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Summary

In this research, a model to simulate the urban surface energy balance (SEB) model is developed.
Buildings absorb and reflect shortwave (SW) radiation, and absorb and emit longwave (LW) radiation.
Urban geometry, the city’s physical layout, plays an important role in the SEB and the resulting sur-
face temperatures. A well-known effect of how building geometry affects radiation is shadowing and
trapping of LW radiation. The SEB model takes into account the height and arrangement of buildings.
Simulations performed in this study show that when we use different building-resolving methods on the
same domain, the amount of net surface radiation and resulting surface temperatures are significantly
different.

Objective of this Thesis

The objective of this thesis is to improve the understanding of how various factors affect the temper-
ature behaviour of urban surface areas, where the focus is on urban geometry and grid averaging
techniques. A horizontal domain is considered, where the geometry is determined from the height of
the surface with 0.5m resolution, referred to as AHN ('Algemeen Hoogtebestand Nederland’) data.

The goal of the energy balance model is to improve weather forecasting in urban areas with building-
resolving turbulence models. The turbulence model is referred to as Large Eddy Simulation (LES), but
every other turbulence model could be used as well. One of the subjects of this research is how to
handle the difference between the grid resolutions of the AHN and the turbulence models, which use
larger grid cells. This study quantifies the difference in SEB for different urban geometries and can
guide the choice of building-resolving methods for turbulence models.

Methods

The AHN is used to identify three surface types: roof, ground, and wall surfaces. The surfaces are
further divided into horizontal layers. This allows for different materials and boundary conditions to be
set for each surface type, and for temperature evolution to be evaluated separately. The environment
is simulated through forcing parameters based on theory and data.

In order to capture the surface geometry, two algorithms are developed to calculate the sky view
factor (SVF) and shadow factor (SF). The SVF represents how much of the sky is visible for a surface
and influences diffuse radiation. The SF determines whether a surface receives direct solar radiation,
based on the solar trajectory. These calculations are performed separately for roofs, walls, and roads,
and can be computed at different grid resolutions. Both algorithms are verified by comparing values
computed with the algorithms to the analytical solutions for an infinite canyon domain.

The Sky View Factor Algorithm

The algorithm to compute the SVF consists of the following steps: for each data point on the domain,
the points that influence the SVF are restricted within a maximum search range. For all points within
this range, the area of the sky view that is not visible because of surrounding buildings, is computed by
calculating the angle to the top of the building. The SVF is the summation of maximum horizon angles
in all directions, subtracted from the total sky view.

The SVFs are computed on a domain in Rotterdam and compared to SVFs computed by the KNMI.
We used a newer AHN data set (AHN3) than the version that was used by the KNMI (AHN2). The
computed distribution of SVFs is close to known SVF data from the KNMI when the 0.5m AHN data is
used, with an average difference of 10%. This disparity can be attributed, in part, to the usage of the
newer AHN dataset, since the AHN2 is at least 6 years older. A second reason is that the KNMI uses
an algorithm that computes the height of the horizon in 16 directions, whereas our algorithm takes all
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obstacles within a maximum search radius into account and remembers the height of the horizon in all
360°. Lastly, in this study a minimum height was set below which data is ignored.

The Shadow Factor Algorithm

The SF calculation employs an algorithm similar to the SVF algorithm. The solar azimuth and solar
elevation angle are computed based on the latitude and longitude of our model domain and the UTC
and date. For each data point on our domain, all points that have a top view (horizontal) angle with
the evaluation point equal to the solar azimuth angle are selected. For all these points the side view
(vertical) angle that the top of the obstruction has with the evaluation point is compared to the solar
elevation angle. If the side view angle is larger than the elevation angle the point receives no direct
SW radiation and the SF is set to 0.

To save computational expenses it is advised to compute the SFs for only one day per week in-
stead of every day. Taking for example a weekly average results in a 7-fold decrease in computational
expenses. To justify this, solar positions for different days of the week are compared.

Sky View and Shadowing for Wall Surfaces

To simplify calculations, the SVF and SF for wall surfaces are estimated from the relation between roads
and walls in an infinite canyon. This approach uses geometrical equations from the urban canopy model
developed by Masson.

View factors are used to calculate the portion of the radiative heat flux which leaves one surface and
strikes another surface. The view factors are used to calculate reflections and are deduced from the
SVF, assuming streets resemble a canyon geometry. This method provides the benefits of simplicity
and guarantees that all view factors add up to one, a requirement for energy conservation.

Comparison of Sky View and Shadowing for Different Geometries

A grid determined directly from AHN data with a resolution of 0.5m, is compared to ones averaged with
a method similar to the building-resolving models such as LES modelling, which usually have coarser
grid sizes. The LES method considers 3D grid cells, where a grid cell has volume AX, gs - Ay, gs - AZ gs.
An LES grid cell is considered part of a building if the volume is more than half filled, and empty if it is
less than half filled. This gives a different city topography, which effect is captured by the difference in
the SVF and SF.

SVFs are computed for 0.5m, 2.5m and 12.5m cell-size AHN grids, as well as 2.5m and 12.5m LES
grids, for three domains. For lower-resolution AHN data, computed SVFs are higher, and the variability
of the SVFs over the domain diminishes. For the LES-averaged grids the shift depends on the chosen
new grid cell sizes and the tendencies are different for the different surface types.

Main Findings

Comparison of Two Geometries

The surface energy balance is simulated for both a 0.5m resolution AHN data grid and a 2.5m resolu-
tion LES-averaged grid. The mean SVF for the 2.5m grid is 0.38, compared to 0.6 for the 0.5m grid.
The difference in SVF is largest for ground surfaces, with an SVF of 0.18 for the 2.5m grid versus 0.48
for the 0.5m grid. The roof SVF is 0.46 versus 0.68 and the wall SVF is 0.15 versus 0.31 for the 2.5m
and 0.5m grids, respectively.

The SFs vary less throughout the day for the 2.5m grid. Because of the lower peak at midday, less
direct shortwave radiation is absorbed: The 0.5m AHN grid reaches a maximum mean SF value of 0.69
whereas the 2.5m LES grid only reaches a maximum mean SF value of 0.41.

The two different grids result in large difference in SVF and SF values, which result in temperature
differences up to around 6 K for the simulations run in this study. The simulations are affected by all
simulation parameters, of which the aerodynamic resistance, outside temperature and building tem-
perature, are discussed.
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Reflections of Shortwave and Longwave Radiation

The fluxes that compose the SEB are evaluated for both grids, and the surface temperature evolution
is compared. The net absorbed SW radiation shows the greatest difference between the two grids for
ground surfaces, relative to roof and wall surfaces, because the SVF 4 differs most. Peak net SW
values for the ground are a factor three higher for the 0.5m grid compared to the 2.5m grid. Comparing
the peak SW values between the 0.5m and 2.5m grid results in a difference of a factor 1.5 for roof
surfaces, and factor 2 for wall surfaces. The difference in absorbed SW radiation is mainly due to the
radiation absorbed from the sky.

In terms of LW radiation, the 0.5m grid again predicts larger fluxes compared to the 2.5m grid. The
largest difference in emitted LW radiation is again observed for ground surfaces, where the difference
between the two grids is three times larger than the difference for both wall and roof surfaces. The
2.5m grid predicts a larger LW contribution from other surfaces, while the 0.5m AHN grid predicts a
larger contribution from the sky. Additionally, the temporal fluctuations in LW emission are smaller:
The difference for ground surfaces between minimum and maximum net LW during the simulation time
of two days is three times lower for the 2.5m grid compared to the 0.5m grid.

Excluding reflections results in higher temperatures for both grids. This difference is however
smaller for ground surfaces compared to roof surfaces. This is because the ground and wall surfaces
receive more radiation reflected or emitted by other surfaces compared to roof surfaces. By excluding
reflections, all radiation received from the sky is absorbed, which is a larger contribution to the net ra-
diation of roof surfaces due to higher SVFs, compared to the net radiation of ground and wall surfaces.
It is important to note that in the model, only first-order reflections are considered, which are assumed
sufficient in the simulations since the reflected fluxes are small. However, other materials should be
evaluated to explore the possibilities and necessity of incorporating additional reflections.

Because of the net radiation differences, predicted peak surface temperatures are higher for the
0.5m grid, which has higher SVFs, and the daily temperature variations are shown to be underesti-
mated when using the 2.5m grid. The biggest difference in peak temperature is for ground surfaces,
with a difference of up to 6 K for the used simulation parameters. The maximum temperature differ-
ence between the two grids for roof surfaces is smaller, of up to 2.5 K and the maximum temperature
difference for wall surfaces is 2 K, three times smaller than the difference for ground surfaces.

Sensible Heat Flux

The sensible heat flux (SHF) is calculated using the aerodynamic resistance to heat (Ry,), which is
geometry-dependent. This value is unknown and therefore used as a simulation parameter. To under-
stand the impact of SHF on the SEB, simulations were conducted for R;, values of 150 s/m and 30 s/m
on both the 0.5m and 2.5m grids.

Comparing SHFs for both grids reveals that ground SHFs are most affected by the grid averaging
procedures. Ground surface SHFs for the 0.5m AHN grid show significant temporal variations, while for
the 2.5m LES grid, the rise in SHFs during daytime disappears: The SHF for the ground surface with
an Ry, of 150 s/m reaches a maximum four times higher for the 0.5m grid compared to the maximum
SHF for the 2.5m grid. The difference in mean SHF is however small between the two grids for both
aerodynamic resistances.

The comparison of SHFs for the two aerodynamic resistances within each grid shows that the max-
imum difference occurs for roof surfaces. The temporal mean difference between the Ry, of 150 s/m
and 30 s/m for roof surfaces is similar for both grids. However, the maximum difference can become
significant, suggesting that the aerodynamic resistance of the surface has a significant effect on SHF
flux and temperature. Therefore it is recommended to investigate the influence of grid geometry on the
aerodynamic resistance of the surface, but this is beyond the scope of this research.

Building Heating Temperature

In our model, a bottom layer boundary condition on the roof and wall surfaces is imposed to simulate
the typical temperature control in buildings by heating or cooling systems. This alters the emitted grey
body radiation and sensible heat flux, which is investigated by varying the indoor temperature (Tpyiding)
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and outdoor weather conditions.

Comparing the 0.5m and 2.5m LES grids, the variation in SHF between daytime and nighttime is
reduced for the latter. The largest difference in SHF is observed for ground surfaces, where the SHF
for the 0.5m grid reaches a four times higher maximum in summer, and three times higher maximum
in winter, compared to the 2.5m grid. For ground surfaces, the mean difference in net LW radiation
between the grids is again most significant due to the large disparity in sky view factors.

Conclusion

From the results, we conclude that the choice of grid has a significant impact on surface temperature
and energy fluxes. Surfaces with smaller SVFs absorb less SW radiation, which is the largest share
of the net radiation during the day. Simulated peak temperatures are therefore much lower. Surfaces
with smaller SVF values emit less LW radiation and have higher view factors, leading to a larger LW-
trapping effect. The SHF is also affected by the choice of grid size. The largest difference between the
two grids in simulated fluxes and temperatures is for ground surfaces for all simulations.

The findings show the importance of carefully considering grid size when modelling energy balance
in urban areas. Simulated heat fluxes differ up to a factor 3 for two different grids, and temperature
differences between the two grids are up to several Kelvin. By understanding how the geometry of
urban areas influences the surface energy balance, we can develop more accurate models to improve
turbulence modelling in cities and predict urban heat islands.

Rosalie Kievits
Delft, June 2023
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Introduction

The urban surface energy balance has been studied around the world for decades, but recently interest
has increased due to the consequences of climate change (Van Hove et al., 2011).

A growing population, increasing energy consumption and anthropogenic heat production cause an in-
crease in the urban heat island (UHI) effect, with temperatures transcending the human comfort range
(Dirksen et al., 2019). Urban Heat Islands emerge when densely built areas replace vegetation, where
the pavements and buildings consisting of artificial materials absorb and retain heat. This has severe
consequences: During heat waves, areas of high pressure create stagnant air, concentrating air pollu-
tion in urban areas (Center for Science Education, 2023). Furthermore, this induces the spreading of
viruses and heat-related diseases and increases energy costs for air-cooling. On top of this, changing
lifestyles and the urbanization of the world have caused urban areas to be responsible for 2/3 of the
global energy consumption (Ali et al., 2021), this is expected to worsen over the coming decades and
has therefore become a popular field of research (Agathangelidis et al., 2019; Schrijvers, 2020).
Urban geometry plays a significant role in the surface energy balance (SEB) and the resulting surface
temperatures. Therefore, understanding how different urban geometries affect the SEB is important
for improving our ability to mitigate the UHI effect and design sustainable urban environments.

1.1. Surface Energy Balance

The urban surface energy balance, visualized in figure 1.1, consists of the net shortwave (SW) and
longwave (LW) radiation, the latent and sensible heat flux, and the conductive flux into the ground. A
net heat flux will result in a temperature change of the surface.

SWdcwn LWdUWn

SW ' LW

up

Figure 1.1: Fluxes of the Urban Surface Energy Balance: The net shortwave (SW), which is the difference between SWy,,,» and
SWy,. The net longwave (LW) flux, which is the difference between LWgo,, and LW, and the latent (LHF) and sensible (SHF)
heat flux. A net heat flux will result in a conductive flux into the ground, and causes a temperature change of the surface.
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1. Introduction

The influence of different heat fluxes on the temperature of surfaces in the city, and the detail with
which each should be taken into account, are investigated, with an emphasis on the representation
of the urban geometry. The differences in behaviour between buildings and rural terrain impact the
boundary layer of the atmosphere (Harman N, 2003), which is the part of the atmosphere directly
influenced by the Earth’s surface. Simulations can provide insight into how the presence of buildings
influences the different heat fluxes that form the surface energy balance. Thereby we can enhance
weather and dispersion simulations and help in environmentally aware city planning to reduce UHI

effects (Agathangelidis et al., 2019; Van Hove et al., 2011).

1.2. Surface Geometry

The absorption, retention, and emission of radiation by a surface depend on both the surface material

properties and geometry. A well-known effect of how building geometry affects the radiation is shad-
owing and trapping of LW radiation shown in figure 1.2.

TR

| LW Radiation

Figure 1.2: The absorption and emission of longwave (blue) and shortwave (orange) radiation, and the reflections between
buildings. The leftmost building does not receive direct solar radiation due to the high middle building but receives diffuse solar
radiation. The clouds and buildings themselves emit longwave radiation. Radiation can be absorbed or reflected by a surface.
Multiple reflections between the two rightmost buildings cause solar radiation to eventually reach the ground surface.

However, incorporating the geometry of cities and reflections from other surfaces is complex. A sim-

plified approach also applied in this thesis, is to include view factors and material properties of other
surfaces in the net radiation equations.

Two key parameters in determining radiation for a geometry are the sky view factor (SVF) and the
shadow factor (SF), both of which will be computed with an algorithm. The SVF represents how much

of the sky is visible and influences diffuse radiation, and the SF determines whether a location receives
direct solar radiation based on the solar trajectory.

1.3. Thesis Structure

Previous studies and literature on which the research is built are discussed in Chapter 2. In Chapter
3: Theory, all physical principles of the model are presented, and the algorithms to compute the SVF
and the SF are explained. In Chapter 4. Methods, the assumptions and parameters of the model
are discussed. In Chapter 5: Results, the results of the simulations are presented. In Chapter 6:

Discussion, these results are discussed and recommendations for future studies are presented. From
all of this, a conclusion can be drawn which is done in Chapter 7: Conclusion.
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1.4. Background

The goal of surface energy balance modelling applied to turbulence models, including in this research,
is to improve high-resolution turbulence and building-resolving simulations of the atmosphere in urban
areas.

Dales, a turbulence-resolving large-eddy simulation (LES), is an advanced meteorological modelling
system for turbulence modelling. A Rapid Radiative Transfer model (RRTM) is used to model the
radiation fluxes through the atmospheric columns. In the RRTM the radiation fluxes are calculated,
taking molecules, water vapour and cloud formation into account. These fluxes are used as input in
our SEB model.






Literature

In this research a model to simulate the urban surface energy balance model is developed. Buildings
absorb and reflect SW radiation, and absorb and emit LW radiation. To simulate these fluxes, the
study applies modelling techniques sourced mainly from literature. While there exist numerous urban
surface energy balance models, each with varying assumptions and simplifications to account for the
complexity and diversity of cities, reviews and comparisons of different methods are scarce, as noted
by Ali et al. (2021).

2.1. Urban Canopy Models

This research adopts the Urban Canopy Model (UCM) approach from Masson (2000) to separate sur-
faces into roof, ground and wall surfaces, and the equations for LW and SW radiation budget as the
basis for our net LW and SW equations. The UCM distinguishes three types of surfaces: roof, road
and wall surfaces, with each type having a different temperature, but surfaces of the same type are
equal (i.e. two rooftops consist of the same materials and have the same temperature). In UCMs the
urban geometry is composed of rows of homogeneous buildings characterized by the height-over-width
ratio, which is the ratio of the canyon height over the canyon width indicated in figure 2.1. The LW and
SW radiation fluxes are emitted at the top of the urban canyon. Among others, Masson, Wang et al.
(2011a) and Kusaka et al. (2001) have developed UCMs to use as the boundary condition for a larger
atmospheric LES simulation and validated the models with data (Masson et al., 2002; Wang et al.,
2011a).

This study investigates the effect of implementing a less simplified geometry, as the radiation terms
in reality depend heavily on the surface orientation, shading, and field of view (Suter et al., 2022).
To represent the urban geometry with more detail, a method based on the ‘Algemeen Hoogtebestand
Nederland’ (AHN) of the Netherlands is developed to compute the sky view factor and shadow factor
based on raster-based data.

2.2. Sky View Factor

The SVF is a key parameter that determines the amount of diffuse SW and LW radiation absorbed and
emitted by surfaces. It ranges between 0 and 1 and is affected by the surrounding buildings, which limit
the amount of radiation that a surface receives. Surfaces with low SVF values warm up more slowly,
but at night they become relatively warmer than surfaces with higher SVFs, causing an increase in the
net heat storage within buildings and contributing to the Urban Heat Island effect (Jiao et al., 2019;
Schrijvers et al., 2015; Baghaeipoor & Nasrollahi, 2019; Dirksen et al., 2019; Van Hove et al., 2011).

In UCMs, SVFs and SFs are typically computed from simple geometric parameters such as the
height-over-width ratio. In the models of Masson, Wang et al. and Kusaka et al. this ratio is the same
for every street, and there is only one SVF for each of the three surface types. The simplicity of these
models allows for analytical solutions for the SVF to be computed. In the UCMs the direct SW radiation

7



8 2. Literature

is multiplied with a function of the height-over-width ratio and the position of the sun, this factor is called
the shadow factor in this research. In figure 2.1 the SVF and SF for an infinite canyon are indicated.

P —
N —

Limited Sky View: SVF

W w
SVF

Figure 2.1: Schematic of an infinite canyon. On the left the SVF is indicated, which is the visible portion of the sky. On the
right the SF is indicated, which is the fraction of direct solar radiation a surface receives. Both the SVF and SF depend on the
height-over-width ratio, indicated in the figure, and the SF also depends on the solar zenith angle 6,

2.3. Representing the Variability of the Urban Geometry

To accurately represent the variability of urban geometries with varying building heights and widths,
an algorithm is used to compute the Sky View Factor (SVF). Previous studies have used algorithms to
compute SVF for complex and real urban domains, converging to analytical SVF solutions for infinite
canyon geometry (Dirksen et al., 2019; Kastendeuch, 2013; Lindberg & Grimmond, 2010; An et al.,
2014).

Another approach to compute a more variable SVF is to take a similar approach in computing SVFs

solely from geometric parameters as with an infinite canyon but to derive the geometric parameters
from data averages of a specific city (Hammerberg et al., 2018; Agathangelidis et al., 2019; An et al.,
2014; Ferreira et al., 2021; Bernard et al., 2018; Tsirantonakis & Chrysoulakis, 2022) .
Determining the height-over-width ratio and other geometric parameters for an entire city at once has
been shown to reduce the variability and not be representative of the extreme ranges. To solve this
issue the city can be divided into local climate zones (LCZ) where a distinction is made for different
zones depending on building height, open surface / built area fractions and other factors. This way
a distinction can be made between suburbs, centre, and green areas and a more accurate SVF can
be calculated. Nonetheless, determining the average geometric parameters for each LCZ presents its
own challenges. (Bernard et al., 2018; Ferreira et al., 2021; Hammerberg et al., 2018). Therefore in
this research the SVF is computed with an algorithm directly.

2.4. SVF Calculations Based on Different Inputdata

To determine SVFs for more complex geometries geo-spacial data is used. This is a common approach,
but data formats vary among methods. A main differentiation between different SVF calculations can
be made in the input data, where fish-eye or street view pictures (images) is one category, and vector or
raster data that represent the location of obstructions as the other (Middel et al., 2018). Since Fish-eye
pictures are not as widely available as height data, in this research the latter option is used.
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2.4.1. DSM and DTM Data

A rectangular array with heights of each point can be constructed from Digital Surface Model (DSM)
and Digital Terrain Model (DTM) data, which can be used for SVF algorithms (Desthieux et al., 2018;
Kastendeuch, 2013; Dirksen et al., 2019). The wide availability of DSMs supports the applicability of
this method, and is also used in this research as input data. DSM and DTM data of the Netherlands is
available from the AHN site with a resolution of either 0.5 or 5m. This can then be filtered and scaled
to the desired resolution with an averaging algorithm.

2.5. Grid Resolution

The accuracy of the SVF algorithm is influenced not only by the data input but also by other parameters.
In a study by Dirksen et al. (2019), who used DSM data as well to develop an SVF map for the KNMI,
it was found that decreasing the grid resolution leads to a lower UHI temperature raise, leading to
the conclusion that SVF needs a high grid resolution of at least 1m to accurately capture houses and
trees. Overestimating the SVF can lead to an overestimation of the escaping LW and SW radiation,
resulting in an underestimation of the UHI effect as the LW trapping effect of buildings is not represented
accurately. However, a smaller grid size will slow down computations and limit the size of the domain.
Other parameters such as the maximum search radius and angular step division are compared to
results in this study as well.

2.6. Shadow Casting

The solar trajectory is taken into account to predict if a location receives direct radiation or that this is
blocked by surrounding buildings. The challenge to accurately determine direct solar irradiation without
overextending computational resources is one of the subjects of this research.

The relative position of the sun can be calculated using the latitude and longitude of the location and time
of the year (Bhattacharya et al., 2021). A shadow-casting algorithm that leaves a pattern of ones and
zeroes depending on whether or not a point receives direct sunlight is developed, based on previously
developed algorithms (Lindberg & Grimmond, 2010; Ratti & Richens, 2004).

The same method was used and validated with data of Geneva (Desthieux et al., 2018). This took
over 900 hours to run however, demanding too many computational expenses. In this research we will
investigate which assumptions about the solar trajectory can be made to reduce these computational
expenses.

2.7. Material Properties

Besides geometry, the UHI effect is caused by surface coverage of artificial materials in city’s (Tsir-
antonakis & Chrysoulakis, 2022; Oswald et al., 2019; Schrijvers, 2020; Yaghoobian et al., 2010). The
city’s surface coverage consists of a wide range of materials, but an assumption of the most used
materials can be made by for example setting one material for each surface type (i.e. walls, rooftops,
roads (Masson, 2000)).

The surface materials of the other surfaces are included in the net radiation equations, together with
the view factors that represent reflections between different urban surfaces. Another way to address
reflections is to use a ray-tracing or Monte Carlo approach, but these methods are computationally
intensive (Lowe & Helbig, 2012). Several numerical methods exist to calculate view factors between
surfaces, since in most cases the analytical solution to the problem is not known (Suter et al., 2022).
The effect of considering one or more reflections and the influence of surface material properties is
discussed in this research as well.

2.8. Sensible and Latent Heat Flux

In this study the influence of the SHF and LHF on the total SEB is evaluated by varying the aerody-
namic resistance as a parameter. The SHF depends on the aerodynamic resistance to heat Ry, which
is sensitive to many parameters and therefore hard to calculate (Wang et al., 2011b; McShane et al.,
2017). The R;, however has important consequences for urban meteorology and related applications
(Yang et al., 2019). Analytical solutions exist based on roughness lengths, but determining the aero-
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dynamic resistances is not the main goal of this research. Therefore in this research, the aerodynamic
resistance is a parameter that is varied to investigate the influence of the sensible heat flux on surface
energy balance (Yang et al., 2019; Masson, 2000; Grimmond & Oke, 1998).



Applications of Theory and Physical
Principles

In this research, the influence of the urban geometry on the surface energy balance equation is ex-
plored. The buildings, determined from the AHN data, cast shadows and influence the LW and SW
radiation. The goal of the energy balance model is to improve weather forecasting in urban areas with
high-resolution building-resolving models. One of the subjects of this research is how to handle the
difference between the grid resolution of the AHN and the resolution of the turbulence models. The
turbulence model is referred to as LES, but every other turbulence model could be used as well.

First, the surface energy balance equation, the principle equation of the model, is presented. The
way urban geometry influences the different components of the SEB is explained in the first part of
the chapter, followed by a more detailed explanation of all the different fluxes part of the SEB. The
presented physical equations are used to model the heat exchange of the urban surface with the air
above it.

3.0.1. The Surface Energy Balance

The surface energy balance equation in eq. 3.1 forms the basis of the model used to evaluate the SEB.
The absorption and emission of different fluxes at the top of the surface are components in the surface
energy balance equation, and cause heating or cooling of the Earth surface as shown in figure 3.1.

C% = %(SWnet + LWyt —SHF — LHF — Gyyt) (3.1)
SW,,et and LW, represent the net shortwave and net longwave radiation fluxes, SHF and LHF are the
sensible and latent convective heat fluxes. These four fluxes penetrate the top layer of the surface.
The conductive flux G is the ground heat flux that goes into the subsurface layers. For every layer
below the top layer there is thus a conductive heat flux from the above layer, G;,, a heat flux to the next
layer, G, resulting in a net heat flux G,,.

The change of the surface temperature T,[K] is proportional to the volumetric heat capacity C[J/m3K]
of that material and the thickness of the layer, d[m]. In a surface energy balance model coupled to a
building-resolving model, the received direct and diffuse radiation is computed by a radiative transfer
model. Direct solar radiation is received in a straight line from the sun. Diffuse solar radiation is caused
by Rayleigh scattering of sunlight, clouds and aerosol particles. The absorbed fluxes depend on the
surface geometry and material properties and are thus computed by the SEB model.

The influence of urban geometry on the surface energy balance is captured by two factors named SVF
and SF. The first influences all diffuse radiation, the latter one influences direct radiation only.

The amount of visible sky for a surface compared to the unobstructed sky, known as the SVF, de-
termines the surface’s ability to absorb and emit diffuse radiation. In appendix A the SVF is visualised
as a fisheye picture; this is how one would observe the limitation of sky view when standing between

11
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Figure 3.1: Schematic of the surface energy balance. Incoming fluxes (solid lines) add positively to the net radiation of that
layer, outgoing fluxes (dotted lines) negatively. The surface consists of L layers, indicated with the numbers 1,2,...L, with layer
thicknesses dy, d,, ...d. . The (shortwave) SW, longwave (LW), and sensible and latent heat fluxes (SHF and LHF) only contribute
to the net heat flux of the top layer. For all other layers there is a net conductive heat flux G, which is the difference between
Gin and Gout-

buildings. The SVF is 1 for surfaces without any obstruction and decreases to 0 when buildings and
trees emerge until no direct light is seen. It therefore influences the LW radiation budget, since LW
radiation is diffuse, and the diffuse part of the SW radiation budget.

The shadow factor is a factor between 0 and 1 that tells if a surface is irradiated directly by the sun.
This factor is 0 for a surface if another building is in the same direction as the sun and high enough,
such that it blocks the direct SW radiation flux.

The SW, ¢t and LW, are thus influenced by the SVF and SF, which in turn cause a temperature
change, which comprises the boundary condition for the sensible heat fluxes and conductive heat flux.
In this research, the SVF and SF are computed using an algorithm and the height at every point (the
AHN). This algorithm is explained in the following section.
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3.1. The SVF Using the AHN

When using the AHN of the Netherlands, a SVF can be computed for every location, based on the
heights of all the surrounding buildings. This algorithm is based on the ones used by Dirksen et al.
(2019) and Jiao et al. (2019). The AHN is divided in square boxes with dimensions x-cells and y-cells,
where every grid cell has length Axayny = Ayann. The data thus consists of a 2D array of size x-cells
times y-cells with the height at [Xann, Yann] for this entry. Since the cells are square the length of a
gridbox of the AHN is referred to as Axpyn from now on.

The first step in the algorithm is to assume only a limited amount of points of the AHN, within a certain
radius, influence the SVF at a certain location. Therefore, all points in the AHN outside a defined radius,
referred to as R,,4x, can be left out of the calculation, and points with a lower height than the evaluation
point within R,ox can also be omitted. The grid and R,,,ox are shown in figure 3.2.

Figure 3.2: The point under evaluation on a raster view, with maximum radius Ra«. gridbox P is inside Ry« and will thus be
taken into account for the SVF. gridbox P, is outside Rz« and is assumed to not influence the SVF because it is to far away. g
is the horizontal (or azimuthal) angle, and y is the vertical angle between the height of two points, where the evaluation point
has 0 height in this case.

The angle B of a point is defined as the horizontal angle of the point with respect to the evaluation
point, as shown in figure 3.3a. B can thus range from 0 to 27, and is discretized in steps,., with each
step the size of Zn/stepsB. Every point that has a height hyyn (xagn, Yaugn) 1arger than the height of the
point under evaluation forms an obstruction for the sky view.

For all points within the maximum radius, the angle to the top of the obstruction is called . i is calcu-
lated from the height hopseruction (Xann, Yann) @and distance defined as 72, crion = X2 + 2, @s shown
in figure 3.3b. The angle ¥ can thus vary from 0 at ground level to /2.

—

r

/ Rinee SIN(W) a1 \I
' -

obstruction
DXariy x
a) Top View b) Side View

Figure 3.3: a) Top view of the SVF calculation: One obstruction, wider than df, so it is stored in multiple indices of ¥4, (B)- b)
Side view of the SVF calculation: The angle 1, to the top of an obstruction that lies within R,a«, for a certain angle g
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An obstruction close to the point under evaluation, with a small radius, thus has a larger angle .
A larger ¢ limits the SVF more, than a building with the same height but at a larger distance. A list with
all ¢ values keeps track of the largest i value for every 8. These i values are called 1,4, (B).

h bstruction
= tan™1( 2t 3.2
l/) ( Tobstruction ) ( )

The width of the obstruction is calculated in degrees. For all g values between B, and Bmax de-
fined in 3.3 and 3.4, the values for 1., () get replaced by i unless the current i,,,,,.(8) is larger than

.

A
Bin = —sin"H(—2_) 4 (3.3)

Tobstruction

Bmax = Sin_l( A¥arn ) +B

(3.4)
Tobstruction

If there already exists a larger y,,,,, for this 8 the current obstruction does not influence the SVF
and we move on to the next point. One building can thus correspond to multiple items of the list of
Ymax(B) as shown in figure 3.3.

The final result is thus a list the size of steps,, that has the largest angle of obstruction ., (8) for
all . The SVF is calculated by integrating over tﬁe visible area. In our case the integral is approximated
with a summation over all angles ¥, (8) with eq. 3.5. This is repeated for each data point on the
AHN domain.

stepsB

> 05 (max(8))? (3.5)

SVF =

stepsg

Shortly summarized, the SVF for every data point is computed as follows: for each data point on

the domain, the points that influence the SVF are restricted within a maximum search range. For all

points within this range the area of the sky view that is not visible because of surrounding buildings,

called obstructions, is computed by calculating the angle to the top of the obstruction. The SVF is the
summation of maximum angles to all surrounding buildings subtracted from the total sky view.

3.1.1. SVF for Wall Surfaces
This algorithm could be adjusted to also use for wall surfaces. The angle g, that varies between 0 and
27 for the horizontal surfaces, varies only between 0 and r for the wall surfaces, since it is assumed
that the vertical surfaces cannot receive SW and LW radiation from within the building. In figure 3.4 the
top view of the SVF,,, is visualized.

‘AXAH N X

Figure 3.4: Top view of obstructions for the middle of the wall. Ry, is the maximum search radius.
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Since there is a height difference between the bottom and top of the wall SVF,,,, has to be inte-
grated between 0 and the wall height to find the average. In the figure 3.5 the difference in view factors
for a higher point on the wall is clearly visible.

SVFyai
SVF i
B
WVF i WVF a1
h GVF i h
? GVF a1 =
a) High Point b) Low Point

Figure 3.5: side view of SVF,,, WVF,,4 and GVF,,,, for a high (a) and a low (b) point on the wall, to show the difference in view
factors.

Every building has 4 walls, and therefore 4 SVFs,,,, one on each side, that is computed by numerically
integrating the SVF over the height on that side. This can become computationally expensive very fast.

To avoid these extended calculations a novel method is proposed to estimate SVF,,,;: To this end,
the city is seen as a large distribution of canyons with different heights and widths, and the SVFs,,
are computed with the analytical expressions used in the Urban Canopy Model (UCM). The UCM rep-
resents the city as an infinite canyon, where the walls of the canyons are the buildings and the roads
are the bottom of the canyon, as shown in figure 2.1. The SVFs and SFs can be computed analytically
and are presented here since they are used to verify the SVF and SF algorithms and used to deduce
the SVFs from SVFsgng-

The equations for the SVF in the UCM for road and wall surfaces are integrated over the canyon
width and height and therefore only depend on the height-to-width ratio, while the SVF for roof surfaces
is 1 at all times. A more detailed derivation can be found in the works of Schrijvers (2020); Masson
(2000); Kusaka et al. (2001).

We use Eq.(9) and Eq. (10) from Masson, which read

SVErouna = ((%)2 + 1) - % (3.6)

1/ h h\2 w
SVEyau = 5| = +1~ (W) +1)4 (3.7)

By isolating the height-over-width (h/w) ratio from eq. 3.6, the SVF,,, can be related to the SVF goyng,
shown in eq. 3.9.

E _ 1- SVF:gzround (3.8)
w 2- SVF:qround
To apply this to our model the grid must be separated into ground and roof surfaces based on a

minimum height. The distribution of SVF'syounq can be related to distribution of SVF's,,, for a certain
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domain, or for an LES cell the SVF,, is computed based on the average SVF yng for that grid cell of
size AX|gs.-

2
1[/1— SVF? 1— SVF? 2-SVF,
SVE,.y = _[( ground) 11— ((ﬂ) n 1)]—9;W”d (3.9)
2 2- SVF:ground 2- SVEground 1- SVEground

3.1.2. Reflections

Surfaces have an albedo and emissivity depending on the material, and therefore do not absorb all
radiation that reaches the surface. Also, all surfaces emit LW radiation that can be absorbed by other
surfaces in their surrounding. The fraction of radiation that leaves one surface and reaches another is
described by view factors. The wall view factor for the roof (WVF ) and ground surfaces (WVFg5unq)
can be deduced from the fact that all view factors for a surface must add up to one (Kusaka et al.,
2001), this is shown in figure 3.6.

SVFgm und

SVF roor
WV oot = 1 - SVF oo

S WVFgmund =1- SVFground X_.

a) Roof b) Ground

Figure 3.6: Side view of the sky view factor (SVF) and wall view factor (WVF) for roof surfaces (a) and ground surfaces (b)

The wall view factor for the roof therefore reads,
WVFroor =1 —SVEof (3.10)
The wall view factor for the ground reads,
WVErouna =1 = SVFgrouna (3.11)

A big difference with the infinite canyon approach, is that when height differences between buildings
occur, the SVF for roof surfaces is not one: Some of the light gets blocked by other buildings, and light
gets reflected of the walls of other buildings onto the roof. This must mean that some roofs of lower
buildings reflect light to the walls of higher buildings as well. A certain roof view factor RVF,,,, for walls
can be taken into account.

WVEyau =1—SVEyau — RVEyan — GVEyan (3.12)

However, RVF,, 4 is very small, and can therefore be neglected. Neglecting this fraction allows for the
calculation of the WVF for wall surfaces in the same manner as Masson.

In literature different approaches are found to calculate reflections, varying from neglecting reflection
at all, considering one reflection, or considering all reflections till net radiation converges (Harman N,
2003). Here we consider only first reflections. This can be supported by the fact that albedos of
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building materials are generally quite low, such that the amount of reflected SW radiation, proportional
to the albedo, is also small. The emissivity €, which is proportional to the absorbed and emitted LW
radiation, is generally high for building materials (Léwe & Helbig, 2012). Instead of using individual
surface thermal properties, only average solar reflective values per grid cell are used, one for all roof
surfaces, one for all wall surfaces, and one for ground surfaces.
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3.2. Shadow Casting

The exchange of diffuse radiation between a surface and the sky is restricted by the SVF, which is a
value between 0 and 1 for each data point. Moreover, some points may fall in the shadows of their
surroundings due to the trajectory of the sun and surface geometry, which results in receiving no direct
radiation. The shadow casting algorithm determines whether a point xapyn, Yann receives direct SW
radiation or not, generating a Boolean value called SF, . SF, is zero when the point is in the shadow
and 1 if it receives direct SW radiation. In early morning and late afternoon there are more points
XaHN YanN With SF, = 0 compared to midday, just as there are more points Xann, Yann With SF,, =0
in winter compared to summer.

3.2.1. Solar Position Algorithm
First the position of the sun can be calculated using the method of (Bhattacharya et al., 2021). The
time has to be corrected for the difference in longitude 4 from the center of time zone definition.

A = juliand 360 3.13

—Juiantayzes s (3.13)
The equation of time is the difference between solar time and mean time, this reads

EOT = —0.128 - sin(A — 2.80°) — 0.165 - sin(2A + 19.7°) (3.14)

Teorrectea =T + (A — Atimezone) /15 + EOT (3.15)

where T is the time in hours in UTC, which can be a decimal, i.e. 11:30 a.m. is T=11.5. 1is the
longitude of the location, where eastwards is positive and Greenwich is 0.

From this point on we convert to radians as it is the standard angle unit in Python. The daily decli-
nation value is calculated as:

8§ = sin~1(0.3987 - sin(A — 1.4 + 0.0355 - sin(A — 0.0489))) (3.16)

The elevation angle varies during the day and therefore the hourly angle w that varies between sunrise
and sunset has to be calculated as well, for this we use eq. 3.17. The hour angle is the angular
displacement of the sun east or west of the local meridian due to the rotation of the Earth around its
axis, and corresponds to 360°/24hours = 15° per hour or 0.26 rad, with mornings being negative and
afternoon positive. .
— o

w=(T-12)-15 " 180 (3.17)
The solar elevation angle ag, which we use for the shadow casting algorithm is calculated from the
solar declination value &, the hourly angle w and the latitude ¢. The solar elevation angle is measured
from ground surface and is related to the solar zenith angle 6, as ag = /2 — 0,:

sin(ag) = sin(¢)sin(8) + cos(¢p)cos(d)cos(w) (3.18)

One obtains the solar sunrise and sunset angles, wgynrise aNd wgunset, DY setting the solar altitude angle
to zero (Buter, 2002) as in eq. 3.19. These angles can be converted again to time and the difference
between them is defined as the daylength.

Wsynset = oS~ L(—tan(¢)tan(s)) (3.19)
the solar azimuth angle y is obtained by eq. 3.20 (Kalogirou, 2022):
. _ cos(8)sin(w)
sin(ys) = tan(d) (3.20)
This is true provided that
cos(w) > tan(d)tan(¢) (3.21)

if not, the azimuth has to be corrected with y, = abs(y;) — m for morning hours and y, = w — y, for
afternoon hours. To measure from north, such that the angle can be easily compared to the angle we
measure between points in the dataset, the azimuth is also corrected with =.
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3.2.2. Shadow Factor

The computation of the shadow factor uses the computed elevation angle a; and azimuth angle y;. In
the same manner as for the SVF we iterate over all points in our domain. First all points are selected
that have the same angle g with the current evaluation point as the solar azimuth angle. In order to
compare the top view angle g with the azimuth angle of the sun the angle has to be in a certain range
of the azimuth angle. This range depends on Axayn and the distance to the point, as described in 3.22
and 3.23. Assuming the sun produces a collimated light beam, the width of the shadow is considered
equal to Axany, although nuances are discussed in the Discussion chapter 6.1.2.

. Axapw
ﬂmin = —Ssin 1( + Vs (322)
Tobstruction
. Axapn
Bmax = sin™( )+ (3.23)
Tobstruction

If the angle with the top of the obstruction is higher than the elevation angle, this point obstructs the
light and therefore the Boolean SF,, becomes 0 for that time and location.

=l

Figure 3.7: The top view for two points on our data set and the azimuth angle of the sun. Point P4 is not in the same direction
as the sun, it will not cast a shadow and will therefore not be taken into account in the shadow algorithm. Point P, has the same
angle B with the evaluation point as the sun y, so the next step of the algorithm is to check whether it is high enough to block
the sunlight.

Pi P1 P2 P3 r

Figure 3.8: The side view for a situation where 3 points are in the same direction as the sun. P4 blocks the sun, that has elevation
angle a5. P4 thus casts a shadow on point i and the shadow factor is 0. Point P, is not high enough to cast a shadow. Point P3
is equally high as P4 but because it is too far away it does not cast a shadow.

Shortly summarized, the SF for a data point P is computed as follows: The solar azimuth and solar
elevation angle are computed based on the latitude and longitude of our model domain and the UTC
and date. For each data point on our domain, all points that have a top view (horizontal) angle with the
point equal to the azimuth of the sun are selected. For all these points the side view (vertical) angle
that the top of the object has with the evaluation point is compared to the solar elevation angle. If the
side view angle is larger than the elevation angle the point receives no direct SW radiation and the SF
is set to 0.
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3.2.3. SF for Wall Surfaces

To compute the SF for wall surfaces we proceed in the same way as for the SVF. Points on the AHN are
split into ground and roof surfaces based on their elevation. From the equations for an infinite canyon
geometry the average SFs for wall surfaces are estimated. This is a pragmatic and novel approach,
but based on the equations of the SF (eq.(13) - eq.(15)) for the UCM by Masson and Kusaka et al..

The shadow factors for the walls and roads of an infinite canyon are dependent on the height-over-
width ratio and the solar position.

1

T
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Rodf :

canyon prientation X

wall

b) Top View

a) Side View

Figure 3.9: a) The side view of an infinite canyon with the sun perpendicular to the canyon direction. Part of the road is shaded
and part is sunlit. b) Top view of an infinite canyon. If the sun is in position 1 the solar azimuth is perpendicular to the direction
of the canyon. The equations for the SVF and SF are integrated over an azimuthal angle of 360° to account for the different
directions of the streets relative to the sun.

When the solar azimuth is perpendicular to the direction of the canyon, indicated as position 1 in
figure 3.9b, the SFs are calculated using eqs. 3.25-3.27. The angle 6, is then defined as the zenith
angle for which the sun begins to illuminate the road.

6o = tan‘l(%) (3.24)

If the zenith angle is larger than 6y, SFgoung is thus 0. The wall is partly illuminated as shown in figure
3.9a, and SF,,, is then defined by eq. 3.25.

1w
2h
If the zenith angle is smaller than 6, the sun is high in the sky and the shadow factors are defined by
egs. 3.26 and 3.27

SEyau = (3.25)

1
SFwall = Etan(HZ) (326)

h
SFyrouna =1 — Wtan(ez) (3.27)

To calculate SW,; in the SEB by Masson, the orientation of all roads and buildings is distributed equally
around all directions, and the SF equations are integrated over 360°, to account for the different direc-
tions of city streets relative to the sun as shown in figure 3.9b. This results in a new 6,, which reads:

W 1
6y = sin (mm[zm, 1]) (3.28)
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With this new 6,, the final SF equations are formed (Eq (13) and Eq. (14) from Masson).

200 2h
SF:qround - T - ;Wtan(gz)(l — cos(6o)) (3-29)

w ( 1 90) + tan(6,) (1 — cos(6y)) (330)

Swar =337 7)o

In this research a shadow casting algorithm is used on a more complex geometry. Roof and road
surfaces are then separated, and the idea is to deduce the wall SF in the same way from the road SF.
In this method we thus treat the urban geometry as a distribution of canyons. To relate the SF for wall
and ground surfaces we use egs. 3.28-3.30.

3.3. Components of the Surface Energy Balance Equation

The Earth emits, absorbs and reflects radiation. The energy entering and leaving the Earth and its
atmosphere are part of the Earth’s radiation budget shown in figure 3.1. The largest contribution to the
Earth’s surface energy balance is SW radiation from the sun. The Earth reflects part of this, based on
its surface albedo. The Earth absorbs LW radiation emitted by the atmosphere and emits LW radiation
itself. The SW and LW fluxes are influenced by the SF and SVF calculated in the previous section.

3.3.1. SW Radiation Budget

The SW radiation budget can be divided into diffuse and direct solar radiation. Diffuse radiation makes
up a larger part of SW radiation when the sky is clouded, at higher latitudes, or when the sun is lower in
the sky. Moreover, pollution can increase the diffuse radiation percentage. In general, a higher diffuse
radiation percentage means a lower total SW irradiance. A radiative transfer model computes the direct
and diffuse components of SW radiation, which then serve as inputs to the SEB model.

The reflected SW radiation depends on the albedo a of a surface. The albedo is defined as the
reflected SW radiation over the received SW radiation:

— SVVout

a SW,

(3.31)

The absorbed SW radiation constitutes the remaining (1—a) of the received SW radiation. If the albedo
of the surface material is 0 all radiation is absorbed, and no reflection of SW radiation among the dif-
ferent surfaces occurs. Diffuse received SW radiation is lower for a surface with a lower SVF, since
the diffuse radiation is intercepted by the buildings that block the sky view. Only direct radiation gets
blocked completely by buildings, shadows are therefore caused only by direct radiation, which effect is
captured by the SF.

Part of the diffuse and direct solar radiation gets reflected by other surfaces and then reaches the
surface as shown in figure 1.2. At every reflection, part of the radiation gets absorbed, and after multiple
reflections the amount of reflected radiation becomes negligibly small. For surface materials with low
albedo, the assumption of only first-order reflections can simplify the calculation of the SW radiation
budget. The equation for the SW radiation budget, without taking into account reflected fluxes, reads:

SWher = SWair(1 — a)SF + SWyir (1 — a)SVF (3.32)

Figure 3.10 shows all processes that occur in the net SW equations presented in eqs. 3.33-3.35.
Each surface receives direct SW radiation and diffuse radiation, and a reflected component from the
other surfaces.
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- e h
/ E Roof Surface

|

Ground Surface

Figure 3.10: Reflection terms of the shortwave equations 3.33, 3.34 and 3.35 visualized and numbered

Nr. Roof

1 Direct SW from the sun
2 Diffuse SW from sky

3 Reflected SW from wall
4

5

Wall

Direct SW from the sun
Diffuse SW from sky
Reflected SW from wall
Reflected SW from roof
Reflected SW from ground

Table 3.1: Legend of figure 3.10

The equations for net SW 3.33-3.35 are based on egs.(18) - (20) from Masson, but differ in that in
this research only first-order reflections are considered. The first-order reflections are deduced from
the assumptions stated in section 3.4 and eq. 3.32. An additional term added to Masson’s equations
is that due to building height variability, roof and wall surfaces can reflect radiation onto each other
as shown in figure 3.10 (roof process 3 and wall process 4). In the infinite canyon approach, all roof
surfaces have an SVF equal to 1, so these two terms do not occur. In a real city building height can
vary a lot and this effect can therefore be taken into account.

These equations are used in the model to determine the net SW for each surface.

In eq. 3.33 the first term is the SW radiation from the sky absorbed by the roof surface. This depends
on the albedo of the roof surface, the SVF determining the diffuse radiation, and the SF determining the
direct solar radiation. Reflected radiation is diffuse, therefore the distinction between direct and diffuse
solar radiation vanishes after the first reflection. The only surfaces that can reflect on the roof surfaces
are the wall surfaces of higher surrounding buildings. The second term accounts for that, by determin-
ing the fraction of first-order reflected radiation for wall surfaces, proportional to (1 — albedo,,,), and
the view factor of wall surfaces to roof surfaces WVF .

The net SW for wall surfaces, eq. 3.34, is similar. The first term accounts for the SW radiation
absorbed directly for wall surfaces. The second term is for the absorbed radiation reflected by the
other wall surfaces. The third term accounts for the absorbed SW radiation that was reflected by roof
surfaces of surrounding buildings that are lower than the current wall surface. This fraction can be
neglected to simplify view factor calculations, since this factor is very small if height variations are not
large. The last term is for radiation that is reflected from the ground surface.
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For ground surfaces, eq. 3.35, the SW radiation balance again starts with the first term determining
the absorbed SW radiation from the sky. Ground surfaces can only receive reflected radiation from
wall surfaces, represented in the second term.

SVVroof =(1- aroof) “(SWair - SFroof + SWdif 'SVFroof)+
Awail (SWdir ) SFwall + SWdif : SVFwall) : (WVFroof) : (1 - aroaf) (333)

SWyau = (1 = awan) - SWair - SEyau + SWais - SVE,au)
+ awai - SWair - SEvau + SWaip - SVEvau) - WVEyqn - (1 — ayan)+
Aroof (SWdir : SFroof + SWdif : SVFroof) : RVFwall : (1 - awall)+
Aground (SWdir : SEground + SWdif ’ SVEground) ' GVFwall ) (1 - awall) (3-34)

S%Tound = (1 - aground) : (SWdir : SP;]round + SWdif : SVF:ground)"'
Awall (SWdir ! SFwall + SWdif ' SVFwall) ' (WVF:qround) ’ (1 - aground) (335)

3.3.2. LW Radiation Budget

Part of the LW radiation emitted by the atmosphere gets absorbed by the earth’s surface, based
on the material properties of the surface material. The emitted LW radiation is greybody radiation
depending on the surface temperature of the earth and linear with the Stephan-Boltzman constant
o= 5.67e8Wm™2K=4.

The LW radiation budget, not considering reflections, reads:

LWher = LWaoun - €-SVF —0-€- T (3.36)

surf

For the LW radiation, the first-order reflections are formed the same way as with the SW radiation
reflections. We start from the LW equations (egs. (11) and (12)) from Masson, and combine the as-
sumptions stated in section 3.4. All LW radiation is diffuse and the SF therefore does not occur in the
LW radiation budget equations. The net LW equations read:

LWhoor = €roog ' LW - SVFrop — 0+ € T oot
((1 - Ewall) LW - SVFwall + 0 €yau - T\:};all) ' WVF;”oof : Eroof) (337)

LWyan = €wau - LW - SVEyq — 0 - €wan - Tv‘;all—l—
(A — ewan) - LW - SVEyau + 0 - €wan * Tyau) * WVEyan * €wan+t
a- Eroof) Lw - SVFroof T 0 €rgof * Tﬁoof) “RVEyau * €want
- Eground) LW - SVEground + 0 €ground * Tg4r0und) “GVFEyau - €wan  (3.38)

L%round = €ground * Lw - SVEground — 0 €ground * T;round-l_
((1 - Ewall) LW - SVEyau + 0 - €waur - T\f/all) ’ WVF:qround * €ground (339)
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E Roof Surface

Wall Surface

Ground Surface g

Figure 3.11: Reflection terms of the longwave equations 3.37, 3.38 and 3.39 visualized and numbered

Nr Roof Wall

1 LW from sky LW from sky

2 LW emitted by wall LW emitted by wall

3 LW emitted by roof

4 LW emitted by ground

Table 3.2: Legend of figure 3.11

The first term of the LW equations is the absorbed LW from the sky. The second is the amount
of grey body radiation emitted by that surface. All following terms account for the grey body radiation
absorbed by the surface, that was emitted by the other surfaces. The ratio of absorbed radiation versus
the radiation that is received by a surface is equal to the emissivity €, according to Kirchoff's law. When
the emissivity is equal to 1 all radiation is absorbed, and all blackbody radiation is emitted. For regular
building materials, € is generally close to unity (Suter et al., 2022).

The LW radiation received by the Earth’s surface is the radiation emitted by greenhouse gasses.
In DALES the downwelling LW radiation is computed by the RRTMG. In this research a simplified LW
is used, based on eq. 3.40, to have a realistic forcing for simulations. Many basic empirical methods
exist to estimate atmospheric emissivity (K. Wang & Dickinson, 2013), but this is not the goal of this
research. Here the emissivity, in eq. 3.41, is adopted from (Schrijvers et al., 2015). This is based on
the water vapour pressure e,, the constant ¢ = 46.5 K/hPa and the free stream air temperature T,.

LWaown = 0 - €qir - Tair (3.40)

€atm = 1—<1+c;—a)-exp<— /1.2+3.0~C;—a> (3.41)
a a

3.3.3. Latent and Sensible Heat Fluxes

The LHF is the energy flux from the surface into the atmosphere originating from water evaporating from
or condensing on the surface. Surfaces of artificial materials have different water retention properties
than vegetated and unaffected surfaces. Cities therefore drastically alter the water balance and LHFs
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are often measured instead of estimated because of the large variety and complexity of structures. In
this model only a latent heat flux from water surfaces is considered.

The SHF is the heat flux between the surface and atmosphere due to the turbulent motion of the
air above the surface. The increase in total surface area in the city increases the sensible-heat flux
per unit plan area. This increase is, however, offset by the reduced efficiency of turbulent transport,
which occurs because buildings act as bluff bodies which remove momentum from the airflow through
pressure drag (Harman & Belcher, 2006). The SHF is governed by the aerodynamic resistance of the
surface and the difference in temperature between the surface and atmosphere.

In the case of a turbulence model, the turbulence model computes the temperature, windspeed,
and computes a drag coefficient and aerodynamic resistance. These are input to the surface energy
balance model to calculate sensible and latent heat fluxes. The equation for the sensible and latent
heat fluxes respectively read

Osurf — Oai
SHF = paircp%h“" (3.42)
LHF = paierq“”fR—jq‘”'r (3.43)

Where p,i,[kg/m3] is the air density, L,[J/kg] is the latent heat of vaporization, Cpl[J/kgK] is the heat
capacity of air. The fluxes are induced by a difference in potential temperature 6 and specific humidity q
respectively, between the surface and the air above surface. Ry, and R, are the aerodynamic resistances
to heat and moisture.

Since the SEB is not coupled to a building-resolving turbulence model, the aerodynamic resistances
are not computed but are parameters, used to simulate and evaluate the influence of the LHF and SHF
on the SEB.

3.3.4. Conductive Heat Flux

Underneath the surface, only a net conductive heat flux causes temperature change. Suppose the
ground surface is split in horizontal layers as indicated in figure 3.1, numbered [ = 1, 2, ...L with L the
bottom layer. The temperature of layer [ is thus dependent on the conductive flux from or to the two
layers [ — 1 and [ + 1 surrounding that layer. This flux is directed outwards of layer [ if the temperature
is higher in layer [ compared to the two surrounding layers.

Cﬁ = l(Gl 10— Gris1) (3.44)
st d;- o

The conductive heat flux depends on the heat conductivity A[W/mK] of the material.
G=2AVT = AST 3.45
- - 62 ( . )

In this model the surface is assumed isothermal in x and y direction, such that the gradient reduces to
a derivative in z-direction.
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3.4. Assumptions

To simulate the urban energy balance some assumptions are necessary. For heat exchange the fol-
lowing assumptions are made, which are customary in SEB models found in literature.

» There is no wavelength dependency except the separation into SW and LW.

» Absorptivity equals emissivity in the LW regime, greybody radiation is thus also emitted propor-
tional to € (Kirchoff’s law).

» Surfaces are isothermal and Lambertian: reflections are diffuse, emitted radiation is diffuse, and
the radiosity (leaving radiant flux) is uniform across the facet (Suter et al., 2022). There is therefore
no necessity to separately calculate beam reflection and diffuse reflection. (Léwe & Helbig, 2012)

+ Facets are either horizontal or vertical (90° with the ground), but not tilted in between.

Also for the reflections among buildings and when separating the urban surface into roof, ground and
wall surfaces, there are some simplifications and assumptions to calculate the view factors. When
calculating the view factors for all three surfaces, the following assumptions are made:

» Ground and roof surfaces are horizontal. Ground surfaces can therefore not reflect light to other
ground surfaces and the same holds for roof surfaces. Ground surfaces and roof surfaces can
not reflect onto eachother.

» Walls are vertical, and the amount of northern, eastern, western and southern facing walls are
approximately equal. This is under the assumption we have a large enough domain such that
there are many walls and every building has a wall on every side. A wall can therefore see half of
the other walls: A southern-facing wall reflects onto northern-facing walls, and half onto eastern
or western facing walls.

« all view factors must add up to one

This emphasizes the big role that wall surfaces have in the urban energy balance. Walls are able to
reflect and emit radiation onto ground surfaces, and even roof surfaces when the height difference
between buildings is large. This causes trapping of radiation between the urban surfaces.



Methods

This chapter presents an overview of the model’s structure. The model employs a column-based ap-
proach to simulate urban energy transfer and simulate the impact of surfaces on turbulence above the
city. The AHN is used to identify roof, ground, and wall surfaces, and these surfaces are further divided
into horizontal layers. The temperature is calculated for all three surface types, for each layer, and at
each timestep.

The column based-approach enables the assignment of different material properties and boundary
conditions to different locations. In the simulation results, presented in the next chapter, the roof, wall
and ground surfaces have the same material properties and experience the same temperature bound-
ary condition for all grid cells of the domain, and only the SVF and SF are different for every grid cell.
The temperatures and fluxes shown in the results are the averaged temperatures and fluxes over the
entire domain.

To combine the SEB with a turbulence-resolving model, the high-resolution AHN is transformed into
a larger grid cell-size grid, and the averaging procedure for this transformation is discussed in section
4.1. The influence of the grids on the SEB is determined by changes in the SVF and SF, which are
discussed in section 4.2. Other parameters affecting the SVF are also examined, and the SVF and SF
algorithms are verified. The layers of surfaces and materials are discussed in subsequent sections.
The environment is simulated through forcing parameters based on theory and data. The SEB is then
simulated under different circumstances, and the results are presented in the Results chapter.

4.1. The Grid

The grid is determined from the 0.5m AHN. All heights below a certain minimum height are filtered out.
The construction of the AHN and the final grid used is shown in figure 4.1.

Vi AZ) e Ayies AZLE4 Dyies
J __ g\

— gl i\
AYann DoGes Mg VAN AX g5 AXppy

Les AXann

a) Area b) Area in AHN ¢) 0.5m AHN Grid

Figure 4.1: a) a small block of houses, streets and trees is shown, which is measured by the AHN. b) the data as measured by
the AHN, where all detected obstacles are now blocks with length Axaqn. The small obstacles such as the dog and trash cans
are small heights indicated in red. c) Obstacles below a minimum height are deleted from the data, this results in the final grid.
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4.1.1. Larger Resolution Grids

The AHN provides free downloads of the height data, called DSM data, in two resolutions: 0.5m and
5m. The 5m resolution AHN is constructed by averaging the 0.5m resolution AHN over 10 grid cells
in the x-direction and 10 grid cells in the y-direction. The height thus gets smeared out over the larger
grid cell. However, this averaging procedure can be done for every desired grid cell size.

Figure 4.2 illustrates the influence of averaging the building height for a repeating infinite canyon in
2D. The height and width of the building are 20m, and the street width is 10m. On the right of figure
4.2, the same repeating canyon is shown for a 20m resolution grid.

AHN i | j AHN, ave;rage
| | —
h h
By | | Doy 1
d—ol T \10| \ZOI T \30\ | \4\.0\ T \50\ ;(;60 O;T‘]O‘_I_l_'éo\ X 3 \3\0I T \40I o I5Io\ ;(;60
AHN,ave
a) Repeating Canyon b) Averaged Repeating Canyon

Figure 4.2: a) 2D schematic of a repeating canyon. b) The repeating canyon averaged over 20m. The second and third grid
cell, between 20 and 40m and 40 and 60m, now both have half the height of the canyon over the entire length. The repeating
canyon thus has halved in height and doubled in width for the larger grid cell.

In figure 4.2 the building wall is exactly at 20m and thus corresponds to the border of the larger grid
cell. However in reality, building edges do not often correspond to grid cell borders. Figure 4.4a shows
an example where the buildings are not aligned with the grid of the averaged cells. This causes the
averaging procedure to flatten out the grid differently compared to the situation in 4.2.

4.1.2. LES Averaging

In turbulence models such as LES, the grid cells are three-dimensional with dimensions of Ax| gs, Ay, gs, AZ|Es,
which do not have to be equal. These dimensions are typically much larger than the Axaqny 0f 0.5m. To
represent the irregular shapes of the urban geometry with these rectangular cells, an averaging method

is used. If a box is more than half full, it is considered as part of a building, while if it is less than half

full, it is considered empty, as shown in figure 4.3.
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Figure 4.3: Averaging Method in LES. a) An LES grid cell, which is partly filled and partly empty, constructed from an AHN grid.

The LES grid cell is classified as part of a building if the filled volume V is larger than half the total volume of the LES grid cell
V| gs. b) Multiple LES grid cells on top of each other.
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Suppose we take the repeating canyon as shown in figure 4.4a, and apply the LES averaging
procedure in 2D, this results in the repeating canyon shown in figure 4.4b.

a) AHN b) LES
|AHN | | ; [LES
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2 50 ., .60
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AXarNave = 20m AXies = 20m

Figure 4.4: In the top figures we see a repeating canyon, where the building wall is not aligned with the larger grid cell. In the
middle row the grid is averaged over a new grid length of 10m with both the AHN method (a) and the LES method (b). The wall
of the canyon now falls in the middle of a grid cell, causing the grid to be flattened out differently compared to when the wall was
aligned with the new grid cells as in 4.2. On the bottom row: The grid is averaged over new grid length of 20m. In a we see that
the height differences between neighbouring cells are even smaller. In b we see that, since the original canyon height is not an
exact multiple of Az gg, the canyon is slightly less deep, and the canyon is twice as wide as the initial repeating canyon.

The grid produced from the same block of houses as seen in figure 4.1 is processed with both the
averaging technique used in the larger resolution AHN domains, and the LES averaging procedure,
the difference is shown in figure 4.5.

4.1.3. Grid Comparison

In figure 4.5 the google maps area and the colourmaps of the grids are shown for 3 domains in Rotter-
dam. Domain 1, figure 4.5b is a residential area in Rotterdam-West near the Vierambachtsstraat. The
main street on domain 2, shown in 4.5c is the s Gravendijckwal. Domain 3, shown in figure 4.5d, is
the area in the city centre between Museumplein and Westblaak.

Domain 1 is the domain used in the results chapter for SEB simulations. The first three grids are
grids with a different resolution of the AHN, averaged with the same method as shown in the middle
figure of 4.5. Figures 4.2 and 4.4 show in 2D how averaging over larger grid cells reduces the height
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Figure 4.5: a) the 0.5m grid determined from the AHN, where heights below the minimum height are filtered out. b) AHN grid
averaged over larger resolution grid cell, heights get smeared out over the larger grid cell and height variations become smaller.
c) LES grid determined from the 0.5m AHN grid averaged over the same size larger grid cells, only the left row of houses now
form two equally sized blocks, the smaller houses on the right side of the domain and the trees have disappeared.

variability, this is also visible from figure 4.5a, where grid 2 and 3 are more blurry compared to the 0.5m
resolution grid.

The grids 4-7 are grids processed with LES averaging, thus only heights which are a multiple of
Az, g5 are possible, as in the right figure of figure 4.5. Ax g5 and Ay, gg are increased up to 50m, however
Az gg is kept at 10m. When increasing Az, g more, the entire grid would disappear, since buildings are
not that high in this area. The LES averaging results in more contrast between neighbouring grid cells
and a blocky grid. In grid 6 and 7 only large open spaces and the main streets are still recognizable.
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a) 3 Domains on Maps

o =

Grid 3: 12.5m AHN

Grid 6: 25m LES Grid 7: 50m LES
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c) Domain 2
Grid 1:0.5mAHN Grid'2: 2.5m"AHN Grid 3: 12.5m AHN

Grid 7: 50m LES

d) Domain 3

Figure 4.5: a) The three grids shown on the map of Rotterdam, Domain 1 (b) is in a residential area Rotterdam-West, 2 (c) is
in the centre near the Nieuwe Binnenweg, and 3 (d) is near Museumplein. For the following three figures, for all 3 domains 7
grids are shown: the first grid is the 0.5m AHN. Grids 2 and 3 are the AHN with resolutions of 2.5 and 12.5m. Grids 4-7 are grids
averaged with the method described in section 4.1, where in grid 4 Ax gg, Ay, gs and Az gg are all 2.5m. In grid 5 Ax gg=12.5m,
Ay gs=12.5m and Az g5=10m. In grid 6 Ax_ gs=25m, Ay gs=25m and Az gs=10m. In grid 7 Ax_gs=50m, Ay gs=50m and
Az £5=10m. For all grids the colour bar goes from 0 to 25m.
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4.2. Sensitivity Analysis of the SVF

The geometry is used to compute the SVF, which determines the absorbed radiation of the surface.
Changing the geometry can therefore lead to a difference in the absorbed radiation and can lead to a
significant temperature change.

Besides the grid, the SVF algorithm requires several parameters, such as the maximum search
radius and angular steps in the horizontal direction, which is called stepsﬁ. To determine these param-
eters a sensitivity analysis is performed where the influence of a certain parameter on the SVF can
be calculated explicitly, or for a sample of points the parameter is increased in steps and the SVF is
computed for each step. To do this for all data points would be computationally expensive and since a
sensitivity analysis is not the main goal of this project, this approach is chosen.

4.2.1. Grid Resolution

The grid resolution is the most important parameter for calculating the SVF. The KNMI provides a map
of SVFs based on the 0.5m raster size AHN of the Netherlands. Dirksen et al. found that at least a 1m
resolution is necessary for applications within forests or cities. A larger grid size causes the SVF to be
underestimated and flattened out. For example, when using the 5m resolution data, the height gets
averaged over a 5m grid, resulting in decreased height differences between different grid points. This
causes the SVF to be underestimated, as fewer surrounding points get included in the calculation, and
the height difference between the included points is smaller.

We refer back to figures 4.2 and 4.4, which showed a repeating canyon before and after averaging

over a 20m. In figure 4.2, the canyon wall was aligned with the grid cell, where in figure 4.4 the canyon
wall was not aligned with the grid cell.
After averaging, the height of the canyon is halved and width of the canyon is doubled, resulting in a
4 times lower height-over-width ratio. Calculating the SVF on the 20m resolution grid in the rightmost
figure of 4.2 would more than double the SVF, according to the relation between the SVF and height-
over-width ratio for an infinite canyon shown in 4.6.

1.0

—— Road
— Wall

0.0 " . . :
0 1 2 3 4 5

H/W [-1
Figure 4.6: SVF for road and wall surfaces for an infinite canyon versus the height-over-width ratio. This figure shows that the
SVFs for both road and wall surfaces decreases rapidly with increasing height-over-width ratio.

Figure 4.7 clarifies the effect of the lower grid resolution on the SVF with a 2D example. For multiple
locations, the SVF is computed, where a larger angle means a larger SVF. In the left figure of 4.7 the
SVF is computed on a 0.5m grid. The 5m grid AHN is computed by averaging the height over the grid
cell. The height differences are a lot smaller. This corresponds with the computation in this research
of the SVF on the 5m grid size, which has a higher overall average compared to the SVF computed by
the KNMI, and the values of neighboring data points show less variation.

However, using a higher grid resolution has a large downside, as computational times and costs
increase rapidly. Halving the gridsize quadruples the data-set size (since the data-set is 2D), and more



34 4. Methods

SVYF=110 / ;
0 (SVF =
[ : VF = 0.
h VFi=
s 91
I Ax E
h.«\AHI\?iE\i|i|\\\||\\|\\|\\|\\H i???_i;i_i_iiiiiiii\i|\|\\\\\|
5 1 X 18 AxAHI‘»i::lve L X— 13
a) SVF on Axppn = 0.5m b) SVF on Axapnave = 5M

Figure 4.7: a) The SVF is computed for several locations on the 0.5m AHN grid. For three points on the AHN domain the SVF
is shown, The SVFs from left to right are 1.0, 0.1 and 0.6. When the SVF would be computed on a larger grid cell of for example
5m, the SVF would be the average of the SVFs on x=0 to x=6m. This would result in a calculation of approximately: 2*1.0 (for
the first two grid cells) + 3* 0.1 (for the three grid cells on the ground) + 5*0.6 (for the last 4 grid cells) / 10 = 0.53. b) However,
if one first averages the height, the grid shown in figure b would arise. The SVF for the first grid cell of x=0 to x=56m is 0.9 as
shown in the figure, which is much larger.

points are included in the SVF calculation due to larger height differences and a larger number of points
falling within the maximum radius. Therefore, the maximum radius is tuned to balance computational
efficiency and accuracy.

4.2.2. Maximum Search Radius

The computation of the SVF involves setting a maximum radius, R,2x, beyond which points are as-
sumed to have a negligible influence on the SVF. In order to choose R4, first the influence of a single
building on the SVF is computed. Buildings with a width of 20m and a height of 20, 40, 60, and 80m
are used to evaluate their explicit effect on the SVF when there is only one building in the area. Figure
4 .8a plots the SVF, and figure 4.8b plots the contribution of one building to the SVF, when the distance
to the building is increased to 150m. The SVFs for the smaller buildings are larger and increase to 1
faster compared to the taller buildings when increasing the distance to the building.
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Figure 4.8: In a we see the SVF, and in b we see the contribution of 1 building to the SVF, of a point on an area with 1 building
when increasing the distance, for 4 building heights and 20m building width

Figure 4.8 already shows that the influence of a building on the SVF decreases rapidly with distance.
However, this does not account for the probability that in an urban context, there may be another build-
ing between the observer and the building in question, thereby further decreasing the influence of the
building on the SVF with distance. To demonstrate this effect, the change in SVF relative to the maxi-
mum range is plotted for three points on the AHN domain, as indicated in Figure 4.9.
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Figure 4.9: Part of the AHN area. 3 points for which the SVF versus the maximum search radius,R,ax, and the steps in horizontal
direction, stepsﬂ, have been compared are indicated with a red cross

Figure 4.10a shows that increasing the maximum radius beyond 100 meters has little influence on
the SVF. Therefore, SVF simulations are conducted with a maximum search radius of 100m.

4.2.3. Steps in the Horizontal Angle

The SVF is calculated by detecting the highest obstruction in every direction, where the directions are
discretized by dividing the 360° in a certain amount of steps called stepsﬁ. This amount of steps there-
fore influences the accuracy of the SVF and another sensitivity analysis is performed on stepsﬁ. stepsﬁ
ranges between 60 and 720 steps, which corresponds to 6° per step to 0.5° per step respectively. The
influence is very small in general, and the change does not increase or decrease monotonously due
to rounding. From 360 steps the amount of change is within 0.5%, simulations have therefore been
proceeded with 360 steps.
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Figure 4.10: a) SVF relative to SVF with 500m search range for three points indicated in 4.9, where the maximum radius is
increased in steps. The relative SVF is calculated as SVF/SVF(Rp,2x=500m), This simulation was done with stepsﬁ=360.

b) SVF relative to SVF with 720 angular horizontal steps for three points indicated in 4.9, where stepsﬁ is incremented in steps.
The relative SVF is calculated as SVF/SVF(stepsB=720). This simulation was done with R;;,5x=100m
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4.3. Verification of the SVF

4.3.1. Infinite Canyon

In order to validate the SVF algorithm, an ’infinite’ canyon geometry is created for which analytic SVF
solutions, presented in section 3.1.1, exist. These analytic solutions are computed with the SVFs
computed by our algorithm. A domain larger than the maximum search radius in length is used and
the height and width of the canyon are varied. The SVF for the canyon is computed for every grid cell
in the middle strip in the canyon shown in orange in figure 4.11a, and the average SVF of the orange
strip is compared to the infinite canyon SVF in eq. 3.6. Although there is a slight overestimation by the
algorithm, due to the canyon geometry not being infinite, the SVF is very close to the infinite canyon
SVF, as shown in figure 4.11b.
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Figure 4.11: a) Schematical, of 'infinite’ canyon grid, where the solar azimuth is perpendicular to the canyon direction. The grid
cells for which the SVF and SF are computed with the algorithm to compare to the analytical solution are indicated in orange. b)
Numerical SVF, calculated with our algorithm, and analytical SVF, according to Masson’s equation 3.6, for road surface in infinite
canyon

4.3.2. KNMI SVF Map

Our calculations were compared with the SVF map provided by KNMI (KNMI - Data Services, 2019).
The KNMI uses a SVF algorithm similar to ours, based on Dozier (1990). The difference in approach
is that the algorithm used by the KNMI does not iterate over all the obstructions within the maximum
radius, but instead chooses a certain amount of angles in the horizontal direction, and calculates the
height of the horizon in those directions. The KNMI uses the same maximum range of 100m. The
amount of horizontal directions in which the horizon height is calculated, thus determines the accuracy
of the SVF, this parameter was set to 16 in the map of the KNMI.

The two SVF maps are compared on domain 1, shown in figure 4.5b. The SVF map of the KNMI
is based on the DSM and DTM data of the Netherlands with gridsize Axapn = 0.5m. To ensure a valid
comparison between the values, the SVF was computed using the same grid resolution as the KNMI.
This grid is shown on grid 4 (left bottom) of figure 4.5b.

The computed SVF has an average difference of 10% when compared to the KNMI SVF. Besides
the use of a different algorithm, several reasons can be pointed out that influence the result, such as
the use of AHN2 instead of AHN3, the exclusion of unknown values, and setting of a minimum obstacle
height. The AHN2 for Rotterdam was measured in 2008 while AHN3 was measured between 2014
and 2017. Newer buildings are therefore not represented by the KNMI.

Additionally, the KNMI did not filter out below a minimum height, while we chose a minimum height to
exclude small or temporary obstacles (e.g., a passing dog), as shown in figure 4.1.

Figure 4.12 shows the maps on domain 1 of the SVF computed by our study and the SVF computed
by the KNMI. The KNMI does not provide an SVF value for a substantial amount of the values; 6.2%
of all values on domain 1. These are the black spots in figure 4.12 and contribute to the difference in
SVF distribution and mean values.
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Figure 4.12: Comparison of the SVF-colourmaps. Figure a shows the SVFs computed by our algorithm and figure b the map of
the KNMI. On the KNMI map dark spots are visible, these are data-points for which the KNMI provides no value. The domain
consists of 1250 by 1000 data-points, which corresponds to an area of 625 by 500m. The amount of unknown values, shown as
dark spots in the KNMI map, for this neighbourhood consists of 6.2% of the data-points, therefore the influence on the average
is significant.

4.3.3. SVF Distributions

The computed SVFs form a distribution, from which a probability density function (PDF) can be de-
duced. The PDF is shown in figure 4.13. The same figure show the PDF of the KNMI SVF map. The
datapoints for which no SVF value is determined, which are the black dots in figure 4.12, are left out of
the distribution. The PDF of SVFs computed with our algorithm and the PDF from the KNMI are close
together. The distribution shows a curve with a high peak in the highest column.

When splitting the SVF distribution in two separate distributions for roof surfaces and road surfaces,
shown in figure 4.14, the curve can be allocated to the road surfaces while the roof surfaces are re-
sponsible for the high peak on the right of the PDF.

The area is a residential neighbourhood with houses of similar height. Because of this low variability
in building-height the roof SVF is high for most roof surfaces. With the relation between ground and
wall SVFs of eq. 3.9, plotted in figure 4.6, a SVF4 PDF is deduced from the SVFyoynq PDF, shown
in figure 4.15. The city is thus seen as a distribution of infinite canyons with varying height-over-width
ratios.

To determine the wall SVF for a grid cell bigger than Axpy, the average SVF for roof and ground
surfaces is determined for that cell, and the SVF,, for that cell is then determined from the SVFgoyng-
This procedure is clarified in figure 4.16.

To point out the influence grid resolution has on SVF accuracy, PDFs are computed for the same
area but where the AHN has a resolution of 2.5m instead of 0.5m, these PDFs are indicated in green
in figures 4.13-4.15. Noticeable is that in this case only 21.3% of horizontal surfaces are classified as
road surfaces, where this was 43.3% for the 0.5m resolution dataset if the minimum separation height
is equal.

As explained in section 4.1, in LES modelling grid cells with fixed dimensions are used, and there-
fore a different procedure than height averaging is necessary to create an urban surface geometry from
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Figure 4.13: PDF for SVFs, on two grid resolutions, for the KNMI, and on 2 grids averaged with LES averaging, all larger grid

cell size SVFs are indicated with dashed lines.
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Figure 4.14: PDF for SVF split in ground (a) and roof (b) surfaces, based on the height of the datapoints for which the SVF is

computed

the AHN. The SVF can also be computed based on a grid averaged with the method described in sec-
tion 4.1. These PDFs are indicated in red and purple for two different LES cell sizes in figures 4.13-4.15.

While the SVF on 0.5m grid and the one computed by the KNMI are similarly shaped, the PDF for
the other grids show a discrepancy with the 0.5m grid. The PDFs for the two LES grids do not agree
with the other PDFs. While for the 2.5m LES size the SVFs are lower compared to the 0.5m AHN grid,

for the 12.5m LES the SVF values are much higher.

4.3.4. SVF Map

In figure 4.17 the SVF map shows less contrast and the picture is overall lighter for the lower grid
resolution map, figure 4.17b. For the SVF computed on the LES averaged grids, 4.17¢c shows more

contrast but is overall much darker, while 4.17d and e are much lighter.
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Figure 4.16: The averaging procedure to determine the wall SVF for a grid cell in the SEB model, where the grid cell size is
larger than the AHN grid cell size. SVF 411, SVF o012 @and SVF o3 are examples of SVFs for AHN grid cells classified as roof
surfaces, which are indicated in green, and SVFyoung,1 @nd SVFgoung2 are examples of SVFs for AHN grid cells classified as
ground surfaces, which are indicated in purple. The SVF, g5 is the average of all SVFs for roof surfaces and the SVF ground LS
is the average of all SVFs for ground surfaces.
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Figure 4.17: Colourmaps of computed SVFs. a) For data over 0.5m resolution AHN b) Over 2.5m resolution AHN. c) LES
averaged AX| gs, Ay gs, Az gs=2.5m. d) LES averaged grid with Ax; gg=12.5m, Ay gs=12.5m and Az, gs=10m. e) LES averaged
gl’ld with AXLES=25m, AyLES=25m and AZLES=10m

4.3.5. Mean SVF Comparison
For two other neighbourhoods the SVF is computed as well, for which distributions and colour-maps
can be found in Appendix B. Figure 4.5b and c show grids of domain 2 and domain 3. Distributions
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have similar shapes but due to different building-densities and heights the distributions vary in height
and width.

The mean SVFs for all three domains, shown on google maps in 4.5a, for different grid resolutions
and for LES averaged grids, are represented in table 4.1.
Domain 1 is the domain shown in figure 4.5b. The grids of domain 1 are the grids used in the results
chapter for the surface energy balance simulations.

The surface specific mean SVFs and deduced wall SVFs show that the difference between roof
and road SVFs is reduced when data is averaged over larger gridsizes. When using the 0.5m AHN
SVF as the baseline, the other SVFs can be over- or underestimated by a factor 1.5, resulting in large
differences for absorbed SW and LW radiation.

Dataset 1 Dataset 2 Dataset 3

AHN Grid resolution | LES Averaged | AHN Grid resolution | AHN Grid resolution | LES Averaged
0.5m | 2.5m | 12.5m | 2.5m | 12.5m | 0.5m | 2.5m | 12.5m | 0.5m | 2.5m | 12.5m | 2.5m | 12.5m
Average SVF 0.60 | 0.7 0.94 0.38 | 0.67 0.61 | 0.73 | 0.95 0.56 | 0.64 | 0.87 0.31 | 0.56
Average Roof SVF | 0.68 | 0.73 | 0.94 0.46 | 0.73 0.68 | 0.75 | 0.95 0.63 | 0.66 | 0.88 0.30 | 0.54
Average Road SVF | 0.48 | 0.61 | 0.94 0.18 | 0.42 0.51 | 0.65 | 0.93 048 | 0.57 | 0.87 0.28 | 0.49
Average Wall SVF | 0.31 | 0.38 | 0.48 0.15 | 0.29 0.33 [ 0.39 | 048 0.31 | 0.36 | 047 0.20 | 0.32

Table 4.1: Mean SVF for different surfacetypes, for grid resolutions of 0.5m, 2.5m and 12.5m, and averaged with the LES method
over 2.5m and 12.5m LES cell sizes. The different grids for the three domains / datasets can be found in figure 4.5b for domain
1, figure 4.5¢ for domain 2 and figure 4.5d for domain 3. Dataset 1 is the dataset used in simulations of the results chapter. PDFs
and colourmaps of the SVFs on Dataset 2 and 3 can be found in Appendix B.
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4.4. Verification of The Shadow Casting Algorithm

To verify the shadow casting algorithm the solar position algorithm is compared to data of the solar
position for Rotterdam. Next the SF can be compared for an ’infinite’ canyon geometry to the analytical
solution of Masson. To save computational expenses it is advised to compute the SFs for only one
day per week instead of every day. To justify this, solar positions for different days of the week are
compared.

4.4.1. Solar Position Calculator

To verify the shadow casting algorithm first the solar position calculation should be compared to data.
There exists multiple websites that calculate the azimuth and zenith angle for specific locations, where
results vary slightly. The azimuth and elevation angle were verified using (Keisan Casio, 2022), and
are very close to our calculated values. The solar elevation angle and the solar azimuth angles during
daytime, which is defined as the hours between sunrise and sunset, on May 1st, are plotted together
with measured angles in figure 4.18.
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Figure 4.18: Elevation (a) and azimuth (b) angle during daytime on May 1st in Rotterdam, calculated values and from (Keisan
Casio, 2022)

The variation of azimuth and solar elevation angle throughout the year is the reason that the shadow
factor for a point changes throughout the day and from day to day throughout the year. This unfortu-
nately means that this computationally expensive calculation can not just be done once and reused.
However, the difference between consecutive days is reasonably small.

In figures 4.19a and b the elevation and azimuth angle is plotted for 7 consecutive days in the start

of May. Since the elevation angle and azimuth angle are only defined during daytime, i.e. when the
elevation angle is higher than 0, this is plotted only between sunrise and sunset. Figures 4.19c and d
shows the difference in angle with day 1.
From the figure 4.19 it is clear that the difference is minimal, within a few degrees in a week. Though
one would maybe expect a linearly growing difference this is also not visible from the figures; due to the
different complex orbits of the sun and the Earth, which are not completely circular, the differences vary
during the day and during the week. In Appendix C the same azimuth and elevation angle comparison
can be found for the first week in November, to show that the differences are also very different at
different times of the year.

A solution to save computational expenses is to take the middle day of the week and use that for
the entire week, or take an average of the hourly solar elevation and azimuth angle for some amount of
consecutive days. Taking for example a weekly average results in a 7-fold decrease in computational
expenses. A lookup table can then be created that gives the SF for a location, given the time, and day
of the year.
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Figure 4.19: On the left we see the elevation angle (a) and azimuth angle (b), during 7 consecutive days in May. On the right we
see the difference with day 1 in elevation angle (c) and azimuth angle (d) during the same 7 consecutive days

4.4.2. SF Validation for an Infinite Canyon

To validate the algorithm for computing the shadow factor, it is compared to the analytical solution for
an infinite canyon. Specifically, the comparison is performed for a scenario where the azimuth is 90°
from North, such that one wall is sunlit and one fully shaded wall. The SF is computed for every grid
cell in the middle canyon strip, as depicted in figure 4.11a, and the average is compared to the SF
calculated using egs. 3.25 and 3.27 for the corresponding height-over-width ratio.

If direct sunlight is assumed a collimated lightbeam, the direct sunlight that does not reach the roof
and road surfaces must be intercepted by wall surfaces. In this scenario, the SF for wall elements
can be determined by using the conservation relation 4.1, proposed by Masson. This relation is used
to deduce the SF for walls in the canyon geometry from the SF for roads and the height-over-width ratio.

h
SF;”oof = SEoqa t+ 2;S.Fwall 4.1)

The factor 2 in eq. 4.1 accounts for the fact that there are two walls, of which one is fully shaded for
an azimuth of 90° from north. The equations to decribe the SFs for an infinite canyon are described in
section 3.2.3 and the algorithm to compute them numerically in section 3.2.2.

The SF for roads (figure 4.20a) and sunlit walls (figure 4.20b) is calculated numerically and com-
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Figure 4.20: The SF versus the height-over-width ratio, for 3 elevation angles, for a road (a) and wall (b) in an infinite canyon.
The SFs computed with our algorithm are the solid lines, and the dotted lines are the SFs calculated with Masson’s equations

pared to Masson’s analytical solutions. The SF is highest for roads at an elevation angle of 75° when
the sun is at its highest, for example during midday in summer. For roads, the SF decreases as the
height-over-width ratio increases.

For the highest elevation angle the entire wall is sunlit for all height-over-width ratios and therefore
there is no decrease for higher height-over-width ratios. Due to the high angle, the fraction of absorbed
direct sunlight, which is normal to the wall, is relatively low. At lower elevation angles, the absorbed
fractions are higher because the normal component increases with a larger zenith angle. At an elevation
angle of 50°, the wall becomes partially shaded for higher height-over-width ratios.

4.4.3. SF Distributions

The SF for every xapnn, Yann is binary. The shadow is averaged over LES grid cells for roof and ground
surfaces separately, resulting in a factor between 0 and 1 for a LES grid cell for both surface types, as
shown in figure 4.21.

Figure 4.21: In this figure the AHN grid is shown for one LES cell. There is one building blocking the direct sun rays for a part of
the other building and part of the ground. The blue grid cells do not receive direct solar radiation, the orange grid cells do. This
results in @ SFgoungLEs @and SFyoor L Es between 0 and 1. From the SFgoyng Les the SFyaLes is determined
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The relation between SFgyoynq and SF,, is not solely determined from the height-over-width ratio,
as was the case for the SVF in eq. 3.9, but is time-dependent because of its dependence on zenith
angle. In figure 4.22a the SFyoung and SF4 are plotted, with solid lines for SFg,,ng and dotted lines
for SF,,4, for different zenith angles.

A Least Squares-fit is used to determine the relationship between the SF for wall and road surfaces
for various times, calculated using the equations for an infinite canyon, 3.29 and 3.30. In figure 4.22b,
SF il is plotted with dashed lines against SFynq for different zenith angles. These curves resemble
tanh-functions, and thus, the trial fit used is of the form a - x? - tanh(cx) with fitted parameters a, b, and
c. Solid lines in figure 4.22b show the curves plotted using these parameters.
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Figure 4.22: a) SF,,, (dotted lines) and SF,,q4 (solid lines) in an infinite canyon versus the height-over-width ratio, for different
times / Zenith angles, and averaged over all canyon orientations. b) SF,,, versus SF,,,q in an infinite canyon, the exact equations
of Masson (dashed lines) and the fit used in our model (solid lines)

When Ax gg equals Axayn, the SF is binary for the LES cell and the distribution is just a division of
0 and 1’s. When the size of Ax gg is increased, resulting in averaging over a greater number of cells,
the SF grows towards a uniform distribution. Further increasing Ax, g5 results in growing towards one
average SF for the entire domain. The xann, Yann coordinates with SF = 0 are not randomly distributed;
they tend to be adjacent, given that buildings cast shadows larger than Axayn, and roofs, which are
typically unshaded, are larger than Axaqyn. The distribution of the shadow factors is therefore depen-
dent on the chosen Ax, gg size.

The distribution of wall SFs depends on the relation between SF g, @and SF,,, for the zenith angle
and the size of Ax gs. Figure 4.23 shows the distributions of SFs for road, roof, and wall surfaces at
three different times, with a grid cell size of Ax s = 10AxanN- In Appendix D the distributions for larger
grid ratios can be found to demonstrate the difference in distributions.

In the morning, when the sun is low in the sky, most walls are sunlit, resulting in a relatively high
average wall SF. As the day progresses, roof and ground surfaces tend to receive more sunlight, leading
to a decrease in the maximum wall SF.
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Figure 4.23: SF distributions for roof (left), wall (middle) and road (right) surfaces, at 9AM (top), 11AM (middle) and 1PM (bottom),

with a gridsize of 5m
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4.4.4. Shadow Factor Map

The SF is computed for the first dataset with the algorithm described in section 3.2 with a timestep of
1 hour during daylight, on May 1st. In figure 4.24 the SF is pictured for every hour, showing that the
buildings, streets and trees are clearly distinguishable because of their shadows. The only information
used is the height of buildings, longitude and latitude of Rotterdam, and the date and time.

Figure 4.24: SFs for every hour during one day, May 1st 2022
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4.4.5. SF for LES Averaged Grid

Once again, the SF can be calculated on a grid averaged using the LES method outlined in section
4.1. The mean SF on the domain for different grids differs greatly, which has a significant impact on
the absorbed direct SW radiation. As depicted in figure 4.25, when using a grid size of Ax gs, AY|Es
and Az g5=2.5m, the mean shadow factor is reduced by nearly half. Using a much larger grid size of
Ax gs=12.5m, Ay, gs=12.5m and Az g5=10m through the same averaging process, removes nearly all
building height variations. Consequently, temporal variation disappears: Surfaces that receive radiation
(mostly roofs) do so throughout the entire day, while surfaces that do not receive radiation (mostly
ground surfaces) remain unexposed. As shown in figure 4.26, ground surfaces appear black at 12AM
due to this lack of radiation.
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Figure 4.25: Mean SF over domain 1, during May 1st for grid of 0.5m AHN grid, versus LES averaged grid with Ax gg, Ay| s
and Az gs=2.5m, and LES grid with Ax gg=12.5m, Ay g5=12.5m and Az g5=10m.
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Figure 4.26: The shadow factors at 12AM on domain 1. a) 0.5m AHN grid. b) LES averaged grid with Ax gg, Ay, gs and
Az £5=2.5m. c) LES grid with Ax gg=12.5m, Ay, gs=12.5m and Az g5=10m. d) LES grid with Ax gg=25m, Ay, gs=25m and
Az gs=10m
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4.5. The Three Different Surfaces

The urban surface is divided into three surface types: roof, ground, and wall surface. This allows
for different materials and boundary conditions to be set for each surface type, and for temperature
evolution to be evaluated separately.

4.5.1. Separating Surface Types

The roof area of each cell of size Ax|gsAy|gs is calculated by counting all roof elements, i.e. all AHN
points that have a height>0, and multiplying them with the area of one AHN grid cell: Axf\HN. The same
is done for the ground elements and water elements.

In the Netherlands there is a lot of inland water, almost 10% of the total land use, which is even
higher in the port city of Rotterdam, where it is over 20% (CBS, 2021). Moreover, Heusinkveld et al.
(2014), found that large water bodies, such as the Rotterdam’ rivers, can significantly influence the
urban temperature. In the AHN3 water surfaces are indicated and therefore easily separable from road
surfaces, therefore the splitting of ground surface into road and water surface has been included in the
model.

The exterior wall surface is calculated by evaluating the height difference between each point and
its surrounding points, and the wall surface area for each building is determined by summing up the
wall surface on each of its four sides.

%,y agn (h>0)
Groop = ). (Bxagy)? (4.2)

x,Y AN (h=0)
Aground = (AxAHN)2 (4.3)

X,y agn 4sides

Awall = Z Z max(Ah, 0) - Axayy (4.4)

From this, the fractions of roof, ground (split into road and water), and wall surface areas can be com-
puted as the area of one surface type divided by the total area of all surfaces, aigta = @root + @wall + 8ground-

For all ground surfaces, the fraction of water and road surfaces are calculated, and two energy
balance equations are solved for different material properties. The ground surface temperature is a
weighted average of road and water temperatures, and ground surface fluxes are calculated sepa-
rately for road and water and added up proportionally to the surface fractions.

Aroad Awater
Tground = T *Troaa + T *Twater (4.5)
Aroad Awater Aroad Awater

The average surface temperature for the entire urban surface can then be calculated with the surface
fractions and temperatures for each surface type with eq. 4.6.

QAroof Awall T Aground
“Iroof + “lwall
Atotal Atotal QAtotal

Ts = : Tground (4.6)

4.5.2. Influence of the Grid on Surface Fractions

The fractions of surface area classified as roof, wall, and ground surfaces are influenced by the grid
averaging procedures. To show the influence of the averaging procedures, mean area fractions over
domain 1 and 3 are calculated for both the AHN grid and 2 grids averaged with LES averaging. Domain
1 is a residential area with low height-variability, and domain 3 has higher buildings but also more open
spaces. Results are summarized in table 4.2.

When using smaller grid sizes, the area fractions are similar to those of the unaveraged grid, but
for larger grid sizes, more surfaces are classified as ground surfaces, leading to a decrease in both
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Area g Ground
Fractions Gridsize | Roof | Wall Total | Water | Road
0.5m 0.408 | 0.212 | 0.380 | 0.043 | 0.337

Domain1 | 2.5m 0.468 | 0.150 | 0.382 | 0.042 | 0.340
12.5m 0.300 | 0.112 | 0.588 | 0.040 | 0.548
0.5m 0.357 | 0.217 | 0.426 | 0.043 | 0.383
Domain 3 | 2.5m 0.402 | 0.160 | 0.438 | 0.041 | 0.397
12.5m 0.312 | 0.118 | 0.570 | 0.039 | 0.531

Table 4.2: The mean area fractions over domain 1 and domain 3, shown in figures 4.5a and 4.5c, computed for a 0.5m AHN grid,
versus LES averaged grid with Axgg, Ay gs and Az, g5=2.5m, and LES grid with Ax_ gg=12.5m, Ay, gs=12.5m and Az g5=10m.

roof and wall area fractions. In dataset 1, which has a high building density with low-rise buildings, the
decrease in roof areas and increase in ground areas is greater compared to dataset 3, which has taller
buildings (max 132m) but is less densely built.

The grid averaging procedure strongly affects the SVF and the shadow factor, and results in different
temperatures for the surfaces of the two grids. Different area fractions will influence the surface average
temperatures.

4.6. Number of Layers

The surface energy balance equation is solved numerically on our domain by dividing the surfaces into
layers as shown in figure 3.1. The top layer experiences all the fluxes of eq. 3.1, and the resulting net
heat flux penetrates deeper into the ground through a conduction. The conductive heat flux from one
layer to the next depends on layer thickness and the number of layers, and is calculated with egs. 3.44
and 3.45. The analytical solution exists for a flat ground surface with homogeneous material, and is
used to verify the conductive heat fluxes simulated in the model. For this purpose, a sinusoidal tem-
perature forcing at the surface is used instead of a net radiation flux, with a period of 1 day around an
average temperature.

The temperature evolution depends on its material properties and the boundary conditions applied
to it. Assuming a constant soil thermal diffusivity, uniform soil texture, and a boundary condition of 0
flux out of the last layer, the temperature in the soil is dampened exponentially with depth.

T(O' t) = Tave,forcing + Tamp,forcingSin(tht) (47)
where w is the frequency, converted from hours to seconds

2n

wzﬁ

-3600 (4.8)

The dampening depends on the damping coefficient d, which is calculated from the volumetric heat
capacity C[J/m3K], and the heat conductivity A[W/mK], which are also used in the layer heat transfer

The analytical temperature equation at a depth z, where z is positive downwards, reads:

T(Z' t) = Tave,forcing + Tamp,forcingexp(_z/d)Sin(tht - Z/d) (4-10)

Deep into the ground the diurnal variations are flattened out, and even deeper seasonal variations are
flattened out as well resulting in a constant temperature throughout the year.

The analytical solution is compared to the numerical solution for different layer thicknesses and
amounts of layers, as shown in figure 4.27a. The numerical solution converges to the analytical solution,
and the time and accuracy of convergence for different layer thicknesses and amounts of layers can



50 4. Methods

297.54
295.01
292.5 1
290.0) — Air ;
) |, —— Numerical ===
= 287.54 Analytical
—— d=2.5cm
28500 4 75cm
282.5 1 d=12.5cm
—— d =17.5cm
280.0 - d=225cm
d=27.5cm
277.54 X . ‘ . ‘ . ‘
0 10 20 30 40 50 60 70
Time [h]
a) Analytical vs Numerical
297.5
295.0
292.5 1
290.0
“
— 287.5
2850 numerical
282,54 " Analytical
—— d = 1.5cm
280.04 e d=135cm
----- d = 255cm
277.54 i . : . ‘ . ‘
0 10 20 30 40 50 60 70

Time [h]
b) Asphalt vs Soil (Numerical)

Figure 4.27: Temperature into the ground at depth d, measured from the top of the surface. A constant thermal diffusivity and
uniform texture, and a boundary condition of O flux out of the last layer are assumed. The simulation time step is 10 minutes. An
air temperature signal is used with a 15 K average and 10 K amplitude.

a) Numerical (solid lines) and analytical (dotted lines) simulation of temperature in 6 layers of soil. The layer thickness is 5¢cm.
This is layer thickness as used in the results chapter.

b) Numerical simulation of temperature in every layer, for soil (green) and asphalt (black) material properties. The layer thickness
is 3 cm and the temperature of every 4th layer is plotted. The more densely dotted lines are the lines closer to the surface.

be weighed up against the computational expense.

Figure 4.27b displays a simulation of the temperatures of an asphalt and soil surface using the ma-
terial properties listed in table 5.1. The simulation solely includes a temperature forcing, thus the net
flux consists only of a conductive heat flux.

The influence of artificial materials on heat retention is evident, as the asphalt surface layers shows
less variation in surface temperature and retain their heat. These heat-retaining properties of surface
materials contribute to the UHI effect.

Once the model has been tested with the simplified geometry and homogeneous material properties,
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the layers can be assigned different materials or thicknesses to resemble real-life constructions. For
example, roof surfaces can be modeled with a top layer of bitumen followed by wood or concrete, and
roads can be simulated as soil with a top layer of asphalt.

4.6.1. Material Properties

The net long and short wave radiation is calculated by creating a matrix, equally sized to the SVF and
SF matrices, with albedos and emissivities. Different surface types are assigned different materials.
The SEB equation is solved for all surfaces on the domain. The matrix approach has the advantage of
allowing material types to be altered per grid cell. For example, by coupling the model to a turbulence-
resolving model, the effect of replacing conventional rooftops with green rooftops can be investigated
at specific locations (Suter et al., 2022).

Various commonly used building materials are used in the simulations to evaluate the influence of
different materials, layers, thicknesses, and other parameters on the evolution of surface temperatures
over the day.

4.7. Boundary Conditions

A boundary condition for the inner temperature is imposed on buildings since the indoor temperature is
usually regulated to a comfortable level using heating or cooling systems, and is not allowed to evolve
naturally. For ground surfaces, a zero outflow boundary condition is set for the bottom layer. Table 4.3
provides a summary of the initial and boundary conditions used in the simulations.

Initial Conditions Boundary Conditions
Roof All Layers: T,(0)  Bottom Layer: Tyiging
Wall All Layers: T,(0)  Bottom Layer: Tyyiging
Ground All Layers: T,(0) 0 flux out of bottom layer

Table 4.3: Initial and Boundary Conditions for the three different surfaces

The model allows the building heating temperature to be adjusted as a tunable parameter, and the
impact of various heating temperatures on the surface energy balance under different outside temper-
ature scenarios is presented in the results chapter. The impact of building heating temperature on UHI
can be examined by setting different inner boundary conditions for buildings and coupling the model to
a turbulence model.
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4.8. Model Forcings

To simulate the surface energy balance, realistic forcing data for downwelling LW and SW radiation
fluxes are generated. SW flux data that is measured at cabau for one year is used to generate the
SW flux in our model. The SW flux is estimated by fitting the measured SW flux against the Zenith
angle over a year, which results in a SW radiation function of the Zenith angle during daytime and zero
otherwise. The SW flux data is measured at the ground and therefore the average cloud formation is
included in the generated SW flux. The SW radiation is split into direct and diffuse SW radiation, based
on the Zenith angle.

SWair = c0s(0;) - SWaown (4.11)
SWair = (1= cos(6,)) - SWaown (4.12)

As for the LW radiation flux, a simple approximation assumes that the air temperature follows a sinu-
soidal pattern throughout the day, with the peak occurring in the afternoon and the lowest point at night,
and the LW radiation evolves accordingly with the air temperature through equation 3.40.

However, in reality temperature and downwelling radiation fluxes are not perfect sinusoidal signals.
To account for the surface temperatures’ response to rapid changes, a noise signal with a normal dis-
tribution and variable standard deviation is added to the temperature and the downwelling SW flux.
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Figure 4.28: Forcings used in the simulations: LW radiation based on air temperature, and SW radiation flux based on data.
The SW flux is split into diffuse and direct SW radiation using the zenith angle. The temperature is 288K on average with a 10K
amplitude. The standard variation for the temperature and SW radiation noise signals are 0.5 and 20 respectively.



Results

The objective of this thesis is to improve the understanding of how various factors affect the temperature
behavior of urban surface areas, where a horizontal domain is considered. The focus is on the urban
geometry and grid averaging techniques. Other parameters under investigation are the resistance to
heat of the surface, and the building temperatures. By analyzing the results of the study, recommenda-
tions can be made to improve urban surface energy balance models for building-resolving turbulence
models. Simulation parameters are listed in table 5.1.

At 10 min
Nsteps 288 (2 days)
layers 7
d 5cm
Rh 100 s/m
RI,water 200 s/m
Tairaverage 27315+ 15K
Tair,amplitude 5K
Thuilding 20K
Standard Deviation SW 20W
Standard Deviation Tair 05K
Walls Roofs Road Water

Top Layer Brick Bitumen Asphalt Water

Wall Set up Lower Layers | Brick Brick Sall Water
Albedo Emissivity C [kJ/m3K] A[W/mK]

Grass 0.3 0.88 2000 1.1
Soil - - 1900 0.3
Brick 0.3 0.9 2081 1.31
Bitumen 0.12 0.97 2000 0.8
Asphalt 0.12 0.88 2251 0.75
Water 0.009 0.95 4200 0.598

Table 5.1: Simulation Parameters

5.1. Comparison of Two Geometries

The surface fluxes are influenced by the sky view factor and shadow factor, which are determined by
the surface geometry. The temperature and fluxes are computed for two grids: The first grid is the
0.5m AHN grid, a colourmap of this grid is shown in grid 1 of figure 4.5b. This grid is most detailed
and closest to actual geometry, and SVFs computed on this grid are therefore assumed to be the most
realistic.

53
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The second grid is the 2.5m LES grid, which is a grid averaged with the method described in figure 4.3
from the 0.5m AHN grid, where Ax, gs, Ay gs and Az gg are all 2.5m. This grid is indicated with dashed
lines in all figures and a colourmap of the grid is shown in the 4th grid of figure 4.5b.

5.1.1. SVF and SF Differences

Table 4.1 presents the mean SVF values, which indicate an underestimation on the second grid, which
is the 2.5m LES grid or grid 4 in figure 4.5b, with a mean SVF of 0.38 compared to 0.6 on the 0.5m
grid. For ground surfaces the decrease is relatively the largest, with 0.18 versus 0.48. The roof SVF
has a decrease of 0.46 versus 0.68 and the wall SVF has a decrease of 0.15 versus 0.31.

The SF varies throughout the day and is computed with the zenith and azimuth angle for every hour
of May 1st, shown in figure 4.24 for the 0.5m grid. Figure 4.25 illustrates the significant differences in
SFs, where the mean SF value throughout the day is underestimated for the 2.5m LES grid compared
to the 0.5m AHN grid. The latter has a maximum mean SF value of 0.69, while the former has a maxi-
mum mean SF value of 0.41.

The influence of the grid on the different components of the surface energy balance is studied, by
evaluating surface fluxes and temperatures for the roof, wall and ground surfaces for both grids. The
fluxes and temperatures plotted are the averages, as explained in chapter 4, over domain 1.

5.1.2. SEB Differences

The net LW and SW radiation are directly affected by the geometry. The difference in SW and LW
reflections between the roof, wall, and ground surfaces of the grids is explored in section 5.2. A differ-
ence in net LW and SW fluxes affects the net radiation and causes the surface temperatures to evolve
differently throughout the day for the two grids, which is discussed in section 5.3. The surface temper-
ature forms the boundary condition for the sensible heat flux, which is investigated in section 5.4. The
results depend on the temperature boundary conditions prescribed for roof and wall surfaces, and forc-
ing used in the simulations. The impact of outside weather conditions and indoor building temperature
is discussed in the final section 5.5 of the Results chapter.

Appendix E provides a comparison of the LW and SW fluxes for a grid averaged with the same
method but a much larger grid cell of Ax g5=12.5m, Ay, gs=12.5m and Az gg=10m. This grid is shown
in grid 5 of figure 4.5b.
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5.2. LW and SW Budget Components

Sin this section we specifically explore the different LW and SW budget components, where the ab-
sorbed SW radiation from the sky is split into direct and diffuse parts, determined by the SF and SVF,
respectively. The fraction of received radiation that is reflected or emitted by other surfaces depends on
the geometry and is captured by view factors. The reflection terms become smaller with each reflection,
and in this study, only first-order reflections are considered. The first-order reflections are represented
by incorporating the view factors and material properties of the other surfaces, as the different terms
in the net LW eqs. 3.37-3.39 and net SW egs. 3.33-3.35. The reflection from roof to wall surfaces is
neglected.

Each component of the net SW and LW radiation is shown in figure 5.1, with the LES-averaged grid
plotted with dashed lines and the AHN-grid with solid lines. The surfaces of the LES-averaged grid,
having smaller SVFs, absorb less heat during the day. Note that the axes for the plots for the different
surfaces are scaled differently, to make the difference in absorbed flux between the two grids visible.

5.2.1. Shortwave Radiation

The difference in absorbed flux between the two grids is most visible for SW radiation, since the SW
flux received from the sky is much larger than the LW flux received from the sky.

The net SW radiation is shown in red in the right column of 5.1, and peak values occur at midday for
all three surfaces. For ground surfaces the difference in net absorbed SW radiation is the greatest
because the SVFyqnq differs relatively most for the two grids, with peak values around midday of 373
W/m? for the 0.5m grid and only 121 W/m? for the 2.5m grid, a factor 3 difference. For roof surfaces
the maximum net SW values are 465 W/m? versus 348 W/m?, and for wall surfaces the maximum net
SW are 138 W/m? versus 71 W/m? for the 0.5m and 2.5m grid respectively.

5.2.2. Longwave Radiation

The peak of grey body emission, indicated in lightgreen in the left column of figure 5.1, occurs in the
afternoon for all surfaces due to the highest surface temperature at that time. All three surfaces emit
less LW radiation for the 2.5m LES-grid because of the smaller SVFs. The largest difference in emitted
LW radiation is for ground surfaces. The mean difference is 10 W/m? for ground surfaces, and 3 W/m?
for both wall and roof surfaces.

Notice that for all three surfaces, the absorbed LW flux reflected from wall surfaces, represented by the
pink lines in the left column of figure 5.1, is much larger for the 2.5m LES-grid, compared to the 0.5m
AHN grid. This means that the 2.5m grid predicts a larger LW trapping effect, whereas the 0.5m AHN
grid predicts a larger contribution from the sky.

This difference in reflected flux is caused by the fact that the WVF is calculated as WVF=(1-SVF),
which follows from the fact that all view factors must add up to one. The SVF is smaller for the 2.5m
grid, therefore the WVF is larger. For wall surfaces the GVF is assumed equal to the SVF, and the
WVF is therefore (1-2 SVF). For wall surfaces, the effect of increased LW trapping is therefor greatest,
with a mean difference of 101 W/m? between the two grids for LW reflected from wall surfaces to wall
surfaces, compared to 58 W/m? for roof surfaces and 84 W/m? for ground surfaces.

For all three surfaces, the net LW radiation, indicated in red in the left column of figure 5.1, is
negative, meaning it is emitted, and highest for the 0.5m AHN grid. The use of the 2.5m LES grid in
simulations would result in smaller emitted LW fluxes and the retention of more heat during the night,
with smaller differences between day and nighttime temperatures. This decline in temporal variation
is largest for ground surfaces, where the 0.5m AHN grid has a minimum and maximum value of -99
W/m? and -61 W/m? of net emitted LW radiation, while the 2.5m LES grid has a minimum and maximum
value of -51 W/m? and -40 W/m? of net LW radiation; a 38 W/m? versus 11 W/m? difference between
minimum and maximum net LW. The peak net LW radiation is emitted at midday for both roof and
ground surfaces, while for wall surfaces, the net LW emission is more constant throughout the day and
lowest at midday due to the LW trapping effect from road and other wall surfaces.



56 5. Results

LW SwW
300 1
—— LW down T —— SW Net
2004 — LW Net w0l Diffuse
w | .
— Absorbed fromsky """ ______ o Direct
1004 Emitted Absorbed From Wall
o o Absorbed From wall ™ 300 4
£ £
E 100 E
X % 200
i i
% —200 %
~3004 100
—400
0 -
0 10 20 30 40 50 0 10 20 0 40 50
time [h] time [h]
a) LW Roof d) SW Roof
300 ]
— LW down T i — SW Net
2001 — LW Net 0] — Diffuse
—— Absorbed from Sky Direct
1004 Emitted e ——— 100{ — Absorbed From Road
(E — Absorbed From Road ~~ - -_...___ F Absorbed From wall
£ 0 Absorbed From wall £ 80
£
o Qe —— z
5 -100- 5 601 !
T I H
Vi
= —200 1 Z a0 \/' Y,
-300 207 - S~
4 f_’:’_’:-:..-_—k__%. ....... -
7400 1 T T T T T O T . T T T T
0 10 20 30 40 50 0 10 20 30 40 50
time [h] time [h]
b) LW Wall e) SW Wall
300
—— LW down T —— SW Net
500 — LW Net 3509 piffuse
—— Absorbed from Sky 300 1 Direct
1004 Emitted —_—_— Absorbed From Wall
E Absorbed Fromwall ______________________. (E 250 A
£ 0 E
E __________________________________________ E 2004
= 7100_ W <
2 2 150
= = .
= 200 @ 1001 P
\'\
-300+ 50 1 i ‘./‘:r«,i
T LAY
-400 1 o4 — e
0 10 20 30 40 50 0 10 20 30 40 50
time [h] time [h]
¢) LW Ground f) SW Ground

Figure 5.1: The net LW (left, a-c) and SW (right, d-f) radiation of roof (top), wall (middle) and ground (bottom) surfaces, split into
the different components, where solid lines are for the 0.5m grid and dashed lines for the 2.5m LES grid
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5.3. Surface Temperature Evolution

The net surface radiation comprises the net LW and SW fluxes, and the net radiation dictates the
temperature changes of surfaces. Figure 5.2 illustrates the impact of SW and LW reflections on surface
temperature. The albedos for all three surfaces are either those in table 5.1 or 0, so no SW reflections
occur, and the emissivities are either those in table 5.1 or 1, so no LW reflections occur. The SEB is
simulated for both grids, and is compared to air temperature as a reference, where the SW and LW
reflections are either incorporated or omitted, to demonstrate their influence on the surface temperature.

5.3.1. Including versus Excluding all Reflections

The figures 5.2a-c show the temperatures for two situations: one without any reflections, indicated in
orange, and one including both SW and LW reflections, indicated in green. The dashed lines are again
for the 2.5m LES grid and the solid lines are for the 0.5m AHN grid. A surface with an emissivity of
1 absorbs more LW radiation from the sky but emits perfectly as a blackbody, while a surface with an
albedo of 0 absorbs more SW radiation from the sun and the sky, thus warming up more during the day.

Excluding reflections results in higher temperatures for both grids. This difference is however
smaller for ground surfaces compared to roof surfaces. This occurs because when reflections are
excluded, all radiation received from the sky is absorbed, but no radiation is reflected from other sur-
faces. For ground and wall surfaces, reflected fluxes constitute a larger fraction of the net radiation
than for roof surfaces, where radiation from the sky is the most significant.

The difference in peak temperature between excluding and including both SW and LW reflections
is 1.8 K for the 0.5m AHN grid and 1.7 K for the 2.5m LES grid for roof surfaces (figure 5.2a). For wall
surfaces (figure 5.2b), the differences are 1.6 and 1.5 K for the 0.5m AHN and 2.5m grids, respectively.
For ground surfaces (figure 5.2c), the differences are 1.0 and 1.1 K for the 0.5m AHN and 2.5m grids,
respectively. For all three surfaces, the temperature difference between including and excluding reflec-
tions is similar for both grids, indicating that the difference in absorbed SW and LW radiation from the
sky is the primary cause of the temperature difference between the two grids, rather than reflections.

5.3.2. Including Shortwave or Longwave Reflections

The figures 5.2d-f are used to assess whether excluding SW reflections, indicated with purple lines,
or excluding LW reflections, indicated with yellow lines, has a greater impact on temperature rise.
Excluding SW reflections but including LW reflections results in a greater temperature rise, especially
during the daytime due to the significant difference in absorbed SW radiation, indicated in figures 5.1d-
f. During the night, the temperature difference decreases as the LES averaged grid has lower SVFs,
resulting in smaller emitted LW fluxes.

5.3.3. Main Take-Away

For the 2.5m grid, the peak temperatures are considerably lower; the averaging method results in an
underestimation of the surface temperature during the daytime. The largest temperature difference be-
tween the two grids, when both SW and LW reflections are included, occurs for ground surfaces, with a
maximum temperature difference of 5.84 K (figure 5.2c). For roof surfaces, the maximum temperature
difference is 2.58 K (figure 5.2a), and for wall surfaces, it is 2 K (figure 5.2b).

However, this outcome depends on the weather situation and selected boundary conditions. By
increasing the building temperature, the emitted LW radiation by roof and wall surfaces rises, and the
relative contribution of the SW and LW fluxes changes. In Section 5.5, the impact of the boundary
condition Tyyiging ON the surface temperatures is examined for various weather conditions.
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5.4. Sensible Heat Fluxes

The sensible heat fluxes are proportional to the temperature difference between the surface and the
air. The LW and SW flux differences caused by the different geometries, influence the surface temper-
atures, which in turn form the boundary conditions for the sensible heat fluxes. The building materials
are assumed impermeable to water and therefore no latent heat fluxes are taken into account in the
model except at the water surfaces. For water surfaces the aerodynamic resistance to moisture R, is
assumed constant.

The aerodynamic resistances to heat, Ry, needed to calculate the SHF fluxes, depends on many
parameters unknown in our model. In the simulations, R, is held constant, but in reality, it is geometry-
dependent and would differ between the two grids. The impact of the SHF on the Surface Energy
Balance (SEB) is evaluated by varying the unknown Ry, and assessing the resulting surface tempera-
ture for both grids.
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Figure 5.3: The SHF fluxes for the three surfaces for an Aerodynamic Resistance of 30 s/m (top) and 150 m/s (bottom), for the
0.5m AHN grid (left), and for the 2.5m LES grid (right)

5.4.1. Comparison of the Aerodynamic Resistances for Both Grids

The magnitude of the SHF is inversely proportional to R;,, and a higher R, results in a greater differ-
ence between surface and air temperature. Additionally, high R;, values make the heat fluxes less
sensitive to small and rapid changes in air temperature: When Ry, is increased from 30 s/m to 150 s/m,
the variations in all SHF s decrease considerably, as demonstrated in figures 5.20-5.22 for the 0.5m grid.
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Roof surfaces receive the most LW and SW radiation during the day, leading to the largest tem-
perature differences between the surface and air, as seen in figure 5.2a. As a result, the difference
between the day and night SHF are greatest for roof surfaces, for both grids, visible from the red lines
in figure 5.3.

For roof surfaces the mean difference between Ry, of 150 s/m (bottom left) and 30 s/m (top left) for
the 0.5m grid roof surfaces is 44 W/m?, resulting in a 0.9 K temperature difference. For the 2.5m grid
the mean difference between the R, of 150 s/m (bottom right) and 30 s/m (top right) for roof surfaces
is 36 W/m?, resulting in a 0.6 K temperature difference.

For wall surfaces the mean difference between the two aerodynamic resistances is 31 W/m?, resulting
in a 0.2 K mean temperature difference for the 0.5m grid, and 29 W/m?, resulting in a 0.1 K mean
temperature difference for the 2.5m grid.

For ground surfaces the mean difference between the two aerodynamic resistances is 29 W/m?, result-
ing in a 0.4 K temperature difference for the 0.5m grid, and 25 W/m?, resulting in a 0.2 K temperature
difference for the 2.5m grid.

The mean temperature differences between Ry, values for roof, wall, and ground surfaces are rela-
tively small, but the maximum differences can be significant: For instance, the maximum difference for
roof surfaces of the 0.5m grid, between the R;, of 150 s/m and 30 s/m is 113 W/m?, resulting in a 6.8
K temperature difference. For the 2.5m grid the maximum difference between the R;, of 150 s/m and
30 s/m for roof surfaces is 78 W/m?, resulting in a 4.6 K temperature difference.

5.4.2. Comparison of the Grids for Both Aerodynamic Resistances

The mean SHF differences between the two grids for different surfaces vary. For roof surfaces, the
mean SHF difference between the two grids is 15 W/m? for the Ry, of 150 s/m and 20 W/m? for the
R}, of 30 s/m, while for wall surfaces this is 12 W/m? and 14 W/m? for the respective Ry, values. The
mean SHF difference for ground surfaces between the two grids is 34 W/m? for the R;, of 150 s/m and
40 W/m? for the R;, of 30 s/m.

Ground SVFs are affected most by the grid averaging procedures. The SHFs for the ground sur-
faces for the 0.5m AHN grid in figures 5.3a and 5.3b show large variations over time, but the rise in
SHFs during daytime disappear for the ground surfaces for the 2.5m LES grid, in figures 5.3c and 5.3d.
Where the ground surface SHF for the R;, of 150 s/m reaches a maximum of 127 W/m? for the 0.5m
grid, this is only 31 W/m? for the 2.5m grid. For wall surfaces the maximum difference in SHF between
the two grids is only 9 W/m? for 150 s/m and 4 W/m? for 30 s/m, and for roof surfaces the maximum
difference in SHF between the two grids is 55 W/m? and 29 W/m? for the two respective R, values.

The difference in surface temperature for an Ry, of 30 s/m and 150 s/m is shown in figure 5.4 for
the two grids. The difference in surface temperature between the 0.5m and 2.5m grids is largest for
ground surfaces, where the maximum temperature difference between the two grids is 6.6 K for R;, =
150 s/m and 1.2 K for Ry, = 30 s/m. For roof surfaces, the maximum temperature difference is 3.1 K
for R,=150 s/m and 0.9 K for Ry, = 30 s/m. The maximum temperature difference for wall surfaces is
minimal, with only 0.8 K for R,=150 s/m and 0.03 K for Ry, = 30 s/m.

It is important to note that these SHF fluxes are amplified during extreme weather conditions, such
as when buildings are heated to a temperature far from the outside temperature, which is explored in
the next section 5.5.
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5.5. Different Building Heating Temperatures

The temperature of buildings is usually kept within the range of 15-25 K for human comfort. This bottom
layer boundary condition on the roof and wall surfaces changes the emitted grey body radiation and
SHF. The effect of the boundary condition on the SEB is explored by varying Tyiging @nd the outside
weather conditions in table 5.2, and compare the temperature of the 7 surface layers of the two grids.
Additional simulation parameters are provided in table 5.1.

Winter Summer
Tairaverage 273.15K 298.15K
Tair,amplitude 5K 5K
Tguitding 20K 15K

Table 5.2: Outside temperature parameters for winter and summer. The temperature is a sinusoidal forcing as described in
section 4.8
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Figure 5.5: The SHFs for roof (a), wall (b) and ground (c) surfaces for winter and summer, for the 0.5m AHN grid (solid lines)
and the 2.5m LES grid (dashed lines)

5.5.1. Sensible Heat Flux

The SHFs are compared for winter and summer for both grids in figure 5.5. In winter, roof and wall
surfaces on both grids have SHF values greater than 0, indicating heat loss to the air. Ground surfaces
experience less variation in SHF between winter and summer as they are not affected by the bottom
layer temperature boundary condition.

The large variation between daytime and nighttime SHF disappears again for the 2.5m LES grid;
The ground SHF flux for the 0.5m grid reaches a maximum of 139 W/m? in summer and a maximum
of 167 W/m? in winter. For the 2.5m grid, this maximum SHF flux for ground surfaces is only 27 W/m?
in summer and 51 W/m? in winter. The maximum difference between the two grids for roof surfaces is
is 48 W/m? in summer and 38 W/m? in winter. The smallest difference between the two grids is found
for wall surfaces, with a maximum difference of 9 W/m? in summer and 12 W/m? in winter.

5.5.2. Longwave Radiation

In figure 5.6 the net LW radiation is compared for both seasons and both grids. The net LW flux is
affected by the outside temperature since the received LW radiation from the sky is calculated from
the air temperature. Therefore, in summer (figure 5.6a), the received LW flux is higher, but surface
temperatures are also higher. In both cases, the net radiative LW flux is negative, indicating that the
building emits more LW radiation than it receives.

The radiative LW flux for roof and ground surfaces reaches its peak at midday, but not for wall sur-
faces. This is due to the LW-trapping effect, which was most prominent for wall surfaces. Regarding
net LW radiation, the mean difference between the first and second grid for wall surfaces is 9 W/m? in
summer and 10 W/m2 in winter. For roof surfaces, the mean difference in net LW radiation between
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the grids is 19 W/m? in summer and 16 W/m? in winter. The largest mean difference in net LW radi-
ation between the grids is for ground surfaces, owing to the significant disparity in SVFs; 30 W/m? in
summer and 26 W/m? in winter.

5.5.3. Surface Temperature

In figures 5.7 surface temperatures for both the winter and summer scenarios are compared. The sur-
face consists of 7 layers, where layer 0 is the surface layer, which is in contact with the air, and layer
6 is the bottom layer, which experiences the bottom layer boundary condition.

In the winter scenario, the outside temperature is much lower than the building temperature, caus-
ing the building to heat the surroundings. In contrast, in the summer scenario, the outside temperature
is higher than the inside temperature, causing the building to be heated by conduction as well as the
received SW and LW radiation from the outside, while being cooled on the inside.

During summer, ground and roof surface temperatures exceed the air temperature, while the tem-
perature for the bottom layer of walls and roofs is the lowest due to the bottom layer boundary condition.
The maximum temperature difference between the two grids is highest for ground surfaces, with 5.8 K.
For roof and wall surfaces, this maximum temperature difference is 2.7 and 2.2 K, respectively.

In winter, the ground surface temperature is higher than the air temperature because of the LW and
SW radiation heating the ground. However, for the 2.5m LES grid, this effect is much smaller due to
the lower SVFs. The maximum temperature difference in winter between the two grids is for ground
surfaces, is 6.7 K. For roof surfaces, this maximum temperature difference is 2.7 K, and for wall sur-
faces, itis only 1.8 K.

The temperature difference between the two grids is largest for ground surfaces in both winter and
summer and smallest for wall surfaces. The temperature difference between the two grids becomes
smaller for every layer due to the restriction of the bottom layer boundary condition.
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Discussion and Recommendations

This thesis aims to investigate the impact of various parameters, including urban geometry and grid
averaging techniques, on the temperature behaviour of urban surface areas. The study evaluated the
influence of different components of surface energy balance, including surface fluxes and temperatures
for ground, wall, and roof surfaces, for two grids: the 0.5m AHN grid and the 2.5m LES grid. For the
2.5m LES grid the SVF and SF values are much smaller, with the biggest difference of a factor 2 for
ground surfaces. This results in temperature and flux differences between the two grids.

6.1. SVF and SF Computation

The computation of SVF and SF is based on an algorithm that uses DSM data to determine the SVF and
SF for every point in the horizontal domain. The surfaces are classified into roof and ground surfaces
based on their height. The exterior wall surfaces are identified by the difference in height between roof
and ground surfaces, and their SVF and SF are estimated. The first step of the algorithm involves
determining the SVF and SF for roof and ground surfaces, followed by the computation of SVFs and
SFs for wall surfaces.

6.1.1. DSM Data

The data used by the algorithm to compute the SVF and SF is DSM data, which is data created with
LiDAR (Light Detection and Ranging) to measure the elevation of the Earth’s surface. It is important
to note that no distinction is made between buildings, vegetation, and other objects such as bridges.
Vegetation can affect the SVF in two ways. Firstly, the leaves of trees and low vegetation are often
partially translucent, and secondly, the DSM data does not account for the larger surface area at the
top of a tree compared to its trunk. These two effects result in the underestimation of the SVF.

To separate ground and roof surfaces, all surfaces with a height of 0 are categorized as ground
surfaces, while those with a height greater than 0 are considered roof surfaces. However, this approach
is not suitable for objects that are not considered ground surfaces or buildings, such as bus shelters,
trees, lanterns, or cars. Even smaller objects, such as a passing dog or scrub, are filtered out because
heights below a minimum height of 1m in the DSM data are set to 0 before the data is used in the SVF
and SF algorithm.

6.1.2. The Discretization in SVF and SF Algorithms

In the SVF and SF algorithm, each datapoint higher than the point under evaluation obstructs the sky
view and the width of this obstruction is converted to degrees, as shown in figure 3.3, where the two
angles of the sides of the obstruction are called B, and Bmax- The two angles Bmin and Bmax, are
calculated using Axayn and the distance to the point only, with equations 3.3 and 3.4. However, since
we use square data boxes, the width of obstruction also depends on the location of that obstructing dat-
apoint relative to the point under evaluation. The minimum obstruction width is exactly equal to Axapy,
if the datapoint has the same x or y coordinate as the point under evaluation, while the maximum width
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occurs at an angle of 45 degrees and is equal to the diagonal of the box, +/ 2AXapn?.

This discretization error also affects the SF algorithm. When a gridbox, with angle g from the point
currently under evaluation, blocks the sun, the width of the shadow that falls on the current block under
evaluation varies, depending on the relative position of the building to the sun, shown in figure 6.1.

Figure 6.1: The shadow casted by a block with the sun in two different angles. The minimum width of the shadow produced by
one block, named W, is the same as Axpyn. The maximum shadow width is when it would be at 45 degrees. Then it would cast

a shadow with a width equal to the diagonal of the gridbox 2AxiHN

Figure 6.2 shows how the relative position of the sun, the building and the obstruction cause slightly
different shadows.

a)ys=4p b)ys > B C)vs <B

Figure 6.2: a) The azimuth angle of the sun, ag, is exactly equal to the angle of the obstruction with the point under evaluation,
called angle 8. b) The angle is slightly smaller or larger (c). In all three scenarios the SF will be 0 for the point under consideration,
though in the third scenario the box is slightly illuminated at the bottom.

The discretization error causes an overestimation of the SF and SVF, and a higher SVF and SF can
lead to surfaces warming up more during the day and emitting more LW radiation during the night. For
the 0.5m AHN gridsize, this effect is very small. However, when using larger grid cells this effect can
become significant and contributes to the underestimation we saw for SVFs computed for larger grid
cells.

6.1.3. Wall SVF and SF

For all points on the horizontal domain, the SVF and SF are computed using the algorithm. The verti-
cal wall surfaces are determined from the height differences between neighbouring data points. Every
building has walls on all four sides, and the SVF and SF are height dependent, thus must be integrated
over the vertical walls. The computation of SVFs,,, and SFs,,,, with an algorithm would therefore re-
quire large computational resources.

To avoid this the SVF and SF are estimated; The infinite canyon equations for SVFs,,,, and SFs,,,, are
related to SVFs,,5q and SFs,,54. This is a simplified approach that has the benefit of reducing compu-
tations significantly.
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We assume that for sky view and shadowing the relation between roads and walls is similar to an
infinite canyon. The assumption that roads resemble infinite canyons is similar to the assumption on
which the Urban Canopy Model of Masson is built. The difference in approach, is that Masson assumes
a canyon with a fixed height-over-width ratio. By integrating the equations for the SF and SVF over
all azimuthal angles, the variation of directions in streets is taken into account. In this model we do
not assume one height-over-width ratio, but SVFs are computed with an algorithm, resulting in a more
accurate and detailed SVF for every location, based on height data. From that location-specific SVF
for road surfaces, a height-over-width ratio is deduced. This approach therefore improves the repre-
sentation of the variability of different street widths and buildings heights that occurs in a realistic city.

The roads in cities are however not infinite, and cities are composed of multiple streets that cross
each other. Due to lack of data for the SVFs of wall surfaces, the error of the computed SVFs for wall
surfaces could not be found. This is left as a recommendation for further studies, if measurements of
wall surface SVFs would be performed.

In a real city some walls are radiated during the entire day and reach high temperatures compared to
for example northern-facing walls, which do not receive direct sunlight. The equation used for SF,, is
integrated over 360° in the azimuthal direction; it is averaged over sunlit and shadowed walls. Emitted
and absorbed LW are not linear with surface temperature. Not taking the differences in wall temperature
into account could therefore influence the average surface temperature.

6.2. Reflections

In the model used in this study, not only are the SVF and SF for wall surfaces adopted from Masson’s
model, but also the view factors needed to calculate the SW and LW reflections are adopted. This
approach provides simplicity and guarantees that all view factors add up to one, which is necessary for
energy conservation. When the view factors would have been calculated with an algorithm that uses
the DSM data, this may not necessarily be true.

The height variability in a city with varying building heights can complicate the calculation of view
factors of wall surfaces since the roof surfaces of low buildings can also reflect on the wall surfaces
of higher buildings, resulting in two unknowns. To avoid this, the reflection from roof to wall surfaces
is neglected, and the wall view factor (WVF) for wall surfaces can be computed as the remainder of 1
minus SVF,4, and GVF,,,, as shown in eq. 3.12. This simplification affects the results since the study
shows that the SVF for roof surfaces is well below 1, meaning that the amount of walls that are higher
than certain roof surfaces is substantial.

In the model, only first-order reflections are taken into account, and the accuracy of the model
depends on several factors, such as the assumptions made about the material properties of the sur-
faces and the radiation. The simulations in this study used building materials with certain albedos and
emissivities, for which the reflected fluxes among surfaces were not substantial, which supports the
negligence of further reflections. However, this result is dependent on the material properties used in
the simulations. To further investigate the effect of reflections, other materials should be evaluated,
and the possibilities and necessity of incorporating additional reflections could be explored.

The assumption of diffuse reflection may not be valid in all cases, and it may be necessary to use a
more detailed reflection model to accurately capture the behavior of the system. Another assumption
is that LW irradiation is uniform, though in reality temperatures may be different near ground surfaces
compared to roof surfaces, causing the LW radiation emitted by air particles to vary with location (Schri-
jvers et al., 2015).

6.3. Simulation Parameters

The two different grids result in large difference in SVF and SF values, which result in temperature
differences op to around 6 K for the simulations run in this study. The simulations are affected by all
simulation parameters, of which only some, such as aerodynamic resistance, outside temperature and
building temperature, were discussed. Other parameters that influence the surface energy balance
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which were not discussed are the material properties and the inclusion of vegetation. The material
properties of soil, grass and other vegetation is different from that of artificial building materials. Sec-
ondly, vegetated surfaces experience a latent heat flux, which is not taken into account in the model.

In all simulations the materials of the layers of the surfaces are the same. Different materials retain
heat differently, which would result in a different temperature evolution. Future studies could perform
a sensitivity analysis to explore how material properties affect the SEB and which parameters are the
most critical to accurately simulate urban energy balance.

6.4. Aerodynamic Resistance to Heat

The impact of variations in SVF and SF on the temperature evolution are investigated, with the simula-
tion parameters listed in table 5.1 being a key factor in determining the results. Among these parameters
is the Aerodynamic Resistance to heat ( R;,), which is kept constant and identical for both simulations.
However, Ry, is geometry-dependent in reality, and would therefore differ between the two grids. This
would impact the Surface Heat Flux (SHF) and net radiation at the top layer, as described in section
5.4. The results indicate that R, has a significant effect on the difference in SHF flux and temperature.
Investigating the influence of grid geometry on the aerodynamic resistance of the surface would be
advisable, but is beyond the scope of this research.

Overall, the result highlight the importance of considering urban geometry and grid averaging tech-
niques in understanding the temperature behavior of urban surface areas. The findings suggest that
more detailed grids, such as the 0.5m AHN grid, provide very different results compared to LES-
averaged grids.



Conclusion

A surface energy balance model is developed to simulate heat fluxes and temperatures in urban con-
text. The main goal is to better understand the influence of urban geometry on surface temperatures.
To this end, two grids were created with different building-resolving methods, which results in different
geometries. The first grid is the 0.5m resolution height grid. A second grid is averaged over the 0.5m
grid with a method used in LES modelling, where 3D grid cells are considered. An LES grid cell is
considered part of a building if the volume of the grid cell is more than half filled, and empty if it is less
than half filled. The grid cell dimensions of the second grid are 2.5m in x-,y- and z-direction.

SVF and SF Differences

To capture the geometry differences the sky view factor (SVF) and shadow factor (SF) are computed
using two algorithms. This study compares the SVF maps to the maps provided by the KNMI, which
used data that was at least 6 years older, and has missing values for 5-10% of the datapoints. More-
over, the KNMI calculates the height of the horizon in 16 directions, instead of taking all obstacles within
the maximum radius into account. The average difference is around 10% with the KNMI.

The SVF and SF are heavily influenced by using different grids; The mean SVF is 0.38 for the 2.5m
grid versus 0.6 for the 0.5m grid. These differences are the largest for ground surfaces with 0.18 versus
0.48. The roof SVF has a decrease of 0.46 versus 0.68 and the wall SVF has a decrease of 0.15 versus
0.31. For the mean SF the peak throughout the day disappears for larger grid cells, resulting in less
shortwave (SW) radiation being absorbed during the daytime.

Shortwave Radiation

For ground surfaces the difference in net absorbed SW radiation is the greatest because the SVF yyng
differs relatively most for the two grids, with maximum values of 373 W/m? for the 0.5m grid and 121
W/m? for the 2.5m grid. For roof surfaces the maximum net SW values are 465 W/m? versus 348
W/m?, and for wall surfaces the maximum net SW are 138 W/m? versus 71 W/m? for the 0.5m and
2.5m grid respectively. The difference in absorbed SW is mainly caused by the radiation absorbed from
the sky.

Longwave Radiation

Surfaces with higher SVFs absorb more SW radiation during the day, but lose that heat by emitting
more longwave (LW) radiation during the night. Surfaces with lower SVFs retain their heat at night, and
the difference between daytime and nighttime LW emission decreases. This increased nightly heat
retainment indicates a higher urban heat island effect for the 2.5m grid. This effect is the largest for
ground surfaces, where the difference between minimum and maximum net LW radiation is only 11
W/m? for the 2.5m grid but 38 W/m? for the 0.5m grid. The 2.5m grid predicts a larger LW contribution
from other surfaces, indicating a larger LW-trapping effect, whereas the 0.5m AHN grid predicts a larger
LW contribution from the sky.
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Surface Temperatures

The net radiation differences, cause a difference in predicted surface temperature. The received SW
fluxes from the sky are larger than the received LW fluxes. The peak surface temperature and the
temporal fluctuations in temperature are shown to be underestimated when using the 2.5m grid. The
biggest difference in peak temperature between the grids is for ground surfaces, with a difference of
5.84 K. The maximum temperature difference for roof surfaces is 2.58 K and for wall surfaces is 2 K.

Conclusion

In conclusion, the choice of the grid can have a significant impact on surface temperature and energy
fluxes. Surfaces with smaller SVFs absorb less SW radiation, which is the largest contribution to the net
radiation during the day. Peak temperatures are therefore underestimated. Surfaces with smaller SVF
values emit less LW radiation and have higher view factors, leading to a larger LW-trapping effect. The
SHF is also affected by the choice of grid size. The building temperature, outside weather conditions
and material properties, influence the simulation results, and should therefore be varied in simulation
to gain insight into the quantitative differences.

Overall, the result highlights the importance of considering urban geometry and grid averaging tech-
niques in understanding the temperature behaviour of urban surface areas. The findings suggest that
a more detailed grid, such as the 0.5m AHN grid, and coarser grids, such as the LES grid, provide very
different results in SEB simulations of the city.



Appendix: Visualisation of the SVF

As discussed in the introduction another way of computing the SVF is by using fish eye images. This is
however not realisable for large areas due to lack of the required images on a small enough grid size.
The fish eye images do provide a good visualisation of the SVF of a point. To convert the computed
SVF to a fish eye image one can plot the array of maximum blocking heights versus the horizontal
angle as a circular histogram. In the three figures below the SVF is visualized in this way. The grey
planes are obstructions and the blue space in between is the sky.

a) Point 1: SVF = 0.486 b) Point 2: SVF = 0.633 c¢) Point 3: SVF =0.898

Figure A.1: Visualisation of the SVF for 3 points on the AHN. a) The SVF is 0.486. Looking at the large blocking and its sharp
edges east ward of the point this is presumably very close to and to the right of a large building. b) The SVF is 0.633. This looks
like a point in a street from west to east with buildings on each side of similar height. c) The SVF is 0.898. This point is most
presumably in a park or large open space, or at the top of a high building.
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Appendix: SVFs for 2 more
neighbourhoods

B.1. 2nd Neighbourhood

For a second neighbourhood in Rotterdam, shown in B.1a, distributions and SVF maps are again

calculated.
Figures B.1b and B.1c again show that the SVF map based on a 2.5m grid resolution is overall much
lighter, indicating a higher SVF, and less contrast is visible.
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Figure B.1: a) Height of data set 2. b) SVF for dataset 2 on 0.5m grid. c) SVF for dataset 2 averaged over 2.5m.

B.1.1. SVF PDFs

The distributions for 0.5m and 2.5m resolution are similarly shaped as in the first neighbourhood. Again
the amount of horizontal surfaces classified as road surfaces, is smaller for the 2.5m resolution dataset,
with a difference of 22.4% versus 44%.

B.2. 3rd Neighbourhood

The third neighbourhood has more open spaces, but higher buildings. This results in a larger variability
in height, a much higher maximum height, but a lower building density.

73



74 B. Appendix: SVFs for 2 more neighbourhoods
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Figure B.2: a) SVF PDF for dataset 2, Split in roof (b) and road (c) surfaces. d) From the road SVF the wall SVF is deduced

a) Height

Figure B.3: a) Height of data set 3. b) SVF for dataset 3 on 0.5m grid. c) SVF for dataset averaged over 2.5m. d) SVF calculated
with LES method over 2.5m

B.2.1. SVF PDFs

There are more road surfaces, which shows in the bigger bump in the SVF distribution. A larger vari-
ability in height causes that the SVF for roof surfaces is more spread out instead of concentrated in the
highest columns, but the shape of the third distribution is still similar to the first two. Using a 2.5m grid
resolution again gives a decrease in the fraction of surfaces classified as road surfaces, of 25.6% vs

45%.
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B.2. 3rd Neighbourhood
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Appendix: Solar Position 1st of
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Figure C.1: Elevation (a) and azimuth (b) angle during daytime on Nov 1st in Rotterdam, calculated values and from (Keisan

Casio, 2022)
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Figure C.2: On the left we see the elevation angle (a) and azimuth angle (b), during 7 consecutive days in November. On the
right we see the difference with day 1 in elevation angle (c) and azimuth angle (d) during the same 7 consecutive days



Appendix: Shadow Factor Averaging

D.1. SF Distributions for gridratio 25
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Figure D.1: SF distributions for roof (left), wall (middle) and road (right) surfaces, at 9AM (top), 11AM (middle) and 1PM (bottom),
with a gridsize of 12.5m
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D.2. SF Distributions for gridratio 50
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Figure D.2: SF distributions for roof (left), wall (middle) and road (right) surfaces, at 9AM (top), 11AM (middle) and 1PM (bottom),
with a gridsize of 25m



Appendix: 3rd Grid

The LW and SW components for a third grid are compared to the 0.5m AHN grid LW and SW compo-
nents. This third grid is averaged with the method described in 4.1 but with a much larger gridcell of
AX gs=12.5m, Ay, gs=12.5m and Az gg=10m.

The average SVFs can be found in 4.1. The average SVFs are larger than the 2.5m LES grid and
closer to the 0.5m AHN grid. The SFs are approximately constant during the day, where all roof sur-
faces receive direct sunlight during the entire day and all ground surfaces receive no sunlight during
the day, since most building-height variability is removed. The mean SF is underestimated during the
day but overestimated in the morning and evening.

For roof surfaces the SVF and SF are close to the 0.5m AHN grid, which shows in figures E.1a and
E.1d: The SW and LW components are close together for the two grids.

The SF for ground surfaces is almost 0 everywhere during the entire day, which removes the large
daily variations in absorbed SW radiation for the ground surfaces. The net SW radiation is largely
caused by diffuse SW, and the direct SW radiation curve only shows a very small peak during the day.

The inclusion or exclusion of LW and SW reflection influences the two grids differently. The differ-
ences with the 0.5m AHN grid are much smaller for roof surfaces and slightly smaller for wall surfaces
for the larger grid cell size. However for ground surfaces this grid also causes a large temperature
difference with the 0.5m AHN grid, caused by the smaller SVF and SFs.
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Figure E.1: The net longwave (LW, a-c) on the left, and shortwave (SW, d-f) on the right radiative flux of roof (top), wall (middle)
and road (bottom) surfaces split into the different components. The ground surface flux is an area-weighted average of road
and water surface flux calculated according to 4.5. In all figures the solid lines are for the 0.5m grid and dotted lines for the LES
averaged grid where Ax gs=12.5m, Ay, gs=12.5m and Az gg=10m.
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Figure E.2: On the left (a-c) we see the surface temperatures for roof (top), wall (middle) and ground (bottom), with the air
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