion

The present study is an extension of the work by Erell et al. (2014), who
performed simulations with a uniform albedo for different H/W ratios in
different cities. A more advanced model is used compared to Erell et al.
(2014), which couples a CFD model, a Monte-Carlo radiation model and
thermal diffusion through the 1D heat conduction equation, but finds similar
results for the case with a uniform albedo. However, Erell et al. (2014) only
considered a standing person in the middle of the canyon, while the entire
canyon is investigated in the current study. As a second extension, different
albedo adaptation strategies are used, which showed that using an albedo
gradient (from a high-albedo at the top part of the vertical wall to a low-
albedo at the bottom part) can be more beneficial in terms of lowering the
heat stress compared to a uniform low albedo for H/W=1.0.
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Fig. 4.13: Effect of white roof (case 10) and striping (case 11) on the UTCI,
compared to a uniform albedo of 0.4 (case 2). Solid lines are used for
H/W=0.5, dashed lines for H/W=1.0.

The maximum effect that is obtained by using different albedo adaptation
strategies is about -2oC on the UTCI, and is independent of H/W ratio.
Surprisingly, increasing the building height reveals two distinct effects: there
is a larger shaded area with a lower heat stress, but due to the increase in
multiple reflections the sunlit area experiences stronger heat stress, especially
near the sunlit south-facing wall. The UTCI is reduced by up to -12oC in
shaded areas compared to the sunlit areas, almost independent of the case
that is investigated. The shadow-effect is also seen for the different H/W
ratios: for every case investigated, the canyon averaged UTCI at 2m is lower
for H/W=1.0 compared to H/W=0.5, which is also what Erell et al. (2014)
found. Therefore, it might be worthwhile to investigate artificial shading
measures, which provide shading during the day but can be opened during
night (increase ventilation and reduce longwave trapping).

The present study also demonstrated that changing the albedo values
can alter the vortex dynamics inside a street canyon. Although idealized
conditions are used here, buoyancy forces respond to the various measures,
which encourages further investigations with more advanced CFD models.
The effect of changing surface temperature on vortex dynamics has been
found in academic cases before, with heating of individual building surfaces
(Kim and Baik, 2001; Huizhi et al., 2003). Although the changing surface
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temperature leads to relatively small air temperature differences, the possible
change in air flow inside the street canyon can have large consequences on, for
instance, pollutant dispersion, as was shown by Baik et al. (2007). Exhaust
gases of cars can be trapped in the bottom part of the canyon, or more easily
dispersed throughout the canyon, dependent on the flow dynamics.

It must be noted that only the outdoor situation is considered in this
study, and that the indoor environment can reveal opposite effects to the
outdoor environment. Although Cheng et al. (2005) found a reduction in
indoor air temperature when using a high-albedo, Yaghoobian and Kleissl
(2012) found the opposite. The reflected radiation is penetrating through
the windows, and therefore can increase the indoor temperature. The effect
is however very much dependent on the street geometry, albedo and amount
of glazing. This indicates that using one adaptation strategy on all locations
might give different results, dependent on the local geometry.

The cases considered in this study are highly idealized and only consider
a 2D geometry with constant free stream air temperature and wind speed
during the summer time. Therefore, the model used can be considered
of intermediate complexity. The goal is to include the full 3D arbitrary
environment, for which currently steps are undertaken (Tomas et al., 2015;
Kenjeres et al., 2015). In addition to the 3D environment, these studies
use more advanced turbulence modelling (Large Eddy Simulations in Tomas
et al. (2015) and a hybrid RANS-LES model in Kenjeres et al. (2015). Other
seasons can also be investigated. For this reason, URBSIM can be coupled
(for instance) to a large scale weather model. However, this is currently
outside the scope of the current study. In addition to the highly idealized
conditions considered in this study, only the building height is changed to
obtain different H/W ratios. Using a constant H/W ratio indicates that
air flow fields are similar independent of building height or street width.
However, this similarity does not hold for the situation at pedestrian level
(z = 2m), which is impacted by the actual building height. Qualitative results
will not change dramatically, due to the already large building heights used
here.

4.6 Conclusions

This study systematically investigated the effect of different albedo adaptation
strategies on surface temperature, air temperature, mean radiant temperature
and the UTCI for an idealized 2D street canyon. Using high-albedo materials
for all canyon surfaces decreases air temperature but increases the mean
radiant temperature more strongly, leading to an increase in the UTCI (indi-
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cating more heat stress). This contrasting behaviour of air temperature
and mean radiant temperature is observed for all cases. When the UTCI
is considered, a higher albedo increases heat stress, which is consistent with
the findings from Erell et al. (2014).

The lowest heat stress (within the simplified test cases considered) was
found to occur for the case with a vertical gradient of the albedo forH/W=1.0.
The gradient used a high albedo at the bottom part of the vertical wall and
low albedo near roof level. Air temperature increases slightly compared to
a uniform albedo of α=0.4, but reduces the UTCI the most (-2.7oC). For
H/W=0.5, a uniform low albedo of α=0.2 resulted in the largest decrease in
heat stress (-1.9oC) for which the increase in air temperature is compensated
by a large decrease in mean radiant temperature.

The present study indicates that there are adverse effects of using high-
albedo materials, where air temperature and mean radiant temperature often
show opposite responses. It is therefore concluded that simply using high-
albedo materials wherever possible might not lead to the desired result of a
reduction in the thermal heat stress.
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Chapter 5

Comparing a large-scale urban
parametrisation scheme and micro-scale

model

5.1 Introduction

Big cities (with a typical length scale in the order of 10km) comprise of a
wide range of spatial scales that are relevant for the energy balance, which
can span more than 5 orders of magnitude. To compute the bulk effects
in terms of fluxes of heat, moisture, momentum and radiation of the urban
environment on the atmosphere, parametrization schemes are typically used.
These schemes model small scale processes (smaller than the grid size that is
used) and therefore allow for larger grid cells and thus larger domain sizes.
The smallest urban length scale is that of individual buildings (the urban
micro-scale), where there is interaction between the building surfaces and
their direct surroundings (Sini et al., 1996; Kim and Baik, 2001; Bohnenstengel
et al., 2004; Xie et al., 2005; Schrijvers et al., 2015, 2016, 2020a). The micro-
scale can be extended to that of neighbourhoods, which consists of multiple
street canyons. Large cities also affect the surrounding rural climate, for
instance by the urban plume (Masson, 2006) or rain formation in the wake of
cities (Baik et al., 2001). To capture all these different scales, parametrization
schemes are typically used.

Different parametrization schemes exist that represent the urban envi-
ronment, which can be roughly categorized in three groups. The simplest
of these models is the bulk-model, where parameters for a flat terrain are
adapted to better represent the urban environment (Liu et al., 2006). The
changes can include 1) increasing the roughness length compared to a flat
terrain to account for changes in the generated turbulence by obstacles, 2)
decreasing the effective surface albedo to account for increased absorption of
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shortwave radiation due to multiple reflections, 3) adapting the volumetric
heat capacity and thermal conductivity of the ground, such that the conduc-
tive heat flux into the urban material is better represented and 4) reducing the
green fraction over urban areas to account for the reduced evaporation. These
models are often designed to incorporate the effects of the urban environment
on the large scale, but are in general unable to give detailed results for the
urban micro-scale.

More complex models use the urban geometry to parametrise individual
processes, as is done in the Single-Layer Urban Canopy Model or SLUCM
(Kusaka et al., 2001). In this model, the urban geometry is represented by a
two-dimensional, symmetrical street canyon with infinite length (see Fig 5.1).
From the elementary 2D geometry, radiative transfer, the conductive heat
flux (only depicted from the ground to the canyon space in Fig. 5.1) and the
transport of convective heat are computed for a 3D environment. Distinction
is made between the roof, wall (both vertical walls have the same properties)
and ground surface. The model uses a so-called resistance network, which
computes transfer from the obstacle surface to the canyon space (defined
at height zT + d), and from the canyon space to the atmosphere above the
urban canyon. The implicit assumption made in the SLUCM scheme, is
that the entire urban geometry within a single grid box behaves as such a
street canyon, where variations in building heights, street widths and canyon
orientation are neglected.

Instead of using one layer to represent the urban environment, there are
also models that use multiple levels (Multi-Layer Urban Canopy Models or
Building Effect Parametrization (BEP) models (Martilli et al., 2002)), which
better capture the transport of heat, moisture and momentum through the
urban canopy compared to single layer models. To take full advantage of the
multi-layer models, a high vertical resolution is required, such that multiple
grid layers are in the urban canopy, thereby putting a strain on the resolution.

With the tendency to run large-scale weather models at increasingly
higher resolutions, it becomes more compelling to use an urban parametrisa-
tion scheme to investigate urban heat island effects inside a city or even
within a single urban canyon. However, large scale parametrisation schemes
are not explicitly designed to represent a single canyon, but are typically used
to compute the overall impact of multiple canyons on the atmosphere above.
To investigate the ability of such a large scale parametrisation scheme to
represent one single urban canyon, this study compares the SLUCM parametri-
sation scheme (Kusaka et al., 2001) to URBSIM (the micro-scale model that
is developed in this thesis (Schrijvers et al., 2015, 2016, 2020a)).
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Fig. 5.1: Overview of the Single Layer Urban Canopy Model (SLUCM) by
Kusaka et al. (2001). TA is the air temperature at reference height za, TR the
building roof temperature, TW the building wall temperature, TG the road
temperature and Ts the temperature defined at zT + d. SHF is the sensible
heat flux at the reference height, SHFA the sensible heat flux from the canyon
to the atmosphere, similarly SHFW that from wall to canyon space, SHFG
from road to canyon space and SHFR from roof to the atmosphere.
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The goal is to gain insight in the level of complexity taken into considera-
tion in the SLUCM parametrisation and to identify possible areas of improve-
ment. This initial investigation also serves as a basis for more advanced
coupling studies between large-scale models and the developed micro-scale
model.

The SLUCM parametrisation is used as a reference model, since it is
one of the standard urban canopy models that is available in the Weather
and Research Forecast model (WRF), and is a widely used meso-scale model
(Skamarock et al., 2005). Furthermore, the SLUCM parametrisation is also
used within the Climate Proof Cities program (Ronda et al., 2012), which
enables a future coupling between the two models.

Section 5.2 discusses results for absorbed radiation inside the canyon
(both shortwave and longwave radiation) for a range of H/W ratios and the
two different models. Canyon wind speeds are computed in the parametrisa-
tion scheme and micro-scale model, and results are presented in Section 5.3
for different free stream wind speeds and H/W ratios, while the sensible heat
flux is discussed in Section 5.4 with the same cases as discussed in Section 5.3.
The conductive heat flux is computed with the same method in both models
and is therefore not compared here. This chapter ends with concluding
remarks, recommendations for improving the SLUCM parametrisation scheme
and an outlook to future work. Since the URBSIM micro-scale model is
discussed already in Chapters 2, 3 and 4, mainly the SLUCM parametrisation
will be discussed, and the framework that is used to compare both models.

5.2 Radiative transfer

5.2.1 Longwave radiation

Within the SLUCM radiation computation, distinction is made between
three different obstacles surfaces inside the urban canyon (ground, wall and
roof) and between longwave radiation emitted by the sky and obstacle sur-
faces. One reflection is taken into account, i.e. multiple reflections are
neglected. The absorbed longwave radiation is:
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where Ldown is the downward atmospheric longwave radiation, F the bulk
view factor for the entire surface, ε the emissivity and T the temperature.
The used notation indicates the ground surface, sky, and wall by subscripts
g, s and w, respectively. Ltrap

ground is the absorbed radiation at the ground
surface due to longwave trapping (radiation emitted from the wall or ground
which is reflected back to the ground).

In the paper by Kusaka et al. (2001), it is stated that the view factors
are computed following Sakakibara (1996),

F b
ws =

∫ H

z=0

[
1

2
×
(

1− z√
z2 +W 2

)]
dz (5.5)
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)]
dzdw (5.6)

F b
ww = 1− F b

ws − F b
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F b
gs = 1− F b

wg (5.8)

where W the width of the canyon, H the canyon height and subscripts w, s
and g are used for respectively the wall, sky and ground. The view factor
equations are integrated numerically by using z=0 to H and w=0 to W ,
which results in one bulk view factor for each surface. The computed view
factor is then used in the computation of the absorbed longwave radiation
for the entire surface (equations 5.1 to 5.4), following Kusaka et al. (2001).
The view factor Fws is read as the view factor from wall to sky, and is equal
to the view factor from sky to wall. The view factor varies between 0 and 1.

However, these are not the equations that are actually implemented in
the numerical scheme that is used within WRF (WRF version 3.8.1, released
August 11, 2016). Within the WRF implementation, the view factors are
computed by:
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Where Eq. 5.5 and Eq. 5.9 are identical. Integrating equation 5.9, gives

F b
ws =

√
(H/W )2 + 1−H/W (5.13)

which is identical to the formulation as used in the Town Energy Balance
(TEB) model by Masson (2000), where the view factor is named Ψr. Further-
more, Equation 5.11 (the computation of F b

gs) is identical to equation 5.6,
and to the equation of the view factor from the TEB model. Even though
the SLUCM and TEB model use quite different formulations and different
literature references, the end result gives identical sky view factor computa-
tions.

Using equations 5.1 to 5.4, the longwave radiation is computed and com-
pared to the Monte-Carlo calculation results. Results for the absorbed long-
wave radiation that is emitted from the sky as a function of the H/W ratio
is presented in Fig. 5.2 . A uniform emissivity of ε=0.95 is used for all
surfaces and Ldown=300Wm−2. The amount of absorbed radiation at the
roof is independent of the H/W ratio and is only a function of the emissivity.
Results show excellent agreement between the absorbed radiation from the
parametrisation scheme and Monte-Carlo model. The Monte-Carlo model
provides information on both vertical walls. However, since a symmetric
street canyon is investigated, results for both walls are identical.

The radiation absorbed from the longwave trapping effect (radiation emit-
ted at one surface and absorbed at an other) is displayed in Fig. 5.3,
where a uniform surface temperature is used of 300K. The used emissivity
of ε=0.95 for all canyon surfaces results in an emitted longwave radiation of
436.3Wm−2. The radiation absorbed due to the longwave trapping effect is
0 at roof level and therefore not displayed here.

The longwave trapping effect shows excellent agreement between the two
models, with differences of less than 10 Wm−2 for all H/W ratios.
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Fig. 5.2: Absorbed longwave radiation from the sky averaged for the three
complete canyon surfaces for the Monte-Carlo model (crosses) and Kusaka
radiation parametrisation (lines)
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Fig. 5.3: Absorbed radiation due to the longwave trapping effect for the
SLUCM radiation parametrisation (lines) and Monte-Carlo model (crosses).
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5.2.2 Shortwave radiation

For the computation of direct shortwave radiation, a shadow length is
introduced in the SLUCM scheme, which is computed based on the location
of the sun. The shadow length indicates how much of the canyon does not
receive direct shortwave radiation, and is computed by

lshadow =

{
h tan θz sin θn lshadow < w

w lshadow > w
(5.14)

where h is the normalized building height (such that h + w=1), θz is the
solar zenith angle and θn the angle between the solar azimuth angle and the
canyon orientation, which is set to π in this study, such that sin θn=1.

In the SLUCM model, a distinction is made between the direct and diffuse
component as

Sdir
ground = SD

w − lshadow

w
(1− αg) + SD

lshadow

2h
αwFwg(1− αg) (5.15)

Sdif
ground = SQFgs(1− αg) + SQFwsαwFws(1− αg) (5.16)

Sdir
wall = SD

lshadow

2h
(1− αw) + SD

w − lshadow

w
αgFws(1− αw)

+ SD
lshadow

2h
αwFww(1− αw) (5.17)

Sdif
wall = SQFws(1− αw) + SQFws(1− αw)

+ SQFwsαwFww(1− αw) (5.18)

where Sdif is used for the absorbed diffuse component, SQ the incoming
diffuse shortwave radiation, Sdir the absorbed direct shortwave component,
SD the incoming direct shortwave radiation and α the albedo. One reflection
of shortwave radiation is taken into account, which means that the label Sdir

is the direct shortwave radiation and one reflection (even though the reflection
is technically diffuse radiation). The naming convention and subscripts are
identical to the longwave radiation, discussed in Section 5.2.1.

Results for the absorbed diffuse shortwave radiation on the individual
building facades are shown in Fig. 5.4, where a uniform albedo is used of
α=0.4 and SQ=100Wm−2. There is a reasonable agreement between the
SLUCM scheme and Monte-Carlo model, where the absorbed radiation at
the ground is better represented than the vertical walls. The amount of
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Fig. 5.4: Absorbed diffuse shortwave radiation for the Monte-Carlo model
(crosses) and Kusaka radiation parametrisation (lines) for the three canyon
surfaces.

absorbed radiation on the vertical wall is larger in the SLUCM scheme for
all H/W ratios, with a maximum difference of 20Wm−2 for H/W=0.5.

For the comparison of direct shortwave radiation (see Fig. 5.5), a radiative
input of SD = 800Wm−2 is used and a solar zenith angle of 33 degrees.
The first thing that strikes the attention is the large difference due to the
shading effect on one of the two vertical walls, while there is no distinction
between the two vertical surfaces within the SLUCM scheme. When the
absorbed radiation at the two vertical walls is averaged from the Monte-
Carlo model (x), results show higher values for the Monte-Carlo model for
H/W <2.0, with differences of up to 50Wm−2. For larger H/W ratios
(where the ground is completely shaded), the two models show nearly perfect
agreement. The absorbed direct radiation at the ground is decreasing very
rapidly for increasing H/W up to a value of 1.75, which is due to the
increasing shadow length. For H/W >1.75, the entire ground surface is
shaded, and the SLUCM scheme computes values of absorbed radiation very
close to zero. Absorbed radiation from the Monte-Carlo model is slightly
higher, which is due to multiple reflections. In the SLUCM scheme, a single
reflection is taken into account, and SD ×α×α=128Wm−2 is reflected from
the surfaces. Since the direct shortwave radiation is the largest source of
energy to the system, it can be considered to include 2 reflections in the
SLUCM scheme, such that the energy discarded in that case reduces to
50Wm−2. Off course, taking into account more reflections will increase the
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Fig. 5.5: Absorbed direct shortwave radiation for the Monte-Carlo model
(o indicates sunlit wall, + shadowed wall and x the value for the complete
surface) and Kusaka radiation parametrisation scheme (lines) for the three
canyon surfaces.

accuracy.

5.2.3 Total absorbed shortwave and longwave radiation

The total absorbed shortwave and longwave radiation as computed in
the Monte-Carlo model and from equations 5.1 - 5.4 and eqs 5.14 - 5.18 are
compared for the ground, vertical walls (the average of both walls is taken in
the Monte-Carlo model) and the roof (see fig. 5.6). The largest component
at ground level is the direct shortwave radiation, from which also the sharp
distinction between sunlit (H/W ≤ 1.75) and shaded area is originating from.
The total absorbed radiation matches well between both models. For the
vertical walls, longwave trapping and direct shortwave radiation provide equal
contributions to the total absorbed radiation. There are small differences
present, but in general there is excellent agreement between the two models.

The good agreement could have been expected beforehand. The radiation
parametrisation computes the different view factors, and uses these to com-
pute the absorbed radiation at a surface. One assumption is made, which
is the number of reflections that are taken into account (one reflection in
the SLUCM parametrisation). Within the Monte-Carlo model, the view
factor is computed by brute force, and there is no limit in the number
of reflections that are taken into account. When reflections play no role
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Fig. 5.6: Total absorbed radiation for the Monte-Carlo model and the Kusaka
radiation parametrisation scheme (lines) for the three canyon surfaces.

(perfect absorption at the surface, ε=1, α=0), the results of SLUCM and
Monte-Carlo simulations are identical. The models deviate when reflections
become important due to the one reflection assumption in the SLUCM.
This is the reason that the shortwave radiation components show larger
discrepancies compared to the longwave radiation components. When the
geometry becomes more complex (for instance by placing a balcony at one
vertical surface), the number of view factors that have to be computed
increases rapidly, while it is very straightforward to take multiple surfaces into
account within the Monte-Carlo model. Therefore, the Monte-Carlo method
can be seen as a more suitable approach for complex geometries, for which
the number of view factor calculations are large and not straightforward.

5.3 Canyon wind speed

The wind speed at half the building height (Us) is computed in the SLUCM
parametrisation scheme, based on the wind profile equation proposed by
Swaid (1993)

Us = Ur exp

(
−0.386

H

W

)
(5.19)

where Ur is the wind speed at roof level. Note that within the large-scale
model, Ur is a function of the free stream wind speed above the urban canyon
and Monin-Obukhov similarity functions. This is not taken into account
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here, but instead wind speed at roof level is directly specified in the SLUCM
scheme.

To compare the wind speed parametrization at the mid-level of the canyon
according to Eq. 5.19 to the micro-scale CFD model, a range of wind speeds
at roof level are used. Within the micro-scale model, Ur can’t be directly
specified. Instead, we found that if we set the free stream wind speed at
the inlet to 2Ur, we obtain approximately the desired Ur. Fixed surface
temperatures (Tg = 300K, Tw = 295K) and an inlet air temperature of Ta =
293K are used. Buoyancy forces are neglected in this study, i.e. temperature
is a passive scalar. Buoyancy forces are also neglected in Eq. 5.19, in which
non-thermal flow was assumed. As a result, a relatively simple framework is
obtained to test the wind speed and (in the next section) the sensible heat
flux parametrisation used in the SLUCM scheme.

Fig 5.7 displays the velocity profile (with Us =
√
U2
x + U2

‘ the velocity

magnitude) in the middle of the street canyon for H/W=1.0 as obtained
from the micro-scale model, where the black line indicates the wind speed.
The minimum wind speed is close to H/2, which is the centre of the vortex.
Below H/2 there is counter flow due to the recirculating vortex. To obtain a
realistic velocity scale at H/2, the local wind speed profile is averaged over
the canyon height (blue crosses), which is believed to be a more representative
value of the canyon wind speed compared to the actual wind speed at H/2.

The first investigation concerns the SLUCM parametrisation of the wind
speed inside the canyon. Therefore, the wind speed at roof level is varied
for the case with H/W=0.5. Results are presented in the left panel of Fig.
5.8, which shows wind speed at roof level (black) and the canyon wind speed
(blue) for both the SLUCM scheme (lines) and micro-scale model (crosses).
The wind speed at roof level is difficult to control in the micro-scale model,
since only the wind speed at the inlet is prescribed. Therefore, the values of
Ur used in the parametrisation scheme are matched to the resulting Ur from
the micro-scale model. As a result, Ur reveals a perfect agreement between
the two models. In the SLUCM scheme, canyon wind speed is reduced by 18%
compared to wind speed at roof level. The reduction is not a function of free
stream wind speed, and is much smaller compared to the micro-scale model
which reveals a reduction of 64%. The difference is most likely explained by
the use of a 2D street canyon to obtain results for the 3D environment within
the SLUCM scheme. For a 3D environment, air flow is able to penetrate the
canyon from the sides, thereby allowing for larger wind speeds inside the
canyon. This is inhibited by the 2D geometry, which results in wind speeds
that are much lower.
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Fig. 5.7: Velocity profile in the center of a street canyon with H/W=0.5 and
Ur=2.0 ms−1. The black line indicates the wind speed profile computed from
CFD, the blue crosses are used as the representative velocity scale, and is the
height-averaged value of the CFD velocity profile.

As a next test case, the H/W ratio is varied, while using a constant inlet
wind speed of 4.0 ms−1 in order to achieve Ur=2.0 ms−1. Results are shown
in the right panel of Fig. 5.8, which demonstrates that the micro-scale model
does not exactly match the desired velocity at roof level. Therefore, Ur in
the SLUCM scheme is set to 1.8 ms−1. The wind speed from the SLUCM
scheme is exponentially decreasing with increasing H/W ratio, where the
canyon wind speed at H/W=2.0 is 50% of the wind speed at roof level.
The micro-scale model shows lower wind speeds inside the canyon, where
the decrease is nearly linear with increasing H/W ratio. Again, this can be
largely contributed to 3D effects, which are not taken into account in the
geometry for the micro-scale model.

5.4 Sensible heat flux

The sensible heat flux is computed in the SLUCM scheme by a heat transfer
coefficient and the temperature difference between the obstacle surface and
replaced canyon surface temperature Ts (Ts is further discussed in Section
5.4.1)
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lines shows results from the SLUCM parametrisation, crosses are used for
results from the micro-scale model.
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Hw = Cw(Tw − Ts) (5.20)

Hg = Cg(Tg − Ts) (5.21)

where the heat transfer coefficient C is computed by

Cg = Cw =

{
7.50U0.78

s (Us > 5ms−1)

6.15 + 4.18Us (Us ≤ 5ms−1)
(5.22)

with Us the wind speed at half the building height as computed from Eq.
5.19. Note that there is no difference in the heat transfer coefficient between
the different surfaces. Furthermore, the equations for the sensible heat flux
are missing a factor ρcp, which is most likely incorporated in the pre-factor
values used in the computation of the heat transfer coefficient. In addition,
for wind speeds >5 ms−1, the equation for the heat transfer coefficient is
dimensionally incorrect, indicating that the factor 7.50 does not only include
the factor ρcp but also other factors.

In the current test case, a fixed surface temperature is used and there is no
feedback from radiation, conductive heat flux or from the sensible heat flux on
the surface temperature. Although the effects of these processes are present
in the full SLUCM parametrisation scheme, this simplified test case provides
insight in the difficulties involved within the SLUCM parametrisation as-
sumptions. It can be that possible errors in the computation of the sensible
heat flux are compensated through feedback effects, but these are not taken
into account here.

Only equations 5.19 to 5.21 are used to compute the sensible heat flux
in the simplified test case that is used in this study. For full clarity, the
paragraph below present the full computation of the sensible heat flux in
the SLUCM scheme, which includes radiation and energy transfer from the
overlying atmosphere to the canyon. However, for the current comparison, it
is believed that the simplified test case provides more insight in the SLUCM
scheme.

5.4.1 Full computation of the sensible heat flux within the SLUCM scheme

The replaced canyon surface temperature Ts that is used in Eq. 5.20 and
5.21 is computed from the canyon surface energy balance and the sensible
heat flux between the urban canyon and overlaying air

Rn,i = Hi + Lei +Gi (5.23)
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where Rn is the net absorbed radiation that is computed from the equations
presented in section 5.2, H the sensible heat flux, Le the latent heat flux, G
the conductive heat flux and i denotes the different surfaces. The sensible
heat flux of individual surfaces can heat or cool the canyon, which can create
a sensible heat flux from the canyon to the overlaying atmosphere. The
sensible heat flux between the canyon and atmosphere above is computed as

wHa = 2hHw + wHg (5.24)

in which Ha is the sensible heat flux from the canyon to the atmosphere, Hw

the sensible heat flux from the vertical wall and Hg the sensible heat flux from
the ground. The total sensible heat flux to the atmosphere is area weighted
with the height of the vertical walls (h) and the length of the ground surface
(w).

The sensible heat exchange between the canyon and overlaying atmosphere
is computed as

Ha = ρcp
ku∗
Ψh

(Ts − Ta) (5.25)

where u∗ is the friction velocity, k the Von Karman constant (with a value
of 0.41), ρ and cp the density and heat capacity of air respectively and Ψh

the integrated universal function. This universal function uses the Obukhov
stability length, which is computed as

L =
ρcpTmu

3
∗

kgHa
(5.26)

where Tm is the mean temperature and g the gravitational acceleration.

In this balance, Ha is a function of Ψh which is again a function ofHa. The
equations are solved iteratively within the SLUCM parametrisation, thereby
computing a replaced canyon temperature Ts. This parameter can be seen
as an effective surface temperature of the canyon, but has no real physical
interpretation.

5.4.2 Results

To simplify the sensible heat flux computation for the current investigation,
it is assumed that the replaced canyon surface temperature (Ts in Eq. 5.20
and 5.21) in the SLUCM scheme is identical to the free stream air temperature
in the URBSIM model (293.15K). Since the replaced canyon surface tempera-
ture can be seen as an effective surface temperature of the canyon, it is
expected that Ts has a value between the air temperature (lowest temperature
in the canyon) and the surface temperature (highest temperature inside



5.4 Sensible heat flux 125

Wind speed at roof level [ms
-1

]

0 2 4 6

H
 [
W

m
-2

]

0

50

100

150

200

250

300

350

400

450

500
H (H/W=0.5)

wall

ground

H/W ratio

0 0.5 1 1.5 2

H
 [
W

m
-2

]
0

50

100

150

200

250

300

H (U
r
 = 2.0 ms

-1
)

Fig. 5.9: Sensible heat flux at ground and wall as a function of roof level
wind speed. Lines are used for the SLUCM results (with colors according to
the legend in the top left panel). Micro-scale model results are depicted with
symbols, where the distinction is made between the windward wall (black,
o), leeward wall (black, +) and the average value of these two walls (black,
x for the vertical wall, blue, x for the ground surface).

the canyon). To provide a conservative agreement, the air temperature is
assumed for Ts. As a second simplification, the surface temperatures in
the URBSIM model have a fixed value, which is identical to the surface
temperatures that are used in the SLUCM parametrisation scheme.

The resulting sensible heat flux, as a function of wind speed at roof level,
is displayed in the left panel of Fig. 5.9, and shows the sensible heat flux for
the ground surface (which has a surface temperature of 300K) and vertical
walls (with a surface temperature of 295K). Similar to the radiative transfer
comparison, the micro-scale model results are split between the two vertical
walls (o for the windward wall, + for the leeward wall), while there is no
distinction between the two vertical surfaces in the SLUCM parametrisation.

The sensible heat flux as computed from the SLUCM scheme and micro-
scale model differ by as much as 250% for the ground surface and 350% for
the vertical walls, where the micro-scale model results in a heat flux that is
much larger. Both models do show a linear increase in the sensible heat flux
with increasing wind speed.
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To obtain the same values of the heat flux in the SLUCM scheme as
obtained by the micro-scale model for the ground surface and Ur=6.0 ms−1,
there are three options.

� The temperature difference (Tg − Ts) should increase to 19K

� The wind speed inside the canyon should increase to 16.9 ms−1

� A combination of the above points

The temperature difference can only increase by lowering the replaced
canyon surface temperature Ts (since the surface value of Tg is fixed in this
case) below the air temperature and below the surface temperature of the
canyon surfaces. The increase in wind speed inside the canyon, is far above
the windspeed at roof level and therefore also not realistic. It may be that
our simplified test case with fixed surface temperatures is too simplistic for
the SLUCM scheme, which requires further investigation.

The same remark that was made when investigating the direct shortwave
radiation also holds here: there is a large distinction between the two vertical
walls. Relatively cold free stream air is forced over the windward wall,
resulting in a larger sensible heat flux at that surface. Air is heated inside
the canyon, thereby reducing the temperature difference between air and the
leeward wall, resulting in a smaller sensible heat flux over the leeward wall.
This distinction between the two vertical walls is not taken into account in
the SLUCM parametrisation scheme.

When the H/W ratio is varied (right panel of Fig. 5.9), the sensible heat
flux decreases for increasing H/W ratio, where the micro-scale model displays
a much faster decrease in the sensible heat flux than the SLUCM scheme.
For H/W >2.0, it was found that 3D effects become important (Schrijvers
et al., 2015) and are therefore not considered here.

Fig. 5.10 shows the heat transfer coefficient as a function of wind speed.
The heat transfer coefficient in the SLUCM parametrisation scheme is com-
puted as in Eq. 5.22, and is divided by the term ρcp (which is missing in
Eq. 5.22). The heat transfer coefficient in the micro-scale model is computed
by taking the vertically averaged air temperature in the centre of the street
canyon (similar to the computation of the canyon wind speed), and compute
the heat transfer coefficient following

Ci =
Hi

ρcp(Ts,i − Ta)
(5.27)

where i indicates the ground or wall surface.
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Fig. 5.10: Heat transfer coefficient at ground and wall as a function of roof
level wind speed. Lines are used for the parametrisation scheme, while
symbols are used for the windward wall (o), leeward wall (+) and the ground
(x).

Note that the parametrisation scheme makes no distinction between the
ground and walls, and therefore only displays one heat transfer coefficient
in Fig. 5.10. It can be seen from the micro-scale model that the lack
of distinction between the two walls and ground surface is far from valid,
where differences between the windward wall (o), leeward wall (+) and
ground surface (x) are significant. All surfaces do show a linear relation
between the heat transfer coefficient and wind speed, where the gradient of
the parametrisation scheme closely follows that of the leeward wall.

As a reference, the heat transfer coefficient for a flat terrain is computed
by 1

ra
, where ra is the aerodynamic resistance. The aerodynamic resistance

has a typical value of ra=50ms−1 (depends on the roughness length and the
monin-obukhov length) (van Heerwaarden et al., 2009), which gives a value
for the heat transfer coefficient of C=0.02 and is in the same range as obtained
here for H/W=0.5.

As was the case for the wind speed, it must be kept in mind that the
SLUCM parametrisation scheme is developed for larger 3D environments,
consisting of (at least) 500×500 meter (which is the typical grid resolution of
WRF). Therefore, using a single 2D canyon with a fixed surface temperature
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to evaluate the accuracy for the sensible heat flux might be misleading.
Furthermore, compensating effects are not taken into account (such as a
decreasing surface temperature as a result of a positive sensible heat flux),
thereby magnifying the differences between the parametrisation scheme and
micro-scale model further.

5.5 Concluding remarks and future work

First results are presented comparing the Single Layer Urban Canopy Model
parametrisation scheme proposed by Kusaka et al. (2001) and the developed
micro-scale model in this thesis. In general, radiation is well resolved by the
parametrisation scheme. Although differences in absolute values are present
(up to 50 Wm−2 for the absorbed direct shortwave radiation), trends in
absorbed shortwave and longwave radiation as a function of H/W ratio are
well captured.

Results for canyon wind speed and sensible heat flux deviated more in
both models, which is most likely due to the 2D geometry that is tested.
Although this 2D geometry is used in the SLUCM scheme, it represents a
large 3D environment and the coefficients used in the SLUCM scheme are
most likely altered to obtain realistic results for that 3D environment. The
used micro-scale model uses the actual 2D geometry. In addition, a fixed
surface temperature is used in the presented test case in URBSIM and the
SLUCM computation, which does not allow for compensating mechanisms.
Despite these simplifications, general trends of the wind speed and sensible
heat flux are well captured between both models, although absolute numbers
can differ by a large extent.

Some possible areas of improvement were found for the SLUCM scheme.
The distinction between the two vertical walls might be worth while to
include. Differences between the two walls are present in the absorbed direct
shortwave radiation and in the sensible heat flux. By differentiating these two
walls, more detailed results can be obtained, especially for lower H/W ratios
where large effects of radiation were found. The distinction between the two
walls has been explored by Marciotto et al. (2010), who found differences in
absorbed shortwave radiation of 40 Wm2 averaged over all canyon directions
between the Town Energy Balance model (Masson, 2000) (which does not
take make the distinction) and the modified Urban Canopy Model, where
the Urban Canopy Model shows higher values (closer to the Monte-Carlo
model). The formulation of the heat transfer coefficient is equal for both
vertical walls in the modified model by Marciotto et al. (2010), but due to
the different surface temperatures that are allowed between the two vertical
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walls, different sensible heat fluxes are possible. As a further extension, the
heat transfer coefficient could be differentiated between the two vertical walls
and the ground surface.

The 3D environment is taken into account in the SLUCM parametrisation
by only 2 parameters: building height (H) and street width (W ). A third
parameter is essential: building length (or more generic: plan area density,
which is the percentage of build area in a grid box). The third parameter
allows a more detailed description for the amount of ’blocking’ in the urban
environment, that can especially help computation of wind speeds and the
sensible heat flux.

This preliminary study creates a first step towards more detailed coupling
studies. Two next steps can be foreseen: test the coupled 2D SLUCM
representation of the urban canyon and perform comparison between both
models for a large 3D environment, similar to the study conducted here. One
could also investigate direct coupling of both models. The coupling-approach
of different models is explored by many people. A nice overview is given by
Chen et al. (2011), where the integrated WRF/urban modelling system is
discussed. The coupling often serves a two-fold goal 1) use of forecasts for
initial and boundary conditions to improve micro-scale simulations through
downscaling and 2) feedback, through up scaling, of explicitly resolved turbu-
lence and wind fields from the micro-scale in order to improve forecasting in
complex urban environments.
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Chapter 6

Concluding remarks and future work

6.1 Concluding remarks

The goal of this thesis is to gain insight in the local urban climate and to
identify processes that govern the surface heat budget. For this purpose,
a building resolving model (URBSIM) has been developed that combines
computation of radiative transfer, heat conduction and ventilation effects.
Details of this model, including validation, are discussed in Chapter 2. The
model is expanded by computing mean radiant temperature inside the urban
canyon (Chapter 3). Computation of the Universal Temperature Climate
Index (UTCI) is added in Chapter 4, which is an apparent temperature that
relates local air temperature, mean radiant temperature and wind speed to
the amount of heat stress of a standing human body inside a street canyon.

URBSIM is an advanced numerical model that includes most processes
that are relevant to the urban environment. Despite the fact that the model
is limited to 2D cases, the studies presented in this thesis have aided the
understanding of the elementary processes that control urban air temperature,
and the large amount of feedback processes and interactions between the
different mechanisms in the surface energy balance.

Chapter 2
The study reported in Chapter 2 investigated the nighttime urban heat
budget. It was shown that this budget is controlled by longwave radiation.
For H/W=0.5, the longwave trapping effect (radiation emitted at one surface
and absorbed at another) and the absorbed longwave radiation from the sky
are of the same order of magnitude. With increasing H/W ratio, longwave
trapping becomes the main source of energy to the urban energy budget.
The contribution of conduction is fairly constant as a function of H/W
ratio, and ranges from 15% of the absorbed radiation (H/W=0.0) to 10%
(H/W=2.0). As a reference, for a flat terrain De Bruin and Holtslag (1982)
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showed that the contribution of the conductive heat flux to the surface energy
balance was about an order of magnitude smaller than that of the absorbed
longwave radiation. The sensible heat flux results in a nearly uniform surface
temperature over the canyon, but the magnitude of the sensible heat flux is
small compared to the radiative contributions.

Chapter 3
If the daytime heat budget is considered, it was confirmed that the energy
budget is controlled by solar radiation, where absorbed shortwave radiation
is the main source of energy at the surface, followed by trapped longwave
radiation. The radiative components are, however, decreasing with increasing
building height, while the conductive heat flux is increasing.

The second objective of this study, was to investigate the relation between
surface temperature, air temperature and mean radiant temperature. The
link between surface temperature and mean radiant temperature can be made
(at least from a quantitative point of view) relatively easy, since both are
largely dependent on radiative fluxes. The link between surface temperature
and air temperature is much harder to make. Air temperature inside the
canyon is determined by a complex interplay between forced convection (which
is a function of free stream wind speed) and natural convection (buoyancy
forces).

Thirdly, the goal was to create insight in the processes that need to
be taken into account in other simplified models. The used model takes
all processes into account in high detail, where the influence of the user
on the results has been minimised as much as possible. The down-side
of this approach is that calculations are costly and time-consuming, and
the same approach can’t be extended to 3D environments due to the large
computational requirements of the CFD model and the Monte-Carlo model,
in which the number of emitted photons would increase drastically. For these
simple building shapes, the Monte-Carlo model may be replaced by a much
faster view-factor model.

Chapter 4
The effect of different albedo adaptation measures is studied in Chapter
4. Using a high albedo (white surface) is often advocated as a means of
mitigating the urban heat island. This study showed that simply using a
high albedo where possible might not lead to the desired results. Although air
temperature is decreasing with increasing albedo, mean radiant temperature
increases at a higher rate and therefore the apparent temperature (UTCI)
increases. Different albedo adaptation measures were studied, where an
albedo gradient on the vertical wall (high albedo at the bottom and low
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albedo at the top) showed only a small increase in air temperature but the
largest decrease in UTCI for an idealized 2D geometry. This adaptation
measure outperforms a uniform low albedo when the UTCI is considered
for H/W=1.0. However, the effect of changing the albedo on the UTCI
remains small (up to 2oC) compared to shading effects (up to 12oC). It might
therefore be more interesting to investigate artificial shading effects to reduce
the pedestrian heat stress during the day.

Chapter 5
Comparisons between the large-scale urban parametrisation proposed by
Kusaka et al. (2001), which is often used in the weather model WRF, and
URBSIM showed that radiation is closely matched between the different
models. The good agreement indicates that the actual 2D geometry is used
in the computation of radiation within SLUCM, without 3D adaptations.
The results for canyon wind speed and sensible heat flux deviated more in
both models, which is most likely due to the 2D geometry that is applied
in URBSIM. Although a 2D geometry is used in the parametrisation scheme
(Kusaka et al., 2001), it represents a large 3D environment and the parametri-
sation scheme is tuned to obtain realistic results for such a 3D environment
inside a single grid cell. The micro-scale model used the actual 2D geometry
that is used in the parametrisation scheme. For the shortwave and longwave
radiative components, the micro-scale model and parametrisation scheme
agree well. For computation of the wind speed and the sensible heat flux,
general trends are well captured although absolute values can differ by a large
extent between both models. Future work could be the comparison of the
fully coupled system, instead of the individual components in an idealized
framework. A second step could be the direct coupling of the two models, in
which URBSIM uses the large scale values from WRF as input, and provides
detailed information on the urban geometry as output. This would remove
the need of urban parametrisation schemes in WRF.

6.2 Future work

6.2.1 Numerical research

With URBSIM, many new research areas could be explored, either in 2D
or 3D. Some possible studies are mentioned here.

When focussing on adaptation measures to counter the urban heat island,
vegetation is often advocated. Steeneveld et al. (2011) showed that a large
scale increase in vegetation of 10% inside the city can reduce the urban heat
island effect by 0.6oC. However, the impact of vegetation on the urban micro-
climate is less often studied, where trees and bushes both affect air flow and
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radiation. In addition to trees and bushes, the effect of green façades on the
temperature in the city can be studied, which mainly influence the conductive
heat flux and hence the indoor temperature.

The results in this thesis show that air temperature and pedestrian thermal
comfort are only weakly related to one another. There is also the distinction
between day & night and the indoor & outdoor environment. To study
the influence of the outdoor environment on the indoor environment, it is
recommended to implement a building energy model to the current model
to 1) get accurate predictions for indoor temperatures and 2) to get a better
representation of the conductive heat flux and heat storage in walls.

Using large H/W ratios in future city planning might be beneficial for
reducing heat stress, but it can also trap exhaust gasses and deteriorate
air quality. Therefore, the urban climate is a balance between heat stress
and air quality. Recently, studies are performed which includes heating and
pollutant dispersion for idealized 2D street canyons (Kang et al., 2008; Tong
and Leung, 2012). These studies can be extended by considering reactive
pollutants, where mainly the balance between NO-NO2-O3 is of interest,
which is a photochemical process (Baker et al., 2004; Grawe et al., 2007;
Kang et al., 2008; Kwak and Baik, 2012; Kwak et al., 2013). URBSIM can
be used to couple the photovoltaic reactions to CFD including temperature
effects. Currently, work is undergoing in this topic (Muilwijk et al., 2015,
2016)

6.2.2 Experimental research and observations

The importance of experimental research should not be underestimated.
Despite the fact that this is recognized, detailed observational cases remain
scarce for validating modelling results at urban micro-scales.

For air flow and pollutant concentrations, in-situ measurements (DePaul
and Sheih, 1986; Biltoft, 2002) or wind tunnel measurements (Pavageau and
Schatzmann, 1999; Hilderman and Chong, 2004) are available. A wide range
of building geometries, inlet conditions and pollutant dispersion sources are
used. Especially the MUST case from the Coanda Research and Development
Corporation (Hilderman and Chong, 2004) is used to validate the current
CFD model (ter Kuile, 2009; Chao, 2010; Busking, 2010; van der Houwen,
2012; de Wildt, 2012; Kenjeres and ter Kuile, 2013; Kenjeres et al., 2015).
Inlet conditions are well defined and measurements of velocity and tracer gas
concentrations are present for a wide range of building geometries in this
data-set. These experiments allow detailed analysis on the accuracy of the
CFD models and the different turbulence models that are used.
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When heated surfaces are considered, there are measurements available
for a single cube (Meinders et al., 1999; Richards et al., 2006), water tunnel
experiments where heating is included by varying salinity (where salinity
mimics the role of heat via its effect on the density) (Huizhi et al., 2003),
wind tunnel experiments with a heated surface panel (Kovar-Panskus et al.,
2002) or heated inlet air to create a stably stratified flow (Uehara et al.,
2000). Although the aforementioned studies are very insightful, they are
not ideal for validation purposes, since essential information is missing. For
instance, inlet conditions are not exactly specified or measurement locations
are not reported. This makes it difficult to validate a CFD model including
buoyancy effects.

In addition to idealized experiments, measurements were conducted by
Nunez and Oke (1977) on the urban micro-scale, where energy fluxes inside
the urban canyon were measured. On the city scale, the Basel UrBan Boun-
dary Layer Experiment BUBBLE (Rotach et al., 2005) is worth mentioning,
which uses a year long observational network to study the urban environment.
The BUCL (Burmingham Urban Climate Lab) experiment is ongoing at this
moment (Chapman et al., 2014), in which temperature and rain are measured
on a high spatial resolution. Besides these fixed point measurements, other
measurement-strategies are possible. Steeneveld et al. (2011) used data from
hobby meteorologists in the Netherlands to study the urban heat island effect
in different cities of varying size. Heusinkveld et al. (2014) used bike traverse
measurements to measure local air temperature, mean radiant temperature,
humidity and wind speed in Rotterdam, and Overeem et al. (2013) are
investigating the usage of cell-phone data (battery-temperature) to measure
local air temperature. This would lead to an enormous data-set that could
cover large parts of the country. Many new insights are gained from this
data, and possible new research areas can be determined. The data can also
be used to validate the conclusions from numerical models. However, it is
impossible to control all parameters in a real life city, where changes are
present due to for instance traffic flows inside the considered street canyon.
To overcome these problems, one would like to control all environmental
parameters, which can be done in (for instance) a heated wind-tunnel. By
using a closed environment, all parameters are known and very detailed
measurements can be conducted which allows validation of models on this
scale.

6.2.3 Modelling

Lastly, there are numerical parts of URBSIM that can be improved,
of which several are mentioned in each chapter. One important remark is
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computational efficiency. With each additional physical mechanism added
to URBSIM, computation time increases up to a point where it becomes an
important issue. However, creating a program suited to run on a supercomput-
er takes time in itself. Since URBSIM was still in its developing stage, the
main priority was to have a model that describes all relevant processes where
long computation times are accepted. However, for future research it is highly
recommended to develop a parallel version of the complete program. Work
is currently ongoing to use multiple CPUs for the CFD calculation, and it
can be worthwhile to use the GPU for the Monte-Carlo radiation model.
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