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Abstract: The use of wireless sensor networks (WSN) to address and improve the environmental
quality of the built environment is gaining more and more prominence in modern cities. In this
scope, our work aims to assess the spatial variability of local climate in relation to the urban
morphology and the distribution of materials and vegetation. Furthermore, on-site measured data
have been exploited to run and benchmark numerical models for the simulation and visualization
of multiple climate parameters, such as outdoor thermal comfort.
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1. Introduction

With the diffusion of the Smart City concept, the deployment of IoT technologies for monitoring
purposes is spreading in urban areas. Within this trend, microclimate monitoring for understanding
thermal conditions and identifying/coping with the phenomena of urban heat island (UHI) in cities
is gaining relevance. In parallel, the use of numerical models for simulating local climate conditions
allows expanding the analysis to broader urban areas than the one monitored, also addressing a
wider set of variables, which is sometimes difficult to sample with proper spatiotemporal resolution
(e.g., wind speed, mean radiant temperature, surface temperature, etc.).

The main objectives of this experimental investigation are:

e  to quantify the temporal and spatial distribution of air temperature and relative humidity and
to study the impact of the urban morphology and surface characteristics on these variables;

e  to assess the representativeness and the reliability of a wireless network of low-cost sensors for
the purpose of calibrating computational microclimate models;

e  to exploit numerical simulations for expanding the microclimate and thermal comfort analysis
to a broader area than the monitored one.

2. Materials and Methods

The research analyzed the main microclimate parameters in summer conditions. It included four
main steps:
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e  Set up and deployment of the low-cost wireless sensor networks (WSN);

e  Continuous field measurement at 17 points in the studied area to analyze the local weather
conditions;

e Numerical simulations of microclimate variables;

e  Numerical model evaluation.

2.1. Case Study Area

The study was conducted in the industrial area in Bolzano (Italy). The city of Bolzano (UTM
46°29'53.8" N, 11°21'17.1" E) is in the north-east of Italy. Its climate is categorized as moist continental
and is affected by strong seasonal fluctuations, with high temperature and heatwaves during
summer. The industrial area covers a surface of 100 ha and is characterized by a high share of
impermeable surfaces with low albedo and lack of vegetation. These attributes worsen the summer
thermal heat stress conditions, making this specific area the most affected one by urban heat island
(UHI) throughout Bolzano.

The field measurements were performed in the NOI (Nature of Innovation) Techpark, a building
complex located at the center of the industrial area (Figure 1). Instead, the numerical modeling was
expanded to include the surrounding urban canyons (Figure 1).

Figure 1. (a) Bolzano industrial area. The NOI Techpark is highlighted in orange. The area of interest
for the numerical simulations is within the red square. (b) Overview of the 3D model of the area of
interest, input for the numerical simulations.

2.2. Low-Cost WSN Setup

From July 2020, 17 autonomous sensor nodes added to the LoRaW AN network of the technology
park [1] were deployed within the NOI area. They are equipped with a Honeywell HIH6121 sensing
element with tabulated accuracy of +4.0% on relative humidity (RH) and +0.5 °C on temperature (Tair).
The nodes are coded to acquire RH and Tair every 10 min and store the data both locally and in the
cloud (more details are given in [2]). The WSN covers an area of about 0.04 km?2. The measurement
point locations (Figure 2) were selected to assess the effects of the different surface materials present
there (e.g., asphalt, grass, natural stone, etc.), as well as of the urban morphology characteristics. The
sensor nodes have a height between 1.0 and 2.0 m a.g.l, to be representative of the prevailing
conditions at pedestrian level (with three exceptions, i.e., two sensors on roofs of buildings with
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different heights, D2 and E8, and one in a winter garden located at the second floor of the main
building, D5).

Figure 2. (a) Positioning of the sensors in the NOI Techpark area. (b) Sensor nodes installed in the
central courtyard at the pedestrian level (E7) and in the winter garden on the 2nd floor (D5).

2.3. Numerical Simulation

The numerical model capable of simulating climates in urban environments ENVI-met, version
4.5, was selected for the analysis of the microclimate conditions in the district. ENVI-met is a 3D
prognostic microclimate model that predicts the surface-vegetation-atmosphere interactions in urban
complex environments with spatial resolution from 0.5 to 10 m and temporal resolution from 5 to 10
s [3]. The core of Bolzano’s industrial area, including NOI Techpark and the surrounding urban
canyons, was meshed with a step of 3 m in all directions, resulting in a modeling area of 240 x 358 x
21 elements (Figure 1. (a) Bolzano industrial area. The NOI Techpark is highlighted in orange. The
area of interest for the numerical simulations is within the red square. (b) Overview of the 3D model
of the area of interest, input for the numerical simulations.) . The search domain is then 720 x 1074 x
63 m.

The microclimate simulations were carried out exploiting a local weather station for input data.
August 21, 2020, was selected as one of the most representative days for typical hot summer
conditions (i.e.,, max(Tar) > 30 °C, min(Tair) > 20 °C, and clear sky). The output of the numerical
simulations was used for evaluating human comfort at the pedestrian level by means of the universal
thermal climate index (UTCI) [4].

3. Results and Discussion

For the purpose of this study, the analysis of the results has been limited to 21 August 2020. On
this date, the sensor nodes present no or very limited saturation (max 2 consecutive measures, i.e., 20
min and max 2 times in a day). Besides, a limited packet loss ratio has been encountered (max 12%).
Hence, the data are suitable for comparison with the microclimate numerical simulations.

3.1. Spatial Distribution of Microclimatic Variables

The spatial distribution of air temperature in the different measurement points (Table 1)
highlights the influence of the surface materials and morphological features on the local climate
conditions. Sensors located in points with high solar irradiance and close to impermeable surfaces
(i.e,, D2, E2, and D1) have registered the highest Tair. With regard to urban morphology, sky view
factor (SVF, i.e., a portion of sky visible from a specific point inside the urban area) and aspect ratio
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(H/W, i.e., the ratio of the mean building height H to road width W) have been considered. The
locations with low SVF (i.e., D6 and D8) and the sensors located in closed or semi-enclosed spaces
(i.e., D3 and D5) have registered the lowest temperatures.

Figure 3 presents the daily trend of average hour Tair in all the measurement points and the
measurements from the meteorological station, located around 2 km NNW. Almost all sensors have
recorded higher Tair compared to the meteorological station, with a difference of up to 10 °C in the
central hours of the day, which demonstrates the intensity of UHI phenomena in the area.

Table 1. Morphological characteristics and daily values measured by the sensor nodes on 21st August
2020. The highest and lowest values are highlighted, respectively, in orange and light blue.

Sensors 1 Morphology Tair (°C) RH (%)

Surface Materials H/W2 SVF3 Max Min Avg Max Min Avg
D1 grass/asphalt 1.19 0.631 3720 21.75 2856 7896 35.77 57.90
D2 concrete - 0950 | 38.18 2294 | 29.85 84.39 3593 59.60
D3 natural stone - 0 30.58 2324 26.66 7540 49.64 63.85
D4 grass 0.73 0567 3239 2176 2728 8596 49.59 67.35
D5 porphyry/glass - 0.254 35.12 | 23.89 2838 68.66 3499 53.63
D6 grass/stone 021 0.680 3599 19.86 2773 100.00 41.48 67.20
D7 grass/asphalt 073 0.626 3499 2143 2787 87.65 44.47 65.63
D8 grass 023 0585 3733 2242 2830 8273 4028 63.81
EO natural stone 0.54 0535 36.11 2249 2828 84.84 4228 65.76
E2 porphyry 0.73 0533 36.44 2211 28.80 84.13 3858 61.22
E3 asphalt 095 0303 3356 2252 2775 7734 41.12 59.28
E5 grass/gravel 057 0.604 3495 2033 2750 9642 38.72 62.10
E6 natural stone 030 0569 3591 2257 2855 89.99 4148 66.04
E7 grass/gravel 0.57 0550 34.89 19.41 27.71 100.00 43.70 70.62
E8 red gravel - 0.760 35.00 21.06 28.19 82.01 3549 57.27

1 E1 and E4 time series are not available for the period of interest due to maintenance reasons on the
sensors. ? ratio of the mean building height (H) to road width (W). 3 sky view factor.
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Figure 3. Time series from the WSN (wireless sensor networks) nodes (solid) and from the
meteorological station (dashed).
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3.2. Numerical Simulation Results

3.2.1. ENVI-Met Model Evaluation

In order to develop a representative model of the case study area and obtain reliable outcomes,
the outcome from the numerical simulations has been compared against the experimentally
measured values (Figure 4).
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Figure 4. ENVI-met hourly average results compared with on-site measured values.

As can be seen from the plot, the model tends to underestimate daytime and overestimate
nighttime values of Tair. These discrepancies may have the following reasons: (a) the urban heat island
(UHI) effect and the subsequent higher value of Tar values inside the NOI Techpark are not
considered by the model since the input data are from a meteorological station located outside the
district, and (b) the anthropogenic heat fluxed from transportations, air conditioners, other human
influences are not taken into account in the model. In terms of relative humidity, a similar trend is
discernable. Consistent deviations up to 15% occur for a few time steps during the central hours of
the day. This can be attributed to the ENVI-met limitations in evaluating wind fluxes, as the boundary
conditions for wind speed and directions are kept constant throughout the entire simulation [5].

To estimate the differences between measured and simulated data, the Mean Absolute Error
(MAE), Root Mean Square Error (RMSE), and the Index of Agreement (d) are calculated. Based on
the different errors for the full list of observed and predicted hourly values for the selected day, the
MAE and RMSE for Tar are 1.92 and 2.21, respectively. The performance of ENVI-met in the
estimation of the RH shows higher uncertainties, with MAE and RMSE equal to 7.27 and 6.03
correspondingly. Although discrepancies are observed between simulation outputs and measured
parameters, the values of the indexes are in accordance with previous studies [5-7]. Furthermore,
considering the spatial resolution of the computation grid (i.e., 3 x 3 m) and accuracy of the sensors
(£ 0.5 °C and * 4% for Tair and RH, respectively), these deviations can be regarded as acceptable and
the models as representative of the local climate conditions. The index of the agreement is 0.89 for Tair
and 0.90 for RH, which indicates that the results of ENVI-met simulations are reasonably
approximate to field measurements.

3.2.2. Simulation Outcome and Outdoor Thermal Comfort Conditions

Figure 5 presents some of the outputs of the numerical simulation at 15:00, when the peak of
thermal stress is achieved with UTCI values around 43.0 °C in the whole area, corresponding to a
thermal perception of strong heat stress. Tair reaches maximum values up to 34.0 °C, while the
temperature of the ground surfaces (Ts) rises up to 51.0 °C on the asphalt roads and paved areas. The
colder areas are those covered by grass (Ts =38.5 °C).
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Figure 5. Numerical simulations output at 15:00 of 21 August 2020. (a) Air temperature at 1.5 m a.g.1,;
(b) Ground surface temperature; (c) UTCI (universal thermal climate index) at the pedestrian level.

4. Conclusions

The study demonstrates the importance of calibrating and understanding the performance and
limitations of the numerical models as they are often applied not only for the investigation of current
microclimatic conditions but also for the comparative assessment of various mitigation strategies for
UHI reduction. The work carried out so far opens up many further developments. The data
management flow has been designed according to interoperability principles, which make the
collected information possibly available to any decision-support systems for the benefit of planners
and policymakers. In addition, the open-source nature of the network allows for a sustainable scaling-
up, along with the chance to integrate it with co-creation and citizen science initiatives. Finally, the
simulation of the microclimatic conditions can be exploited to address heat island intensity reduction
strategies in extensive urban areas.
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