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Abstract

Low-cost air temperature and relative humidity sensors are increasingly deployed in dense
urban monitoring networks for the characterization of urban heat islands and heat ex-
posure. However, measurement accuracy strongly depends on the performance of the
radiation shield protecting the sensor from solar heating. This study evaluates five low-
cost radiation shield designs, including naturally ventilated, forced-ventilated, spherical,
and chimney-type configurations, under tropical outdoor conditions on Reunion Island.
Five calibrated SHT31 sensors were deployed simultaneously alongside a reference me-
teorological station over a five-week measurement campaign. Shield performance was
assessed using standard metrological indicators, daytime-nighttime analyses, error dis-
tributions, and two-dimensional irradiance-wind diagnostics. Temperature RMSE values
ranged from 0.68 to 1.18 °C, while relative humidity RMSE ranged from 2.65 to 7.39%.
The forced-ventilated shield provided the best overall temperature performance, whereas
the chimney-type design exhibited the largest errors. Combined irradiance-wind analy-
ses showed that measurement errors were primarily governed by the balance between
radiative forcing and convective cooling, with maximum temperature biases exceeding
2.5 °C under high-irradiance and low-wind-speed conditions. Based on these findings,
several correction approaches were evaluated. A physically interpretable semi-empirical
model reduced RMSE by 50%, while a Random Forest model achieved reductions of up to
66%. These results suggest that low-cost meteorological measurements can be substantially
improved through appropriate shield design and meteorologically informed calibration
procedures, particularly under tropical conditions characterized by strong solar radiation
and limited precipitation.

Keywords: low-cost sensors; radiation shield; air temperature measurement; relative
humidity; urban heat island; urban overheating; tropical climate; sensor calibration; urban
climate monitoring; naturally ventilated shelter

1. Introduction

Urbanization and climate change are intensifying thermal stress in cities worldwide,
particularly in tropical regions where high air temperatures and elevated humidity levels
combine to increase human discomfort and heat-related health risks [1-3]. Urban heat
islands and urban overheating are now recognized as major environmental challenges,
especially in densely built tropical environments where strong solar radiation, limited
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ventilation and anthropogenic heat emissions exacerbate local thermal conditions [4-7].
Understanding these processes requires accurate observations of near-surface air temper-
ature and relative humidity at high spatial and temporal resolutions in order to capture
the strong variability of urban microclimates and support the development of effective
adaptation strategies [8-11].

Conventional meteorological networks are generally unable to adequately character-
ize this variability because professional weather stations remain expensive and sparsely
distributed [12-14]. Designed primarily for synoptic-scale observations, these stations often
fail to resolve the fine-scale thermal contrasts generated by urban morphology, vegeta-
tion, land cover and building density [9,15]. Recent advances in Internet of Things (IoT)
technologies and low-cost environmental sensors have therefore stimulated the develop-
ment of dense monitoring networks capable of producing high-resolution meteorological
observations at relatively low cost [15-17]. Such systems are increasingly used for urban
heat island studies, outdoor thermal comfort assessment and citizen-based environmental
monitoring [18,19].

Several studies have demonstrated the potential of low-cost meteorological sensors
for urban and environmental applications [9,10,15,20-22]. However, obtaining accurate air
temperature measurements under outdoor conditions remains a major challenge because
the measurement quality strongly depends on the performance of the radiation shield
protecting the sensor. Radiation shields are intended to minimize direct and indirect
radiative heating while maintaining sufficient airflow around the sensing element. In
practice, their performance depends on a complex interaction between solar radiation,
thermal properties, geometry and ventilation conditions [23-27].

Previous studies have shown that radiation-induced measurement errors can reach
several degrees Celsius under unfavorable conditions. Harrison [24] reported significant
temperature deviations in naturally ventilated Stevenson screens during periods of weak
airflow. Bernard et al. [23] demonstrated that shelter-induced temperature errors are
largely governed by shelter radiation sensitivity and thermal response characteristics. More
recently, Jin et al. [25] showed that even advanced CFD-optimized naturally ventilated
shields may exhibit temperature biases approaching 1 °C under strong radiative forcing.
Similar conclusions were reported by Sagova et al. [28], who observed daytime temperature
biases reaching 3 °C in low-cost non-aspirated shelters. Collectively, these studies indicate
that radiation shield performance is primarily controlled by the balance between radiative
heating and convective cooling.

Several approaches have been proposed to mitigate these errors, including mechani-
cally aspirated shields and statistical correction models based on environmental variables
such as solar radiation and wind speed [23,28]. Dai et al. [29] combined CFD simulations,
field experiments using a fan-aspirated reference shield, and machine-learning correction
methods to demonstrate that radiation-induced temperature errors are primarily controlled
by the combined effects of solar radiation and airflow conditions. Although aspirated
systems generally provide superior performance, they require continuous electrical power,
increase maintenance requirements and complicate large-scale deployments [25]. Naturally
ventilated low-cost shields therefore remain attractive solutions for dense monitoring net-
works because of their simplicity, low energy requirements and ease of deployment [30].
However, their metrological performance under realistic outdoor conditions remains insuf-
ficiently documented.

This limitation is particularly important in tropical climates. Although large-scale
intercomparison campaigns have been conducted under specific environments, such as
hot desert conditions in the WMO Ghardaia experiment [31], field evaluations of low-cost
radiation shields under humid tropical conditions remain scarce. Tropical environments
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combine intense solar radiation, high atmospheric humidity and frequent periods of weak
wind speed, creating conditions that are especially challenging for naturally ventilated
radiation shields [32]. Under such conditions, excessive radiative heating and insufficient
convective cooling may substantially alter the thermal equilibrium of the shelter and
increase measurement uncertainty. Nevertheless, most existing evaluations of low-cost
meteorological instrumentation have been conducted in temperate climates, laboratory
environments or agricultural applications [33,34]. In addition, previous studies generally
focus on air temperature alone, whereas the simultaneous impact of shelter design on both
air temperature and relative humidity remains comparatively poorly documented despite
the critical importance of humidity for thermal comfort and heat-stress assessment [9,35].

A recent review by Abdinoor et al. [33] further highlighted the lack of standard-
ized calibration methodologies, the limited number of outdoor validation studies and the
strong heterogeneity of evaluation protocols currently used for low-cost meteorological sen-
sors. More generally, the development of physically meaningful correction approaches for
environmental measurements remains closely linked to broader metrological challenges as-
sociated with measurement modelling, uncertainty propagation and model validation [36].
These limitations hinder direct comparison between studies and complicate the deployment
of reliable dense meteorological observation networks. Furthermore, although previous
investigations have identified the importance of radiation and ventilation, relatively few
studies have explicitly quantified their combined influence on measurement errors under
real outdoor conditions. In particular, the joint dependence of shelter-induced temperature
and humidity errors on solar irradiance and wind speed remains poorly characterized,
especially in tropical environments.

Addressing these knowledge gaps is essential because measurement biases directly
propagate into urban climate analyses, thermal comfort studies and heat-stress assess-
ments. Errors in air temperature and relative humidity measurements may affect the
estimation of widely used indicators such as the Heat Index [37], Wet-Bulb Globe Temper-
ature (WBGT) [38] and Universal Thermal Climate Index (UTCI) [39,40]. Improving the
characterization of radiation-shield-induced measurement errors is therefore a prerequisite
for obtaining reliable observations from dense low-cost meteorological networks.

To address these limitations, this study evaluates five low-cost radiation shield de-
signs deployed alongside a professional meteorological station under tropical outdoor
conditions on Reunion Island. Beyond a simple comparison of shelter geometries, the
study investigates the physical mechanisms controlling measurement errors through a
combined analysis of solar irradiance and wind speed. Particular attention is given to the
coupling between temperature and relative humidity errors and to the development of
calibration approaches ranging from physically interpretable semi-empirical models to
machine-learning techniques. The study addresses three main research questions: (i) Which
low-cost radiation shield provides the best agreement with a professional reference sta-
tion? (ii) How do irradiance and ventilation jointly control temperature and humidity
measurement errors? (iii) To what extent can these errors be reduced through calibration
procedures? By combining experimental intercomparison, irradiance-ventilation diagnos-
tics and calibration modelling, the proposed framework provides a physically interpretable
approach for the characterization and correction of radiation-shield-induced measurement
errors in low-cost meteorological observations under tropical conditions.

2. Materials and Methods

The experimental methodology was designed to isolate the influence of radiation
shield configurations on air temperature and relative humidity measurements. Five low-
cost shelter designs were instrumented with identical thermo-hygrometers and deployed
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next to a professional meteorological station used as a reference measurement system. The
following sections describe the sensor selection procedure, the experimental setup, the
meteorological conditions encountered during the campaign, and the statistical methods
used for shelter evaluation and calibration.

2.1. Sensor Selection and Validation

Air temperature and relative humidity were measured using Sensirion SHT31 digital
thermo-hygrometers (Sensirion AG, Stdfa, Switzerland). This sensor has been widely
employed in environmental and urban climate monitoring studies owing to its low power
consumption, compact size, fast response time, and good measurement accuracy [20,41-43].
In addition, its moderate cost makes it particularly suitable for the deployment of replicated
measurement systems and the intercomparison of multiple radiation shield designs.

Table 1 summarizes the main specifications of the SHT31 sensors used in this study.

Table 1. Main specifications of the SHT31 thermo-hygrometer used in this study.

Parameter Value
Temperature range —40to 125 °C
Temperature accuracy (datasheet) +0.2°C
Relative humidity range 0-100 % RH
Relative humidity accuracy (datasheet) +2 % RH
Response time (743) ~8's
Communication protocol I>C
Supply voltage 33to5V
Typical unit cost ~25€

Prior to deployment, all sensors underwent laboratory validation following the calibra-
tion protocol described by [14]. Each sensor was individually compared against reference
instrumentation within a climate chamber over a range of controlled temperature and
humidity conditions representative of tropical outdoor environments. An additional in-
tercomparison campaign was then conducted by colocating the candidate sensors for a
two-week period under identical environmental conditions. Five sensors exhibiting the best
agreement were retained for the field experiment. The resulting mean absolute temperature
differences between sensors remained below 0.2 °C, confirming the consistency of the
selected units. The objective of this preliminary calibration step was to minimize sensor-to-
sensor variability and ensure that the observed differences during the outdoor experiment
were primarily associated with shelter performance rather than intrinsic sensor offsets.

2.2. Tested Shelter Design

Five low-cost radiation shield configurations were tested in this study (Figure 1). Each
shelter was either selected or specifically designed to evaluate a distinct ventilation and
radiative protection strategy. The objective was to assess how shelter geometry, material,
air circulation pathway, sensor positioning, and active or passive ventilation influence
the accuracy of air temperature and relative humidity measurements under tropical out-
door conditions.

Shield 1 corresponds to a very-low-cost radiation shield made from three commercial
flower-pot saucers with a nominal diameter of 14 cm. This configuration reproduces
the design previously used in [14]. The saucers were painted white in order to increase
shortwave reflectance and limit radiative heating of the shelter body. The three plates were
separated by 25 mm spacers, following the same assembly principle as in the previous
study. Commercial plastic flower-pot saucers are generally made of polypropylene or
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comparable outdoor-grade plastic materials, selected for their low cost, ease of moulding,
light weight, water resistance, and acceptable durability for gardening applications.

Figure 1. Models of the five tested radiation shields: (1) flower-pot saucer shield, (2) 3D-printed ASA
multi-plate shield, (3) forced-ventilated ASA multi-plate shield, (4) spherical 3D-printed shield, and
(5) PVC chimney-type shield.

In Shield 1, the SHT31 sensor was fixed below the lower saucer using a dedicated
3D-printed holder. This positioning was retained in order to reproduce as closely as
possible the configuration previously tested in [14]. It also represents a simple and easily
reproducible mounting strategy for low-cost deployments. The design hypothesis behind
Shield 1 is based on the classical multi-plate radiation shield principle: the stacked plates
block direct solar radiation while allowing ambient air to circulate laterally through the
gaps between them. This configuration is simple, inexpensive, easy to reproduce, and
potentially suitable for dense low-cost monitoring networks. Its main expected limitation
is that the geometry was not originally optimized for meteorological measurements. Air
exchange may be reduced under low-wind-speed conditions, and the relatively protected
lower cavity may promote heat accumulation around the sensor during periods of high
solar radiation. This shelter therefore represents a pragmatic low-cost reference design
against which more engineered solutions can be compared.

Shield 2 is a four-plate radiation shield printed in white acrylonitrile styrene acrylate
(ASA), with a nominal diameter of 14 cm. The plates were also separated by 25 mm spacers
in order to keep a comparable inter-plate distance with Shield 1 while improving control
over the geometry. Its design follows the same general multi-plate principle, but 3D printing
allows better control of the plate shape, reproducibility, mechanical assembly, and sensor
integration. ASA was selected because it offers better resistance to ultraviolet radiation and
outdoor weathering than standard PLA, while maintaining adequate mechanical stability
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for long-term outdoor deployment. The white colour was chosen to increase shortwave
reflectance and reduce radiative heating of the shelter body.

Compared with Shield 1, Shield 2 includes an additional plate and a more controlled
internal geometry. The four-plate configuration was chosen to increase the number of
radiative barriers between the sensing element and the external environment, particularly
against direct and reflected shortwave radiation. This additional plate also provides a
more protected upper mounting volume for the sensor and creates a geometry compatible
with the forced-ventilation version tested in Shield 3. In Shield 2, the SHT31 sensor was
therefore suspended from the upper part of the shelter and positioned inside the shield
cavity. This sensor placement differs from Shield 1, but was intentionally adopted to make
Shield 2 directly comparable with Shield 3. Indeed, because the forced-ventilated design
requires the fan to be installed at the bottom of the shield, the sensing element must be
placed above the fan, within the ventilated internal air volume. Using the same sensor
position in Shields 2 and 3 ensures that the comparison between the naturally ventilated
and forced-ventilated ASA shelters is primarily controlled by the presence or absence of
active airflow, rather than by a difference in sensor location. Consequently, the comparison
between Shields 2 and 3 provides the most rigorous assessment of the isolated contribution
of forced ventilation within the present experimental design.

The design hypothesis of Shield 2 is that a controlled 3D-printed multi-plate geometry
should improve repeatability and reduce construction variability compared with a shelter
assembled from commercial saucers. The stacked plates reduce radiative exposure, while
the lateral openings maintain natural ventilation around the sensor. The internal sensor
placement is intended to protect the sensing element from direct rain and direct radiation
while allowing air exchange through the inter-plate openings. This design therefore aims to
balance radiative protection, passive airflow, and compatibility with an actively ventilated
configuration. Its expected weakness remains its dependence on ambient wind speed:
under calm conditions, natural ventilation may be insufficient to evacuate heat stored by
the shield structure.

Shield 3 uses the same four-plate ASA geometry as Shield 2, but includes a small
12 VDC fan to provide forced ventilation. This configuration was designed to isolate the
effect of active airflow from the effect of shelter geometry, since Shields 2 and 3 share
the same external structure, material, plate spacing, and sensor positioning. The fan was
installed at the bottom of the shelter for two main reasons. First, this position allows the
fan to draw or push ambient air from an open lower volume, ensuring a direct supply of
external air and limiting recirculation within the shield. Second, placing the fan below the
shelter allows it to remain protected by the overlying plates from direct rainfall and solar
exposure, while keeping the lower air inlet as unobstructed as possible. The SHT31 sensor
was consequently fixed from the upper part of the shelter and positioned inside the main
airflow path generated by the fan.

This configuration provides a controlled comparison with Shield 2: both shelters
have the same geometry and sensor location, while only the ventilation mode differs.
The design hypothesis of Shield 3 is that forced ventilation should significantly reduce
radiation-induced temperature bias, especially during daytime periods characterized by
high solar irradiance and low ambient wind speed. By increasing convective heat transfer
and reducing the residence time of air around the sensing element, the fan limits the
warming of the internal air volume and improves the coupling between the sensor and the
external ambient air. This configuration is expected to provide the best thermal performance
among the tested designs. However, it introduces additional constraints in terms of power
consumption, mechanical reliability, maintenance, vulnerability of moving parts, and long-
term suitability for autonomous dense sensor networks. Shield 3 therefore represents a
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performance-oriented reference configuration rather than the simplest operational low-
cost solution.

Shield 4 is a new spherical radiation shield specifically developed for this study. Its
design departs from the classical stacked-plate configuration and explores a more compact
three-dimensional airflow geometry. The shelter is composed of five main parts: a lower
section, a central belt, a sensor holder, an upper section, and a roof. The lower section
allows air intake through a basal opening and through additional holes inclined at 45°.
These inclined perforations were designed to promote air entry while reducing the risk of
rainwater intrusion during precipitation events. The central belt connects the lower and
upper hemispherical parts using 2 mm insertion slots, ensuring mechanical alignment and
assembly stability. The internal holder maintains the SHT31 sensor in a fixed position near
the centre of the shelter, away from direct contact with the external wall. The upper section
mirrors the lower part and includes an opening at the top to facilitate the evacuation of
warm air. Finally, the roof provides additional protection against direct solar radiation
and rainfall.

The design hypothesis of Shield 4 is based on a combination of radiative shielding,
distributed ventilation, and buoyancy-driven air exchange. The spherical body reduces
preferential orientation effects relative to planar or louvered geometries, while the dis-
tributed perforations allow air to enter from multiple directions. The lower and upper
openings are intended to support vertical air exchange by natural convection: warmer air
generated inside the shield can escape through the top opening, while cooler ambient air
enters from the lower part. The 45° perforations act as rain-protected ventilation paths
and may also reduce direct radiative penetration toward the sensor. This design therefore
tests whether a compact spherical geometry can provide efficient radiative protection and
ventilation without requiring forced airflow. Its potential limitations are related to possible
heat storage in the printed shell, reduced airflow under calm conditions, and the risk that
the spherical enclosure may trap warm air if buoyancy-driven ventilation is insufficient.

Shield 5 is a chimney-type shelter made from a 300 mm long PVC tube with a nominal
diameter of 40 mm. A 3D-printed cap was added at the top to protect the tube from rainfall.
The sensing element is positioned in the lower third of the tube. The lower third of the tube
was painted white to reduce local absorption of solar radiation near the sensor, whereas
the upper two-thirds were left in the original matte grey colour of the PVC.

The design hypothesis of Shield 5 is based on the chimney effect. Solar heating of the
upper grey part of the PVC tube is expected to warm the air column and generate upward
buoyancy-driven airflow. This vertical airflow should draw ambient air from the lower part
of the tube and evacuate warmer air through the top, thereby increasing passive ventilation
around the sensor. The white lower section aims to minimize radiative heating in the
immediate vicinity of the sensing element, while the darker upper section is intentionally
used to enhance thermal forcing and promote convection. This shelter therefore explores
an alternative passive ventilation mechanism, in which controlled solar absorption is used
to generate airflow rather than being avoided entirely. The main expected risk is that the
same absorbed solar energy may also increase the internal air temperature if the chimney
flow is too weak, particularly during low-wind conditions. Therefore, this design provides
an interesting test of whether buoyancy-induced ventilation can compensate for additional
radiative heating in a low-cost tubular shelter.

Overall, the five tested shelters cover a range of design strategies: a very-low-cost
commercial saucer assembly, an optimized 3D-printed naturally ventilated multi-plate
shield, an actively ventilated version of the same geometry, a novel spherical naturally
ventilated shield, and a tubular chimney-effect shelter. Particular attention was given to
sensor positioning in the multi-plate shelters. Shield 1 reproduces the previous low-cost
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configuration of [14], with the sensor mounted below the lower plate, whereas Shields 2
and 3 use an internal upper-mounted sensor position to ensure a fair comparison between
passive and forced ventilation using the same ASA geometry. This experimental com-
parison allows the influence of material, geometry, passive airflow, forced ventilation,
sensor placement, and radiative exposure to be assessed under identical outdoor tropical
conditions. It should nevertheless be noted that sensor position itself may influence local
airflow patterns, thermal stratification, and heat accumulation inside naturally ventilated
shelters. Consequently, the present study should be interpreted as an intercomparison of
complete shelter configurations rather than as a strict geometrical comparison isolated from
sensor placement effects. Although the influence of sensor location cannot be quantified
independently using the present dataset, it is expected to remain secondary compared with
the large radiation-induced errors observed under conditions of strong solar irradiance
and weak ventilation. However, sensor positioning may contribute to part of the residual
performance differences observed between shelters exhibiting otherwise similar geometri-
cal characteristics. A summary of the main characteristics, estimated material costs, and
power requirements of the tested shelters is provided in Table 2.

Table 2. Summary of the main characteristics of the tested radiation shields. Estimated costs
correspond to the shield materials only and are expressed in euros excluding taxes (EUR, 2026 prices).
The SHT31 sensor, data logger, power supply, and mounting structure were not included in the
cost calculation.

Shield Material ~ Ventilation Design Concept Power (W) Cost (€)
S1 Saucer PP Passive Multi-plate shield 0 6.35
S2 ASA passive ASA Passive Multi-plate shield 0 7.66
S3 ASA forced ASA Forced Fan-aspirated multi-plate 1.68 14.95
S4 Spherical ASA Passive Spherical ventilation 0 5.45
S5 PVC chimney PVC + ASA Passive Chimney-effect ventilation 0 4.07

2.3. Set-Up Location and Environment

The experimental campaign was conducted on the University of La Réunion campus
located in Le Tampon (21.28° S, 55.52° E), on the southwest Indian Ocean island of La
Réunion, France. The study area is characterized by a tropical climate according to the
Koppen-Geiger classification [44], with warm temperatures, high relative humidity and
strong solar radiation throughout most of the year.

The experiment was carried out in the immediate vicinity of the university meteoro-
logical station, which served as the reference measurement system. The station is installed
in an open grass-covered area and is equipped with professional meteorological instru-
mentation, including air temperature and relative humidity sensors, a pyranometer, an
anemometer, a rain gauge and a barometric pressure sensor (Figure 2).

Reference air temperature and relative humidity measurements were obtained using a
Campbell Scientific 41303-5A (Campbell Scientific, Logan, UT, USA) naturally aspirated
six-plate radiation shield equipped with a Campbell Scientific HygroVue5 temperature
and relative humidity sensor. The HygroVueb is a meteorological-grade digital sensor
with a specified temperature accuracy of +0.2 °C over the range 20-60 °C and a relative
humidity accuracy of +1.8% RH over the range 0-80% RH. Particular attention was given
to the installation of the reference system. As shown in Figures 2 and 3, the 41303-5A
radiation shield was mounted beneath the photovoltaic panel supplying the weather
station. Because the photovoltaic panel is permanently oriented toward the north, the
reference shield remained shaded throughout the day. This configuration substantially
reduced direct solar exposure of the reference sensor and minimized radiation-induced
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heating of the measurement system. Nevertheless, the reference shield remained a naturally
ventilated radiation shield rather than a mechanically aspirated system. Consequently, a
small residual radiative bias cannot be completely excluded under conditions of strong
solar radiation and weak ambient ventilation [29]. The temperature and relative humidity
errors reported in the present study should therefore be interpreted as deviations relative
to a professional meteorological reference system with a finite measurement uncertainty
rather than as absolute errors relative to an ideal aspirated standard.

Figure 2. Overview of the reference meteorological station located on the University of La Réunion
campus (Le Tampon, France). The numbered elements indicate: (1) cup anemometer used for wind
speed measurements, (2) pyranometer used for global horizontal irradiance (GHI) measurements,
(3) Campbell Scientific 41303-5A six-plate naturally ventilated radiation shield providing the reference
air temperature and relative humidity measurements, and (4) vertical support carrying the five tested
low-cost radiation shields.

The five low-cost radiation shields were installed on a vertical support located on the
reference weather station (Figure 3). All sensors were mounted at approximately 2 m above
ground level, corresponding to the standard height commonly used for near-surface air
temperature and relative humidity measurements [45].

The experimental design follows the general logic of outdoor radiation-shield inter-
comparison protocols, in which multiple screens are operated simultaneously under the
same environmental forcing and compared against a selected working reference [31]. The
close proximity between the experimental setup and the reference station ensured that
all tested shields were exposed to nearly identical environmental conditions, allowing
direct intercomparison between shield designs as well as comparison with professional
meteorological observations. The objective of this configuration was to isolate the influence
of radiation shield design on temperature and humidity measurements while minimizing
spatial variability in the surrounding meteorological conditions.
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Figure 3. Close-up view of the experimental setup showing the five tested low-cost radiation shields
and the reference radiation shield. The numbered elements correspond to: (1) flower-pot saucer
shield (S1), (2) naturally ventilated ASA multi-plate shield (S2), (3) forced-ventilated ASA multi-plate
shield (S3), (4) spherical shield (54), (5) PVC chimney shield (S5), and (6) reference radiation shield.
All sensors were installed at approximately 2 m above ground level and operated simultaneously
throughout the experiment.

Data acquisition was performed using an ESP32 microcontroller coupled with a
TCA9548A 1°C multiplexer and a microSD storage module. This architecture allowed
simultaneous acquisition of the five SHT31 sensors despite their identical I*C addresses.
The measurement campaign extended from 24 April to 28 May 2026, providing more than
one month of observations under a wide range of meteorological conditions. Measure-
ments were recorded at a one-minute interval, resulting in a dataset comprising more than
45,000 synchronized observations for each monitored variable.

2.4. Meteorological Conditions During the Experiment

Table 3 summarizes the main atmospheric variables recorded during the experiment.
Air temperature ranged from 13.2 to 29.6 °C, with a mean value of 20.5 °C and a median of
19.9 °C. Relative humidity remained high throughout the campaign, with an average value
of 82.8% and a median of 84.2%, reflecting the humid tropical climate of the study site. The
5th and 95th percentiles ranged from 65.8% to 96.8%, respectively. Wind conditions were
generally weak, with a mean wind speed of 0.73 m s~!. More than 25% of the observations

corresponded to calm conditions, resulting in a median wind speed equal to 0 m s~

Considering only non-zero wind observations, the median wind speed reached 1.9 m s~ 1.
Such low-ventilation conditions are particularly relevant for evaluating naturally ventilated
radiation shields, as radiation-induced measurement biases are known to increase under
weak airflow conditions. Global horizontal irradiance (GHI) exhibited strong variability
throughout the campaign, ranging from 0 to 1187 W m~2. The overall median irradiance
was equal to 0 W m~2 because approximately half of the observations corresponded to
nighttime conditions. For daytime periods only, the median irradiance reached 377 W m~2,
while the 95th percentile exceeded 800 W m 2. These values indicate that the tested shelters
were exposed to intense solar radiation conditions representative of tropical environments.
Rainfall remained generally limited during the experiment, with a maximum recorded
value of 1.41 mm over the measurement interval, whereas atmospheric pressure remained
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stable around 998 hPa. Overall, the experimental campaign covered a broad range of
environmental conditions, including periods of high solar radiation, elevated humidity,
and weak wind speeds. These conditions are particularly suitable for evaluating naturally
ventilated radiation shields because radiation-induced errors are expected to be maximized
under the combination of strong solar irradiance and weak airflow. However, rainfall
remained limited throughout the campaign, and the present results should therefore
primarily be interpreted as representative of tropical periods dominated by strong radiative
forcing and low precipitation.

Table 3. Meteorological conditions recorded by the reference weather station during the experimental
campaign (24 April-28 May 2026).

Variable Mean Std Min Max Median
Air temperature (°C) 205 35 132 29.6 19.9
Relative humidity (%) 828 99 473 98.6 84.2
Wind speed (m s~ 1) 07 11 00 5.6 0.0
Global irradiance (W m~2) 185 276 0 1187 0
Rainfall (mm) 0.0 0.0 0.0 1.4 0.0
Pressure (hPa) 998.2 1.0 995.0 1001.0  998.0

The median values of wind speed and global irradiance were equal to zero because a
substantial fraction of the dataset corresponded to calm wind conditions and nighttime
periods, respectively.

2.5. Statistical Analysis

The performance of each radiation shield was evaluated by comparing temperature
and relative humidity measurements against the nearby reference weather station. Follow-
ing the recommendations of [46], several complementary statistical indicators were used to
quantify both systematic and random measurement errors.

For a given variable X, the measurement error was defined as:

AX = Xshield - Xrefr (1)

where Xp;1q corresponds to the measurement obtained from the tested shelter and X is
the corresponding reference value.
The mean bias error (MBE) was used to quantify systematic overestimation or under-

estimation:
1

n .
MBE = E Z%(Xlshzeld _ Ximf)' )
1=
The mean absolute error (MAE) was used to characterize the average magnitude of
the measurement error independently of its sign:

18
MAE = - Z‘kawl”’ - x|, 3)
i=1

The root mean square error (RMSE) was used as the primary indicator of overall
measurement performance because it gives greater weight to large deviations:

n
RMSE = \/711 Z(Xlshield _ Xiref)z_ 4)
i=1

The standard deviation of the error distribution (SD,r,y) was also computed to quan-
tify measurement repeatability independently of the mean bias:
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1 & —
SDerror = m Z(AXI' - AX)Z' (5)
i=1

The ability of each shelter to reproduce temporal variability was assessed using the
Pearson correlation coefficient (r):

?:1 (X?hield . Yshield) (X:ef . yref)

r= , .
\/Z?:1(thield . Yshzeld)z \/Zln:l (Xiref . yref)z

The coefficient of determination (R?) was additionally computed to evaluate the

(6)

fraction of variance explained by the tested shelter measurements.

To investigate the physical origin of measurement errors, the dataset was separated
into daytime and nighttime periods using a global horizontal irradiance (GHI) threshold
of 20 W m~2. Temperature and relative humidity errors were subsequently analysed as a
function of solar irradiance, wind speed, time of day, and their combined effects.

Error distributions were examined using boxplots and kernel density estimation
(KDE), while two-dimensional irradiance and wind heatmaps were used to characterize
the environmental controls of shelter performance. Median values were preferred in the
heatmap analysis to reduce the influence of extreme observations and better represent the
typical shelter response under each meteorological condition.

2.6. Temperature Error Correction Models

The previous analyses showed that shelter-induced temperature errors mainly result
from the balance between radiative heating and convective cooling. Therefore, calibration
models were developed to correct the raw temperature measurements using meteorological
predictors measured by the reference weather station.

For each shield, the observed temperature error was defined as:

ATops = Tehield — Trefs )

where Tgpielq is the temperature measured inside the tested radiation shield and T is the
reference air temperature. The correction models were trained to predict AT,q rather than
Tyt directly. The corrected temperature was then obtained as:

Teorr = shield — ﬁ ’ (8)

where AT is the predicted shelter-induced temperature error.
A first correction model was defined as a simple linear regression:

AT =aGHI+bU +c, )

where GHI is the global horizontal irradiance (W m~2), U is the wind speed (m s~!), and g,
b, and c are fitted coefficients. In this formulation, a represents the sensitivity of the shelter
to radiative forcing, b represents the influence of wind-driven convective cooling, and ¢
represents a residual bias independent of the meteorological conditions. This model is
highly interpretable, but assumes that the effects of radiation and wind speed are additive
and linear.

A second model was formulated using a semi-empirical approach based on the phys-
ical balance between radiative heat gain and convective heat removal. Since radiative
heat input is expected to increase with GHI, while convective cooling increases with wind
speed, the shelter-induced temperature error can be approximated as being proportional to
the ratio between irradiance and ventilation. The following model was therefore tested:
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= GHI

AT =ar— +e (10)

In this equation, parameter a controls the overall conversion of radiative forcing into
a temperature error and therefore reflects the combined thermal response of the shelter.
Larger values of a indicate a stronger sensitivity of the shelter to radiative loading relative
to its cooling capacity. Parameter b represents an effective background ventilation or
cooling term. It accounts for residual heat dissipation mechanisms that remain active
even under weak wind conditions, such as natural convection, shelter geometry effects,
or active ventilation. Finally, c represents a residual temperature bias independent of
meteorological forcing.

For model calibration and validation, the complete dataset was divided chronolog-
ically into independent training and testing periods in order to preserve the temporal
structure of the meteorological time series and avoid information leakage between suc-
cessive measurements. The first 78.5% of the observations (35,364 one-minute records
collected between 24 April and 21 May 2026) were used for model calibration, whereas
the remaining 21.5% (9 667 observations collected between 21 May and 28 May 2026) were
reserved for independent model evaluation. This chronological split was preferred over a
random partition because consecutive meteorological observations exhibit strong temporal
autocorrelation and because randomly mixing observations originating from the same me-
teorological events between training and testing datasets would lead to overly optimistic
estimates of predictive performance. The reported validation metrics therefore correspond
exclusively to predictions obtained on unseen meteorological conditions occurring after
model calibration.

For each shield, the coefficients of the linear and semi-empirical models were estimated
exclusively on the training dataset by minimizing the squared difference between the
observed and predicted temperature errors:

n ~ \2
min ) (ATobs,i - ATi> : (11)
i=1

In addition to these interpretable models, two more flexible approaches were evaluated:
a second-order polynomial regression using GHI and U as predictors, and a Random
Forest regression model including GHI, wind speed, relative humidity, local time, and raw
shield temperature as input variables. The Random Forest regression was implemented
using the RandomForestRegressor class from the scikit-learn library (version 1.7.2) in
Python (version 3.10.11) . For each shelter, the model consisted of 500 decision trees, with
no predefined maximum tree depth. At each split, the number of candidate predictors
was set to the square root of the total number of input variables, and a minimum of 10
observations was required in each terminal leaf to limit excessive model complexity. A fixed
random seed of 42 was used to ensure reproducibility. No automated grid or randomized
hyperparameter search was performed; the same fixed and regularized configuration was
applied to all five shelters to ensure a consistent comparison between shelter designs.
Model fitting was performed exclusively on the chronological training dataset, and the
independent test period was not used for model selection or parameter adjustment. These
models were included to assess the potential performance gain associated with nonlinear
and interaction-based corrections while preserving an identical temporal training and
validation strategy across all correction approaches.
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3. Results

3.1. Basic Metrological Characterization
3.1.1. Performance Metrics

The overall metrological performance of the five tested radiation shields was evaluated
using the MBE, MAE, RMSE, standard deviation of the error, Pearson correlation coefficient
(r), and coefficient of determination (R?), using the nearby reference weather station as the
reference measurement system (Table 4).

Table 4. Overall performance metrics of the five tested radiation shields relative to the reference
weather station.

Shield Variable MBE MAE RMSE SDgyor Pearsonr R?

51 Temperature 0.16 0.45 0.71 0.69 0.99 0.96
S1 Relative humidity —7.02  7.02 7.39 231 0.99 0.44
52 Temperature 024 052 0.82 0.78 0.99 0.94
52 Relative humidity —0.04 2.11 2.69 2.69 0.99 0.93
S3 Temperature 0.43 0.48 0.68 0.53 0.99 0.96
S3 Relative humidity —1.34 1.89 2.65 2.29 0.99 0.93
54 Temperature 0.24 0.60 0.92 0.89 0.99 0.93
54 Relative humidity —3.43 3.45 4.75 3.29 0.98 0.77
S5 Temperature 023 090 1.18 1.16 0.99 0.88
S5 Relative humidity —3.44 3.56 5.22 3.93 0.97 0.72

For air temperature measurements, all shelters exhibited strong correlations with the
reference station, with Pearson correlation coefficients ranging from 0.986 to 0.992 and
R? values between 0.883 and 0.961. These results indicate that all tested configurations
successfully reproduced the temporal variability of ambient air temperature. However,
significant differences were observed in terms of measurement accuracy.

The forced-ventilated shield (S3) achieved the lowest RMSE (0.68 °C) despite exhibit-
ing the highest positive mean bias (0.43 °C). This result indicates that active ventilation
substantially reduced the variability of the error distribution, producing more stable mea-
surements throughout the campaign. In contrast, the PVC chimney design (S5) exhibited
the largest RMSE (1.18 °C) and the highest error variability (c = 1.16 °C), suggesting that
the passive chimney effect was insufficient to compensate for radiation-induced heating
under tropical conditions.

Among the naturally ventilated designs, the flower-pot saucer shield (S51) showed the
lowest RMSE (0.71 °C), followed by the ASA multi-plate shield (52, RMSE = 0.82 °C) and
the spherical shield (54, RMSE = 0.92 °C). Although S2 and S4 were specifically designed
to improve airflow and radiative protection, their overall performance remained slightly
inferior to the simpler saucer-based design.

The humidity measurements exhibited a similar behaviour. Since relative humidity
is indirectly affected by temperature errors through the psychrometric relationship, the
largest humidity errors were observed for the shelters exhibiting the strongest thermal
biases. The saucer shield (S1) presented the largest humidity bias (MBE = —7.0%) and
RMSE (7.39%), whereas the ASA-based designs S2 and S3 showed the best overall humidity
performance with RMSE values of 2.69% and 2.65%, respectively. These results indicate
that improved thermal control directly benefits humidity measurements.

3.1.2. Day/Night Separation

To better understand the physical origin of measurement errors, the dataset was
separated into daytime and nighttime periods using a global horizontal irradiance threshold
of 20 W m~2. This distinction is particularly relevant because radiation-induced biases
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are expected to dominate during daytime, whereas shelter thermal inertia and ventilation
effects become the main error sources during nighttime.

A pronounced contrast between daytime and nighttime performance was observed
for all shelters (Figure 4).

Day/night temperature RMSE by shield

Period Lol
16 mm Day
[ Night
14 1.36
12 121
s 1.05
310 1.00
w
2os
14
0.6 0.57
0.4
0.30
0.22 0.23 0.24
0.2
0.0

Shield1 Shield2 Shield3 Shield4 Shield5

Figure 4. Daytime and nighttime RMSE values for the five tested radiation shields. Daytime
conditions correspond to GHI > 20 Wm 2.

During daytime, temperature errors increased substantially for all naturally ventilated
shelters. The forced-ventilated ASA shield (S3) achieved the lowest daytime RMSE (1.00 °C),
confirming the effectiveness of active airflow in reducing radiative heating of the sensing
element. The flower-pot saucer shield (S1) and the ASA passive shield (S2) exhibited
intermediate performances, with RMSE values of 1.05 °C and 1.21 °C, respectively. The
spherical shield (S4) showed a larger daytime RMSE of 1.36 °C, while the PVC chimney
design (S5) performed worst with a daytime RMSE of 1.67 °C.

These results strongly suggest that the additional airflow generated by the fan in 53
effectively mitigated solar radiation errors. In contrast, the chimney-based ventilation
strategy implemented in S5 was unable to prevent substantial daytime overheating. The
larger daytime bias observed for S5 (MBE = 1.22 °C) further supports this interpretation.

At night, all shelters exhibited a dramatic reduction in error magnitude. RMSE values
decreased below 0.30 °C for S1 to S4, indicating that radiative forcing represented the
dominant daytime error mechanism. Under these conditions, the differences between
the passive designs became negligible. The only exception was S5, which maintained a
higher nighttime RMSE (0.57 °C) and a systematic negative bias (—0.52 °C). This behaviour
suggests that the PVC tube geometry may have introduced stronger thermal inertia effects
than the other shelter configurations.

The day—night comparison therefore clearly demonstrates that solar radiation consti-
tutes the primary source of measurement uncertainty and confirms the benefit of forced
ventilation under high-radiation tropical conditions.

3.1.3. Distribution of Errors

The distributions of temperature errors were further analysed using kernel density
estimation (KDE) and day/night boxplots (Figures 5 and 6). While the boxplots provide a
compact summary of the median, interquartile range, and extreme values, the KDE curves
offer additional insight into the shape of the error distributions, including asymmetry,
multimodality, and the occurrence of extreme deviations. Together, these representations
provide a more comprehensive assessment of shelter robustness than summary perfor-
mance metrics alone.
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Day/night distribution of temperature errors
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Figure 5. Daytime and nighttime distributions of temperature errors for the five tested radiation shields.
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Figure 6. Kernel density estimation of temperature measurement errors for the five tested radia-
tion shields.

The KDE distributions reveal marked differences in the behaviour of the tested shelters
(Figure 6). The forced-ventilated shield (S3) exhibits the narrowest and most concentrated
probability density function, with a pronounced peak around 0.2 °C. This indicates that
most measurements remain clustered near a relatively constant bias, resulting in the lowest
overall RMSE among the tested configurations. Although S3 exhibits a systematic positive
offset, its narrow distribution demonstrates excellent repeatability and reduced sensitivity
to changing environmental conditions.

The passive shields S1, S2, and S4 exhibit broader distributions with peaks located
slightly below zero. All three shelters present a pronounced positive tail extending beyond
2 °C, indicating the occurrence of intermittent overheating events. Among these designs, S1
shows the narrowest distribution, whereas S2 and 5S4 exhibit progressively larger dispersion.

The PVC chimney shelter (S5) displays a fundamentally different behaviour. Its proba-
bility density function is considerably wider than those of the other shelters and exhibits
the most pronounced tails. In particular, a secondary mode is visible at large positive tem-
perature errors, suggesting that the shelter occasionally experiences substantial overheating
events. The broad shape of the KDE distribution indicates that the thermal behaviour of the
chimney design is less stable and more dependent on external meteorological conditions
than the other tested configurations.
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The day/night boxplots provide additional insight into the physical origin of these
distributions. During daytime conditions, all shelters exhibit positive temperature biases,
confirming that solar radiation constitutes the dominant source of measurement error. Me-
dian daytime errors increase from 0.46 °C for S1 to 1.18 °C for S5. The naturally ventilated
shields S1, S2, and S4 exhibit similar daytime behaviour, with median errors between
0.46 and 0.70 °C. The forced-ventilated shield S3 also remains positively biased during
daytime, with a median error of 0.67 °C, but presents a noticeably reduced spread com-
pared with the passive designs. This observation confirms that forced ventilation primarily
improves measurement stability by limiting the occurrence of extreme overheating events
rather than completely eliminating the daytime bias.

At night, the distributions collapse toward values close to zero for all shelters, demon-
strating that most of the daytime error originates from solar heating. Nighttime median
errors remain within £0.3 °C for S1 to 54, indicating very similar performance once radia-
tive forcing is removed. The only notable exception is S5, which exhibits a larger negative
nighttime bias (—0.53 °C). This behaviour suggests the presence of stronger thermal inertia
effects within the PVC tube geometry, likely associated with heat storage and delayed
cooling of the shelter structure.

3.2. Environmental Controls of Measurement Errors
3.2.1. Combined Influence of Solar Radiation and Wind Speed

Although solar radiation and wind speed individually influence shield performance,
their effects are strongly coupled. Radiation generates thermal loading of the shield
structure, whereas wind enhances convective heat exchange and promotes ventilation of
the sensing volume. Consequently, the largest measurement errors are expected under
conditions combining strong solar irradiance and weak wind speed.

To investigate this interaction, median temperature and relative humidity errors
were computed for combinations of irradiance and wind speed classes. The resulting
two-dimensional error maps are presented in Figures 7 and 8.

Combined influence of irradiance and wind speed on temperature errors
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Figure 7. Median temperature error (AT) as a function of global horizontal irradiance (GHI) and
wind speed for the five tested radiation shields.
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Figure 8. Median relative humidity error (ARH) as a function of global horizontal irradiance (GHI)
and wind speed for the five tested radiation shields.

The temperature heatmaps reveal a remarkably consistent pattern across all shelter
designs. For every configuration, temperature errors remain close to zero under low-
irradiance conditions (<300 W m~?2), regardless of wind speed. Under these conditions,
radiative forcing is insufficient to produce significant shelter heating, and the influence of
ventilation remains limited.

As irradiance increases, however, temperature errors increase rapidly. The largest
positive biases systematically occur for irradiance levels above approximately 600 W m~2,
confirming that solar heating is the dominant driver of shelter-induced temperature errors.
The magnitude of this response strongly depends on shelter design.

The passive saucer shield (S1) exhibits moderate daytime overheating, with median
errors reaching approximately 1.7 °C under low-wind and high-radiation conditions. The
passive ASA shield (S2) behaves similarly but generally produces slightly larger positive
biases. The forced-ventilated ASA shield (S3) displays a markedly different behaviour.
Although positive temperature biases remain visible at high irradiance, the error field is
considerably more homogeneous across wind classes, indicating that active ventilation
reduces the sensitivity of the shelter to atmospheric conditions.

The spherical shelter (54) exhibits stronger radiative sensitivity than the plate-based
designs. Under irradiance between 600 and 900 W m~2 and weak winds, median temperature
errors approach 2 °C. This behaviour suggests that the enclosed spherical geometry promotes
heat accumulation when radiative loading exceeds the natural ventilation capacity.

The PVC chimney shelter (S5) presents the largest errors of all tested configurations.
Median temperature biases exceed 2.5 °C under strong irradiance and low wind speed,
and remain above 2 °C even under moderate ventilation. These results indicate that the
intended chimney effect was unable to compensate for the substantial solar heating of
the PVC tube. Instead, the shelter appears to amplify radiative heating through thermal
storage within the structure.

The influence of wind speed is also clearly visible in the temperature heatmaps. For
a given irradiance class, increasing wind speed generally reduces temperature errors.
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This effect is particularly evident for the passive shelters S1, S2 and 54, where median
errors decrease by approximately 30 to 50% between the lowest and highest wind classes.
Enhanced airflow promotes convective heat removal and improves coupling between the
sensor and ambient air. In contrast, the response of S3 is much less dependent on wind
speed, demonstrating that the internal fan effectively decouples shelter performance from
ambient ventilation conditions.

The relative humidity heatmaps exhibit a nearly perfect inverse response to the tempera-
ture fields. As expected from psychrometric relationships, regions associated with positive
temperature biases correspond to negative relative humidity biases. The largest humidity
underestimations therefore occur under the same meteorological conditions that generate the
largest temperature errors: strong solar radiation combined with weak wind speed.

For the saucer shield (51), relative humidity errors reach values below —11%, indi-
cating substantial drying biases during highly radiative conditions. Similar behaviour is
observed for the spherical (S4) and PVC chimney (S5) shelters, where humidity underesti-
mation frequently exceeds —8 to —10%.

The ASA-based shields exhibit considerably smaller humidity errors. The passive
ASA design (52) maintains humidity biases generally between —2 and —5% for most
irradiance-wind combinations, while the forced-ventilated configuration (S3) provides
the most stable humidity response overall. Even under strong irradiance, humidity errors
remain substantially lower than those observed for S1, S4 and S5.

A particularly important result emerging from both heatmaps is that maximum mea-
surement errors do not occur under either high radiation alone or low wind alone. Instead,
they occur under the combined occurrence of strong irradiance and weak ventilation. This
confirms that radiation-induced heating becomes problematic only when convective heat
removal is insufficient. Conversely, moderate or strong winds can substantially mitigate
radiative biases, even under intense solar loading.

These two-dimensional analyses therefore provide a physical interpretation of shelter
performance that cannot be obtained from one-dimensional irradiance or wind analyses
alone. They demonstrate that shelter behaviour is governed by the balance between
radiative heat input and convective heat removal. Among the tested designs, the forced-
ventilated ASA shelter (53) appears to provide the most robust performance across the
full range of meteorological conditions, whereas the PVC chimney shelter (S5) is the most
sensitive to the combined effects of radiation and weak ventilation.

3.2.2. Temperature and Humidity Coupling

Because relative humidity is thermodynamically linked to air temperature, shelter-
induced temperature biases inevitably affect humidity measurements. A strong and sys-
tematic inverse relationship was observed for all configurations. Positive temperature
biases were consistently associated with negative humidity biases, confirming the expected
psychrometric coupling. Linear regressions yielded slopes ranging from approximately
—3.1to —3.7 % RH per degree Celsius (Table 5). These values indicate that a temperature
overestimation of 1 °C typically results in an apparent underestimation of relative humidity
by approximately 3%. The corresponding coefficients of determination (R?) ranged from
0.74 to 0.94, demonstrating that temperature errors explain a large fraction of the observed
humidity variability. The similarity of the regression slopes among the five shelters suggests
that the observed humidity errors are primarily driven by temperature measurement errors
rather than by intrinsic limitations of the humidity sensing element itself. Consequently,
a substantial fraction of the relative humidity bias originates indirectly from shelter over-
heating under radiative conditions. This finding provides an important interpretation of
the humidity results presented previously. The largest negative humidity biases observed
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under strong solar radiation and weak wind conditions are largely a consequence of the
positive temperature biases generated by shelter heating. Conversely, shelter designs that
effectively limit radiative temperature errors also provide improved humidity measure-
ments. These results are particularly relevant for applications involving thermal comfort
and heat-stress assessment, such as UTCI or Heat Index. Since these indicators simulta-
neously depend on temperature and relative humidity, shelter-induced overheating may
artificially amplify perceived atmospheric dryness and introduce additional uncertainty
into heat-stress evaluations.

Table 5. Linear relationship between temperature and relative humidity errors for each radia-
tion shield.

Shield Slope (% RH °C™1) R?

S1 Saucer —3.05 0.84
52 ASA passive -3.25 0.89
S3 ASA forced —3.70 0.74
54 Spherical -3.50 0.90
S5 PVC chimney —3.30 0.94

3.3. Diurnal Evolution of Shelter Errors

To investigate the temporal dynamics of shelter performance, the median diurnal cycle
of temperature errors was analysed together with the corresponding cycles of GHI and wind
speed (Figure 9). This representation provides insight into the meteorological conditions
responsible for the development and dissipation of radiation-induced measurement errors.

Mean diurnal cycle of temperature errors
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Figure 9. Mean diurnal cycle of median temperature errors for the five tested radiation shields (upper
panel) together with the corresponding median diurnal cycles of global horizontal irradiance (GHI)
and wind speed (lower panel). Shaded areas represent the interquartile range.

The diurnal cycles reveal a close relationship between shelter errors and the combined
evolution of radiative and aerodynamic conditions. During nighttime, when solar radiation
is absent, all shelters exhibit relatively stable temperature errors. S1, 52 and S4 remain
slightly negatively biased, S3 maintains a small positive offset, whereas S5 exhibits the
strongest negative nighttime bias. These differences remain limited compared with daytime
errors and suggest that radiative forcing is the dominant source of uncertainty.
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A rapid increase in temperature errors occurs shortly after sunrise. Between approxi-
mately 08:00 and 10:00 local time, all shelters experience a sharp transition from near-zero
errors to substantial positive biases. Interestingly, this period corresponds to rapidly in-
creasing solar radiation while wind speed remains close to zero. The morning hours
therefore combine strong radiative loading with minimal convective cooling, creating the
most unfavourable conditions for naturally ventilated radiation shields.

The largest median temperature errors are observed between 09:30 and 10:00 local time,
significantly earlier than the peak in reference air temperature and nearly two hours before
the maximum daily irradiance. Peak errors reach 1.49 °C for the forced-ventilated ASA
shield (S3), 1.89 °C for the saucer shield (51), 2.15 °C for the passive ASA shield (52),2.62 °C
for the spherical shield (S4), and 2.85 °C for the PVC chimney shelter (S5). The occurrence
of these maxima before the irradiance peak demonstrates that shelter overheating is not
controlled by solar radiation alone.

After approximately 11:00 local time, temperature errors progressively decrease de-
spite irradiance remaining close to its daily maximum. The lower panel of Figure 9 shows
that this reduction coincides with a marked increase in wind speed, which rises from nearly

zero during the morning to values approaching 1.5m s~!

around midday. Enhanced airflow
promotes convective heat exchange between the shelter and the surrounding atmosphere,
thereby reducing the thermal disequilibrium responsible for sensor overheating.

This behaviour provides direct observational evidence that ventilation plays a key
role in mitigating radiation-induced errors. The results therefore support the interpretation
derived from the two-dimensional irradiance-wind heatmaps presented previously: the
largest errors occur under the combined occurrence of strong solar radiation and weak
ventilation rather than under maximum irradiance alone.

Among the tested shelters, the forced-ventilated configuration S3 exhibits the smallest
daytime overheating and the fastest recovery. Its error amplitude remains substantially
lower than that of the passive shelters throughout the day, confirming that active ventilation
effectively reduces sensitivity to changing atmospheric conditions. Conversely, the PVC
chimney shelter S5 displays both the largest morning peak and the slowest afternoon
recovery. Elevated errors persist for several hours after the morning maximum, suggesting
that heat accumulated within the PVC structure is released progressively throughout the
afternoon. This behaviour is consistent with the larger daytime biases and nighttime offsets
observed previously.

3.4. Calibration Models

The calibration models substantially improved the accuracy of all tested radiation
shields when evaluated on the independent temporal test period (Table 6, Figure 10). The
dataset was split chronologically, with the first part of the campaign used for model training
(24 April 2026 09:58 to 21 May 2026 15:08; n = 35364) and the remaining period used for
independent testing (21 May 2026 15:09 to 28 May 2026 10:26; n = 9 667). This temporal
split was used to avoid information leakage between calibration and evaluation periods
and to account for the temporal dependence of the one-minute observations.

Table 6. Performance of the calibration models applied to temperature measurements on the inde-
pendent temporal test period.

Shield Model MBE MAE RMSE SD¢sror R? RMSE Reduction (%)
S1 Raw 0.06 0.38 0.58 0.58 0.96 0.00
S1 Linear —0.07 0.23 0.37 0.36 0.99 36.62
S1 Semi-empirical —0.06 0.21 0.34 0.34 0.99 40.85
S1 Polynomial —0.06 0.21 0.34 0.34 0.99 40.88
S1 Random Forest 0.11 0.19 0.33 0.31 0.99 43.84
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Table 6. Cont.

Shield Model MBE MAE RMSE SD,sror R? RMSE Reduction (%)
S2 Raw 0.12 0.45 0.66 0.65 0.95 0.00
S2 Linear —0.08 0.24 0.39 0.39 0.98 40.32
S2 Semi-empirical —0.07 0.23 0.37 0.36 0.99 43.69
S2 Polynomial —0.07 0.22 0.37 0.36 0.99 43.93
S2 Random Forest 0.07 0.18 0.30 0.29 0.99 54.87
S3 Raw 0.39 0.45 0.65 0.52 0.96 0.00
S3 Linear —0.01 0.19 0.33 0.33 0.99 48.61
S3 Semi-empirical —0.00 0.20 0.34 0.34 0.99 46.75
S3 Polynomial —0.00 0.19 0.33 0.33 0.99 49.40
S3 Random Forest 0.11 0.20 0.33 0.31 0.99 48.83
S4 Raw 0.11 0.52 0.77 0.76 0.94 0.00
S4 Linear -0.07 0.27 0.44 0.44 0.98 42.76
S4 Semi-empirical —0.06 0.24 0.40 0.40 0.98 47.59
S4 Polynomial —0.06 0.24 0.40 0.40 0.98 47.75
S4 Random Forest 0.10 0.18 0.31 0.29 0.99 59.98
S5 Raw 0.09 0.83 1.08 1.08 0.88 0.00
S5 Linear —0.07 0.40 0.56 0.56 0.97 47.99
S5 Semi-empirical —0.06 0.39 0.55 0.54 0.97 4941
S5 Polynomial —0.07 0.38 0.54 0.54 0.97 49.71
S5 Random Forest 0.18 0.25 0.37 0.33 0.99 65.68

Comparison of temperature RMSE before and after calibration
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Figure 10. Comparison of temperature RMSE before and after calibration for each shield and
correction model on the independent temporal test period.

Across the five shelter configurations, temperature RMSE on the independent test
period was reduced by approximately 37-66% relative to the raw measurements, demon-
strating that a large fraction of the observed error can be explained from the local meteo-
rological conditions. The largest improvement was obtained for the PVC chimney shelter
(S5), for which the raw RMSE decreased from 1.08 °C to 0.56 °C using the linear correction,
0.55 °C using the semi-empirical model, and 0.37 °C using the Random Forest model. The
spherical shelter (S4) also showed a strong improvement, with RMSE decreasing from
0.77 °C to 0.31 °C after Random Forest correction. In contrast, the forced-ventilated shield
(S3), which already exhibited relatively low raw errors, showed more moderate but still
substantial improvements, with RMSE reduced from 0.65 to 0.33 °C.

A notable result is that the simple linear correction already removes a substantial
fraction of the measurement error on the independent test period. Depending on shelter
configuration, RMSE reductions ranged from 36.6 to 49.0%, indicating that much of the
shelter-induced bias can be explained by the first-order effects of solar irradiance and wind
speed. This result is fully consistent with the previous analyses showing that the largest
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errors occurred under conditions combining strong radiative forcing and weak ventilation.
The semi-empirical formulation yielded slightly better results than the linear model for
most passive shelters, with RMSE reductions ranging from 40.8 to 49.4%. Although the
performance gain remains modest, the fitted coefficients provide valuable physical insight
into shelter behaviour (Table 7).

Table 7. Coefficients of the semi-empirical temperature error correction model fitted on the training
period. RMSE values correspond to the independent temporal test period.

Shield a b c RMSE RMSE Reduction (%)
S1 0.0128 5.45 —0.21 0.34 40.85
S2 0.0188 7.04 —0.19 0.37 43.69
S3 0.0154 10.00 0.17 0.34 46.75
S4 0.0160 5.07 —0.26 0.40 47.59
S5 0.0391 10.00 —0.42 0.55 4941

The estimated coefficients in Table 7 are consistent with the physical interpretation
derived from the irradiance and wind analyses. The PVC chimney shelter (S5) exhibits
by far the largest value of parameter g, indicating the strongest sensitivity of the shelter
thermal response to the balance between radiative forcing and ventilation. This result
agrees with the large daytime overheating previously identified in the diurnal cycles and
irradiance/wind heatmaps. Conversely, the plate-based shelters exhibit lower values
of a, reflecting a weaker conversion of radiative loading into measurement error. The
fitted values of parameter b are also informative. The highest values are obtained for
53 and S5, suggesting that additional cooling processes not explicitly represented by
the ambient wind speed contribute to the observed thermal response. In the case of S3,
this behaviour is consistent with the action of the internal fan, whereas for S5 it likely
reflects the complex airflow and heat storage processes occurring within the chimney
geometry. The polynomial model produced only marginal improvements compared with
the semi-empirical formulation. This result suggests that most of the correctable error is
already captured by the physically based irradiance-to-ventilation relationship identified
in Equation (10). Consequently, increasing model complexity beyond this formulation
provides limited additional benefit. The Random Forest model achieved the best predictive
performance for most shelter configurations on the independent test period, with final
RMSE values ranging from 0.30 to 0.37 °C and reductions reaching 65.7% for S5. However,
the difference between the Random Forest and the semi-empirical or polynomial models
remained limited for S1 and S3. These results indicate that nonlinear interactions between
irradiance, wind speed, humidity, shelter temperature and time of day contribute to the
residual error structure, but also confirm that a large fraction of the error can already be
corrected using simpler physically interpretable formulations.

The distributions of residual errors after calibration further confirm these improve-
ments (Figure 11). All correction approaches substantially reduced both systematic bias and
error dispersion relative to the raw measurements. The Random Forest model produced the
narrowest residual distributions for the shelters exhibiting the largest uncorrected errors,
particularly S4 and S5. Nevertheless, the semi-empirical model achieved comparable bias
reduction while retaining direct physical interpretability and stronger consistency with the
radiative—convective mechanisms identified throughout the analysis.
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Residual temperature errors on independent test period after calibration
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Figure 11. Residual temperature errors after correction for each shield and calibration model on the
independent temporal test period.

4. Discussion
4.1. Implications for Low-Cost Meteorological Monitoring

The results obtained in this study highlight the challenges associated with the deploy-
ment of low-cost meteorological sensors under tropical outdoor conditions. Although all
tested shelters reproduced the general temporal variability of air temperature and relative
humidity, substantial measurement biases were observed under strong solar radiation and
weak wind conditions. These conditions are particularly common in urban environments,
where low-cost sensor networks are increasingly used to investigate local climate variability,
urban heat islands, and human thermal comfort [20,47-49].

A major outcome of this work is that shelter performance cannot be adequately
assessed using global metrics alone. While RMSE and correlation coefficients provide
useful overall indicators, the irradiance-wind heatmaps revealed that measurement er-
rors are strongly condition-dependent and controlled by the balance between radiative
loading and ventilation. This finding is consistent with the physical interpretation pro-
posed by Bernard et al. [23], who identified radiation sensitivity as a primary driver of
shelter-induced temperature errors, and with earlier studies showing that radiative errors
increase with increasing solar loading and decreasing wind speed [27,31]. The present study
further demonstrates that the largest errors occur when high irradiance coincides with
weak ventilation, emphasizing the importance of considering both forcing mechanisms
simultaneously. Similar conclusions were obtained during the COAT metrological inter-
comparison campaign conducted in Arctic conditions, where Garcia Izquierdo et al. [26]
reported that solar irradiance represented the dominant forcing mechanism while wind
speed substantially reduced shield divergences.

The observed error magnitudes are comparable to those reported in previous radiation
shield intercomparison studies [25,50,51]. Jin et al. [25] showed that optimized naturally
ventilated shields can substantially reduce radiative overheating through improved aerody-
namic design. Similarly, the present results highlight the importance of airflow around the
sensing element. The superior performance of the forced-ventilated shield and the good
performance of the ASA multi-plate designs confirm that enhancing ventilation remains
one of the most effective strategies for limiting shelter-induced biases.

Beyond temperature measurements alone, this study also demonstrates that shelter-
induced overheating directly propagates into relative humidity measurements. This aspect
remains largely overlooked in most radiation-shield evaluations despite its importance
for thermal comfort and heat-stress applications. The strong coupling observed between
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temperature and humidity errors indicates that a temperature overestimation of 1 °C
typically produces an apparent underestimation of relative humidity of approximately 3%.
Consequently, shelter selection may affect not only air temperature measurements but also
derived climatic indicators, supporting the conclusions of Lipina et al. [52] regarding the
broader consequences of radiation-shield choice.

From an operational perspective, a particularly encouraging result is that relatively
simple and inexpensive shield geometries (less than 20 €) can achieve corrected RMSE
values as low as 0.30 to 0.37 °C on an independent validation period when combined with
appropriate correction procedures. While the forced-ventilated configuration achieved the
most robust raw performance, the passive ASA multi-plate shelters provided comparable,
and in some corrected configurations slightly superior, accuracy at substantially lower
cost and without energy consumption. This finding is particularly relevant for dense
monitoring networks where deployment cost, maintenance requirements, and energy
autonomy often represent major constraints. Compared with approaches based on detailed
CFD simulations and neural-network correction models [29], the semi-empirical correction
proposed here is less complex but remains directly linked to the balance between radiative
heating and convective cooling. In this context, virtual-experiment approaches may provide
a useful complementary route for testing the sensitivity of correction models and identifying
dominant uncertainty sources before large-scale field deployment [53].

More generally, the proposed correction framework suggests that part of the per-
formance gap between low-cost and professional systems can be compensated through
physically based post-processing. Because the dominant error mechanisms appear to be di-
rectly linked to irradiance and ventilation, the resulting correction models remain physically
interpretable and could potentially be implemented in operational monitoring networks
after additional validation under a broader range of environmental conditions. Such ap-
proaches may therefore contribute to reducing the dependence on expensive aspirated
radiation shields in some large-scale urban climate monitoring applications.

4.2. Limitations and Future Work

Several limitations should be considered when interpreting the present results. First,
the experiment was conducted over a relatively short period (24 April to 28 May 2026) at
a single tropical site. Although the campaign encompassed a broad range of irradiance,
humidity and wind conditions, additional measurements covering multiple seasons would
be required to assess the long-term robustness of the tested shelters.

Second, the reference measurement system relied on a naturally ventilated professional
radiation shield rather than on a mechanically aspirated reference system. Although the
reference sensor was carefully installed under permanent shading conditions to minimize
radiation-induced biases, a small residual shelter error cannot be completely excluded
under conditions of strong solar radiation and weak ambient ventilation. Consequently,
the temperature and humidity errors reported in this study should be interpreted as
deviations relative to a professional meteorological reference system rather than as absolute
metrological errors relative to an ideal aspirated standard. Future investigations could
benefit from the use of a mechanically aspirated reference system in order to better quantify
both the residual radiative bias and the associated reference measurement uncertainty of
naturally ventilated professional shields [27] under tropical high-radiation conditions.

Third, the sensor position was not strictly identical across all shelter configurations
because the mounting strategy was adapted to the engineering constraints and ventilation
concepts of each design. In particular, the SHT31 sensor was installed beneath the lower
plate in the saucer shield (S1), whereas it was positioned inside the shield cavity in the ASA
multi-plate configurations (S2 and S3) and centrally within the spherical design (54). Since
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sensor location may influence local airflow patterns, thermal stratification and heat accumu-
lation inside naturally ventilated shelters, part of the observed differences may reflect the
combined influence of shelter geometry and sensor placement rather than geometry alone.
Although the magnitude of this effect is expected to remain small compared with the strong
radiation-induced errors observed under high irradiance and weak ventilation conditions,
its independent contribution could not be quantified using the present experimental design.
In addition, only a single realization of each shelter configuration was evaluated during
the present campaign. Although the five SHT31 sensors were previously intercompared
and calibrated prior to deployment, the experimental design does not allow the respec-
tive contributions of sensor variability, manufacturing tolerances, mounting differences
and local exposure effects to be fully separated from the influence of shelter architecture
itself. Consequently, the present results should be interpreted primarily as an intercompar-
ison of representative low-cost shelter concepts rather than as a complete assessment of
intra-design variability and reproducibility. Future studies could therefore benefit from
replicated shelter units and systematically controlled sensor positions within identical
shelter geometries in order to better isolate the respective roles of shelter architecture,
sensor placement and manufacturing variability on measurement uncertainty [26].

Furthermore, rainfall remained very limited during the experimental campaign, with
a maximum recorded precipitation of only 1.41 mm over the measurement interval. Con-
sequently, the behaviour of the tested shelters under prolonged rainfall, wet surface con-
ditions, or latent heat exchange processes associated with wet surfaces and evaporation
could not be evaluated. Additional experiments conducted during wetter periods would
therefore be required to assess the robustness of the proposed correction models under a
broader range of tropical meteorological conditions.

Finally, the present results were obtained at a single tropical site and under a specific
range of environmental conditions representative of high-radiation tropical periods. Conse-
quently, caution should be exercised before extrapolating the observed shelter performances
to other climates, seasons, exposure conditions or deployment configurations. Additional
experiments conducted over longer periods, at multiple sites and under a wider range of
meteorological conditions would be required not only to assess the broader applicability
of the conclusions presented here, but also to contribute to the development of traceable
and uncertainty-aware low-cost environmental observations consistent with emerging
metrological frameworks for climate-quality measurements [54].

5. Conclusions

This study evaluated the performance of five low-cost radiation shield designs for
air temperature and relative humidity measurements under tropical outdoor conditions.
More than 45,000 one-minute observations were collected over a five-week experimental
campaign and compared with measurements from a professional reference weather station.

All tested shelters successfully reproduced the temporal variability of atmospheric
conditions, but significant differences were observed in terms of measurement accuracy.
The forced-ventilated ASA shield provided the best overall performance, whereas the
PVC chimney design exhibited the largest temperature and humidity errors. The analyses
consistently showed that shelter-induced biases are primarily controlled by the interaction
between solar radiation and ventilation. The largest errors occurred under conditions
combining strong irradiance and weak wind speed, while nighttime measurements showed
substantially reduced biases for all configurations.

The results further demonstrated that temperature and relative humidity errors are
strongly coupled, with a temperature overestimation of 1 °C typically producing an appar-
ent underestimation of relative humidity of approximately 3%. This finding highlights the
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importance of considering both variables when evaluating radiation shield performance,
particularly for applications involving thermal comfort and heat-stress assessment.

Finally, the proposed correction models substantially improved measurement accuracy
for all shelter configurations. While the Random Forest approach achieved the largest RMSE
reductions, the semi-empirical model provided the most attractive compromise between
performance, simplicity and physical interpretability. This distinction is important from
a metrological perspective because machine-learning models require specific attention to
training-data uncertainty, model selection, parameter uncertainty and possible distribution
shifts when they are used as part of a measurement or correction chain [55]. In contrast, the
semi-empirical model directly reflects the balance between radiative heating and convective
cooling identified throughout the study, providing a promising framework for improving
the quality of low-cost meteorological observations under tropical conditions characterized
by strong radiative forcing and limited precipitation. Additional evaluations under wetter
conditions and during periods of sustained rainfall would nevertheless be required to
assess the robustness and transferability of the proposed correction framework.
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The following abbreviations are used in this manuscript:

ASA Acrylonitrile Styrene Acrylate
GHI Global Horizontal Irradiance
ToT Internet of Things

KDE Kernel Density Estimation
MAE Mean Absolute Error

MBE Mean Bias Error

PP Polypropylene
pPVC Polyvinyl Chloride
RH Relative Humidity

RMSE  Root Mean Square Error

SHT31 Sensirion Temperature and Humidity Sensor
UTCI Universal Thermal Climate Index

WBGT  Wet-Bulb Globe Temperature
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