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ABSTRACT

In the context of global warming, ensuring the comparability and traceability of air temperature measurements is essential for
accurately characterising climate change. However, quantifying the environmental effects under real measurement conditions
is still a key challenge for the meteorological community. This study addresses this issue by improving the understanding of air
temperature observation uncertainties from ground-based stations. Data from six identical thermometers at 1.60m and 2.10m,
protected with the same ventilated solar shield and connected to the same datalogger, were analysed during summer and winter.
Air temperature difference (AT) was calculated as the difference between the readings of each thermometer and the mean, while
wind speed and relative humidity were considered quantities of influence. The analysis shows that AT depends on season, sensor
height, wind speed and relative humidity. During winter nights, AT reflects the influence of fog and condensation, intensified
by low wind speed. AT also exhibits a clear diurnal cycle, indicating the presence of a solar heating effect. The uncertainty of
AT was then calculated across different ranges of air temperature, wind speed, and relative humidity, obtaining values between
0.03°C and 0.12°C for both thermometer heights. For instance, during a summer daytime case, the air temperature at 1.60m
reached 32.25°C with an uncertainty due to wind speed and relative humidity equal to 0.06°C. Overall, the results show that
the uncertainty decreases as wind speed increases, independently of seasonal conditions and thermometer height. This work
provides uncertainty values derived from real environmental conditions that can be incorporated in the environmental effects
component of the overall measurement uncertainty, in line with the World Meteorological Organisation requirements. These
results also support the evaluation of uncertainty budgets for climate reference stations, providing uncertainty values applicable
to other stations with similar measurement setups.

1 | Introduction As an ECV, surface air temperature measurements must be

traceable to standards of the International System of Units, SI.

Surface air temperature is defined as an Essential Climate
Variable (ECV) for the study of climate change (WMO GCOS-
138 2010a; WMO GCOS-143 2010b; Bojinski et al. 2014). This
variable, crucial for decision-makers, has the mission to pres-
ent global availability and guarantee the high quality of its ob-
servations and products. In this context, there is an increasing
demand for traceable and reliable air temperature observations.

Furthermore, all the sources of uncertainty must be identified,
and the measurement results must be expressed with their cor-
responding expanded uncertainty (Merlone et al. 2024).

The requirements for ECV measurements are described in
GCO0S-245 (WMO GCOS-245 2025), which provides recom-
mendations for a sustained and fit Global Climate Observing

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,

provided the original work is properly cited.

© 2026 The Author(s). Meteorological Applications published by John Wiley & Sons Ltd on behalf of Royal Meteorological Society.

Meteorological Applications, 2026; 33:70218
https://doi.org/10.1002/met.70218

10of 15


https://doi.org/10.1002/met.70218
https://doi.org/10.1002/met.70218
https://orcid.org/0009-0000-9050-1535
https://orcid.org/0000-0003-3284-6310
https://orcid.org/0000-0002-2847-3286
https://orcid.org/0000-0002-3651-4586
mailto:n.aranda@inrim.it
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fmet.70218&domain=pdf&date_stamp=2026-07-22

System. Regarding the uncertainty requirement for near
surface air temperature measurements, the breakthrough
threshold required is 0.5K, including all the uncertainty
contributions. According to the definitions provided in the
Guide to the expression of uncertainty in measurement or
GUM (JCGM 2008), uncertainties are classified into two
types: Type A, obtained from statistical methods, and Type B,
which are non-statistical, such as those based on instrument
characteristics.

Currently, air thermometers from ground-based stations are cal-
ibrated in laboratories. However, this procedure does not con-
sider the real measurement conditions, in which environmental
variables such as wind or solar radiation introduce errors and
contribute to the overall uncertainty. In fact, the GUM requires
that all contributions of uncertainty, including the environmen-
tal ones, be included in the uncertainty budget. And works like
Woolliams et al. (2025) highlight the importance of incorporat-
ing auxiliary information as environmental conditions in the
uncertainty model.

A thermometer exposed freely in an open space can absorb
considerable radiation, generating differences between the tem-
perature reading and the true air temperature. To minimise the
radiation effect, the World Meteorological Organisation (WMO)
recommends the use of shiny thermometers (that reflect rather
than absorb radiation), with small diameters (they are effec-
tively cooled by the air) (Cengal and Ghajar 2015; de Podesta
et al. 2018). However, even when such precautions are taken, re-
flected radiation can still influence measurements. Musacchio
et al. (2019, 2021), working with temperature measurements in
snow conditions, have pointed out that the reflected radiation
can cause extra warming near the sensors, affecting the heat
transfer and thus increasing the temperature values. It was ob-
served that sensors above a snow-covered surface, due to the
larger amount of radiation reflected, present higher values of air
temperature.

In the presence of precipitation, evaporation cools down the air
temperature values. The water temperature is normally colder
and removes further heat from the thermometers' shields, re-
sulting in errors in the air temperature reading due to the lower
values of temperature near the sensors. In this sense, the work
of Nielsen et al. (2024) quantifies the influence of rain on the
readings of temperature sensors, using radiation screens of dif-
ferent types. The experiment considered different rates of rain
intensity. In the case of low rain, “the evaporation of water
droplets from the screen plates decreases the temperature of
the microclimate inside the screen, while the evaporation from
the sensor could directly decrease its temperature”. The test has
shown that the average error is less significant for ventilated air
thermometers, being (—1.1+0.2) K, when the rainfall intensity
is 0.6 Lmin~.

The works of Harrison have focused on the effect of wind
speed on air temperature measurements. First, he has com-
pared the temperature measurements made in the Stevenson
screen and outside (R. G. Harrison 2010). The experiment
showed that the largest temperature differences generally
were registered at low wind speed values. In these conditions
and during nights with clear skies, the screen also became

cooler than its surrounding air due to the radiative cooling.
A few years later, Harrison and Burt (2021) evaluated the un-
certainty contribution due to the ventilation effect on air tem-
perature measurements. Using an aspirated thermometer as a
reference, the study showed that radiation exchange and time
response are the most important contributors to the highest
absolute differences. Furthermore, it was observed that the
radiation effect increases when the wind speed is lower than
1ms™L

Hence, the principal meteorological variables that affect
the air temperature measurements are solar radiation, wind
speed, humidity, and precipitation (Thorne et al. 2016). Errors
in temperature measurements are reduced on days with wind
blowing and reduced solar radiation. Conversely, on sunny
days and low or absence of wind, the influences on tempera-
ture readings would be high. Regarding humidity, high hu-
midity can cause condensation on the thermometer surface,
and the thermometer readings cannot reflect the current air
temperature. In the presence of precipitation, the evaporation
will cool the sensor. Moreover, precipitation, drizzle, and fog
conditions might generate condensation on the solar shield
that protects the thermometer from the direct solar radiation,
raising the differences between the measured temperature
and the true air temperature.

Although the influence of atmospheric parameters and physi-
cal processes on air temperature measurements has been stud-
ied, not all the components have been quantified (e.g., height
of the sensor from the ground, evaporation of precipitation on
screens, wind and solar radiation effects on measurements).
Moreover, their interactions are still poorly understood.
Therefore, the goal of this work is to further investigate the
air temperature observation uncertainties from ground-based
stations. Metrological and meteorological communities, sup-
ported by the WMO, are working on definitions and designs
of Climatological Reference Stations (CRSs), aiming to detect
climate trends. In this regard, the CRSs propose the adoption
of standardised prescription of technical setup, measurement
procedures and uncertainty evaluation, in order to improve
data comparability in space and time, for a more robust under-
standing of climate evolution locally and globally (GCOS 2021;
Merlone et al. 2024). Currently, quantifying the uncertainty of
air temperature measurements under real measurement con-
ditions is a major challenge for the meteorological community
and is essential for the Measurement Quality Classification
Scheme (WMO 2024a, Annex 1.G) and for the CRSs. For this,
data from a system of six identical thermometers, installed at
two heights in an open field, are analysed. The differences
between the readings of each thermometer and the mean of
the six were calculated and called AT. Wind speed (WS) and
relative humidity (RH) measurements are used as quantities
of influence (Merlone et al. 2024), and AT was evaluated for
different combinations of air temperature ranges and associ-
ated quantities of influence. The analysis is completed with
the quantification and evaluation of the corresponding un-
certainty, identified as the air temperature uncertainty due to
WS and RH. Thus, this work addresses the requirement of the
meteorological and climatological community by providing
an uncertainty evaluation of air temperature measurements
under real measurement conditions.
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2 | Methodology
2.1 | Data and Methodology

Data from six Pt100 thermometers, one hygrometer, and one
ultrasonic wind sensor were evaluated. The sensors were in-
stalled and operated for almost 2 years at the National Metrology
Institute of Italy, INRiM, in Turin (Figure 1). The topography
influences the climatological conditions of the studied area.
Turin is bordered by the Alps mountain in the west and hills
in the east, and the experimental field is 3km from the Po River
and 1km from the Sangone Torrent. Hence, the city is character-
ised by high humidity and low winds, with some Foehn events
(Cassardo et al. 2002; Fratianni et al. 2009).

The temperature sensors were installed at different heights:
three at 1.60m from the ground and the other three at 2.10m.
Positioning the thermometers at different heights but at the
same spatial location, the uncertainty associated with the dis-
tance between instruments is reduced. To avoid possible obser-
vational errors, the air temperature was measured by identical
thermometers protected from direct solar radiation with the
same Young ventilated solar shield. The fan, located in the upper
part, extracts air from the bottom of the shield and discharges
it above the cover. In this configuration, fresh flow of air com-
ing from below the shield always surrounds the thermometer.
Furthermore, the sensors were connected to the same datalog-
ger. Thus, the self-heating does not alter the relative readings
among them (Coppa et al. 2021).

Before the installation, the thermometers were calibrated
against reference standards at the INRiM laboratories,

guaranteeing the reliability of the data. The thermometers
were calibrated in a climatic chamber at eight temperature
points (=15, =5, 0, 5, 15, 25, 35, 40)°C, with the same datalog-
ger and setup used in the experiment, reading their resistance
and then producing a Callendar-van Dusen (CVD) calibration
curve. The expanded uncertainty reported in the calibration
certificate is 0.04°C, with a level of confidence of 95% (k = 2),
which corresponds to the highest uncertainty obtained. This
uncertainty represents the total uncertainty of the calibration,
considering calibration uncertainty of the references, repeat-
ability, homogeneity and stability of the chamber, and calibra-
tion curve interpolation.

The wind data was recorded by a Gill WindSonic anemometer.
The estimated uncertainty is provided by the manufacturer and
is 1% at 1.2ms~!. The hygrometer, an ETM-30 by Lombard
& Marozzini, was protected with a multiplate solar radiation
shield. The calibration by the manufacturer is also assumed,
with a declared uncertainty of 0.5%. All the instruments were
connected to the same datalogger, operated from 19 February
2020 to 15 July 2020 and from 15 July 2021 to 10 March 2022.
The data were simultaneously recorded every 10s.

The air temperature difference between each thermometer and
the mean temperature of the six sensors, AT, is calculated:

1 6
AT =T=c ¥ T, 6))

where T; is the temperature recorded by each thermometer. In
this regard, relative measurements allow to cancel some un-
certainty sources from the total budget. There is bibliographic
evidence supporting the technique of working with relative

FIGURE1 | Photographs illustrating the siting and exposure of the meteorological sensors at the INRiM field: (a) eastward view, (b) southward

view, and (c) Google Earth image of the site. The measurements presented in this study correspond to the thermometers indicated by the yellow ar-

row in panel (d).
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measurements to cancel some contributions of uncertainty,
when all the instruments are the same model, calibrated in
the same environment, and read by the same datalogger (Dahl
et al. 2003; Merlone et al. 2019; Musacchio et al. 2021; Coppa
et al. 2021, 2024). Under these conditions, the uncertainty
sources that have been eliminated from the overall budget
are: shield characteristics, sensor self-heating, datalogger
contribution, instrument maintenance and surface charac-
teristics. All the thermometers had identical solar shields,
and any potential error caused by the screen was shared by
all the sensors and cancelled out during the computation of
AT. Moreover, since all the thermometers were identical and
powered by the same datalogger, the self-heating did not alter
the relative readings, and the uncertainty introduced by the
conversion of the resistance to temperature was compensated.
Regarding the datalogger contribution, as noted by Coppa
et al. (2021), “Modern temperature resistors (such as Pt100
used in this study) measure the resistance of a platinum wire
run by an electric current, which is then digitalized, converted
into temperature and stored in a datalogger. This process in-
troduces other uncertainties, related to the electronics, the
resolution and the accuracy of the resistance measurement.”
In this work, as Coppa et al. (2021), all the thermometers were
read using the same datalogger during both field experiment
and laboratory calibration, so the uncertainty introduced by
the datalogger is compensated in the relative analysis. The
maintenance contribution is considered null since the ther-
mometers were calibrated and maintained with the same
methodology. Concerning the surface features, since changes
in surface reflectivity affect the measurements, during the
study period, the grass was kept short and without any new
obstacles that could introduce shadows.

After a visual inspection of the data, it was observed that the
behaviour of AT varies according to the season. Thus, the pres-
ent paper analyses the data corresponding to the summer and
winter periods. Due to the high temporal resolution of the data-
set and to reduce the risk of analysing AT more related to the
response time of the thermometers than environmental factors,
a data quality check was made. This control only considers ob-
servations in which the variations between successive tempera-
ture values (from the mean temperature) are less than [0.04/°C,
that is 61.1% of the summer data and 58.8% of the winter period.
The analysis is complemented with the evaluation of uncertain-
ties of AT, following the guide in metrology GUM (JCGM 2008).
The uncertainty analysis is described in the next Section 2.2,
where statistical uncertainties (Type A) and uncertainties due
to calibration certificates and instrumental drift (Type B) are
identified.

2.2 | Uncertainty Budget

Due to the significant importance of reference measurements
in the study of climate change, their uncertainty must be rig-
orously quantified. Knowing the uncertainty of air tempera-
ture measurements will increase confidence in the assessment
of global warming, improve data comparability, and provide
a more robust understanding of climate evolution. The un-
certainty of AT is evaluated using Equation (1) and the Law
of Propagation of Uncertainty (LPU) (JCGM 2008; 2012). To

simplify the analysis, the equation is focused on one thermom-
eter. Thus, the combined uncertainty for a thermometer 1,
u,(ATy), is:

0AT, \’ OAT, \’ w6
w(ar)= (S0 ) wm)+(52) i)
L
OAT, OAT,

6
cov( T, ) . T)
oT, 0T, ( 1 21:1 t

Since the thermometers are of the same type and calibrated
using the same reference system, it is possible to assume that
> u*(T;) ~ 6u*(T,). Moreover, %T]Tl is 1 and % is _Tl.
Additionally, each thermometer was connected to its own elec-
tronics and analogue digital converters (ADCs), which sent
the air temperature readings to a common datalogger. Thanks
to this configuration, the only uncertainty that affects the co-
variance of T, with itself is the calibration uncertainty, that is

Ugq (Ty ). Then, Equation (2) is written as:

@

u?(ATy) = 2u(Ty) - S0, (Ty) ©

The uncertainty contributions of the evaluated thermome-
ter are the calibration uncertainty, u,,(T;), the dispersion of
the relative measurements, u,(T,), and the thermometer
drift, ug,, (T, ):

uZ(Tl) = uial(Tl) + usisp(Tl) + uirift(Tl) (4)

Regarding the calibration certificate, with v & oo degrees of free-
dom and a t-factor fy5(e0) = 1.96, the uncertainty contribution
due to the instrument is calculated as:

Ua(T) .
U (Ty) = i‘f% =0.02°C 6)

The dispersion contribution is calculated based on the air tem-
perature differences, using the pseudo standard deviation, Sps,
defined as the interquartile range (IQR) divided by 1.349. IQR is
the difference between the first and the third quartile, represent-
ing the distance covered by the middle half of the distribution.
The value of 1.349 represents the IQR for a Gaussian distribu-
tion. Sps is recommended when the sample is large and/or when
the nature of the work is “highly exploratory” (Lanzante 1996).
Moreover, Sps is a robust and nonparametric statistic, much
less affected by the outliers. Therefore, it is recommended for
this study.

IQR(AT,)
1.349

Ugsp(T1) = Sps(AT,) = ©)
The instrumental drift reflects possible changes in the measure-
ment since the last calibration. To evaluate this contribution,
the thermometers were recalibrated using the same setup and
reference system as the previous calibration. The new and the
old calibration curves are compared using as input nominal re-
sistance values within the calibration range. Then, the observed
maximum difference for each sensor is considered the uncer-
tainty associated with instrument drift:

€ —Ci

\/ﬁ @

Ugpip (T1) =
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FIGURE2 | Density plot of WS and AT observed at 1.60m, for (a) summer and (b) winter. Each bin represents the number of observations falling

within that grid cell, where darker shades indicate higher counts.

where for each nominal value, ¢; is the value of the most recent
calibration curve and c;_, from the calibration before the ther-
mometer installation. In general, the drift contribution is small,
varying between 0.005°C and 0.008°C.

Finally, the combined uncertainty of AT, depends only on the
calibration uncertainty, the dispersion of the relative air tem-
perature measurements and the instrumental drift.

w2 (AT) = 23, (1) + Zug (1) + 212,(T) - @
The combined uncertainty of AT then, represents the uncer-
tainty of air temperature measurements under real measure-
ments conditions. For ground-based stations, according to the
Measurement Quality Classification Scheme (WMO 2024a,
Annex 1.G), the uncertainty sources for air temperature mea-
surements include the instrument (system) uncertainty and the
environment effects, also known as “Associated Quantities of
Influence”. In this study, the on-site measurements of WS and
RH are used to evaluate the air temperature behaviour across
different ranges of these quantities of influence. This method-
ology allows to investigate how variations in WSS and RH affect
the air temperature measurements. Hence, evaluating u.(AT)
for different ranges of air temperature, WS and RH, it is possible
to obtain the air temperature uncertainty due to WS and RH,
that is:

s ra(T) = u (AT) 9)

Section 3.2 aims to exemplify how the results of this work
can be integrated in the overall uncertainty of air tempera-
ture measurements from ground-based stations, following the
Measurement Quality Classification Scheme. For this exercise,
the measurements are taken from one sensor at the INRiM field,
at 1.60m. Considering that the calibration of the thermometers
had been made using the same datalogger and cables and the da-
talogger resolution is insignificant with respect to the other con-
tributions (less than 0.001°C), the system uncertainty, ug,(T),
only includes the contribution due to the calibration certificate

and the instrumental drift. Additionally, an uncertainty due to
the influence of WS and RH is added as part of the environment
effects. Finally, the siting measurement uncertainty (type B un-
certainty), Ug;,,(T), should be added to get, in combination with
the other two uncertainties, the overall temperature measure-
ment uncertainty. In this sense, the combined uncertainty for
the air temperature measurements is determined as:

A (T) = Uy (T) o+ Uy (T) + g g (T) 10)

where g, (T) = uZ, (T) + u,,,(T) and ug;,(T) is obtained from
Siting Classifications for Surface Observing Stations on land
(WMO 2024a, Annex 1.D). It is important to note that WMO
guidelines are continuously revised as new evidence becomes
available and as practices evolve within the meteorological
community. Recent studies have addressed the siting uncer-
tainty (e.g., Coppa et al. 2021; Garcia Izquierdo et al. 2024)
and it may be lower than the values currently reported in the
manual. Multiplying u.(T) by a coverage factor k =2 (95% of
confidence level), the expanded uncertainty of air tempera-
ture under real measurement conditions, U(T), is obtained.

3 | Results and Discussion

Since all the sensors located at the same height presented
similar behaviour, the results shown below correspond to one
sensor at 1.60 m and the other at 2.10m (Figure 1d), both with
south exposition. Figure 2 provides evidence of the relation-
ship between AT and WS. Especially in winter, the lower the
WS, the greater the temperature differences among the ther-
mometers. Studies have observed that screens with forced
ventilation help to reduce temperature biases when the mi-
croclimate inside the shield deviates from the surrounding
air mass (Burt and de Podesta 2020; Harrison and Burt 2021).
However, this figure shows that even with forced ventilation,
the temperature differences are more significant when the WS
is below 2ms™.
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TABLE1 | Mean and median AT values and the associated uncertainty components for each air temperature interval (7, defined as the mean of
the six thermometers): Dispersion u g, (T), calibration uncertainty e, (T) and drift ug,,(T) for the sensor at 1.60m and the combined uncertainty of

AT, u (AT).
T (°C) Mean AT (°C) Median AT (°C) Ugisp(T) °C) u.(T)(°C) Warige(T) °C) u.(AT)(°C)
—5<T<0 —0.16 (0.09) —0.15 (0.09) 0.05 (0.06) 0.02 (0.02) 0.005 (0.008) 0.06 (0.07)
0<T<5 —0.15(0.09) —0.14(0.08) 0.06 (0.06) 0.02 (0.02) 0.005 (0.008) 0.07 (0.07)
5<T<10 —0.11 (0.05) —0.10 (0.04) 0.07 (0.06) 0.02 (0.02) 0.005 (0.008) 0.08 (0.07)
10<T<15 —0.05 (0.02) —0.07 (0.03) 0.08 (0.06) 0.02 (0.02) 0.005 (0.008) 0.09 (0.07)
15<T<20 —0.05 (0.01) —0.05 (0.01) 0.03 (0.03) 0.02 (0.02) 0.005 (0.008) 0.04 (0.04)
20<T<25 —0.03 (0.00) ~0.03 (0.00) 0.04 (0.03) 0.02 (0.02) 0.005 (0.008) 0.05 (0.04)
25<T<30 0.01 (=0.02) —0.01 (—0.02) 0.04 (0.04) 0.02 (0.02) 0.005 (0.008) 0.05 (0.05)
30<T<35 0.04 (—0.04) 0.02 (—0.04) 0.05 (0.05) 0.02 (0.02) 0.005 (0.008) 0.06 (0.06)

Note: Values in brackets correspond to the sensor at 2.10m.

To investigate the diurnal variability of AT, AT, WS and RH are
plotted by hour of the day and shown in Figure 3. In winter, after
mid-afternoon and throughout the night, there is a decoupling
between the air temperature at the two heights (Figure 3b,d).
During the cold period, radiation fog, where cooling is the main
physical mechanism of fog formation, is usually observed in
the study area. Fog induces condensation on the surface of the
screens, which increases the temperature difference among the
thermometers (Nakamura and Mahrt 2005; R. G. Harrison 2015;
WMO 2024a). During winter nights, RH frequently reaches val-
ues around 90%rh (Figure 3h), suggesting that conditions are
generally favourable for condensation. Additionally, in condi-
tions of calm (< 0.5ms™!) and light air (0.3-1.5ms™!) (Figure 3f),
the air remains stratified, increasing the difference between the
temperature recorded by the sensors at the top and the bottom
(Mahrt 1998; Van de Wiel et al. 2017). This decoupling weakens
between 9:00 and 13:00, when there is a slight increase in WS,
mixing the air between the two levels. In summer, the difference
between the temperature values at different heights is still ob-
served, but less pronounced than in winter (Figure 3a,c). During
summer nights, the dispersion of the boxplots of AT is smaller
and increases after sunrise. Due to solar heating, the ground
surface is warmer than the air, generating vertical heat flux and,
therefore, turbulence (Stull 2012). During the first hours of the
day, this turbulence, detected in the series due to the chaotic
wind direction values (not shown), amplifies the temperature
differences among the thermometers. As a result, the boxplots
of AT show larger dispersion during these hours.

These observed patterns are because the ground-based obser-
vations are performed in the boundary layer, which is the por-
tion of the troposphere strongly influenced by the exchange of
momentum, heat, and moisture with the Earth's surface. The
surface layer, which is the bottom region of the boundary layer,
is where the meteorological instruments of this experiment
are located. Figure 3 shows that the sensor at 1.60m, which is
strongly influenced by surface-driven convection, generally ob-
serves lower temperatures at night (negative values of AT) and
higher temperatures during the day (positive values of AT). The
temperature behaviour at 2.10m is the opposite. The surface
layer becomes stably stratified when the ground is cooler than
the air, and the temperature increases with height (Stull 2012).

Thus, during the cooling, the sensor at 1.60 m records lower air
temperature values, and the other sensor at 2.10m measures
higher air temperature values. On the contrary, in the presence
of solar heating, when the ground is warmer than the air, the
air temperature values decrease with height. Nevertheless, the
difference between the temperature medians at two heights is
less than 0.3°C.

Figure 3 indicates a clear diurnal cycle in RH and WS, which
is consequently observed in AT. Although the study area is
characterised by low WS, the wind is slightly stronger during
the daytime and weaker at night. This behaviour is fully con-
sistent with previous studies (He et al. 2013; Fajber et al. 2014;
Ashkenazy and Yizhaq 2023; Dai 2023). Over land, this diurnal
cycle arises from the small heat capacity of the ground: during
the day, the surface warms quickly, resulting in convection that
promotes convective mixing and enhances near-surface winds;
while at night, the surface cools quickly, generating stable con-
ditions that suppress turbulence and reduce WS. Regarding
the humidity, it is physically linked to air temperature. As the
surface warms during the day, the saturation vapour pressure,
which depends directly and exponentially on temperature, in-
creases rapidly, leading to lower RH. After sunset, cooling re-
duces the saturation vapour pressure, causing RH to rise and
often approach saturation (Markowski and Richardson 2011;
Stull 2012; Dai 2023). In particular, the high humidity in winter
in the study area is associated to the cold temperature and the
frequent occurrence of fog.

AT was further analysed by grouping the data into air tempera-
ture intervals of 5°C. This approach allows to analyse how AT
behaves across temperature conditions, taking as reference the
mean of the six thermometers. The temperature records evalu-
ated in winter vary between —5°C and 15°C, while in summer,
between 15°C (inclusive) and 35°C. Table 1 summarises the
mean and median of AT, with the corresponding uncertainty
contributions.

Observing the temperature differences from Table 1, generally
in winter, the bottom sensor tends to observe lower tempera-
tures, while the sensor at the top records higher values. The
dataset reveals that temperature values lower than 5°C were
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recorded at night, while temperature records higher than or
equal to 30°C were recorded during daytime hours. Hence, this
pattern aligns with the diurnal evolution illustrated in Figure 3.
To continue analysing the behaviour of the thermometers at
different heights, different times of day and seasons, Figures 4
and 5 are shown. To ensure a representative analysis, specific
temperature thresholds were selected based on their highest fre-
quency of occurrence during the night (00:00-06:00) and during
the afternoon (12:00-18:00). These figures show that during the
night, the values of AT were observed in the presence of WS
lower than 4ms~! and, in general, high RH values. Despite this,
the relative histograms of AT are different for both seasons: the
stratification of AT with height is evident during winter nights
(Figure 4). As mentioned before, fog is commonly observed at
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the INRiM field and condensation on the surface screen can
affect the temperature readings, increasing the temperature
differences among the thermometers. If low wind or calm con-
ditions are present, the air remains stratified, further increasing
the temperature difference between the sensors at the top and
bottom. Conversely, on summer nights (Figure 5), although the
large dispersion of AT is associated with RH between 70 and
90%rh and WS below 1ms™, the temperature differences be-
tween the sensors at 1.60m and 2.10m are less pronounced. On
summer nights, condensation on the screen due to fog does not
occur and the rate of radiative heat loss from the ground is lower
(Garratt 1992; Mahrt 1998; Stull 2012). During summer days,
the effect of solar heating is significant and the soil stores more
heat during the day, which is then released, slowly, during the
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FIGURE4 | Winter measurements for specific air temperature intervals during night-time (00:00-06:00) and afternoon (12:00-18:00). The image

shows the relative histogram of AT, and the plots of WS and RH vs. AT. Data from the sensor at 1.60m are shown in red and data from the sensor at

2.10m, in blue.
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FIGURES5 | Summer measurements for specific air temperature intervals during night-time (00:00-06:00) and afternoon (12:00-18:00). The im-

age shows the relative histogram of AT, and the plots of WS and RH vs. AT. Data from the sensor at 1.60m are shown in red and data from the sensor

at 2.10m, in blue.
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night. This upward heat flux counteracts the air stratification,
reducing the temperature difference between the two heights.

The measurements recorded in the summer afternoon evidence
the influence of solar heating on the dispersion of temperature
measurements, where the surface layer becomes superadiabatic;
hence, the temperature decreases with height (Mahrt 1998;
Stull 2012). This is reflected in the histogram of AT (Figure 5),
where their values are shifted to the right for the sensor at 1.60m,
observing warmer temperature values. While the histogram of
AT at 2.10m is shifted to the left. In contrast, during the winter
afternoon, the thermometer at 1.60m continues to record lower
air temperature values than the sensor at 2.10m, consistent with
night-time observations.

In this way, it was possible to relate different environmental
phenomena to the behaviour of AT. Observing the uncertainty
budget in Table 1, the major contribution is the uncertainty due
to the measurement dispersion, which is directly related to the
real measurement conditions, thus affected by WS, RH, solar
heating during the day and radiative cooling at night. In partic-
ular, on winter nights, the dispersion of AT reflects the influence
of low wind, condensation, and fog. While in summer daytime,
the influence of solar heating and WS.

3.1 | Relative Humidity and Wind Speed
Influences on Air Temperature Measurements

To deepen the analysis and considering the influence of WS and
RH on air temperature measurements, AT and its corresponding
uncertainty were calculated considering different thresholds of
quantities of influence, for the temperature intervals in Table 1.
In this regard, the selected ranges allow us to understand the
behaviour of the thermometers under different magnitudes of
WS, RH and the associated physical processes.

Figures 2, 4 and 5 show that the lower the WS, the higher the
temperature differences among thermometers. In particular for
values lower than 2ms™!, the dispersion of AT is the highest,
even in thermometers with artificial ventilation. This result is,
in fact, supported by previous studies. Richardson et al. (1999)
investigated the flow efficiency of different solar shields, show-
ing that flow efficiency is a nonlinear function of WS, with effi-
ciency decreasing as WS decreases, especially below 1ms~. Lin
et al. (2001) showed that, for non-aspirated radiation, high ambi-
ent WS improves the accuracy of air temperature measurements.
However, when WS is below 4ms~!, the expected measurement
accuracy cannot be achieved. The works of Erell et al. (2005)
and Harrison and Burt (2021) demonstrate that at low WS, ra-
diation effects dominate, causing errors and increasing the un-
certainty of air temperature measurements. Nevertheless, as
WS increases, convective heat transfer reduces (but it does not
eliminate) these errors. Mauder et al. (2008) showed that under
calm conditions and for thermometers protected by screens with
natural ventilation, air temperature errors may exceed 1°C, and
at higher WS (greater than 5ms™") they become generally neg-
ligible (<0.2°C).

Regarding RH, more than 88% of the measurements recorded at
the INRiM field present values higher than 50%rh. Condensation

processes are typically associated with high RH conditions, be-
coming more likely when RH exceeds approximately 70-80%rh,
depending on the environmental conditions (Best 1953; Stull
2012). According to the WMO (WMO 2024a), phenomena
such as dew, fog, or precipitation are generally linked to near-
saturation conditions. Therefore, under high humidity con-
ditions, different processes that may introduce measurement
errors, such as condensation, wetting, or fog deposition, can be
expected. Moreover, RH provides indirect information about
the thermal regime of the air. At higher temperatures, RH typi-
cally falls within the range of 25-60%rh, whereas values above
70%rh are more commonly observed at lower temperatures or
during night-time cooling (Figures 4 and 5). This relationship
reflects the thermodynamic dependence of RH on temperature
and water vapour content.

Hence, based on the observed behaviour of WS and RH in the
dataset, and consistently with previous studies, the thresholds
adopted in this study are summarised in Table 2.

As discussed previously, the uncertainty of AT includes not
only the uncertainty of air temperature due to calibration and
drift contributions, but also the additional uncertainty aris-
ing when the thermometers operate under real environmental
conditions. For this reason, the uncertainty of AT is evaluated
across different ranges of WS and RH, in order to quantify the
air temperature uncertainty associated with these quantities
of influence, that is uyg zg(T). Figures 6 and 7 present the re-
sults of uyy pyy(T) according to the thresholds from Table 2, and
for the temperature intervals from Table 1. These intervals are
based on the on-site measurements: air temperature was re-
corded by each sensor at its corresponding height (2.10m for
Figures 6 and 1.60m for Figure 7), while WS and RH were
obtained from the co-located meteorological instruments. To
ensure statistical significance, those intervals with fewer than
82 observations (less than 0.02% of the seasonal data) were ex-
cluded from the analysis.

Considering Equations (8) and (9), the highest contribution to
uwsru(T) is due to the dispersion of the relative temperature
measurements, hence, udiSP(T), and this uncertainty component
reflects the thermometer performance under real environmental
conditions. Under fog conditions, low temperature values (lower
than 5°C) and WS lower than 1ms™, uy py(T) is 0.06°C at both
measurement heights. For similar temperature and wind condi-
tions but RH in the range 75-85%rh, the uncertainty is slightly
higher, ranging from 0.07°C to 0.09°C depending on the sensor
height. This behaviour may be associated with the fog dissipa-
tion when solar radiation starts to warm the ground surface and

TABLE 2 | Ranges of WS and RH as quantities of influence on air
temperature measurements.

Meteorological Applications, 2026

WS (ms™1) RH (%rh)
0<WwWSsS<1 0<RH<Z50
1<WS<2 50<RH<L70
2<WS <4 70<RH<Z85
WS >4 85<RH<100
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FIGURE 6 | Airtemperature uncertainty contribution due to WS and RH, uyg r(T), for the sensor at 2.10m, evaluated across different combina-

tions of WS and RH thresholds.

therefore enhances temperature gradients between thermome-
ters, leading to larger measurement dispersion. Comparing the
seasons, summer (air temperature values between 15°C, inclu-
sive, and 35°C) presents the smallest uncertainty contribution.
However, for both seasons, uyg g (T) is high in the presence of
low RH and low WS. Low values of RH are associated with large
values of solar radiation (Liu et al. 2018), and the temperature
conditions in the surface layer are determined by the amount
of heat that the ground absorbs (Geiger et al. 2009; Markowski
and Richardson 2011). Hence, solar heating plays an important
role in the dispersion of the air temperature measurements.
Regarding the wind, a consistent pattern is observed, where the
uncertainty values decrease as WS increases, independently of
seasonal conditions and thermometer height. As mentioned be-
fore, the wind has the capacity to mix the air surrounding the
sensors, decreasing the temperature differences among them. In
summer, the decrease of AT uncertainties with WS is slighter.
This is possibly influenced by solar heating, which by convec-
tion, reduces the temperature differences among the thermome-
ters and therefore, the temperature dispersion.

3.2 | Case Studies

To complete the evaluation of the uncertainties for air tempera-
ture measurements, two case studies are shown: a sunny day in
summer (Figure 8) and a foggy day in winter (Figure 9). The data

were collected from the sensor pointed out in Figure 1, located at
1.60m, at the INRiM field. These case studies intend to illustrate
how to inform air temperature measurements, including their
uncertainties. The weather conditions were verified using me-
teorological observations from Caselle Station, a meteorological
station recognised by the WMO, which is approximately 20km
from the INRiM field. WMO defines the representativeness of
an observation as the degree to which it accurately describes
the value of the variable needed for a specific purpose; and this
representativeness depends on the distance between sites, sur-
face characteristics, topography discontinuities, and the scale of
the meteorological phenomena to study (WMO 2024a). As part
of the WMO station network, Caselle follows internationally
standardised procedures for siting, instrumentation, and qual-
ity control, ensuring the reliability and traceability of its mea-
surements. Given the similar altitude, short distance and lack of
major topographic barriers between Caselle Station and INRiM,
the Caselle observations are representative of the synoptic (e.g.,
cyclones and fronts) and even mesoscale phenomena (e.g., thun-
derstorms and fog) that affect the INRiM field experiment, ac-
cording to the horizontal meteorological scales defined by WMO
(WMO-No. 551 1981; WMO 2024b). In the absence of solar radi-
ation observations at the INRiM field, data from Vallere Station
were used to corroborate the presence and temporal evolution of
solar radiation. These observations were used solely to perform
a qualitative analysis of solar radiation during clear-sky and
cloudy conditions, rather than to reproduce instant-by-instant
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FIGURE7 | Airtemperature uncertainty contribution due to WS and RH, uys zy(T), for the sensor at 1.60m, evaluated across different combina-

tions of WS and RH thresholds.

the magnitude of solar irradiance at INRiM. Vallere station, op-
erated and supervised by ARPA Piemonte, is located less than
3km from the INRiM field and provides quality-controlled me-
teorological observations. Given their proximity and having
similar field characteristics and environments, the global solar
radiation measurements in Vallere are considered representa-
tive of the experimental zone at INRiM.

Figure 8 shows the daily evolution of a typical summer day in
Turin. During the night, AT values are predominantly negative,
indicating that the sensor at 1.60 m observes temperatures lower
than the mean. As the morning progresses and air tempera-
ture begins to rise, also the values of AT, driven principally by
the increase in solar radiation. The dominant winds are lower
than 2ms~ and the dispersion in its measurements is higher
between 06:00 and 15:00, coinciding with the highest dispersion
of AT. According to the theory, after sunrise, heat flux from the
ground to the air appears as response to the increase in solar
radiation, and it can affect the temperature difference among
the thermometers.

Table 3 presents the instantaneous air temperature (T) every
6h, together with the corresponding RH and WS values. The
uncertainty contributions to the corresponding air temperature
measurements are also shown. ug,,(T) is 0.02°C, dominated by
the calibration contribution; uy r,(T) is obtained from Figure 7
and ug,,,(T) is estimated based on Siting Classifications (WMO

2024a, Annex 1.D). The INRiM field can be categorised in Class
3, which corresponds to a siting standard uncertainty of 1°C.
The uncertainty value reported in the WMO guide is general,
which means that it may not be fully representative of the siting
conditions of the experiment. A conservative approach is here
adopted by weighing the WMO suggested value with a rectan-
gular distribution, obtaining in the end ug;,,,(T) = 0.29°C. Note
that among the uncertainty contributions, uyg y(T) is the only
one that is not fixed, as it varies according to the environmental
conditions.

Figure 9 and Table 4 present the winter study case, charac-
terised by high values of RH and WS generally below 2ms™!.
These conditions are consistent with the presence of fog, as
confirmed by observations at Caselle Station and by the low
solar radiation recorded at the Vallere station. Due to fog and
high humidity, condensation may form on the screens, lead-
ing to increase the temperature differences among the air tem-
perature sensors. As mentioned before, the presence of low WS
intensifies these differences. Furthermore, in the presence of
low incidence of solar radiation, the turbulence by convection
is weak, increasing even more the stratification of air tempera-
ture near the surface. The peak of the air temperature curve
coincides with the maximum value of AT and a minimum in
RH, likely influenced by a slight increase in the incident solar
radiation. At noon, the observed air temperature was 0.76°C
with g g (T)=0.09°C.
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FIGURE 8 | Case study of 12 August 2021. The air temperature is shown with the corresponding expanded uncertainty (red bars), with data ev-
ery 10min. The grey shaded area marks the interval between the end and the beginning of the astronomical night, as computed from solar position
data. The instantaneous 10-s values of A T, WS and RH are also shown. The red dashed line indicates AT equal to 0°C and the blue dashed lines, the

thresholds of WS and RH according to Table 2.

4 | Conclusion

This study investigates how WS and RH affect air temperature
measurements from ground-based stations. For each of the six
thermometers installed at two heights (1.60m and 2.10m), the
air temperature difference is defined as the deviation from the
mean temperature and denoted as AT. AT and the correspond-
ing uncertainty were calculated across 5°C air temperature in-
tervals from —5°C to 35°C. The uncertainty contributions of AT
are the calibration uncertainty, sensor drift, and the dispersion
of the measurements, which represents the highest contribu-
tion. Because air temperature measurements were performed
under real environmental conditions, the uncertainty of AT,
calculated for specific ranges of WS and RH, is interpreted as
the air temperature uncertainty due to these variables, denoted
as uygpy(T). Since the distribution of AT depends on sensor
height, uy r(T) was evaluated separately for the thermometers
installed at 1.60m and 2.10m, obtainig values between 0.03°C
and 0.12°C.

In line with previous research, this paper highlights the influ-
ence of WS on air temperature measurements. The presence
of calm and low winds strengthens the temperature difference
among thermometers. This effect is present even with artificially

ventilated radiation shields. It was observed that for WS lower
than or equal to 2ms™!, the temperature differences are high,
with a higher dispersion of the AT distribution. In winter,
the temperature differences among the sensors are most pro-
nounced, reaching the median AT value of —0.15°C for the sen-
sor at 1.60m, and 0.09°C for the sensor at 2.10m. In this period,
the percentage of events with high values of RH is high, and
dew may form. This can generate condensation on the surface
of the thermometers, introducing errors in the measurements.
AT is also affected by solar radiation. The solar heating gener-
ates vertical fluxes of air from the ground, warming the air from
the bottom to the top. As a consequence, during the day, those
thermometers near the ground surface are warmer than those
located at the top. During the night, in the absence of this flux,
the air remains stratified and the thermometers near the ground
are cooler.

This study aims to address the uncertainty evaluation of air
temperature measurements under real measurement condi-
tions. For generating climate reference data, it is mandatory to
have traceable measurements with a complete analysis of the
uncertainty contributions, including the uncertainty due to the
environmental conditions. The relevance of the present work
lies in the evaluation of uygry(T) for different thermometer
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FIGURE9 | Case study of 26 January 2022. The air temperature is shown with the corresponding expanded uncertainty (red bars), with data ev-
ery 10min. The grey shaded area marks the interval between the end and the beginning of the astronomical night, as computed from solar position
data. The instantaneous 10-s values of A T, WS and RH are also shown. The red dashed line indicates AT equal to 0°C; the blue dashed lines and the
thresholds of WS and RH according to Table 2.

TABLE 3 | Summer case.

Date T(°C) WS (ms™) RH (%rh) Ug(T) (°C)  upyspp(T) (°C) Ugiring(T) (°C) U(T)(k=2)(°C)
12-08-2021 00:00 24.15 0.18 80 0.02 0.04 0.29 0.59
12-08-2021 06:00 24.21 0.82 66 0.02 0.05 0.29 0.59
12-08-2021 12:00 32.25 0.20 48 0.02 0.06 0.29 0.59
12-08-2021 18:00 29.29 1.55 64 0.02 0.04 0.29 0.59

Note: Measurements every 6 h of air temperature readings (T) with the associated quantities of influences WS and RH and the air temperature uncertainty
contributions due to the system u(TW ), due to WS and RH uy gg(T), and due to the siting Ugiring(T)- The expanded uncertainty with k=2 is also presented.

TABLE 4 | Winter case.

Date T(°C) WS(ms™) RH(%rh) ugy(T)(°C)  tyseu(T)C)  Myyuue(T) (°C)  U(T) (k=2) (°C)
26-01-2022 00:00 —-1.62 0.72 97 0.02 0.06 0.29 0.59
26-01-2022 06:00 —-2.44 0.43 95 0.02 0.06 0.29 0.59
26-01-2022 12:00 0.76 1.01 84 0.02 0.09 0.29 0.61
26-01-2022 18:00 —-1.06 0.62 97 0.02 0.06 0.29 0.59

Note: Measurements every 6h of air temperature readings (T) with the associated quantities of influences WS and RH and the air temperature uncertainty
contributions due to the system u(T,, ), due to WS and RH uyyg py;(T), and due to the siting Usiiing(T)- The expanded uncertainty with k=2 is also presented.
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heights and for specific ranges of air temperature. This un-
certainty also reflects the influence of physical effects such as
condensation and solar heating. The study reveals that win-
ter conditions (—5°C to 15°C) present slightly higher values of
uws.re(T). Under fog conditions, low temperature values (lower
than 5°C) and WS lower than 1ms™, uygpy(T) is 0.06°C for
both heights. uyg pg(T) for similar temperature and wind con-
ditions but RH between 75 and 85%rh, presents higher uncer-
tainty values, ranging between 0.07°C and 0.09°C, depending
on sensor height. This behaviour is likely related to the dissipa-
tion of radiation fog, where an increase in solar radiation en-
hances temperature gradients between thermometers, leading
to larger measurement dispersion. Overall, the results show a
consistent pattern: uy p,(T) decreases as WS increases, inde-
pendently of seasonal conditions and thermometer height. This
behaviour reflects the role of wind in enhancing air mixing
around the sensors, thereby reducing temperature differences
between the thermometer readings.

This analysis allows to include uygzg(T) in the uncertainty
budget for air temperature measurements from ground-based
stations with similar aspirated-shield models, and also associ-
ated with sensor height. As shown in the Case Studies section,
in addition to the system and siting uncertainties, uyg gy (T)
is considered as an additional source of uncertainty, based on
the on-site measurements of WS and RH at the time of the air
temperature observations. These uncertainty components are
then combined in quadrature and multiplied by a coverage fac-
tor k=2 to obtain the expanded uncertainty of air temperature
under real measurement conditions. For example, on a win-
ter foggy night, a value of —1.62°C+0.59°C was observed at
the INRiM field by a thermometer at 1.60m; and on a sum-
mer night, 24.15°C+0.59°C. During the day, for instance,
0.76°C £ 0.61°C and 32.25°C £0.59°C for winter and summer,
respectively.

The approach proposed in this work is particularly relevant
for the climate reference stations, as the uncertainty evalua-
tion is fundamental for the comparability of the data in space
and time, and for guaranteeing the reliability of the measure-
ments. To improve the study of the uncertainty budget, the
experiment can be repeated, adding sensors to measure the
global and absorbed solar radiation, to evaluate locally the in-
fluence of solar radiation on air temperature measurements.
And for foggy days, a chilled mirror can be used to verify the
condensation on solar shields. Future research can include the
analysis of precipitation as another quantity of influence. The
study also shows the influence of the instrument's height. For
a better understanding of this effect, an experiment is running
to compare metrologically the measurements associated with
different installation heights.
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