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Abstract: This paper describes the metrological procedure carried out for the evaluation of the
building influence on air temperature measurements. This evaluation aims to produce reliable
conclusions, information, and data to contribute to the WMO siting classification schemes for air
temperature measurements. For this purpose, a field experiment was designed, deployed, and carried
out. As a result, one-year-lasting air temperature measurements were collected and analyzed. In
this field experiment, a 200 m wide building is the unique artificial heat source and the unique
object projecting shades over a flat surface (no discernible slope) in an open space bigger than
40,000 m2, covered with short grass. Eight calibrated thermometers, equipped with the same model
of artificially ventilated radiation shields, were set up at a height of 1.5 m from the ground and
at different distances from a 200 m wide building. This configuration provides the observation
of the horizontal air temperature radially distributed from the building and, as a conclusion, it
enables the quantification of the building influences on air temperature measurements at different
distances from the building. This document describes the field experiment, the analysis procedure,
the evolution of the building influence on air temperature measurements along the day, and the
impact of other meteorological parameters on this building effect. Two different building effects are
observed: the positive building effect, where the air temperature decreases with the distance to the
building, and the negative building effect, where the air temperature increases with the distance to the
building. It is also noticed that the building influence is higher on clear days and the daily maximum
building influence values are directly linked with the corresponding maximum solar irradiance.
The influence of wind on the building effect is also analyzed, reaching the conclusion that due to
characteristic of local winds, in terms of low speed and direction, the wind impact could be considered
as negligible. The maximum values of building influence on air temperature measurements, the
associated uncertainty analysis, and the conclusions are presented in this paper. All these points have
been addressed using metrological principles with the purpose of giving consistency and robustness
to the evidence presented here.

Keywords: air temperature measurements; siting classification; building influence on air temperature
measurements; uncertainty of air temperature measurements; metrology for meteorology and climate

1. Introduction

The quality and representativeness of the near ground air temperature measurements,
besides other factors, strongly depend on the environmental conditions of the measurement
site itself. The temporary variation in the site conditions, mainly due to the urbanization of
the area surrounding the thermometers, could generate inhomogeneities in the observed
temperature data and, hence, lack of robustness and representativeness in the climate
evolution study. This fact is highlighted in the WMO No. 8 Guide [1], where a siting
classification for surface observing stations on land is defined.

This classification works as the surrounding area representativeness index where the
measurements are taken. It simplifies the metadata associated with the measurements,
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allowing more suitable and more direct comparisons between measurements taken in
different locations and at different times.

Five classes for surface observations are established [1], where a lower classification
number means that the corresponding measurements are representative of a wider area
and the effects of surrounding obstacles are lower. According to this siting classification for
surface observation stations on land [1], the main factors adversely affecting air temperature
measurements are unnatural surfaces and shades. Their impacts on the measurements
could imply higher errors and/or uncertainties [2,3] than the ones due to the measurement
instrument itself. The proximity of the thermometers to different types of obstacles, such as
buildings, roads, water sources, or trees, implies the ground air temperature measurements
are more affected by these obstacles [1,4-10]. In this context, and considering the limited
knowledge about how and at what extent nearby heat sources affect air temperature
measurements in real settings, some works have been carried out [4-10]. Despite this fact,
some information and conclusions are still missing. With the aim of reducing this lack of
knowledge, experiments with a strong metrological background have been performed in
the frame of the European project EMRP ENV58 MeteoMet2 [8], where one-year-lasting
field experiments were designed and implemented to study the influence of roads [9], trees,
and buildings on air temperature measurements.

The main scope of this study is to support the WMO in improving the present siting
classification scheme [1]. The research work presented here analyses air temperature mea-
surements affected by a unique influence, a building, and this building impact is quantified
as a function of the distance to the building. Firstly, a very specific field experiment was
designed and implemented, where the building and the surrounding area played a funda-
mental role. A set of thermometers were deployed at several distances from the building,
fulfilling the different classes defined in the WMO siting classification [1]. The instrumenta-
tion used in this experiment was calibrated [2] and all of the measurements are traceable [2]
to the International System of Units [11]. Measurements of this one-year-lasting experiment
were studied and analyzed. This paper describes the daily systematic, repetitive, and
consistent building effects on air temperature measurements. The building effect values
and evolutions are also studied as a function of the daily meteorological conditions. In the
analysis presented here, the aleatory effects are removed from the study.

By using all of the one-year measurements, the evolution of the building influence on
air temperature measurements throughout the day is stablished. In addition, the impact
on the building influence of several meteorological quantities, like wind, solar irradiance,
and air temperature, have been studied for the quantification of the maximum building
influence on air temperature measurements. Additionally, the associated uncertainty of
these values is discussed, explained, and quantified, giving ideas about the robustness of
the measurements and the control limits of the experiment.

Previously to the research described here, different investigations were performed
where the air temperature and buildings were combined [10,12-17]. Some of these works [12-17]
are more focused on studying Urban Heat Islands and the involvement of several buildings
(of different sizes and materials) and the involvement of additional impact factors, such as
roads. These works are more related to understanding the heat storage capacity of buildings
and pavements and its impact on urban microclimates. Instead, this work deals with air
temperature in clean and open environments and with a unique building as the influencing
factor. As a consequence, the procedures followed in this research work presents differences
regarding the ones focused on Urban Heat Islands.

The activities performed in [10] follow a similar strategy to the one proposed in this
paper, with the difference that a cluster of buildings and paver surfaces were considered
in [10]; meanwhile, a bigger building is the unique influencing factor on air temperature
measurements in this study. In addition to this, the solar orientation of the buildings in [10]
is different than in this research work, giving different but linked conclusions as a result.

It is expected that the WMO siting classification for ground-based air temperature mea-
surements will benefit from the results of this field experiment, which has been designed
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under metrological principles to provide thoroughness, accuracy, robustness, and compara-
bility to all measurements. The involvement of metrology aims to provide the real limits (in
terms of uncertainties) of the conclusions presented here. In addition to this, the procedure
proposed in this work could be considered as one pillar for measurement procedures in fu-
ture experiments on siting classifications. The use of common measurement procedures in
different siting experiments will allow the comparison and combination of the conclusions
developed in future works. The work proposed here can contribute to addressing temporal
stability issues in climate monitoring, including the quality control and homogenization of
air temperature records to be considered in reference climate networks [10].

2. Method, Materials, and Field Experiment

The field experiment described in this paper has the aim of quantifying a building’s
impact on air temperature measurements.

In this field experiment, eight calibrated thermometers, equipped with the same model
artificially ventilated radiation shields, were set up at a height of 1.5 m from the ground
and at different distances from a 200 m wide building (Figures 1 and 2). This layout
enables the observation of the horizontal air temperature distribution, radially from the
building. The air temperature measurements were continuously monitored for one year
to detect the variation in building influence on air temperature across a large range of
meteorological conditions.

2.1. Instrumentation

Air temperature; air humidity; wind speed; wind direction; and solar irradiance were
measured in this research work.

For air temperature measurements, identical thermometers were used: four wire
platinum resistance thermometers, Pt-100 (IEC-751, Class 1/10 DIN) [17], assembled by
the same manufacturer. They were encapsulated in a stainless-steel sheath and their
dimensions were 6 mm diameter and 60 mm long. These thermometers were calibrated
in liquid baths [18,19] with traceability to the International Temperature Scale of 1990
(ITS-90) [20]. The expanded uncertainty (k = 2) [3] associated to the calibration of the
thermometers was 0.01 °C and the drift [2] of the thermometers was determined by the
calibration of the thermometers before and after the external exposure. The drift was lower
than 0.02 °C for all the thermometers. The thermometers” drift are low enough to not
impact on the air temperature measurements taken along the field experiment life and for
hence, on the conclusions of this paper. Nevertheless, the source uncertainty due to the
drift of the thermometers is included in the total uncertainty budget (Section 3.5).

In order to mitigate the influence of solar radiation and rain on the air temperature
measurements, each thermometer was mounted inside an active ventilated radiation shield,
all of the same model: Young mod. 43502. The manufacturer states that the maximum error
in air temperature measurements due to solar irradiance is lower than 1% under a flux of
1000 W/m?.

The air humidity was measured using a Hygrometer model ETM-30 by Lombard &
Marozzini (Rome, Italy) with an accuracy of 1%, in agreement with manufacturer specifica-
tions. The hygrometer was mounted inside a multi-plate solar radiation shield at a height
of 1.5 m above the ground.

The solar irradiance was monitored using a radiometer, Hukseflux LP02 (Delft,
Netherlands), whose specifications say that it measures solar irradiance in the range of
0-2000 W/m? with an expanded uncertainty (k = 2) lower than 1.8%.

Wind speed and wind direction were measured using a 2D sonic anemometer (Gill
Wind, model WindSonic 75, Hampshire, UK), whose manufacturer specifications state that
it measures wind speed in the range of 0-60 m/s with an accuracy of 2% at 12 m/s and a
response time of 0.25 s. The sonic anemometer was set at 2.5 m high above the ground.
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Figure 1. Design of the field experiment with the requirements about distances (in meters) and with
the positions of the different poles where the different instrumentation is installed. A flat area of
4 % 10* m? is free of obstacles, with the exception of a building (or set of buildings). The reference
temperature of the experiment is provided by a thermometer sited at 100 m from the building. The
building effects (at several distances from the building, Table 1) are evaluated using the difference in
the thermometer readings (placed at the different distances from the building, Table 1) regarding the
reference temperature (100 m).

Table 1. WMO siting classification [1] of the thermometers placed at the different poles.

Pole 1 Pole 2 Pole 3 Pole 4 Pole 5 Pole 6 Pole 7

Distance to the building 1m 5m 10m 20m 30 m 50m 100 m
Class due to the distance to the building 4 4 3 3 2 2 1
Class due to distance to the building and due to the 5 5 4 4 5 ’ 1

shadow of the building on the thermometer

A common dedicated datalogger recorded the measurements of all of the instrumenta-
tion. The expanded uncertainty associated with the readings of the thermometers in the
datalogger was 0.05 °C (k = 2).
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Figure 2. Real aerial view (®Google, 2016) of the selected site. The sensors are positioned along
the red line, with a total length of 100 m, as described in the lower panel of Figure 1. The reference
thermometer is placed at 100 m from the building. The blue arrow indicates the direct of north.

2.2. Field Description

A thorough search of the appropriate location for this experiment was conducted in
order to obtain robust and useful conclusions from the experiment. The selected place is
located in Spain: 40°38" N, 4°44’ W. It is a flat surface (no discernible slope), an open space
bigger than 40,000 m?, covered with short grass and without any artificial heat sources or
objects projecting shade over the instrumentation, with the exception of the building.

Figure 1 shows the layout of the experiment with the arrangement of the instrumenta-
tion, while Figure 2 displays an aerial view of the real experiment place where the red line
represents the 100 m long path where the poles, with the different instrumentation, were
deployed at different distances from the building.

The building—6 m tall and 200 m wide—is approximately oriented to the north-
west/southeast direction. The walls of the building are made of concrete painted in white,
as Figure 3 shows. The surrounded area is covered by natural grass, without any ground
pavement surrounding the building.

Periodic maintenance of the area was performed in order to fulfil the requirements
established by WMO Guide No. 8 [1] for Class 1 air temperature measurements.

2.3. Deployment of the Instrumentation on Field

The instrumentation was arranged at seven sampling points (poles), distributed ra-
dially and perpendicularly to the building and at different distances from it: pole 1 is at
1 m from the building, pole 2 at 5 m, pole 3 at 10 m, pole 4 at 20 m, pole 5 at 30 m, pole 6 at
50 m, and pole 7 at 100 m from the building (Table 1). The involved instrumentation was
distributed as is it described in Figure 1.

The thermometers were installed at 1.5 m height from the ground and facing south in
order to avoid the shadow of the pole on the thermometers (Figure 4). Two thermometers
were installed in pole 1; one of them was placed to the north side and the other one to the
south so that both thermometers were at the same distance from the building (1 m). This
redundant measurement system in pole 1 was included as an assurance that the experiment
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would provide useful measurements and also in case one of the thermometers in pole 1
failed during the infield exposure.

Figure 3. View of the wall of the building.

Figure 4. View of the thermometers from the wall of the building.

The radiometer and sonic anemometer were installed following the recommendations
of the manufacturers. The radiometer was installed at 2 m high and was south facing in
order to avoid the shadow effect of the pole. The sonic anemometer was placed 2.5 m high.
The wind’s blowing direction provided by the sonic anemometer followed the orientations,
regarding the building, provided in Table 2.

With the exception of the building, the field around the sensors was free of any
obstacles in a radius of 100 m. In particular, the thermometer at pole 7 (the one at 100 m) is
a Class 1 according to WMO siting classification [1] and its readings are considered as the
reference temperature.
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Table 2. Relationship between the wind’s blowing direction and the position of the building.

Measurement of Sonic
Anemometer Direction in °

Wind’s Blowing Direction

0, 360 From north to south in parallel with the building.
90 From east to west, perpendicular to the building, flowing from the building to the thermometers.
180 From south to north in parallel with the building.
270 From west to east, perpendicular to the building, flowing from the thermometers to the building.

3. Experimental Results and Discussion

The analysis of the building influence on air temperature measurements is performed
via the study of the air temperature variations at poles 1 to 6 in comparison to the air
temperature variation at the reference point (pole 7). The quantity At;, called “building
influence” in this paper, is defined as follows:

Ati=t;—ty 1)

where t; and t7 are the temperatures at the sampling point (pole 7) and at the reference point
(pole 7), respectively.

The aim of this study was to find the maximum values of building influence. As is
explained later in this paper, two building effects have been observed: positive building
influence and negative building influence, following Equations (2) and (3), respectively:

Atimax-positive = max(At;) = max(t; — t7), 2
Atimax-negative = min(At;) = min(t; — t7). 3)

3.1. Anthropogenic Impact of Building on Air Temperature

The selected building is a biscuit factory with several furnaces inside it. Due to this
fact, the first analysis had the aim to evaluate the influence of this human activity on the
air temperature measurements at pole 1 (1 m from the building). For this purpose, the
difference between the building influence at pole 1 during the working days (Monday to
Friday) and during the weekends (Saturday and Sunday) was analyzed. Figures 5 and 6
show examples of the reference temperature (pole 7) and the building influence at pole 1
for the complete weeks.

In order to perform a robust study about the effect of human activity on building
influence, it was necessary to choose the appropriate weeks where the meteorological
conditions along the complete week were very similar, meaning the human activity was the
unique impacting factor on the evolution of the building influence. From the complete set
of data collect across 52 weeks, 2 weeks were selected that had daily reference temperatures
that were very similar throughout each day of the week. In addition, all the days were
totally clear, without clouds, and the maximum values of solar irradiance were very similar
for each of the days. Figures 5 and 6 include the information of the two chosen weeks, both
of them with very stable meteorological conditions along each of the weeks and with a
solar irradiance of ~2500 W/m? for the week of December (Figure 5) and with ~1000 W /m?
for the week of August (Figure 6). These solar irradiance values are one of the highest
and one of the lowest observed along the complete year of measurements. In these two
selected weeks, the change in human activity (between working and no-working days)
could be considered as the unique impacting factor on building influence. This analysis and
quantification is based on repetitive air reference temperature conditions along the week
and for the solar irradiance range observed in this study. This last point is important since,
as it is established later in this paper, the factor with the highest impact on the building
influence is solar irradiance. In Figures 5 and 6, the black line represents the building
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influence at pole 1, meanwhile, the grey line represents the evolution of the reference air
temperature at pole 7.
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Figure 5. Reference temperature (grey line) and building influence (black line) at pole 1 for a complete
week. Data obtained for sunny days with a daily maximum solar irradiance ~500 W/m?. Working
days (Mo-Fr) and weekends (Sa-Su).
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Figure 6. Reference temperature (grey line) and building influence (black line) at pole 1 for a complete
week. Data obtained for sunny days with a daily maximum solar irradiance for each of the days of
the week ~1000 W/m?. Working days (Mo-Fr) and weekends (Sa-Su).

Figures 5 and 6 highlight the strong influence of human activity on air temperature
measurements at pole 1 (black line) since the reference temperature (grey line) keeps almost
stable along each of the weeks. The building influence during the working days is higher
than during the weekends—up to 5 °C during working days and up to 2 °C during the
weekend in Figure 5. Comparing Figures 5 and 6, it can be seen that the building effect
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during working days decreases with the reference temperature, probably due to the nature
of the activity performed inside the building; this implies the use of furnaces at high
temperatures, with a higher impact when outside is cold.

As a consequence, and in order to perform an analysis as independent as possible from
human activity, the later sections and the conclusions of this paper focus on the building
impact on air temperature during the weekends and holidays, when there is no activity
inside the building.

3.2. Evolution of the Building Influence during the Day at the Pole 1 and Factors of Influence

The evolution of the building influence on air temperature measurements during
the day was studied at the position where the highest effect is expected—at pole 1 (1 m).
The complete 1-year data set was analyzed in order to find the systematic evolution of
the building influence on air temperature measurements. An example of this evolution
is represented in Figures 7-10 for two specific totally sunny days, with a maximum solar
irradiance of 470 W/m?. In each of the figures, the progression of one of the additional me-
teorological quantities measured in this study is also represented. The aim of Figures 7-10
is to determine the meteorological quantity with the highest impact on building influence.
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2 700 £
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Figure 7. Building effect at pole 1 on sunny days and solar irradiance (5th and 6th of December).

3.2.1. Impact of Solar Irradiance on Building Influence

Figure 7 shows the building influence at pole 1 in combination with solar irradiance.
A positive building effect (At; > 0) is generated when the solar irradiance increases. Before
the solar irradiance reaches its highest value, the building effect decreases to a negligible
value, and the building effect evolves to negative values with the decreasing of the solar
irradiance in the afternoons. At night, without solar radiation, the building effect tends
to recover, little by little, to the zero value. Figure 7 suggests a connection between the
building effect at pole 1 and the solar irradiance evolution during the day. This is confirmed
in Figure 11, where the building effect variation is displayed for two cloudy days, with
maximum solar irradiances of around 750 W/m? and 550 W/m?, respectively. These solar
irradiance values are higher than the ones in Figure 7 and, despite this fact, the building
influence for sunny days (Figure 7) is higher than for cloudy days (Figure 11). In addition,
Figure 11 confirms the correlation between the variation of the building effect at pole 1
and the evolution of the clouds during the day. In Figure 11, the building effect takes a
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negligible maximum value for the first day and around +1.8 °C for the second day. The
almost negligible positive building effect on the 21st of November is because that day was
cloudy during the morning; meanwhile, the almost negligible negative building effect
(At; < 0) for the 22nd of November is a consequence of the sharp solar irradiance drop in
the afternoon due to the clouds. These results support the conclusion that the building effect
on cloudy days depends on the evolution of the clouds during the day. These conclusions
are supported by the observations during other cloudy days along the year-long lifetime of
the experiment.
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Figure 8. Building effect at pole 1 on sunny days and air reference temperature (5th and 6th of

December).
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Figure 9. Building effect at pole 1 on sunny days and wind speed (5th and 6th of December).
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Figure 10. Building effect at pole 1 on sunny days and wind direction (5th and 6th of December).
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Figure 11. Building effect at pole 1 on cloudy days (21st and 22nd of November).

Then, as a conclusion, the building influence is lower on cloudy days than on sunny
days. Because this work is focused on finding the extreme values of the building effect,
the following sections concentrate on the building influence for sunny days, with solar
irradiance being the main impact factor.

3.2.2. Impact of Daily Maximum Air Temperature on Building Influence

The impact of the daily maximum air reference temperature on building influence
could be derived from Figure 8, where the building effect on two different days and with
different maximum air reference temperatures: 16.3 °C and 14.5 °C, are represented. The
dependency of the building influence value with the reference temperature at pole 7 is not
conclusive in Figure 8, where the building effect on two different days and with different
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maximum air reference temperatures are represented. The maximum air temperature
difference on these two days is not significant enough to assure that the air temperature does
not impact on building influence. A further analysis is represented in Figures 12 and 13,
where the maximum positive and negative building effects on pole 1 as a function of the
daily maximum air reference temperature are represented for totally sunny weekends.
These figures suggest that the building influence increases with the daily maximum air
reference temperature, but there was one particular day with a low maximum reference
temperature (12.7 °C), high solar irradiance (1013 W/m?), and high building influence
on pole 1. This fact, in combination with the conclusions in other research works [21,22],
induces to think that the real factor driving the building influence is the solar irradiance
instead of the air temperature. The correlation between the daily maximum values of the
solar irradiance and the maximum air reference temperature for sunny weekends along the
total time of the study is displayed in Figure 14. In this figure, we can see that the correlation
between these two quantities is clear for the data of summer and autumn. Discrepancies
to this correlation is for the days with maximum air temperature lower than 15 °C and
solar irradiance higher than 700 W/ m?. As it is established in [21], these anomalous values
could be due to the minimum temperatures happening just before these daily maximum
values. If the correlation between the daily maximum values of solar irradiance and air
reference temperature had been clearer and more direct, we could have chosen the air
reference temperature instead the solar irradiance as the main impacting factor of building
influence. But, as this correlation is not so coherent here, this work focuses on studying the
impact of solar irradiance on building influence to quantify their maximum values.
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Figure 12. Maximum positive building influence at pole 1 (1 m) as a function of maximum air
reference temperature for clear weekend days. Black squares are the measured building effect at
pole 1 as a function of the corresponding maximum air reference temperature. Dotted line is the
interpolation curve.
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Figure 13. Maximum negative building influence at pole 1 (1 m) as a function of maximum air
reference temperature for clear weekend days. Black squares are the measured building effect at
pole 1 as a function of the corresponding maximum air reference temperature. Dotted line is the
interpolation curve.
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Figure 14. Correlation between the daily maximum values of solar irradiance and reference air
temperature for sunny days.

3.2.3. Impact of Wind on Building Influence

Figures 9 and 10 give an indication of the wind impact on building influence. Figure 9
shows the building effect and wind speed; meanwhile, Figure 10 shows the building effect
and wind direction for the same sunny days, 5th and 6th of December. These figures
show that for wind speeds lower than 2 m/s the air is in turbulent flow, while for higher
speeds the air is stratified in a direction parallel to the building (~180°). This behavior
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for these two specific days is confirmed in Figure 15 for all of the sunny weekends (when
a higher building effect is expected) along the complete time of the experiment (1 year).
Figure 15 shows that the experiment site is characterized by low speed wind events. The
most frequent ones (75.6%) present wind speeds lower than 2 m/s and in a light turbulent
flow but with a dominant component from the NNW to SSE, parallel to the building.
Events with wind speed in the ranges (2, 4) m/s, (4, 6) m/s and higher than 6 m/s have
the respective frequencies of 20.7%, 3.5%, and 0.14%. All of these events have dominant
flow directions parallel to the building and, as consequence, affect all of the thermometers
installed in the poles in the same way, in a perpendicular line to the building (Table 1). It
can be concluded that, for wind speeds higher than 2 m/s, all of the thermometers are
affected in the same way and there is no wind influence on the building effect. For wind
speeds lower than 2 m/s, the impact on the building effect can be considered negligible,
due to the very low speed value and also due to the majority of the events happen in a
direction parallel to the building.

(0-2)m/s (2-4)m/s ®W(4-6)m/s HE>6m/s

N
NNw  10% NNE
NW B NE
6%
WNW 4% ENE
2%

W 0% \ E
WSW ESE
sw SE
SSW SSE

s

Figure 15. Frequency distribution of wind events at pole 4 and for sunny weekends. Wind measure-
ments were taken every 20 s. N for winds from north to south, E for winds from east to west, W for
winds from south to north, and S for winds from west to east.

3.3. Theoretical Determination of the Building Shadow Time on the Poles

In order to check that the negative building effect is a real building effect and it is not
due to limited solar radiation blocking by the thermometer shield, a theoretical calculation
of the starting shadow time (“sunset”) over each thermometer was performed.

The theoretical calculation of the starting building shadow time on the poles was
performed via the means of a digital elevation model of the building combined with
solar ephemeris, by writing R code and making use of several additional packages:
“shadow” [23] “ggmap” [24] “rgdal”, “rgeos” and “maptools” [25]. Packages “rgeos”
and “rgdal” were used at first to create a digital model of the building of this study and
of the poles hosting the temperature sensors. “Maptools” and “solarpos” were used to
create a time series of sun positions, calculated each 10 min, within the twelve months
of the study (November 2015-December 2016); “shadow” and “shadow Height”, fed by
results from “solarpos” and the digital model of the building, were then used to compute
the heights of the shadow cast by the building at the locations of the sensors, at each time
step considered. By comparing these heights to the heights of the sensors, information
about whether the sensor is in the shadow of the building or not, and at what time it enters
or exits the shadow, is retrieved. Finally, “ggmap” was used to retrieve the image area from
Google Maps and plot buildings and shadows on top of it.
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The program code was able to calculate, with a time resolution of 10 min, the time when
the building shadow reached specific heights of each pole and, hence, the thermometer
sited in each of the poles. By comparing this value with the height of the poles (2.0 m), a
timetable of “sunsets” for each thermometer was compiled for the whole duration of the
experiment. A height of 2 m was chosen to be sure the thermometers and the radiation
shields (1.5 m) were completely under the shadow of the building for the calculated times.

The theoretical calculations of these “sunset” shadow times on the thermometers were
combined with the complete data set of building influences on the sunny weekends. The
behavior is observed in Figure 16, where there are representations of the building effect at
different distances from the building as a function of time. Figure 16 represents a specific
day, as an example, but the same behavior was observed for the rest of the days under
analysis. In order to have a better vision of the time when the starting sunset shadow
happened and when the minimum building effect happened, the raw data were integrated
with an integration time of 20 min. From Figure 16, we can conclude that the negative
building effect (¢; < fyeference) is not a direct and instant consequence of the sunset shadow
of the building over the corresponding thermometer. This sunset shadow time (the time
at which the building shadow just covers the thermometer) is always earlier than the
minimum building influence. The negative building influence is due to a combination of
factors, one of them being the lack of direct solar radiation on the field surrounding each
of the poles. In this situation, for a period of time, there is a release of the heat stored in
the ground and in the building, collected during the sun exposure along the rest of the day.
With time, these stored heats are negligible and then the maximum negative building effect
is produced.

20m
e shadow time at thermometer (1m)
A shadow time at thermometer (5 m)
’

Lo g\
/X/f ® e o o ¢ shadow time at thermometer (10 m)

shadow time at thermometer (20 m)

09:30 13:00 16:30 20:00
time (hh:mm)

Figure 16. Building influence at different distances from the building (1 m, 5 m, 10 m, and 20 m). The
starting times (wider lines) when the thermometers, at each of the poles, are covered by the shadow
of the building are also included. For this specific day, shadow time for thermometer at 1 m: 14:50,
shadow time for thermometer at 5 m: 15:30, shadow time for thermometer at 10 m: 16:40, and shadow
time for thermometer at 20 m: 17:50.

3.4. Quantification of the Building Influence on Air Temperature
3.4.1. Optimal Integration Time Interval

Before approaching the quantification of the building influence on air temperature
measurements, a study of the most appropriate data management was performed. The
temperature measurements were averaged at different time intervals to obtain the most
realistic description of the building influence evolution along the day. The most optimal
integration time was decided by reaching a compromise between the following: (i) Keeping
as much information as possible and not reducing the maximum building effect; (ii) Reduc-
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ing noises and peaks not related to real changes in temperature. Figure 17 displays the effect
of averaging the raw data at several time intervals. If the averaging time interval is long,
the noise will be removed; but, there is the risk that some real effects on air temperature are
also reduced or eliminated. On the contrary;, if this time period is very short, the removal
of the noises and peaks would not be enough for the appropriate analysis. Based on the
information provided in Figure 17, the averaging time of 5 min reaches the appropriate
compromise between the removal of the measurements noise and keeping enough informa-
tion at the same time. Despite this fact, later in this paper, the quantification of the building
influence on air temperature measurements is performed for other integration times.

4.0

3.0 20 seconds
2.0 =5 minutes
1.0 =20 minutes
0.0

-1.0

t 14trcfcrcncc (OC)

-2.0
-3.0

-4.0
22:00 02:00 06:00 10:00 14:00 18:00 22:00

time (hh:mm)

Figure 17. Evolution of the building influence on air temperature measurements at pole 1 at different
integration times.

3.4.2. Solar Irradiance and Building Influence at All Poles

As it was described before, in Section 3.2, the building has an effect on the air tem-
perature. Due to the orientation of the building, in the mornings the building acts as a
heat source, increasing the temperature of the surrounding area regarding the reference
temperature (positive building effect). This fact is mainly due to the solar irradiance impact
on the building: on one hand, it is reflected by the building walls; on the other hand, it is
absorbed by the walls and released little by little into the environment. In the afternoons,
the building shadows the ground surrounding the thermometers and the heat released
by this ground decreases gradually with time and, as a consequence, the temperature at
the shadowed positions also decreases regarding the reference air temperature (negative
building effect). The surface under the building shadow increases with time and, hence,
the building has an impact at larger distances. Then, the building influence on air tem-
perature measurements is positive in the mornings and negative in the afternoons. In the
positive building effect the air temperature decreases with the distance to the building;
meanwhile, in the negative building effect the air temperature increases with the distance
to the building. As we already stated, the human activity inside the building and the solar
irradiance are the main impacting factors on building influence; so, in order to quantify
the maximum building effect (independently from human activity inside the building), the
data considered in this analysis are the ones obtained on sunny weekends from November
2015 to November 2016.

For these sunny weekends, the maximum values of the building effect were deter-
mined from repetitive events happening during each of the days and with stable tempera-
ture conditions for more than 1.5 h. This duration was chosen with the aim of removing



Atmosphere 2024, 15, 209

17 of 26

punctual issues or noisy episodes from the analysis and to be sure that the analysis was
based on a real and systematic building effect.

Figures 18 and 19 show the relationship between the building influence at different
distances from the building and the solar irradiance. The two building influences increase
with solar irradiance, mainly for the closest thermometer to the building (pole 1, 1 m).

3.0 -
|
25 = et
........... [ |
T e i g
EL_), 2.0 l ............... [ ] Im
g T e (e}
S e m N A 5m
R A - a7
215 | —A- K 10m
+ -
A e T 962 — © 50m
I - A . ——
.— 1.0 - . — O A eeeeeees Lineal (1 m)
3 o —— %o = = =Llineal (5m)
— (e}
(6]
0.5 e == |ineal (50 m)
0.0
450 550 650 750 850 950 1050
max solar irradiance (W/m2)
Figure 18. Maximum positive building effect as a function of maximum sun radiation.
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Figure 19. Maximum negative building effect as a function of maximum sun radiation.

Based on the information provided by the Figures 18 and 19, a range of solar irradiance,
(850, 1000) W/ m? was chose for the determination of the extreme building effects.
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3.4.3. Maximum Values for Building Influence

The maximum building influences for the solar irradiance range (850, 1000) W /m?
are represented in Figures 20 and 21. These values are not negligible and take values up
to 2.0 °C at a distance of 1 m from the building. These figures show the building effect
decreases with the distance to the building and it trends towards a zero value for distances
higher than 50 m. This long distance for the building effect mitigation could be related to
the large width of the building (200 m). The inclusion of thermometers at longer distances
larger than 50 m from the building would have added important information to this study.
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Figure 20. Maximum positive building effect for solar irradiance in the range (850, 1000) W /m?.
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Figure 21. Maximum negative building effect for solar irradiance in the range (850, 1000) W /m?.
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3.5. Uncertainties

The building influence at different distances from the building is calculated using
Equation (4) and with more detail from Equation (5).

At =t; — treference (4)

At = (ti + 5ti, calibration + 5ti, drift + 5ti, reading system) - (tref+

5tref, calibration T (Stref, drift + 5tref, reading system) + 5trepeatability

(5)

To calculate the building effect associated uncertainty, the law of propagation of
uncertainties [3] should be applied to (5) resulting in the following:

uz(At) =u? (ti - tref) +2- u2 <6tculibmtion) +2- u2 (§tdrift) +
2 2 ©)
2-u <5treuding system) +u (‘Strepeutability) .

The description and quantification of the different uncertainty sources are included in
Table 3.
The procedure to estimate each uncertainty component is evaluated:

- Uncertainty contribution due to the standard deviation of the differences:

This uncertainty component was evaluated using the standard deviation of the build-
ing effects obtained during sunny days with a sun radiation in the range 8501000 W/m?,
where the building effects are stronger.

- Uncertainty contribution due to the calibration of the thermometers:

The uncertainty component due to the calibration of the thermometers is the value of
the expanded calibration uncertainty value divided by the coverage factor. The calibration
of the thermometers was performed just before and after the field experiment, as described
in point 2.1. In both cases, the expanded calibration uncertainty was 0.01 °C (k = 2).

- Uncertainty contribution due to the drift of the thermometers:

This uncertainty component was evaluated using the means of the resistance value of
each thermometer at the triple point of water (0.01 °C), as it is described in point 2.1. The
value of the drift of the thermometers is 0.02 °C.

- Uncertainty contribution due to the reading system:

This uncertainty component was evaluated using the combination of the datalogger
calibration and resolution, with a value of 0.05 °C (k = 2):

2 2 2
u (étreading syst) =u (&reading sychalibration) +u ((Streading systfresolution) . @)

- Uncertainty contribution due to the repeatability of the thermometers:

This uncertainty component was evaluated by analyzing the different behavior of
the thermometers under the same field exposure conditions, thereby obtaining a value of
0.1°C[9].
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Table 3. Uncertainty evaluation for building influence.
o1 S Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty Uncertainty
Description Quantity Method of Estimation P.r ob.a bll}ty Sen51.t lylty Contribution, Contribution, Contribution, Contribution, Contribution, Contribution,
Distribution Coefficient
Im 5m 10 m 30m 50 m 100 m
Medium d‘feref‘ce ti —tn  Standard deviation of the differences normal 1 0.300 0.165 0.224 0.145 0217 0.000
temperature: K
Reference thermometer Otrefal Calibration uncertainty (k = 2) normal 2 0.050 0.050 0.050 0.050 0.050 0.050
calibration
. . Difference between the initial and
Reference thermometer drift Otrefedrift final calibration rectangular V(3 0.006 0.006 0.006 0.006 0.006 0.006
Pole i thermometer calibration Otical Calibration uncertainty (k = 2) normal 2 0.050 0.050 0.050 0.050 0.050 0.000
Pole i thermometer drift Stiarp Differenice between the initial and rectangular V) 0.006 0.006 0.006 0.006 0.006 0.000
final calibration
Reading system Otsystem Resolution+Calibration normal 1 0.024 0.024 0.024 0.024 0.024 0.024
Difference of the thermometers
Repeatability Ot repeatability readings at the same external normal 1 0.100 0.100 0.100 0.100 0.100 0.100
conditions [9]
Combined standard uncertainty, in °C= 0.33 0.21 0.26 0.19 0.25 0.11
Expanded uncertainty (k = 2), in °C= 0.65 0.41 0.51 0.38 0.50 0.23
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3.6. Building Influence with Other Average Intervals

In order to analyze the dependence of the building influence against the data average
time interval, the same analysis previously described was performed for different time
intervals, with the conclusions displayed in Figure 22. As was expected, the building effect
decreases against time averages since the maximum values smoothen against time average.
Another conclusion is that the building effects are not a consequence of punctual extreme
values from noises or aleatory effects.
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Figure 22. Building effect at different average times: O Integration time: 5 min. [J Integration time:
10 min. A Integration time: 20 min.

Using the 20 min averaging data, the functions describing the positive and negative
building effect y(d) were calculated in the form

y(d) = t(d) — try =a—b-Ind (8)

where 4 is the distance to the building and 4 and b are the coefficients calculated via fitting to
the data. These functions were calculated using the least squares method [26], minimizing

n - 2
the standard deviation of the residuals (s = W). These functions and data

are displayed in Figure 23, where the building effect functions present residuals lower
than the uncertainty of the measurements, meaning the goodness of the function’s fit to
the corresponding measured points). Table 4 provides the two building functions, with
the corresponding residual’s standard deviation. The uncertainties of the interpolation
coefficients, 2 and b, where calculated using the classical Ordinary Least Squares theory [26].
Table 5 includes these uncertainty values.
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Figure 23. Positive and negative building effect functions determined using their fitting to the
corresponding 20 min averaged data (blue points), Its corresponding expanded uncertainty (k = 2) is

also represented.

Table 4. Positive and negative building effects functions, standard deviation of the residuals, and R2.

2
Building Effect Function . (Ei’ﬂ q,-*ﬁ) R2
B n—1
Positive building effect fp(d) =1.696 —0.317 - Ind 0.20 °C 0.87
Negative building effect fn(d) = —1.693+0.359 - Ind 0.08 °C 0.98

Table 5. Uncertainties of the interpolation function’s coefficients.

U, (k=2) U(b), (k=2)
Positive building effect 0.185 0.061
Negative building effect 0.070 0.023

The uncertainties of the building effect at different points, displayed in Figure 23,
were calculated following the procedure described in Section 3.5. The uncertainty of
the interpolation functions was calculated using the propagation of the uncertainties of
the building effects at the discrete points [27,28], keeping in mind that the interpolation
functions were calculated via the linear least-squares method (non-Lagrangian interpolation
equations). The uncertainty of an interpolation function can be calculated easily when the
interpolation function can be written in the form:

90 = YN v filx, xi, o oxn). ©)

The expression for the uncertainty associated with the interpolation curve is derived
by applying the law of propagation of uncertainties [3] to (9).

2((x)) = Y0, 206, x,..xn) 12 (y) (10)
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For the building effect the interpolation functions are
N
y(d) =td) —tef=a—b-Ind= Zi:l vi - (f1i + f2i - Ln(d)). (11)
And, the corresponding uncertainty is
N
”z(y(d)) = Z':l (flzl + f221 : LnZ(d)) ’ uz(yi) + S%ﬁsiduals' (12)

Figure 24 shows the expanded uncertainties for building effects at discrete points and
for the two interpolation functions included in Table 4.
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8 Uncertainty of interpolation function,
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Figure 24. Expanded uncertainties (k = 2) of the building effects at the different discrete points and
the expanded uncertainties (k = 2) of the building effect interpolation functions.

4. Conclusions

In this paper the study of the building influence on air temperature measurements
has been examined in a field experiment. An extensive search for the appropriate location
was performed aiming at Class 1 [1] air temperature measurements. The selected place
is a flat area bigger than 40,000 m2, with a 6 m high and 200 m wide building. No other
obstacles or shadows exist in the area. Fit-for-purpose instrumentation was calibrated
and characterized with the objective of obtaining measurements following metrological
principles, giving, as a consequence, robustness to this paper’s conclusions. All of the
instrumentation was deployed perpendicularly to the building and at different distances,
providing a radial air temperature measurement distribution.

The building influence was evaluated using a one-year-lasting field experiment and
its quantification was performed from observed repetitive and systematic events across
different days and with a duration longer than 1.5 h. With these considerations in mind,
the inclusion of punctual or aleatory phenomena in the analysis was avoided.

The human activity inside the building has a clear impact on the building influence on
air temperature measurements. This conclusion is in line with [12], where an increase in
anthropogenic heat emission corresponds to an increase in building influence. In this study
and in order to remove as much as possible the human impact, only the weekends’ data
(from the one-year raw data) were considered for the analysis.



Atmosphere 2024, 15, 209

24 of 26

This paper also shows the strong dependence of the building influence with solar
irradiance as well as with the relative orientation of the building and thermometer, as is
also highlighted in [12]. The building influence on air temperature is firmly linked to the
evolution of clouds on cloudy days and it is always lower than on sunny days. Cloud cover
reduces the building influence on air temperature measurements, as is also stated in [12,15];
the building influence, for sunny days, increases with the maximum daily solar irradiance
value, as is also observed in [10].

As the aim of this work was to quantify the extreme building effect, some criteria
were followed in order to select the appropriate data set from the one-year raw data. The
data from sunny weekends were considered in the analysis. In addition, the optimal
integration time was analyzed: 5 min interval. From the examination of this data set, two
building effects were detected: one of them happens in the mornings and it consists of
an increase in air temperature with proximity to the building (positive building effect).
The other one happens in the afternoons and it consists of the decrease in air temperature
with proximity to the building (negative building effect). In order to check that there
is not any link between the building shadow over the thermometers and the negative
building effect, a theoretical calculation of the time when the building shadow reaches each
of the thermometer was performed. No direct and instant relation between the negative
building effects and the building shadow over the thermometers was found. The decrease
in temperature in areas covered by the building shadow was due to a reduction in the
radiative effect of surrounding surfaces instead of a malfunction in the system thermometer
+ shield.

A similar building influence evolution is observed in [10], but it is delayed and lower
in value regarding the evolution observed in this work. These differences are due to the
fact that the buildings in [10] are smaller than here, meaning the shadow influence in [10]
on the ground is very much reduced. The solar exposure of the surfaces (ground and
building facade) surrounding the thermometers in both experiments is very different,
implying delayed radiative behaviors of these surfaces along the day and, as a conclusion,
delayed building effects. In addition to this, the orientation of the buildings is different in
both experiments, generating differences in their effects on air temperature measurements.
The building facade in [10] is mainly oriented to the north; meanwhile, the building
facade involved in this research work is mainly oriented to the east. This means the
sun impact on the building facade is more intense and, hence, more building radiative
heat is generated in this work than in [10]. The relative orientation between the building
and the thermometers determines the quantitative value of the building influence on air
temperature measurements and also the evolution of this influence along the day and night.

The establishment of the relation between wind and building effects was not possible in
this work due to the special characteristics of this experiment site, where the predominant
wind was parallel to the building and, hence, it affected all thermometers in the same
way. The impact of wind on building influence studied in previous works [10,12-16],
together with the particular relation between the building and the winds described in the
present work, allow us to conclude that the impact of wind on the building effect strongly
depends on the relative orientation of the building, thermometers, and the dominant wind
component in the area under study. This last fact agrees with the conclusions in [15],
where the difference between two data climate series in different places is affected by wind
direction, mainly for sunny days.

The building influence increases with solar irradiance, making it the strongest impact
factor. This relation between building effect and solar irradiance is in line with the conclu-
sions of [10] and other works studying the urban climate [12]. In this research, and in order
to find the extreme values of the building effect, a quantification was performed via the
selection of an appropriate data set from raw data collected during a one-year experiment:
sunny weekends and with a daily maximum solar irradiance in the range 850-1000 W/m?.

Under these conditions, the positive building effect takes a maximum value of 2 °C at
1 m, decreasing to 1 °C at 10 m, and then stabilizing up to 50 m. The negative building effect
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takes a maximum value of —2 °C at 1 m from the building, it strongly decreases to 1 °C
at 10 m, and then decreases smoothly to 0.5 °C at 50 m from the building. Measurements
at distances between 50 m and 100 m would have provided valuable information for the
determination of building effects at distances greater than 50 m.

The influence of the building effect at 50 m is also observed in [10], although at a lower
degree due to a smaller building being included as the influence factor and also due to the
mean influence being investigated instead the maximum influence.

The expanded uncertainties associated with all of these values was calculated as
having values lower than 0.65 °C (k = 2).

The field experiment developed in this research work supports the recommendation
that air temperature measurements for reference climate studies should be taken at dis-
tances over 100 m from buildings, which is in line with [1,10]. For climate reference stations,
the evaluation of studies about the siting influence is recommended. In addition, the
development of future studies using buildings at different orientations is recommended,
since it is suspected that the relative orientation of the building to the thermometer has a
definitive influence on the building effect values.

This work, along with the companion road experiment described in [9], can also
constitute a first step towards a more comprehensive experimental description of the
complex phenomenon known as “Urban Heat Islands”. While some studies report that the
influence of urbanization on near-surface temperature measurements is substantial [29], it
is difficult to discriminate between different contributing factors that add up to create the
island. Models [30-32] can help, but dedicated experiments are needed to validate model
computations.
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