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Abstract. The morphological complexity of urban environments results in a high spatial and temporal variability of the urban
microclimate. The consequent demand for highly-resolution atmospheric data remains a challenge for atmospheric research
and operational application. The recent widespread availability and increasing adoption of low-cost mobile sensing offers the
opportunity to integrate observations from conventional monitoring networks with microclimatic and air pollution data at a
finer spatial and temporal scale. So far, the relatively low quality of the measurements and outdoor performance compared to
conventional instrumentation has discouraged the full deployment of mobile sensors for routine monitoring. The present study
addresses the performance of a commercial mobile sensor, the MeteoTracker (IoTopon Stl), recently launched on the market
to quantify the microclimatic characteristics of the outdoor environment. The sensor follows the philosophy of the Internet of
Things technology, being low cost, having an automatic data flow via personal smartphones and online data sharing, supporting
user-friendly software, and having the potential to be deployed in large quantities. In this paper, the outdoor performance is
evaluated through tests aimed at quantifying (i) the intra-sensor variability under similar atmospheric conditions and (ii) the
outdoor accuracy compared to a reference weather station under sub-optimal (in fixed location) and optimal (mobile) sensor
usage. Data-driven corrections are developed and successfully applied to improve the MeteoTracker data quality. In particular,
a recursive method for the simultaneous improvement of relative humidity, dew point, and humidex index proves crucial for
increasing the data quality. The results mark an intra-sensor variability in the range of +0.5°C for air temperature and +1.2% for
the corrected relative humidity, both within the declared sensor accuracy. The sensor captures the same atmospheric variability
as the reference sensor during both fixed and mobile tests, showing positive biases (overestimation) for both variables. Through
the mobile test, the outdoor accuracy is observed between £0.3°C to +0.5°C for air temperature, between +3% and +5% for
the relative humidity, ranking the MeteoTracker in the real accuracy range of similar commercial sensors from the literature

and making it a valid solution for atmospheric monitoring.

1 Introduction

The coverage of the Earth’s surface by atmospheric monitoring networks remains challenging, especially in remote locations,

poor countries, and complex terrain. Among the last category, the urban environment requires long-term monitoring at high
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spatial and temporal resolutions, as turbulence structures play a key role in inertial and thermal ventilation (Barbano et al.,
2020; Cintolesi et al., 2021). To fill the gap, classical urban observational networks are supported by spot-on intensive field
campaigns for intra-urban flow detailing and turbulence analysis. The recent development of low-cost sensors provides a
novel opportunity to integrate the existing monitoring networks with cheaper, yet reliable solutions. Nowadays, monitoring
protocols for fixed low-cost weather stations have adopted crowdsourcing approaches (Meier et al., 2017; Fenner et al., 2021)
to increase spatial coverage of urban areas, with the creation of community networks (Jiao et al., 2016) for environmental
monitoring. Contextually, the adoption of mobile sensors and smartphones is increasing, carrying the typical shortcomings of
novel approaches, such as the lack of protocols for mobile sensing, outdoor accuracy, and long-term reliability. Data quality
from mobile sensing will require suitable but transferable sensor calibration strategies (Xu et al., 2019; DeSouza et al., 2022)
as well as the development of accurate correction algorithms (Huang et al., 2023). The development of dedicated platforms
(e.g., Den Ouden et al. 2021) provides a virtual environment where quality-controlled mobile data can be safely stored and
shared.

Two major classes of sensors have been developed according to their application scopes, i.e., the study of microclimate and
air quality. As a short notice, air quality sensors mostly monitor regulated pollutants, such as particulates, nitrogen dioxide
and ozone, and/or greenhouse gases such as carbon dioxide (e.g., Johnson et al. 2016; Van den Bossche et al. 2016; Puri et al.
2020; Gémez-Sudrez et al. 2022; Ganyji et al. 2023). Microclimate sensors are firstly designed for monitoring the urban thermal
environment (Kousis et al., 2022), but also the radiative properties of the atmosphere (Heusinkveld et al., 2023), evapotran-
spiration (Markwitz and Siebicke, 2019) and wind-related quantities (Droste et al., 2020) have found recent interest. A key
ensemble of this second category consists of mobile sensors suitable for measuring the thermo-hygrometric characteristics of
the atmosphere on the move. The sensor suite is typically composed of a thermo-hygrometer or a thermo-logger, but examples
of complete weather stations mounted on moving vehicles (Heusinkveld et al., 2014; Emery et al., 2021) or integration with
automatic infrared cameras (Lindberg, 2007; Acosta et al., 2022) are also documented. Two main categories of sensors are also
used: research-grade instrumentation designed for conventional weather stations and adapted for mobile use, and low-cost mo-
bile sensors. In addition, mobile sensing using smartphones is also accessed nowadays, thanks to the presence of temperature
sensors oftentimes installed within some devices (e.g., Cabrera et al. 2021) or the use of alternative data proxies such as the
temperature of the smartphone battery (Overeem et al., 2013; Droste et al., 2017), and the potential crowdsourcing from large
communities. Oftentimes, the sensor fabric is modified, adding homemade radiation shields (Sun et al., 2009; Leconte et al.,
2015) and ventilation pipes (Tsin et al., 2016). Despite walking being an explored option in the literature, the vast majority
of mobile monitoring is performed using bicycles or motor vehicles. This allows a wide spatial coverage of the urban and
surrounding areas (Sun et al., 2019), a large number of monitoring scans (Emery et al., 2021), a long-term assessment (Charabi
and Bakhit, 2011) and a variety of monitoring techniques, including spot-on measurements (Qaid et al., 2016) and transect’s
inspections (Unger et al., 2001).

The top-trend research topic is the Urban Heat Island (UHI) effect, where mobile sensing offers a denser representation of the
canyon-level air temperature (Stewart, 2011) inside the urban context. Intra-urban UHI and local thermal effects are attributed

to land cover, urban morphology, and aspect ratio of the urban canyons. Yan et al. (2014) used an instrumented bicycle to infer
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the magnitude and spatial characteristic of the air temperature variations related to the landscape parameters characterizing tt
immediate environment of the measurement sites. Focusing on the street canyon, Sun (2011) conducted a mobile survey by bik
to show a positive correlation between the air temperature and the height-to-width ratio of the canyon, green area coverage, an
building ratio. Covering a larger spatial area by instrumented car, Noro et al. (2015) observed consistent temperature differences
inthe range 0.5°C to 2.5°C depending on the Local Climate Zone (LCZ, Stewart and Oke 2012) passed through. Shietal. (2018)
con rmed the applicability of mobile sensors in assessing the thermal properties within high-density heterogeneous urban
contexts, evaluating an Intra-LCZ air temperature difference up to 2°C within 6 diverse LCZs. In agreement with traditional
studies on the local-scale UHI effect (e.g., Di Sabatino et al. 2020), these studies support strategies that increase vegetatiol
coverage at the expense of buildings to mitigate urban warming and create a comfortable thermal environment. Other uses of
mobile sensing include the assessment of the impacts of the urban morphology on the cooling effect of small rivers (Park et al.,
2019), and the in uence of external factors on the temperature eld within the urban context (Rajkovich and Larsen, 2016).
The temperature maps obtained through mobile sensing are also suitable for validating numerical simulations (Hsieh et al.,
2016) and for application to thermal comfort and local climate stress (Koopmans et al., 2020).

The advantage of a mobile sensor is the large spatial coverage ensured by continuous monitoring while moving, which
can be performed actively through ad-hoc experiments or passively during daily life activities. As a drawback, measurements
will be dependent on both time and space, revealing non-trivialness to assess phenomena such as the UHI effect. Schwar
et al. (2012) introduced a correction for decreasing temperatures due to progressing time so that they would not confound air
temperature differences due to changing surroundings with temperature differences because of evening cooling. To compensat
for the different time responses of the mobile sensor related to the reference, namely the thermal inertia error, Qi et al. (2022)
introduced an initial temperature correction. In previous research, the response time of mobile sensors was determined by
cycling through a tunnel (Brandsma and Wolters, 2012) or by sensitivity tests comparing in-situ and mobile measurements
(Emery et al., 2021). To deal with the response time at the beginning of a monitoring session, we can use statistics to eliminate
the time required by the sensor to adjust its internal temperature to the ambient air. Depending on the scope of the investigation
a temperature decline correction is needed to compensate for the background temperature evolution while completing the route
(Brandsma and Wolters, 2012). Finally, mobile sensors need a protocol for outdoor validation before usage, which is missing
in most applications from the literature. For low-cost sensors, this step is required owing to the discrepancy often observed
between the ideal accuracy of the sensor (that acquired in the laboratory under controlled conditions) and the real one evaluate
in the eld. Establishing an outdoor protocol for low-cost sensors is mandatory to infer the reliability of their measurements
and under which circumstances they perform at their best (Brattich et al., 2020). Similarly, research-grade instrumentation is
mostly built for xed-location monitoring, and a reliability test should be performed for mobile usage.

In this paper, we provide a quality assessment and performance evaluation of a recently developed commercial mobile senso
for monitoring the urban microclimate, called MeteoTracker (MT) developed by loTopon Srl. To the best of our knowledge,
MT was used in very few scienti ¢ researches with promising results (Cecilia and Peng, 2022; Carraro, 2022). However, these
evaluations focused only on the air temperature data of a single MT with respect to other low-cost mobile sensors, leaving gaps

in the overall performance evaluation. In the current paper, we aim to provide a more robust and comprehensive assessment @
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the MT outdoor performance, which includes evaluating the intra-sensor variability of multiple MTs simultaneously operating
under equal ambient conditions and validating MT's measurements against a research-grade reference in both optimal (while
moving) and non-optimal (as a xed station) operational usage. This investigation also provides a set of exploitable methods to
correct MT measurements and enhance their outdoor accuracy, validated for different climate zones and seasons, sensor usag
and customized for each measured variable of the MT. Ultimately, this analysis will evaluate the potential of the MT to be
adopted as a research-grade sensor.

After this introduction, Sect. 2 introduces the MT sensor and data ow; Sect. 3 describes the multi-step procedure adopted
in this paper to address the sensor performance while Sect. 4 presents the results from each step. Section 5 contextualizes tt
MT performance in the context of mobile sensing. Section 6 draws the conclusions.

2 The MeteoTracker
2.1 The sensor

The MT is a low-cost portable weather station (see Fig. 1), that samples several meteorological variables while moving jointly
with its carrying vehicle (mobile sensor). The device hardware comprises a compact case (7F5mm 35 mm) with a

magnetic base to secure the station on the vehicle, tested to regulatory speed limits on highways. The case can also support tf
installation of a string to secure the station to a non-metal moving object. The aerodynamic shape supports the stability above
the vehicle, while the extensive frontal and back overtures (air Iters) enable a large air volume sampling and good internal
ventilation. The sensing board is supplied by different capacitive-resistive sensors, measuring air tenmpexaturelative

humidity RH , and atmospheric pressupewith a declared accuracy close to a research-grade instrument (see Table 1). In
addition, the sensor measures the solar radiation intensity indidbot accuracy and operational range are not provided by

the manufacturer. Derived quantities are also automatically computed by the station, using known empirical thermodynamic
laws and formulas. Among those, the dew-point temperalyrend the humidex index HDX (an index which estimates the
anthropogenic well-being associated with climate, see Masterton and Richardson 1979) are both obtained by combining air
temperature and relative humidity in some capacities. For the dew point, Lawrence (2005) explored the intricacies and possible
empirical, theoretical, and simpli ed expressions with the classical thermodynamics, while humidex is de ned as

HDX = T +0:5555€ 10) (1)

wheree is the water vapor pressure in hPa andk in degrees Celsius. Altitudé in meters above the mean sea level is also
derived from the atmospheric pressure; with it, the vertical thermal gradient is compu@dio0 m) *.

The sensor is not shielded from solar radiation. Still, it is supplied with a Radiation Error Correction System (RECS) a
patent of the manufacturer to correct the effect of solar radiation on temperature while the sensor is moving at more than 7 km
h 1. The station has an internal memory that ensures up to 250 h of usage and it is remotely controlled using a customized
application on the user's smartphone, through a one-to-one connection (one station is controlled by one application). Through
the app, the user selects the sampling rate of the sensors both in frequency (at least 1 Hz) and distance (at least 1 m), lettin
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Figure 1. The MT and its components: left to right, the mini-weather station, the mobile application, and the web platform. Collaged from
https://meteotracker.com/ (accessed on July 2022).

Table 1. Signi cant variables measured by the MT, with accuracy and operational range according to the manufacturer.

Variable Accuracy Operational range
Air temperaturel [ C] 0:5 C under solar radiation angs > 7kmh ! 40 C-+125 C
Relative humidityRH [%6] 2% 0%—100%
Atmospheric pressurié [hPa] 3 Pa(relative) or 50P a (absolute) -

Altitude above mean sea levgl[m] 10 m (for the initial altitude value only) -

1RECS, patent of the manufacturer

the device select and use the most crammed depending on the vehicle's speed. The user decides to enable or disable the sen:
calibration at each start and stop of the vehicle, and the temperature correction due to the sensor movement (to discern the
sensor usage between mobile and in a xed location). The app uses the smartphone GPS to geolocate the station and compu
the initial altitude (see Sect. 3) and provides the vehicle spge®n the app, the user can visualize the live streaming of

the monitoring session, from a georeferenced map and the time series of the measured variables. At the end of each sessiol
measurements are stored locally in the smartphone and uploaded on a dedicated online platform for visualization, data retrieval
download, and sharing with other users.

2.2 Data ow and Visualization

The mobile app and smartphone connectivity regulate the ow of the data collected by the station. The station and mobile app
have to remain connected via Bluetooth for the whole duration of the monitoring session, to ensure the ow and storage of the
measurement (as a choice of the manufacturer, the station itself does not have an internal memory). A stable GPS and interne
connection are required to compute the altitude during the monitoring session, to live stream the monitoring session through the
dedicated online dashboard, and to upload the data on the platform once over. The user can de ne the level of privacy (private,

public, and public anonymously) of the collected data before initiating a monitoring session. Both public sessions will be






