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A B S T R A C T

The sky view factor (SVF) is essential to describe the urban climatology at scales below 100m.
This proxy for net radiation depends on the height of the obstacles in its surroundings. The SVF
was calculated from a rasterized point cloud height dataset (with 6− 10 points per m2). The
resulting SVF depends on grid-resolution, search radius and number of directions. Previous re-
search related the diurnal maximum urban heat island (UHI) of the canopy layer to the diurnal
temperature range, solar irradiance, wind speed, vegetation fraction and SVF. The goal of this
study is to determine the sensitivity of the SVF and the impact on the UHI. Within the Netherlands
a test area of 70km2 was selected, including: urban areas, meadows and forests. There is a high
sensitivity for grid-resolution. Therefore the impact of the SVFs grid resolution on the maximum
UHI is explored. Results show that the fourth largest city within the Netherlands, Utrecht, has a
mean diurnal maximum UHI of 3.1 °C using a 1m SVF resolution. But, with a 3m SVF resolution
the UHI is on average 0.6 °C lower. This highlights the significance of a fine grid resolution which
can capture houses, alleys and trees.

1. Introduction

Since the middle of the 19th century global warming equals approximately 1 °C, continuing at this rate it is likely that between
2030− 2052 we will reach 1.5 °C warming (Masson-Delmotte et al., 2018). Especially heat waves will pose a health risk for large
cities. Adaptations within the urban areas are thus required to limit the impact of the urban heat island (UHI). Meanwhile the global
urbanization continues at a rate of approximately 70 million new inhabitants per year (DESA, 2017). Also the western part of the
Netherlands is urbanizing and currently has a population density of over 1000 inhabitants per km2. The Netherlands has a maritime
climate with influences from the North Sea. Despite its moderate climate the average daily maximum UHI of the urban canopy in
Dutch cities is more than 2 °C (Steeneveld et al., 2011). Especially within these densely populated areas, this is expected to lead to
thermal discomfort and human health issues (Haines et al., 2006). Studies within several Dutch cities support this concern
(Heusinkveld et al., 2014; van der Hoeven & Wandl, 2015; van der Zee & Helmink, 2015). Future scenarios predict higher tem-
peratures during both day and night time (van den Hurk et al., 2006). Without action this is expected to lead to more severe health
issues (Haines et al., 2006).

Previous research has shown that there is a clear relationship between the urban morphology on one hand and the local solar
irradiance and air temperature on the other hand (Chen et al., 2012; Oke, 1973; Oke, 1982). In order to describe the urban
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climatology and its spatial variations the sky view factor (SVF) plays a key role (de Morais et al., 2018; Oke, 1973). This fraction of
visible sky provides an indication of the street geometry and building density (Gál et al., 2007; Middel et al., 2018; Theeuwes et al.,
2017; Zhu et al., 2013). A limited sky view results in increased net heat storage within buildings and an increase of the UHI. Trees also
limit the SVF but do not store much heat, they do limit the outgoing longwave radiation (Klemm et al., 2015; van der Hoeven &
Wandl, 2015). Theeuwes et al. (Theeuwes et al., 2017) have shown that for Northwestern European cities the daily maximum UHI
(UHImax) can be related to the SVF, vegetation fraction (vegf) meteorological measurements in the rural area, namely: solar irra-
diation, diurnal temperature range and wind-speed. The empirical relationship has been verified using citizen weather stations within
the city (Bell & Aston University, 2014).

Besides UHI studies the SVF also has applications in rural areas. As an example river bed morphology studies use the SVF to
determine vegetation and water characteristics (Bartnik & Moniewski, 2011). Additionally, on a larger scale the SVF has applications
in down-scaling solar irradiance in complex terrains (Antonanzas-Torres et al., 2014). Numerical studies also considered the SVF and
vegf for the prediction of city temperatures. The improved representation of the urban structure showed better simulations of both
wind and temperature (de Morais et al., 2018). Several studies on mean radiant temperatures in urban areas used the solar and
longwave environmental irradiance geometry (SOLWEIG) model (Lindberg & Grimmond, 2011; Lindberg et al., 2008; Thorsson et al.,
2014). The model combines the SVF and other city characteristics with meteorological observations (including among others air
temperature, relative humidity and solar irradiance) to study heat related mortality. The mean radiant temperature has shown to be a
better predictor of heat related mortality than air temperature (Thorsson et al., 2014). For these researches the representation of the
urban geometry and vegetation by high resolution DEMs is essential (Lindberg & Grimmond, 2011).

The SVF can be calculated from different types of data. One can use fish-eye photos (Gál et al., 2007; Middel et al., 2018), but for
covering large areas (also off-road) this method is not feasible. Some studies use high resolution 3D building databases (such as
Kastendeuch (Kastendeuch, 2013)), for terrain morphology on the other hand, a much coarser digital elevation grid (DEM) is suf-
ficient (Antonanzas-Torres et al., 2014). High resolution DEMs have also been used frequently to calculate the SVF (De Wolff, 2008;
Gál et al., 2007; Kastendeuch, 2013; Lindberg & Grimmond, 2011). Within the Netherlands there is a point cloud dataset, with 6–10
points per m2 on average, covering the entire country freely available from the Nationaal Georegister (http://nationaalgeoregister.
nl). It can be argued that the representation of vertical structures improves using vector based calculations, although on average
differences were found to be insignificant with correlations above 98% (Gál et al., 2007). Compared to vector-based SVF calculations
raster-based calculations are much faster. Considering this and the minimum number of points required for reliable gridding the point
cloud will be rasterized on a regular 1m grid.

Using the 1m DEM the sensitivity for the number of directions, search radius and resolutions will be explored within a test area of
70km2 with various terrains (open grass lands, forests and built-up areas). Part of the test area is the city of Utrecht. Utrecht is ranked
as fourth largest city of the Netherlands and is located in the central part of the Netherlands. For the city of Utrecht we will calculate
the diurnal UHImax of the canopy layer. Our main goal is to determine the SVF sensitivity and related UHImax. Following the universal
semi-empirical UHImax equations presented by (Theeuwes et al., 2017) the impact on the UHImax for the different SVF grid resolutions
will be established. The computations are performed within the Amazon Web Services (AWS) cloud.

The structure of the paper is as follows. The methodology (Section 2) describes the SVF and UHImax equations, datasets required
for the SVF and UHImax calculations and validation approaches. Next, the results (Section 3) of the SVF parameter sensitivity con-
cerning grid resolution, number of directions and radius's are evaluated. This section finishes with the gridded UHImax within the city
of Utrecht, followed by the discussion (Section 4) and conclusions (Section 5).

2. Methodology

2.1. Sky view factor definition

The SVF is the fraction of visible sky. The SVF is important to determine the surface radiation balance (Theeuwes et al., 2017;
Zeng et al., 2018). The short wave radiation within an open terrain (with a SVF close to one) reaches the surface without being
blocked, while within a more complex terrain (with a SVF lower than one) reflections plays a role (Fig. 1a,b). The long wave radiation
is either absorbed or reflected by the surface. Part of the long wave radiation is emitted by the surface (Fig. 1c,d). Within urban areas
the complex 3D surfaces allows for more opportunities of emission and absorption. The long wave radiation in an open field is
reflected in all directions while in the other case the buildings are the limiting factor (Hämmerle et al., 2011; Helbig & Löwe, 2014).
Fig. 1f illustrates the SVF within a street canyon, due to the building blocks the amount of heat released during daytime is limited
(van der Hoeven & Wandl, 2015). From a 2D perspective the SVF from a point in the street canyon (Fig. 1f) is estimated as (De Wolff,
2008):

= ⎛
⎝

⎡
⎣

⎤
⎦

⎞
⎠

SVF H
W

cos arctan
0.5D2

(1)

Were H is the height of the obstacle and W is distance between the obstacles. Using Eq. (1) an error estimate of a 1m grid used to
calculate the 2D central street SVF can be derived. Lanes and sidewalks typically have a width of 3m and 4m respectively. Considering
a typical building height of 18m and a road with two lanes and sidewalks on both sides the true SVF can be calculated as following:

= ⎡⎣ ⎤⎦ =⋅( )SVF cos arctan 0.36true
18

0.5 14 . Rasterizing a point cloud will results in deviations around vertical building structures, assuming
that the 1m on both sides of the road is not represented well in the DEM (i.e. the gridded heights on both sides of the street are not
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influencing the SVF calculations) the estimated SVF from the 1m grid equals: = ⎡⎣ ⎤⎦ =⋅( )SVF cos arctan 0.41estimate
18

0.5 16 . The maximum
SVF underestimation in the central part of a standard street canyon thus equals 12%. Earlier estimates, comparing vector and raster
based SVF calculations found correlations on the larger scale of approximately 98% (Gál et al., 2009).

What we refer to as the true SVF in the paper thus is an estimate to the actual SVF with an expected underestimation between 2%
and 12%.

From a 3D perspective, according to the parameters in Fig. 1e, the SVF for a point on a grid is calculated as:

∫=
=

SVF β R θ dθcos ( ( , ))
θ

π

0

2 2
(2)

Were β is the angle from the center point to the maximum obstacle height at a maximum distance equal to the constant search
radius (R). When integrating this formula over all directions (dθ) from 0 to 2π, the SVF for the full hemisphere is obtained.

There are no specific guidelines to determine the minimum grid resolution concerning SVF studies within urban and rural areas.
Also different parameter settings for the number of search directions and search radius's have been used to calculate the SVF (e.g. (De
Wolff, 2008; Dozier & Frew, 1990; Helbig & Löwe, 2014)), though no elaboration on sensitivity of the parameter settings was found.
In general calculating the SVF using 16 different directions and a search radius of 100m to detect obstacles limiting the sky view is
good enough (Dozier & Frew, 1990). One can imagine that if the number of directions is low not all the obstacles will be detected, the
same holds for the search radius. In this study we will perform a sensitivity analysis for these three parameters (grid resolution, search
radius and number of directions).

2.2. Height dataset

In the Netherlands the height of the landscape has been scanned with LiDAR (Light Detection And Ranging) technology, using
airborne laser scanning. By flying overlapping paths during clear weather conditions a high density accurate dataset has been
collected. Each path has its own georeference, which is measured on-board. This high resolution DEM model, “Algemeen
Hoogtebestand Nederland 2” (AHN2), covers the whole Netherlands. The AHN2 dataset consists of over 40.000 files (Sitek et al.,
2006). Each file contains the clouds of points representing the DEM of approximately a 1km-by-1km area. The overall size of the
dataset adds up to more than 1.5 TB in a highly compressed (LAZ) format (Isenburg, 2013). The AHN2 measurements have been
collected over the period 2007–2012. The region of Utrecht has been measured in 2008. The AHN2 dataset has a point density

Fig. 1. Radiation components in an open field and street canyon and, SVF calculations illustrated. (a) Short wave radiation in an open field. (b) Short
wave radiation in a street canyon. (c) Emission of long wave radiation in an open field. (d) Emission of long wave radiation in a street canyon. (e)
SVF calculated in 3D; were, β is the angle from the center point to the maximum obstacle height (Eq. (2)). (f) SVF in a 2D street canyon; wereW is the
street width and H is the building height (Eq. (1)). Figures are adapted from (De Wolff, 2008; Hämmerle et al., 2011).
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between 6 and 10 points per m2, making this dataset suitable to capture small scale height differences. The measurements have a
systematic error of approximately 3cm with a mean standard deviation of 4cm (van der Zon, 2013). The measurements exclude water
bodies, which are masked during our analysis. The AHN2 has captured buildings, trees and other obstacles for a single moment in
time. The height of some of these obstacles may vary through time and new object can emerge or disappear, moreover seasonal
changes are not captured.

2.3. Sky view factor calculations

The SVF is calculated within R (R Development Core Team, 2008) using the horizon package (Van Doninck, 2016), similar to Eq.
(2) and equations used in (Dozier & Frew, 1990). Calculating the SVF from a DEM requires a predefined search radius, number of
directions, and grid resolution. The horizon package's SVF function requires a regularly gridded layer as input. Therefore, the ori-
ginally irregular points from AHN2 point cloud are projected on a regular grid, using the raster package. The work-flow was included
in Fig. 3. First, the point cloud dataset was rasterized to a regular grid with a resolution of 1m (or another setting from Table 1). Next,
a small part of the total area (corresponding to one center tile) was examined. The following procedure was followed in order to
calculate the SVF for one center tile:

1. Identify the neighboring tiles (eight at most) that have one side or point in common with the region of interest.
2. From the neighboring tiles a buffer surrounding the area of interest was constructed. The buffer width of the frame is equal to the

search radius.
3. Merge the buffer and the center tile.
4. Compute the SVF on the merged region (Van Doninck, 2016).
5. Crop the merged region to the center tile in order to avoid inaccurate SVF results in the framing area.
6. Write the SVF for the center to a file.

After the SVF calculations for one tile are finished the neighboring tile becomes the center tile and the above described steps are
repeated. Following this work-flow enabled the splitting of computing processes over 80 cores, each calculating on a different center
tile.

2.4. Sky view factor sensitivity analysis

Key to this research was a sensitivity analysis. The sensitivity analysis was performed within a test area of approximately 70km2

with urban areas, grassland and forest (Fig. 2). The northeastern part consists mainly of forest. Agricultural grasslands dominate the
northwestern to southeastern band. In the western part, the city center of Utrecht is located with smaller towns/suburbs surrounding
it. In order to determine the optimal parameter settings the grid resolution, search radius and number of directions are alternated
(Table 1). The resolution varies between 1m and 50m, the radius between 5m and 800m and the number of directions between two
and 64. As a reference run, i.e. the “true” SVF, a 1m resolution, 64 directions and 800m radius was used. The similarity of the patterns
is quantified by the Pearson correlation coefficient, which has a value between−1 and 1, where−1 indicates the inverse pattern and
1 is an identical pattern. The Pearson correlation coefficient (PCC) is defined as:

=
− −

∑ − ⋅ ∑ −
= =

PCC
x x y y

x x y y

( )( )

( ) ( )
xy

i i

i

n

i
i

n

i
1

2

1

2

(3)

Here, n is the number of grid points, xi, yi are the grid samples of the tested and representative grid, and x is the sample mean
(similar for y ) defined as:

∑=
=

x
n

x1 ( )
i

n

i
1 (4)

In order to determine the correlation between the different resolutions (Table 1) they were re-sampled to a 10m grid. The
absolute difference between the sensitivity runs is quantified with the mean absolute error (MAE):

= ∣ − ∣… …MAE x yn n1 1 (5)

Table 1
Overview of the different radii, directions and resolutions used for the
sensitivity analysis. All the possible combinations were explored during
the SVF sensitivity analysis.

Resolution (m) 1, 2, 3, 4, 5, 10, 20, 50
Direction (#) 2, 3, 4, 8, 16, 32, 64
Radius (m) 5, 10, 25, 50, 100, 200, 400, 800
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Fig. 2. Overview of the sensitivity analysis areas. (a) Terrain map including city names and roads and (b) Satellite image which illustrates the
different types of land-use: meadows (light green), forest areas (dark green) and buildings (greyish). Within blue box area the SVF sensitivity is
explored, the red box was used for the UHImax analysis. The colored dots indicate the locations of the Wunderground stations within the city of
Utrecht (western part of the test area). These images were produced using QGIS ©OpenStreetMap and ©Google satellite imagery. Coordinate
reference: (epsg : 28992), units are meters. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Fig. 3. Flow chart of the sky view factor calculations. The point cloud data was regularly gridded on a 1m resolution grid. From the gridded dataset
the SVF was calculated for each tile separately. A buffer radius surrounding the tile was added to prevent wrong SVF estimates around the tiles
edges. After the results for one tile were saved the SVF for the next tile was calculated.
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Here, x1…n and y1…n are the vectors with the values from the tested and representative grid points.

2.5. Maximum urban heat island definition

The maximum UHI (UHImax) of the urban canopy, derived within Northwest Europe by Theeuwes et al. (Theeuwes et al., 2017), is
used by among others Yang et al. (Yang et al., 2019) and Koopmans et al. (Koopmans et al., 2019). The UHImax equation was derived
from physical meaningful variables using the key dimension analysis theorem (known as the Buckingham π theorem). Semi-em-
pirically, UHImax is related to the SVF as:

= ⋅ − −UHI M SVF veg(2 )max rural f (6)

Here,Mrural are the meteorological variables outside of the city, SVF is the SVF within the street canyon (since a width/height ratio
was used these SVF values relate to street geometry and can thus, in contrast to our estimates, not be related to a certain grid
resolution.) and vegf is the average vegetation fraction within a radius of 500m, based on satellite images. Our vegf and SVF definitions
slightly differ from Theeuwes et al. (Theeuwes et al., 2017) and are defined in the Sections 2.5.1 and 2.5.2 respectively. Mrural

depends positively on the solar irradiance (which provides an indication of the energy entering the system) and diurnal temperature
range (a higher diurnal temperature range implies more cooling during the night time in the rural area, thus a higher UHImax in the
city) and, negatively on the wind speed (a higher wind speed causes additional mixing of air-layer and thus a smaller UHImax). The
meteorological parameters required from the rural station from Eq. (6) are calculated as:

= ⋅M DTR S
Urural

3
4

(7)

Here, DTR is the diurnal temperature range calculated as Tmax− Tmin, S is the mean 24 h solar irradiance and U is the daily mean
hourly 10m wind-speed. The equation is only valid if there are no meteorological disturbances such as frontal systems or fog. More
detailed information on the equations and valid meteorological conditions can be found in (Theeuwes et al., 2017). Eq. (6) has been
evaluated by (Theeuwes et al., 2017) within the ranges:

Fig. 4. Vegetation fraction in the city center of Utrecht. (a) vegf without smoothing at a 10m resolution, data source: (Remme et al., 2018). (b) vegf
smoothed with a 250m radius. The roads are shown as black lines and the water bodies are in blue. The images were produced using ©Open-
StreetMap. Coordinate reference: (epsg : 28992). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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To demonstrate the usefulness of our derived SVF, we applied the UHImax calculations using different SVFs from the sensitivity
analysis. The UHImax calculations was applied to the fourth largest city of the Netherlands. The city of Utrecht is located in the central
part of the Netherlands. The edges of the city are less suitable for the relationship, therefore a limited area within central part of the

Fig. 5. Sky view factor in the city center of Utrecht with different resolutions and smoothing. The top row are the SVFs calculated from a (a) 1m, (b)
3m and (c) 5m grid resolution. The bottom row contains the smoothed SVF values with a radius of 250m and a final resolution of 50m derived from
(d) the original 1m (e) 3m and (f) SVF 5m grids. The roads are shown as black lines and the water bodies are in blue. The images were produced
using ©OpenStreetMap. Coordinate reference: epsg : 28992. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Fig. 6. Correlation between the observed UHImax (x-axis) and the semi-empirical relationship (y-axis) from Eq. (6) from (Theeuwes et al., 2017).
Colors indicate the different SVF resolutions (cyan, blue and red for respectively the 1m, 3m and 5m resolution) which were smoothed afterwards.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. Correlation between the observed UHImax (x-axis) from the rural reference station Cabauw and the Wunderground stations and the empirical
relationship (y-axis) from Eq. (6) from (Theeuwes et al., 2017)). Colors of the stations match Fig. 2. The SVF was calculated using a radius of 100m,
16 directions and a resolution of 1m and smoothed afterwards.
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Fig. 8. SVF sensitivity for different grid resolutions, keeping the directions (16) and radius (100m) constant. The resolutions 1m (a), 2m (b), 3m (c),
4m (d), 5m (e), 10m (f), 20m (g) and 50m (h) are compared. The roads are in grey and waterways are in blue. The images were produced using
©OpenStreetMap. Coordinate reference: (epsg : 28992). (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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city is selected (see the red bounding box in Fig. 2). Within the city center of Utrecht the smoothed vegf (Fig.4) and SVF (Fig.5) are
approximately within the evaluated range. In the following subsections the processing of the different components and application of
the equation for this paper are discussed.

Fig. 9. Direction and radius sensitivity of the 1m SVF. (a) Satellite image of the city center of Utrecht, in red the UHImax study area. The yellow
bounding box is for visually explore differences in SVF for R and D. (b) Mean absolute error (Eq. (5)), on the x-axis the different radii (R) and on the
y-axis the number of directions (D). The 800m radius with 64 directions is the reference SVF. (c) Zoom of the SVF in the city centers yellow box for
(1) D=2, R=800m; (2) D=64, R=5m; (3) D=2, R=5m; (4) R=64, D=800m. This image was produced using ©Google satellite imagery.
Coordinate reference: (epsg : 28992). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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2.5.1. Vegetation fraction
For this research we used the 10m resolution vegetation fraction (vegf) product from (Remme et al., 2018).1 The vegf for the

Netherlands has been calculated using the AHN2 dataset in combination with other geospatial datasets. Using the high-voltage map,
buildings layer database (BAG) and aerial photographs, all from 2016, they masked vegetation and non-vegetation objects. In ad-
dition, the Agricultural Areas dataset from the Netherlands (AAN) was used to mask agricultural areas. The height from the remaining
vegetation was determined by the difference between the raw AHN2 (including trees and other objects) and the ground-level AHN2.
The height of the vegetation was calculated as the difference between the raw AHN2 and ground-level AHN2. Based on the height
difference in the 0.5 ⋅ 0.5m raster file three different vegetation types are distinguished.

• Trees (> 2.5m)

• Scrubs (1.0− 2.5m)

• Low vegetation (< 1.0m)

The vegf, based on these three different vegetation types, was calculated as follows:

1. All the tree cells were set to a value of 1 and the remaining cells to zero.
2. The 0.5 ⋅ 0.5m raster files were aggregated to a coarser resolution of 10 ⋅ 10m.
3. The new file contains a tree fraction with a value between zero and one.
4. Step 1 to 3 was repeated for scrubs and low vegetation.

Next, these three layers were summed into one vegf with values between zero and one.
This methods assumed each vegetation pixel has one type of cover. In order to match the input of formula 6 the vegf was averaged

over an area with a radius of 250m (Fig. 4). The smoothed vegf in the northwestern part of the city center is lowest with values around
zero. In the northeastern and southeastern part the highest values, up to 0.5, are found. This corresponds with the original vegf map
where most of the vegetation is found in the south and western part of the park surrounding the canal belt.

Fig. 10. Maximum urban heat island within the streets of the city center of Utrecht. (a) SVF with 1m resolution, (b) 3m and (c) 5m. The UHImax

varies between 1.6 and 3.3 °C, with a finer SVF resolution a stronger UHImax is found. The streets are shown as black lines and in blue the waterways
(for interpretability of the spatial patterns buildings are not masked). This image was produced using ©OpenStreetMap. Coordinate reference:
(epsg : 28992). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

1 Available via https://geodata.rivm.nl/downloads/ank/
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2.5.2. Sky view factor
Fig. 5 shows the SVF, non-smoothed and smoothed, for three different resolutions (1m, 3m and 5m). In order to obtain a ‘street

level SVF’ buildings were removed, using OpenStreetMap, before smoothing within a 250m radius. The definition of the smoothed
SVF differs slightly from Theeuwes et al. (Theeuwes et al., 2017) who used the local street canyon SVF.

Most of the variations within built-up areas and forests are found between the 1m resolution and the coarser ones. The non-
smoothed 1m resolution SVF captures smaller alleys and vegetation patches. The representation of these obstacles is limited in the 3m
and 5m resolution, resulting in much higher SVF values and less spatial variation. Smoothed, the lowest SVF values are found within
boundaries of the canal belt. The 1m resolution has, averaged over this domain, values around 0.5 while with an increase in re-
solution to 3m and 5m the mean SVF in the center of Utrecht increased to respectively 0.7 and 0.8.

2.5.3. Meteorological rural reference station
The meteorological station Cabauw serves as a reference for the city of Utrecht. The station of Cabauw is within a similar distance

(within 20 km) to the city center as other reference stations used in (Theeuwes et al., 2017). The AWS of Cabauw (51.971∘N,4.927∘E)
is located in a polder landscape around sea level. The solar irradiance was measured with a pyranometer, the temperature with a
Pt500 element within a hut and the wind is measured with a cup anemomenter.

2.5.4. Urban meteorological observations
Within the city of Utrecht three citizen weather stations from the Wunderground network (Bell & Aston University, 2014) were

used to evaluate Eq. (6): IUTRECHT23 (used by (Theeuwes et al., 2017)), IUTRECHT376 and IUTRECHT299 (Table 2). Theeuwes
et al. (Theeuwes et al., 2017) smoothed the vegf with a radius of 500m and found a lower fraction for IUTRECHT23 of 0.38. As an
estimate of the vegf (Theeuwes et al., 2017) used Google maps. The high resolution vegf from (Remme et al., 2018) was not available
for (Theeuwes et al., 2017). The SVF used by (Theeuwes et al., 2017) was estimated using Eq. (1), while our representation is the
average over a 250m radius area (similar to the vegf). Theeuwes et al. (Theeuwes et al., 2017) found a SVF of 0.61, compared to our
SVF of 0.58 this implies the station is representative for its surroundings. The Wunderground measurements are interpolated in time
to match the Cabauw measurements. Considering the application of the UHImax equation and the limited number of observations
days, for IUTRECHT23, IUTRECHT299 and IUTRECHT376 respectively 23, 9 and 10, the formula 6 was not adapted for the city of
Utrecht. In the next section the correlation between formula 6 and the observations from the city center of Utrecht are compared.

3. Results

First, the results from the calculated UHI (from Eq. (6)) were compared with the citizen weather observations. Second, the results
of the SVF sensitivity analysis for different resolutions, which are based on the blue test area (Fig. 2), are discussed. Third, the number
of directions and radii are varied. Although the radius and number of directions can be changed by the user a grid resolution is not
something which can be increased. Finally, considering this, the UHImax calculations for the city center of Utrecht, within the red
bounding box of Fig. 2, focus on variations in grid resolution.

3.1. UHI relationship

In Figs. 6 and 7 the calculated UHImax from Eq. (6), is plotted versus the measured UHImax (calculated as the difference between
the rural reference and the different urban stations). From Fig. 6 it can be concluded that the UHImax relationship fits the observed
values best for the 1m resolution (while keeping the radius fixed at 100m and the search directions at 16). A high resolution is
required to incorporate build up areas. The measured UHImax has a standard deviation of 1.5 °C while the variations of the 1m, 3m and
5m are respectively 0.7 °C, 0.6 °C and 0.5 °C. Using a lower resolution results in a â€˜flatteningâ€™ of the SVF and less variation of the
UHI. Besides the underestimation of the UHImax, a coarser grid resolution thus also loses additional spatial information concerning
local temperature variations. A closer examination of the 1m resolution of the different city stations is included in Fig. 7. The 1 : 1 line
follows the general trend in the data. Although, during some days the measurements were less representative for the urban area. It is a
possibility that some these observations are subject to measurement errors. Two of these possible measurement errors are the ob-
servations of IUTRECHT23 with an UHImax, measured during mid-day, of 7 °C and 8 °C. During nighttime the UHImax was between 3
and 4. Both days, the 23th and 27th of June 2010, have the highest radiation values (around noon 850W/m2) of the dataset, low wind
speeds (approximately 1.5m/s) and a DTR of 14. Although the UHImax was measured during the night time, other types of the
Ambient Weather Sensor have a radiation-induced bias with these radiation values during the day up to 6.6 °C (Bell & Aston

Table 2
Metadata from the wunderground stations in the city center of Utrecht. Each station has a different sensor type. The abbreviation DV for Davis
Vantage. The number of observation days with fair weather conditions ranges between 9− 23 days.

Station ID lat,lon Hardware SVF veg Years nr.

IUTRECHT23 (52.079,5.139) WS-2902 0.58 0.49 2009–2018 23
IUTRECHT299 (52.086,5.154) WS-1400-IP 0.64 0.56 2018 9
IUTRECHT376 (52.107,5.121) DV Pro2 0.61 0.46 2016–2018 10
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University, 2014). In contrast, the radiation-induced bias for the Davis Vantage Pro2 series is estimated around 0 °C. The relation
coefficient (R2) and root mean square error (RMSE) between the observed and measured UHImax, within Fig. 7 including the three
Wunderground stations, equal 0.38 and 1.24 respectively. Compared to our findings (Theeuwes et al., 2017) found an R2 of 0.65 and
an RMSE of 0.91. Since it is suspected that the Wunderground measurements of the Ambient Weather Sensor have radiation-induced
biases it is expected that the relationship shows some scatter. This is also supported by (Theeuwes et al., 2017), who also found
similar scatter. The correlation from fig. 7 is sufficient for the goal of this study. Eq. (6) is representative for the UHImax in Utrecht and
the Cabauw measurements can be used as a reference station. As rural meteorological data the median value of the 23 days, between
2009 and 2018, for which IUTRECHT23 measured under relatively calm weather conditions, were used for the UHImax calculations
within the city center of Utrecht.

3.2. SVF: grid resolution

Fig. 8 presents the SVF for different resolutions, while keeping the radius constant at 100m and the number of directions at 16.
Within the sensitivity area significant height variations are on the scale of buildings, trees and other small obstacles. There are no
significant height variations on orography scale. In order to capture the small scale height variations, such as alleys, the resolution of
the DEM has to be in the same order of magnitude (one or a few meters). As expected, when the resolution is decreased to 50m all the
obstacles in the sensitivity area are removed, resulting in a SVF of 1. The largest changes from the 1m to the 2m resolution can be
observed in the forests, small towns and city areas. The trees, bushes and alleys need the 1m resolution to be captured properly. With
a further increase to a 5m resolution variations between the meadows and the forest and city areas can still be observed. The streets
which are wider and have taller buildings can still be distinguished from the 5m resolution but disappear almost completely with a
10m resolution. Besides this visual comparison also a quantitative comparison was performed. In order to compare the different
resolutions quantitatively the results are re-gridded on the 10m grid. The Pearson correlation coefficient of the 1m resolution
compared with the 2m and 3m equals respectively 0.98 and 0.96. Within the forest and city area the correlation is much lower. With a
further decrease in resolution the correlation drops to 0.64 for the 10m resolution. In agreement with the visual observations a 10m
resolution misses all the details already. Combining the visual inspection and correlations a minimum resolution of 3m should be used
and preferably 2m or less. For applications within forests or cities it is recommended to use at least a 1m resolution.

3.3. SVF: radius and number of directions

Within the yellow bounding box in city center of Utrecht (Fig.9a) the sensitivity for a different number of directions and radii is
explored, while keeping the grid resolution fixed at 1m. The number of directions in which the SVF is calculated are equally dis-
tributed in all the directions. The two directions start in a north and south direction. Increasing the number of directions to four also
the east and west vectors are covered. A full correlation table for the whole blue bounding box of Fig. 2 is summarized in Fig. 9b.
Increasing the number of directions or the radius alone results in a limited improvement of the representation. While, if both the
number directions increases and radius is longer the correlation improves significantly. With 16 directions and a 100m radius the
Pearson correlation coefficient is close to one (0.999), a further increase in the number of directions and radius will not improve the
pattern correlation in the test area significantly. The MAE of 0.01 is small. Four examples from Fig. 9b are cropped to the yellow
bounding box and included in Fig. 9c. The fourth picture of fig. 9c is the ‘true’ SVF, for this case we used 64 search directions and a
radius of 800m. The first case only uses two directions and a radius of 800m and a MAE of 0.08. The bottom left corner of this sub-
figure clearly shows the limits of this approach: only obstacles within this direction can be detected. The second case does search for
obstacles in 64 different directions but is limited with a radius of 5m, the MAE is 0.09. Compared to the previous example and the
‘true’ SVF the values are significantly lower. The third case is limited in both the directions (2) and radius (5 m) and results in a higher
SVF. The MAE has increased to 0.14. The same limitations as the 1m resolution occur at coarser resolutions. The Pearson correlation
coefficient matrix for higher resolutions is slightly worse. For example the 5m resolution with 16 directions and a radius of 100m has
a correlation of 0.997.

3.4. Maximum urban heat island

Section 3.2 has shown that major variations in SVF can be attributed to variation in grid resolution. Fig. 10 highlights the
differences between three different SVF resolutions (1m, 3m and 5m). From Eq. (6) we can derive that small decrease in the SVF (order
0.1) already has a large impact on the first part of the equation (2− SVF− vegf) and will result in a higher UHImax. Within the city
center we find the narrowest streets, while outside of the canal belt the streets are wider. Moreover, the central part also has the
lowest vegetation fraction. As so, the city center has the highest UHImax while the regions outside of the canal belt have a lower
UHImax. Although the pattern of the UHImax is similar, the 1m resolution shows the highest UHImax values, which becomes smaller
with a lower resolution (Fig. 10). The spatial median UHImax for the 1m, 3m and 5m resolution are respectively: 3.1 °C, 2.5 °C and
2.3 °C. Compared with the 1m resolution the 3m and 5m resolution are on average respectively 0.6 °C and 0.8 °C lower.

4. Discussion

The SVF sensitivity analysis was performed in a representative area for the Netherlands. Calculating the SVF with 16 directions
and a search radius of 100m was, within this terrain type, enough to capture all obstacles and thereby in agreement with (Dozier &
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Frew, 1990). This, however, does not imply these settings are applicable for other regions. In hilly and mountainous areas height
differences vary on a regional scale.

Whereas the radius and number of directions can be varied, the maximum grid resolution is often predefined by the dataset. With
the AHN2 we have been able to analyze at a 1m resolution, but other datasets might not have this level of detail. Especially for
applications of the SVF, such as the UHImax, it is essential that the resolution is equal or preferably smaller than the scale of interest. In
our case this implies the SVF should capture alleys and other small obstacles. This is supported by Lindberg and Grimmond (Lindberg
& Grimmond, 2011).

Eq. (6) from Theeuwes et al. (Theeuwes et al., 2017) was based on 14 different stations across Northwest Europe from which nine
were located in the Netherlands (including IUTRECHT23). Taking into account the usage of the UHImax equation by among others
Yang et al. (Yang et al., 2019) and Koopmans et al. (Koopmans et al., 2019)), its representativeness for the city center of Utrecht
(Fig. 5) and the limited number of observations in the city center of Utrecht we have not adapted Eq. (6) for this specific study.
Although the UHImax calculations are accurate within the city center, the interpretation of canal belts park region is questionable with
the formula of (Theeuwes et al., 2017)), which has been designed for city centers. With a low SVF and a high vegf Eq. (6) can be

simplified to: ≈ ⋅UHImax
DTR S

U

3
4 . The DTR within forest is lower, with a cooling effect during the day and higher temperatures during

night. With the UHImax often occurring during night times this could be a good approximation. We have not been able to verify this
due to the lack of measurements within these regions.

According to our calculations the UHImax, averaged over 23 selected fair weather conditions according to (Theeuwes et al., 2017),
within the city center of Utrecht is above 3 °C for the 1m resolution SVF. This is 1 higher than the average UHI of 2 °C suggested by
(Steeneveld et al., 2011). For the gridding of UHImax it is important to exclude buildings and only include street level SVF values.
Omitting this step during the calculations results in a lower UHImax for the 1m, 3m and 5m resolutions of respectively 2.8 °C, 2.4 °C
and 2.2 °C.

5. Conclusions

In this paper we aimed to find the optimal SVF parameters settings and the impact of different SVFs on the diurnal UHImax of the
canopy layer. A sensitivity test was performed on a test area (Fig. 2) of approximately 70km2 and varied the parameters grid
resolution, number of directions and search radius (Table 1). Although raster based SVF calculations are expected to introduce an
underestimation of approximately 2% (Gál et al., 2009) computations are scalable to country level. From the sensitivity analysis it
can be concluded that a high resolution incorporates smaller obstacles, resulting in a overall lower SVF (Fig. 8) and thus a better
approximation of the radiation balance. Within forest and city areas the impact is the largest. The same holds if the number of
directions becomes too low. The search radius is sensitive for areas in with alternating height patterns, influencing the sky view,
which are varying on a larger scale than the radius itself (Fig. 9). Our recommendation is to use a resolution of 1m or higher. With a
number of directions higher than 16 we do not see any significant improvement, therefore we recommend using 16 directions. With a
search radius of 100m important obstacles blocking the view are captured, a further increase in search radius does not result in a
significant improvement of the SVF. Comparing the pattern and bias with a reference run (64 directions and a 800m radius) gives a
PCC of 0.999 and a MAE of 0.01.

Within the city center of Utrecht the SVF is significantly lower for the 1m resolution compared to a 3m or 5m resolution. The
UHImax equation (Eq. (6)) has been very useful to analyze the impact of differences in SVF values on the UHImax. As expected the old
city center has the highest UHImax while the regions outside of the canal belt have a lower UHImax. The average UHImax using the high
resolution run within the center is 3.1 °C. Compared with the 1m resolution the 3m and 5m resolution are on average respectively
0.6 °C and 0.8 °C lower. A coarser resolution not only resulted a lower UHImax but temperature variations were found to be smaller
and less representative compared to citizen weather temperature observations. Although averaged over an area of 250m, the initial
resolution of the SVF is essential to capture the larger scale empirically founded UHImax relationship (Theeuwes et al., 2017). This
level of detail is required to incorporate the alleys of the city center and properly represent the urban morphology.
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