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Abstract:

The vegetation in urban environments can regulate air temperature through the evapotranspiration
process, modifying air velocity, or blocking direct solar radiation. Residents are subjected to a wide
range of thermal variations due to the varied urban configurations that can be found within the city.
Thermal comfort is affected by different environmental factors such as air temperature, wind speed,
relative humidity, or mean radiant temperature (T,,.,). The primary objective of this study is to exam-
ine the impact of varying proportions of vegetative elements in urban spaces with distinct Sky View
Factor (SVF) values on the fluctuation of Mean Radiant Temperature (T,..).

The SVF is estimated from hemispherical photographs taken with a commercial digital camera and
a FishEye lens, and T, .. is measured with a black globe thermometer. Both parameters are studied
at three locations in Burgos (Spain): the esplanade of the Museo de la Evolucion Humana (MEH), on
the banks of the Arlanzén river and on the Paseo del Espolén. The three selected locations have dif-
ferent SVF values to test its influence on the T, estimation. T, .. measurements are taken during a
spring day at two times (morning and afternoon). The results demonstrate the fluctuations in thermal
comfort across the different urban configurations and at two different times of the day, illustrating the
impact of SVF and climatic variables on T, ... These findings provide insights into the role of urban
elements and vegetation in both horizontal and vertical planes within the city, and highlight the value
of this information for the design of green infrastructure in urban planning projects.

1. INTRODUCTION

The presence and geometric configuration of urban elements, such as buildings, trees, street lay-
out, materials, and coverings of different surfaces, directly influence the urban microclimate and,
consequently, the visual, thermal, and acoustic comfort of its inhabitants (Yan et al., 2022). In re-
cent decades, besides the geometry of urban elements, the increase in urbanized surfaces and
the replacement of natural elements with artificial ones have been altering the thermal and energy
balance of these areas, modifying their local climate (Oke, 1987). Many parameters allow the study
of urban scene configurations depending on the type of analysis to be conducted.

One of the parameters used in urban planning is the Sky View Factor (SVF) (Gong et al., 2018).
The SVF describes geometrically the interactions between the plane elements of a scene and the
sky. Specifically, it represents the proportion of the total power received by the plane elements from
the sky. The obtained value is proportional to the cosines of the angles formed by the beam with the
perpendiculars to the two surfaces and inversely proportional to the square of the distance between
them (Beckers, 2009). SVF values range between 0 and 1. A value of 0 occurs when the plane
surface is obstructed by several elements (buildings or vegetation) and consequently receives no
radiation. Conversely, a value of 1 occurs when the measurement surface receives all radiation from
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the sky. Depending on the scale of the study, the SVF can be calculated using the photographic
method, capturing a 180° angle with a fisheye lens, or obtaining a panoramic view projected in a
hemispherical environment. For large-scale studies, simulation models are often used, where the
SVF can be calculated from rasterized 3D urban models (Gong et al., 2018).

The SVF is also a potential indicator of outdoor thermal comfort (Yan et al., 2022) due to its ability
to describe the geometric relationship of a specific location from the perspective of radiative energy
transfer in that environment (Gong et al., 2018). Despite the widespread use of SVF in various ur-
ban thermal comfort research studies, it is advisable to complement it with the estimation of other
parameters such as the Mean Radiant Temperature (TMRT).

The Mean Radiant Temperature (TMRT) is defined as the uniform temperature of an imaginary en-
closure in which the radiant heat transfer of the human body is equal to the radiant heat transfer in
the actual non-uniform enclosure. TMRT is commonly used to characterize the radiation perceived
by the human body (ASHRAE, 2017). In thermal comfort studies, it is also essential to determine
climatic parameters such as air temperature, relative humidity, wind speed, or direct solar radia-
tion (Venhari et al., 2019). One of the most common methods to estimate TMRT is the black globe
thermometer method, developed in the 1930s by Bedford & Warner (1930). Since then, it has been
widely used due to its simplicity, as it is an indirect way to derive TMRT (Ouyang et al., 2022).

The main objective of this study is to apply the black globe thermometer methodology in various
locations in the city of Burgos (Spain) and analyse the influence of variables such as air temperature
or wind speed on the determination of TMRT. Additionally, it aims to show how TMRT can be affect-
ed by the SVF of each measurement point.

2. MATERIAL AND METHODS
2.1. Study area

Burgos has an area of 107 km? approximately and it is located in the north-eastern part of the Com-
munity of Castilla y Leén, at an elevation of 865 meters above sea level. Its climate is classified as
Cfb (Temperate with no dry season and with warm summer) according to the Képpen-Geiger climate
classification (Beck et al., 2018). The locations selected for the calculation of the SVF and the TMRT
are situated in the city centre, relatively close to each other (Fig. 1). The measurement points have
been chosen considering their position relative to the Arlanzén River and the characteristics of the
urban vegetation in the area. As shown in Fig. 1, measurement point 1 is located in the esplanade of
the Museo de la Evolucion Humana (MEH), very close to the river. Measurement point 2 is situated
on the bank of the Arlanzén River, in an area with extensive vegetation cover. Measurement point
3, on the Paseo del Espolon, is influenced by its proximity to the river and also has numerous plant
species around it.
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Fig. 1. : Measurement point locations in the city of Burgos, Spain.

2.2. Medidas ambientales
The T, is estimated, according to ISO 7726 standard (2002), by applying Eq.1:

1/4
Tyrr = [(tg + 273.15)4 +——x (t, — ta)] —273.15

0.4
£gxD

[11,

where:

Tg is the temperature measured by the black globe thermometer (°C);

h, is the convective heat transfer coefficient at the time of measurement (W/m2°C);
g, is the emissivity of the black globe, set at 0.957;

D is the black globe diameter, 0.152 m in this case;

T, is the air temperature (°C).

The convective heat transfer coefficient is determined according to ISO 7726 (2002) by Eq.2:
h. = 1.1 x 108 x V06
[2],
where V_a is the wind speed (m/s).
The black globe thermometer method was originally developed for indoor environments, where the

film coefficient is usually very low due to air stagnation and the near absence of forced convection
(very low V_avalues). In outdoor environments, air typically moves at higher speeds, increasing the
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film coefficient more significantly than represented by Eq. 2. For this reason, the black globe ther-
mometer method tends to overestimate the TMRT (Chen et al., 2014). Hence, recalibration based
on local climatic conditions is essential. The black globe method performs best when the wind speed
is below 0.15 m/s and the air temperature is around 20°C (ISO, 2002).

Other authors have also demonstrated that sampling frequency influences the accuracy of the TMRT
estimation method in outdoor environments (Thorsson et al., 2007). In the research conducted by
Ouyang et al. (2022), the temporal scale that produced the least dispersion in TMRT data was 5 and
10-minute intervals, similar to the study by Marino et al. (2018), where the most realistic estimates
were obtained based on ten-minute intervals.

Air temperature and wind speed were measured manually with the Extech EN510 environmental
meter from Teledyne Flir, and black globe temperature was determined with a BLACKGLOBE-L
black globe thermometer from Campbell Scientific (Table 1). The measurement frequency was ev-
ery 10 seconds, averaging the data every 30 seconds. Both devices were installed on two Manfrotto
tripods at a height of 1.4 m (Venhari et al., 2019).

Table 1. Technical specifications of the instruments used in the experimental measurements.

Parametros Unidades Equipo Empresa Rango de medida | Precision
Temperatura de globo | °C BlackGlobe-L Campbell Sci- -5 a 95°C +0.3°C (-3 a 90°C)
negro entific

Temperatura del aire °Cc Extech EN-510 Teledyne Flir 0a50°C +1.2°C

Velocidad del viento m/s Extech EN-510 Teledyne Flir 0.4a20m/s +3% F.S.

2.3. Experimental measurements and Sky View Factor calculation

The FishEye photographs required to calculate the SVF were taken at the same points where envi-
ronmental measurements were conducted, using a Canon EOS R5 camera equipped with a CAN-
ON EF 8-15 mm F/4L FishEye USM lens. The images were saved in RAW format to maintain the
correspondence between the sky radiance captured by the sensor and the signal of the sensor. The
basic settings included an ISO of 100, an aperture of f/22, and a focal length of 8 mm. The shutter
speed was adjusted based on the specific lighting conditions at each site, with values of 1/160s at
MEH, 1/125s at the Arlanzén river bank, and 1/40s at the Paseo del Espolén.

The images were initially projected orthographically and subsequently binarized to compute the
point-based SVF using the Nusselt analogy (Beckers et al., 2007). This process involved classify-
ing sky pixels as white and pixels representing other elements, such as vegetation or buildings, as
black. The proportion of sky pixels relative to the total pixel count was then calculated using Matlab
R2024a software.

3. RESULTS AND DISCUSSION

The experimental measurements were conducted on May 23, 2024. On that day, the climatic and
radiative characteristics in Burgos are represented in Fig. 2. It was a quite cloudy spring day, as
seen in the radiation graph. The maximum, minimum, and mean values of air temperature and wind
speed (Table 2) are from data recorded at the measurement station installed by the SWIFT research
group on the roof of the Escuela Politécnica Superior Rio Vena (Burgos).
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Table 2. Maximum, minimum and mean values of air temperature and wind speed on 23 May 2024.

Irradiancia global [W/m"2]

Velocidad viento [m/s]
N
1

1250

1000 ~

750

500

250

Parametro Valor maximo Valor minimo Valor medio

Temperatura del aire 18.83°C 6.07°C 11.80°C

Velocidad del viento 3.39 m/s 0.54 m/s 1.43 m/s
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Fig. 2. Climatic and radiative characteristics on 23 May 2024 in the city of Burgos.

The measurement points, represented in Fig. 1, are quite close to each other: there is a distance of
about 30 meters between point 1 and point 2, and about 300 meters between point 2 and point 3.
The original FishEye photographs can be seen in Fig. 3.

Fig. 3. FishEye images at the three measurements points: a) point 1: MEH, b) point 2: Arlanzén river bank y ¢) point 3:
Paseo del Espolon.

In Fig. 4, the same photographs are shown binarized according to section 2.3. After calculating the
percentage of white pixels in each photograph, punctual SVF values were obtained: 0.74 at the
MEH, 0.19 on the bank of the Arlanzén River, and 0.57 on the Paseo del Espolon.



Fig. 4. Binarized images of the three measurements points: a) point 1: MEH, b) point 2: Arlanzén river bank y ¢) point
3. Paseo del Espolon.

The experimental measurements were conducted at two times on May 23, in the morning and in the
afternoon (Figs. 5 and 6). At each point, data collection lasted 10 minutes. As shown in Fig. 5, in the
morning, measurements began at the MEH esplanade, then continued at the bank of the Arlanzén
River, and finally at the Paseo del Espolén. In both graphs, it is shown that TMRT increases when a
wind speed value is recorded. On the other hand, when the wind speed was zero during the 10-min-
ute measurement period (the Paseo del Espolén in the morning and the bank of the Arlanzén River
in the afternoon), the TMRT corresponds to the black globe thermometer temperature, independent-
ly if the air temperature increases or decreases. It should be noted that the MEH esplanade was in
the shade during the morning but in the sun in the afternoon, hence the considerable increase in the
black globe thermometer temperature.
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Fig. 5. Measurements of air temperature, black globe thermometer, mean Radiant and wind speed at the three loca-
tions during the morning of 23 May 2024.
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Fig. 6. Measurements of air temperature, black globe thermometer, mean Radiant and wind speed at the three locations
during the evening of 23 May 2024.

The observations on the relationship between SVF and urban temperature are somewhat contradic-
tory (Yan et al., 2002). The MEH esplanade has the highest SVF value, but the morning tempera-
tures were lower than on the river bank. In contrast, in the afternoon, temperatures were higher at
the MEH than at the river bank, which has a SVF of 0.19. This could be due to other factors, such
as ground temperature. On asphalt surfaces with a high SVF value, as the MEH esplanade, the
ground temperature is lower early in the morning because it has cooled overnight, and it warms up
during the day. Venhari et al. (2019), had also observed lower air temperatures in environments with
a lower SVF, due to the presence of buildings and vegetation.

4. CONCLUSIONS

The ISO 7726 standard methodology for calculating TMRT using the black globe thermometer meth-
od is very limited for large-scale studies. As demonstrated in this work, environmental conditions are
highly variable over time, especially wind speed. This variability makes the estimation of TMRT not
sufficiently accurate, and the convective heat transfer factor needs to be adjusted according to local
spatial and climatic characteristics. Therefore, a future line of research is proposed to estimate the
TMRT of an environment through the processing of photographic images captured in the visible and
infrared bands of the electromagnetic spectrum.
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