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Abstract
In time series of essential climatological variables, many discontinuities are created not
by climate factors but changes in the measuring system, including relocations, changes in
instrumentation, exposure or even observation practices. Some of these changes occur
due to reorganization, cost-efficiency or innovation. In the last few decades, station
movements have often been accompanied by the introduction of an automatic weather
station (AWS). Our study identifies the biases in daily maximum and minimum temper-
atures using parallel records of manual and automated observations. They are selected to
minimize the differences in surrounding environment, exposition, distance and difference
in elevation. Therefore, the type of instrumentation is the most important biasing factor
between both measurements. The pairs of weather stations are located in Piedmont, a
region of Italy, and in Gaspé Peninsula, a region of Canada. They have 6 years of
overlapping period on average, and 5110 daily values. The approach implemented for
the comparison is divided in four main parts: a statistical characterization of the daily
temperature series; a comparison between the daily series; a comparison between the
types of events, heat wave, cold wave and normal events; and a verification of the
homogeneity of the difference series. Our results show a higher frequency of warm (+
10%) and extremely warm (+ 35%) days in the automated system, compared with the
parallel manual record. Consequently, the use of a composite record could significantly
bias the calculation of extreme events.
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1 Introduction

The scientific community agrees that global warming is unequivocal, as is demonstrated
by the latest IPCC report (Stocker 2014). Since 1850, the Earth’s temperature has been
increasing rapidly (Brohan et al. 2006; Esper et al. 2002; Acquaotta et al. 2015). The trend
shows a warming of 0.85 °C from 1880 to 2012 but the magnitude of change detected is
very sensitive to the quantity and quality of the data used (Acquaotta et al. 2009; Nicholls
1995) as well as the time period considered. For example, the rate of warming over a 15-
year period, from 1998 to 2012, is equal to 0.05 °C/decade, but increases to 0.12 °C/
decade when it is calculated for about 50 years, from 1951 to 2012. Karl et al. (2015) have
identified possible biases in the sea surface temperature series that result from a change in
instrumentation, with new data showing systematically cooler temperature than older data
(Reynolds and Chelton 2010). In addition, the geographical scale could have a significant
influence on trend detection. For example, extreme temperatures show greater amplitudes
at the local scale than at the global scale (Nigrelli et al. 2018; Luterbacher et al. 2004),
which can have significant implications for understanding local and regional impacts on
society and natural environments.

The World Meteorological Organization, WMO, is aware of the importance of identifying
the breaks that can be created by station or network changes for reasons of cost-efficiency or
innovation. They wrote guidelines recognizing the need for National Meteorological Services
to improve their climate data and monitoring services. This work can be done to establish
transfer functions either through parallel observations or through alternative approaches in
order to ensure that data continuity can be defined (WMO 2007).

Many studies (Hausfather et al. 2016; Fiebrich and Crawford 2009; Davey and Pielke
2005) have tried to identify and calculate the artificial biases in temperature series. These
studies show that the biases are rarely constant and depend on the interaction between the
weather elements and the local topographic or physiographic features at each site (altitude,
exposure, and distance to water bodies). Milewska and Vincent (2016) analysed the daily
difference between maximum and minimum temperatures recorded by manual and
automatic stations. The differences were classified by season and wind speed conditions.
Most of the biases vary with the seasons, and few show wind dependency. Hubbard and
Lin (2006) examined the effects of the instrument change in the US Historical Climatology
Network. Their results indicate that the magnitude of break changes at individual stations
ranges from − 1.0 to over + 1.0 °C. Leeper et al. (2015) evaluated how diverse technolog-
ical and operational choices at the USCRN (US Climate Reference Network) and COOP
program (Cooperative Observer Program) impact temperature observations. They showed
that COOP sensors generally have warmer (+ 0.48 °C) daily maximum and cooler (−
0.36 °C) minimum temperatures than USCRN, with considerable variability among
stations. Gallo (2005) examined the differences between the CRN (Climate Reference
Network) station pairs in the USA and he identified significant differences in the annual
minimum, maximum and mean temperatures. The microclimate near the weather stations
seems to greatly influence the measurements. Karl et al. (1995) underline the importance
of overlapping measurements between old and new instruments to increase the knowledge
on data record and rehabilitation and enhance our ability to monitor climate change. The
effects of changes in instruments, location and observing practices on climate
measurements must be known prior to implementing such changes. Changnon and
Kunkel (2006) showed the importance of understanding the uncertainties in the historical
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climate record comparing the weather stations that possess data of high quality. The
quality of the data is enhanced by documenting the history of the weather station and
the changes in location, in instrumentation and in observing practices.

The purpose of this paper is to calculate “real” biases that might occur when the more
ancient station of the pairs is discontinued. The transition from manual to automatic station
introduces noise in the climate change signal. Each change has different characteristics,
depending on the exact sensors involved and additional modifications (e.g. relocations,
changes in exposure) aliasing with the transition itself. This study evaluates specific changes
in the Italian and Canadian networks and should be followed by similar studies to ensure that
long-time records can be accurately adjusted.

We developed a methodology to identify the biases in daily maximum and minimum
temperatures that are due to “real transitions”, though more often than not, weather station
networks suffer relocations which are accompanied by simultaneous changes in the measuring
system.

We have selected pairs of manual and automatic weather stations, MWS and AWS,
respectively, aiming to minimize the differences in surrounding environment, exposition,
distance and difference in elevation. Also, we have shown that the differences influence the
records, the extreme values in particular. This comparative approach was applied in two
environments, one in Italy and the other in Canada to show the independence and applicability
of the methodology in different and contrasted climate conditions. In “Material and methods”,
we present the datasets; in “Results”, the methods; and in “Conclusion”, the results.

2 Material and methods

2.1 Study areas

In this study, the daily values of paired maximum and minimum temperature series are
analysed for two different areas: Piedmont, a region located in north western Italy, and
Gaspé Peninsula, a region located in the southeast of the province of Quebec in Canada
(Fig. 1).

Fig. 1 The locations selected for the study: (left) Piedmont, (right) Gaspé Peninsula
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2.1.1 Piedmont (Italy)

Piedmont covers a surface area of 25,402 km2. The region is composed of 43.3% mountainous
terrain, along with extensive areas of hills (30.3%) and plains (26.4%) (Fig. 1). The hills are
composed of Torino, the Langhe and Monferrato. The alpine mountain area is located on the
north-western Italian border, while to the east, the region is occupied by the Po Plain (Terzago
et al. 2012).

The climate is continental, but the Alpine zones > 1500 m above mean sea level
(AMSL) have a typical high mountain climate. Rainfall varies depending on the altitude
and the orientation of the mountain slopes: annual precipitation is > 2000 mm in the
Alps and in the hills but about 800 mm on the plain (Baronetti et al. 2018). Further-
more, frequent storms make the summer the wettest season in the Alps, whereas
autumn and spring are the wettest seasons in the hills and plain. Temperatures are
hot in the summer (> 30 °C and even > 35 °C during heat waves), especially on the
plain, and the winters are cold (near 0 °C on the plain but considerably colder in the
Alps); temperatures are generally fairly mild, although they may be subject to sudden
changes when air masses from the north or north west affect the area. Following the
Köppen climate classification, Piedmont is classified as continental temperate, Cf, in
the plain, and in the Alps, it is classified as cold temperate, Cw (Fratianni and
Acquaotta 2017).

2.1.2 Gaspé Peninsula (Canada)

The Gaspé Peninsula covers a surface area of approximately 30,300 km2 and is located in
the southeastern part of the province of Quebec in Canada. The relief is relatively flat
near the coast and at the bottom of the valleys, while the centre of the peninsula is made
up of mountains that are part of the Monts Notre-Dame which represent the Quebec
portion of the Appalachian Mountains (Capers et al. 2013). Mean annual temperatures
(based on the normal from 1981 to 2010) vary from 8.9 to 7.3 °C for the maximum and
from − 3.2 to 0.1 °C for the minimum depending on elevation and distance from the sea.
Total precipitation received in the study area varies between 933.2 and 1195.1 mm (733–
811 mm fall as rain and 269.4 to 387.6 cm as snow) (Environment Canada 2018).
According to the Köppen climate classification, the study area can be classified as a
humid continental climate (Dfb), which means there is an important seasonal temperature
difference. Usually, summers are warm to hot while winters are cold. Precipitation is
common all year round.

2.2 Datasets

In the two studied areas, two independent weather networks exist and have measured
temperatures independently. For Piedmont, the first is an old network with manual weather
stations managed by the Italian Hydrographic Department and Maritime Service (SIMN),
founded in 1917 and closed in 2003. The second is a new network with automatic weather
stations managed by the Regional Agency for Environmental Protection Piedmont (ARPA),
opened in 1986. In 2002, a national law forced the unification of the two networks. ARPA is
the new national network and decided to close the SIMN weather stations located very close to
the ARPA ones. The situation is different in Gaspé Peninsula where there are two independent
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networks (provincial and national) in the study area that were launched at about the same time,
but in both cases, most manual stations have been closed or replaced by automatic stations
since the late 1980s.

The manual and automatic weather stations were divided into station pairs. The information
from parallel measurements is necessary to estimate the contribution of non-climatic changes
to the uncertainty budget.

From the two areas, we selected the weather station pairs (Table 1, Fig. 1), adopting the
criteria formulated by different authors:

– distance between the station pairs is less than 20 km (Isotta et al. 2013). We chose to use
this distance in order to correct the series by difference of latitude. The pairs of stations are
aggregated within 1° of latitude (Peterson 2003);

– elevation range is less than 50 m (Biancotti et al. 2005). The temperature lapse rate
ranging from − 0.54 to − 0.58 °C (100 m)−1 for Italy (Rolland 2003) and − 0.39 °C
(100 m)−1 for Canada (Dodson and Marks 1997). The error associated with the temper-
ature lapse rate is lesser than the maximum error, ± 0.55 °C, associated to the instrumen-
tation utilized in this study;

– overlapping period is more than 5 years (Vincent and Mekis 2009);
– exposition of the instruments and local topography must be similar for both sites. Strong

differences in topography and exposition strongly influence the nature of the frequency
distribution of temperature (Trewin and Trevitt 1996).

We have decided to follow these criteria to select pairs of stations in order to avoid
correcting data for elevation and latitude and reducing the difference due to microclimate.
The microclimate influence on temperature measurements at nearby stations is potentially
much greater than influences that might be due to latitude or elevation differences between the
station pairs (Gallo 2005). Some studies (Trewin 2005, 2010) have identified that the reloca-
tion of the stations can introduce great differences in temperature record, and that some
relocations introduce changes due to topography, elevation change or proximity to the coast.
The differences can range between 3 and 5 °C, for example, when a weather station is
relocated from a ridge to a valley. The process used to select station pairs is similar to a
“standard procedure” which a climatologist would use to create a long-term network maxi-
mizing the use of available series at the cost of introducing artificial biases related to all these
factors. In a “standard procedure”, the climatologist would use homogeneity adjustments to
minimize these biases. Here we take advantage of the parallel series to describe them and
provide valuable a-priori information, both for validation of homogeneity adjustments or for
the creation of benchmark datasets (Willett et al. 2014; Williams et al. 2012). As our pairing
criteria tries to minimize all the other biases, we highlight the effect of the measuring system
change, i.e. from MWS to AWS.

A preliminary quality control (QC) was carried out on the selected weather stations to
highlight the incorrect values. The QC shows the values of daily maximum temperature that
are lower or equal to minimum daily values, the periods with at least four consecutive days
recording the same temperature and the outliers (Alexander and Herold 2015). The outliers
were identified from data that exceeded the 99th/1sh percentiles calculated on daily series of
maximum and minimum temperatures. These values were then rechecked in the original
records and compared with neighbouring stations if the analysed series had a reference series
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within a distance of 20 km. Moreover, the missing data were identified directly on the original
datasets. The series with more than 20% of daily missing data in the analysis time period were
discarded (Giaccone et al. 2015). The QC identified only a small number of errors. For
example, in Piedmont, some days were flagged as outliers but the verification process
confirmed their correctness. In fact, these suspicious values were affected by foehn episodes
that increase the temperatures in some valleys (Fratianni et al. 2009; Fazzini et al. 2004).

Following the QC on the series, a historical research and a homogeneity test were
carried out to identify any break or discontinuity in the series. Among the many
homogenisation methods found in the literature (e.g. Alexandersson and Moberg 1997;
Peterson et al. 1998; Della-Marta and Wanner 2006; Auer et al. 2007; Mestre et al. 2011),
we have chosen the RHtestsV4. We have employed this method because it works for
periods of less than 20 years and it can carry out with or without the use of a reference
series (Fortin et al. 2017; Wang and Feng 2013). RHtestsV4 was used to detect the breaks
(shifts or change points) in our candidate series without the presence of the reference
series. The test is based on the penalized maximal F tests which allows the time series
being tested to have a linear trend throughout the whole period of the series with the
annual cycle, linear trend and lag-1 autocorrelation of the base series being estimated in
tandem through iterative procedures, while accounting for all the identified mean shift
period of data record (Wang et al. 2007; Wang 2008a; Wang 2008b). This test was applied
on monthly series.

The series with a discontinuity in the overlapping period were removed from the study. The
RHtestsV4 carried out on the series did not show breaks or discontinuities in the overlapping
period.

2.2.1 Piedmont dataset

In Piedmont, 4 pairs of stations were selected (Table 1 and Fig. 1) within the two independent
networks, SIMN and ARPA.

The SIMN stations used a TM26000 thermograph or a thermometer at maximum with
mercury and at minimum with alcohol. In the TM26000, the temperature-sensing element is a
bimetallic lamina. The deformations of the lamina are transmitted to a recording system that
writes on diagram paper. Every degree of temperature variation is equivalent to a shift of
1.5 mm on the diagram. The measure range is 55 °C with a precision of ± 1% (± 0.55 °C) for
the entire scale. The thermometer with mercury is a direct reading. The scale is in degrees
Celsius, °C, with an error of ± 0.5 °C.

The two instruments are located in a Stevenson Screen at a height of 1.5 m from the ground.
The ARPA stations have a TU20AS CAE thermo-hygrometer. In this instrument, the

sensing elements consist of an electrical resistance with a resolution of < 0.02 °C and a
precision of ± 0.2 °C on the whole scale, from − 40 to + 60 °C. Two of the stations,
Piedicavallo and Locana, use a TA20AS thermometer with a resolution of < 0.02 °C and a
precision of ± 0.3 °C on the whole scale, from − 40 to +60 °C. The instruments are located a
height of 2 m from the ground.

2.2.2 Gaspé Peninsula dataset

Two pairs of stations were selected in the Gaspé Peninsula (Table 1 and Fig. 1). They
belong to two networks: ENvironment CAnada (ENCA) and the Ministry of
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Sustainable Development, Environment and Fight against Climate Change (MSDEFCC
2017). The MSDEFCC and ENCA networks use either manual stations with observers
or automatic stations. The MSDEFCC manual station use a Zeal thermometer at
maximum with mercury and a Zeal thermometer at minimum with alcohol with a
precision of ± 0.05 °C on the whole scale. The instruments are located in a Stevenson
screen, 1.5 m from ground (Lepage and Bourgeois 2011; Environment Canada 2018).
The MSDEFCC automatic stations use a Vaisala thermistor (432A HANDAR) with an
accuracy of ± 0.2 °C on the whole scale, from − 40 to + 60 °C plugged into a data
logger. The ENCA automatic weather stations recorded hourly maximum and minimum
temperatures with a Vaisala thermistor (Model HMP35C, with an accuracy of ± 0.4 °C
on the whole scale from − 40 to + 60 °C) installed in a solar shield and plugged into a
data logger to record data.

A metadata file was created for each pair of weather stations. In the files are the
location of the weather stations, the latitude, the longitude, the altitude, the type of
instrumentation, any changes in location or in instrumentation (metadata), the difference
in elevation, the distance between the two stations and the overlapping period. Photo-
graphic documentation and maps with different levels of detail were used to complete the
information.

In this study, the automatic ARPA and ENCA series were called automatic weather
station, AWS, because the two networks are more recent while the manual SIMN and
MSDEFCC series were called manual weather station, MWS, because the two networks
are older.

All temperature measurements were performed by a proxy and correlated with the
reference measurement regardless of whether the measurement was from a maximum
thermometer with mercury and a minimum thermometer with alcohol or measurements
from a resistance thermometer (TM26000, CAE TU20AS, 432A HANDAR,
HMP35C). Calibration, under highly controlled conditions, leads to a comprehensive
assessment and definition of component balances to assess uncertainties as well as
overall values, depending on the type of sensors used. When used in the field, a
thermometer used to measure air temperature actually measures the instantaneous
mixture of convective, radiation and conduction heat transfer. All these thermodynamic
effects are difficult to correct and the measurement of daily fluctuations in air
temperature is generally unstable. Indeed, sensor dynamics can introduce differences
due to inertia and delayed response and may not be taken into account (Bertiglia et al.
2014; Grykalowska et al. 2015).

On the other hand, there are also two broad categories of instruments: those where air
is artificially aspired, used by AWS, and those where air is not aspirated, used by MWS.
For those where air is artificially aspirated, the measurements indicate a considerably
lower sensitivity for the most frequent weather conditions, provided that they are
adequately protected against direct and indirect radiative effects. They may also tend
to read slightly higher temperatures during the day due to imperfect radiation or thermal
contact protection and measurements that are slightly lower during the night due to the
cooling effects of condensation of the aspired air. The range of measured values, whether
aspirated or not aspirated, probably gives different error characteristics according to the
meteorological networks. Nevertheless, these errors, associated with the instruments,
essentially depend on the climate. We therefore decided not to dissociate them from
our analysis (Thorne et al. 2016).
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2.3 Methods

The approach implemented for the comparison between the station pairs is divided in four
parts: (1) statistical characterization of the daily series of maximum (Tx) and minimum
temperature (Tn) and the QC on the difference series; (2) verification of the homogeneity of
the difference series, MWS-AWS; (3) comparison between the monthly series of Tx and Tn;
and (4) seasonal comparison between the type of events, heat wave, cold wave and normal
events.

2.3.1 Statistical characterization

In the first step, for each raw series and for the daily difference series, MWS-AWS, we provide
descriptive statistics: mean, median and first and third quartiles, and minimum and maximum
values were calculated and missing values were identified.

For each pairs of series, the t test, the Kolmogorov-Smirnov test and the Wilcoxon’s rank-
sum test were carried out (Guenzi et al. 2017). The t test and the Wilcoxon’s rank-sum test
(Lejeune et al. 2015) explore the statistical similarity of the means and the Kolmogorov-
Smirnov test shows if both series are drawn from the same distribution (Pauli et al. 2007). For
all the tests, we used a p = 5% significance level.

Furthermore, the root mean squared error, RMSE, and the correlation coefficient by
Kendall’s method were calculated for each pair of series. The RMSE is interpretable as a
typical error between the two recordings, and the correlation coefficient measures the associ-
ation between the two series (Vincent et al. 2018).

For the daily difference series, Dif, we selected only the values ranging between ± 5 °C.
Differences greater or lesser than ± 5 °C are considered excessive between the pairs of series
and show an error in the measurements of the temperature in one station, be it manual or
automatic (Squintu et al. 2019).

To ensure a fair comparison between the members of each pair, if missing values were
found in one series, they were then also removed from its counterpart (Hubbard and Lin 2006;
Acquaotta et al. 2016). We also removed the days with differences greater or lesser than ± 5 °C
to avoid the use of incorrect values.

2.3.2 Breaks in the differences

In the second step, we checked the homogeneity of the monthly differences series, MWS-
AWS, by RHtestsV4 without a reference series (Wang and Feng 2013) to show any bias
between the pairs of series. If a difference series had a break, the pairs of series were divided
into two periods, before and after the break. Step 3 and step 4 were repeated in the new periods
and the results, before and after the break, were compared.

2.3.3 Monthly comparison

In the third step, the monthly relative ratio (RR), for each pair of series, was calculated, as well as

RRi; j ¼ jMWSi; jj=jAWSi; jj
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MWSi,j monthly values for manual weather station
AWSi,j monthly values for automatic weather station
where i indicates the month and j indicates the year.

Values of RR > 1 indicate an overestimation of monthly minimum (maximum) series of the
MWS, 0 ≤ RR < 1 highlights an underestimation of monthly minimum (maximum) series of
the MWS while with RR = 1, the pairs of series recorded the same monthly temperature. If
|AWSi,j| is equal to 0.00 °C, we established that RR equals missing data, NA. The trend was
also calculated for the monthly RR series. The slope was calculated to establish if the ratio
between the pairs of series increases, decreases or is constant. The trends were calculated using
Yue Pilon’s method (Yue et al. 2002). The slopes were estimated with the TSA, Theil-Sen
Approach. The Mann-Kendall test was then applied to assess the significance of the trend. For
the pairs of series with a break in the differences, the trend was calculated only for the periods
greater than 5 years.

2.3.4 Seasonal class analysis

In the fourth step, the seasonal class analysis, the daily series were divided into 5 classes:
extreme cold (EX_C), cold (C), mean (M), warm (W) and extreme warm (EX_W), by
percentiles (Table 2). The class analysis was carried out on a seasonal scale. The daily series
were divided into 4 seasons: winter (W), January, February and December; spring (Sp), March,
April and May; summer (S), June, July and August; and autumn (A), September, October and
November. For each season, the percentiles were estimated by combining the daily series pairs
(manual and automatic).

For each series and for each season, the frequency of values falling in each class, obtaining
the proportion corresponding to each sensor (MWS and AWS), was calculated.

3 Results

We have selected 6 pairs of stations: 4 in Piedmont and 2 in Gaspé. Overlapping period ranges
between 6 years for Bra and 14 years for Cumiana. On average, the missing values are 6% of
the daily data. The distance, on average, is 2.6 km, and the difference in elevation, on average,
is 17 m.

The 6 pairs of stations were divided into two groups: station pair with breaks in the monthly
difference between MWS and AWS and station pair without breaks (Table 1).

Table 2 Ranges of the five temperature classes

Class Range

EX_C X ≤ 05th p
C 05th p <X ≤ 20th p
M 20th p <X ≤ 80th p
W 80th p <X ≤ 95th p
EX_W 95th p <X

The thresholds were estimated for each season from a single distribution created by joining the daily manual and
daily automatic series for maximum (Tx) and minimum (Tn) temperatures. With X, we indicate the temperature
(Tx or Tn) series.
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3.1 Pairs of weather stations with breaks

RHtestsV4 carried out on the monthly difference series showed a break for Tx and Tn in only
one location (Bra), a break for Tx in two locations (Cumiana and Vercelli) and a break for Tn
in Cap-Chat-2-Cap-Chat (Table 1).

In Bra, the break showed a greater difference in the maximum temperature between the two
periods. The mean difference ranges from 1.39 °C in the first period to 1.03 °C in the second
period and the RMSE is greater than 1.5 °C in the two periods (Table 3). In the first period,
1998 to 2001, the automatic stations underestimate the events classified as warm, W, and
extremely warm, EX_W, for all the seasons. The greater differences are recorded in autumn
followed by summer. In autumn, the manual station recorded 27 extremely warm events while
the automatic station recorded only 5. In the second period, 2002 to 2003, the automatic series
underestimates the events classified as extremely cold, EX_C, for all the seasons, but the
differences in the W and EX_W events are reduced, particularly in spring and summer when
the AWS overestimates the events (Table 3).

For the Tn, in the two periods, the mean difference ranges between − 0.50 and − 0.32 °C,
and the RMSE is near 1.0 °C. The comparison between the two stations shows little change in
the two periods. The AWS underestimates the events classified as EX_C and C. The difference
between the two periods increases in the winter and the spring for EX_C events, and reduces in
the summer and the autumn.

The locations where there is only a break for Tx (Table 3) show an increase in the difference
during the second period. This increase is found in all the variables. For example, the mean
ranges are between − 0.45 °C for Cumiana and − 0.60 °C in Vercelli during the first period,
while in the second period, the mean ranges are between − 1.13 °C in Vercelli and − 1.51 °C in
Cumiana. In the class analysis, the greater differences are found in the extremely cold and
extremely warm events. For Cumiana, the differences increase in particular in the extremely
warm events and in the extremely cold events. For the EX_C in the first period, the automatic
station recorded a lesser number of events, on average − 21%, while in the second period, it
was − 54% of events. For the EX_W, the behaviour changes. In the first period, the automatic
station recorded + 40% of events, while in the second period, it was + 69% on average
(Table 3). Also in Vercelli, the main difference between the two periods is in the EX_C and
EX_W. The greatest differences were recorded in winter, during the second period. The AWS
recorded 16 EX_C events while the MWS recorded 39 events.

For the Cap-Chat-2-Cap-Chat pair where the break is only for Tn, in the second period,
from 2011 to 2014, the difference increases (Table 3). The greater difference is in the mean that
ranges between − 0.55 and − 1.08 °C while the RMSE changes from 1.82 to 2.03 °C. For the
class analysis, the greater change is for the events classified as EX_W. In the first period, the
AWS recorded fewer events in winter, spring and autumn, while in the second period, it was
only in the winter. For the events classified as EX_C, the AWS recorded a lesser number of
events in all the seasons except for autumn in the second period, where the two stations
recorded an equal number of EX_C events.

3.2 Pairs of weather stations without breaks

The pairs of stations without breaks are 3 for Tn, Cumiama, Oropa and Bonaventure-New
Carlisle, and 3 for Tx, Oropa, Bonaventure-New Carlisle and Cap-Chat-2-Cap-Chat. It was
possible to select pairs of stations, Cumiana and Cap-Chat-2-Cap-Chat, with breaks in Tx or in
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Tn, because the MWS used two different instruments: a thermometer with mercury for Tx, and
a thermometer with alcohol for Tn. Vercelli was deleted because the MWS and AWS used a
single instrument for Tx and Tn.

For the series of minimum temperature, Tn, the comparison shows values of RMSE greater
than 1.4 °C. The maximum value, 2.24 °C, was calculated for Bonaventure-New Carlisle. As
for the mean difference, it shows lesser values. The mean ranges between − 0.47 °C for
Cumiana and 0.52 °C for Oropa. The different results between RMSE and mean values are due
to the events classified as M in the series pairs that correspond to 60% of the daily data.

In the class analysis for EX_C, extreme cold, in Oropa and Bonaventure-New Carlisle, the
automatic stations recorded a greater number of events while in Cumiana, they underestimated
the events, especially in the winter when the AWS recorded 21 EX_C events while the MWS
recorded 90 EX_C events. For EX_W, class, the AWS underestimates the events except for the
Bonaventure-New Carlisle station pair (Table 4).

For the Tx, the RMSE has a range between 1. 87 and 2.17 °C while the mean varies
between − 0.75 and − 0.49 °C. Only in Cap-Chat-2-Cap-Chat did the statistical tests show the
same mean and the same median for the pairs of series (Table 4). The trend of RR exhibits
statistically significant slopes in one location, Oropa (Table 4). It identifies gradual overesti-
mations of maximum temperature by the automatic station.

In the class analysis, the greater differences are calculated for EX_W events. In Oropa and
Cap-Chat-2-Cap-Chat, the AWS overestimates the number of events, especially in autumn for
Oropa, + 75%, and in summer for Cap-Chat-2-Cap-Chat, + 58% (Table 4). In C and M classes,
the AWS underestimates the events (Table 4).

In Table 5, we report the mean season values calculated from the monthly median
values for maximum and minimum difference series (MWS-AWS). For Tn and Tx in the
major of seasons, the AWS overestimate the temperature except in Oropa for Tn. In Oropa,
the AWS underestimates the Tn in all season (Table 5). This behaviour is identified in the
season class analysis where in W and Ex_W, the MWS recorded a greater number of
events, in average + 32% of events, while in Ex_C and C the, MWS underestimates the
events, in average − 22% of events. For Tn, the greater differences are calculated in
Cumiana in winter. The difference is equal − 1.30 °C (Table 5). For this location, the class
analysis shown an overestimation for AWS in M, W and Ex_W class that corresponding
85% of events. For Tx, the automatic series overestimates the maximum temperature in the
major of seasons and locations excerpt in Cap-Chat-2-Cap-Chat in winter (Table 5). In
Cap-Chat-2-Cap-Chat, the manual stations recorded greater Tx only in the winter. For this
location, the class analysis shows an overestimation of events for MWS in M and W class
(Table 4) that correspond 76% of analysed events. For Tx, the greater difference was
calculated in Cap-Chat-2-Cap-Chat in summer, − 1.60 °C, following by Oropa in winter, −
1.32 °C.

In the two locations, Cap-Chat-2-Cap-Chat and Oropa, the AWS recorded a greater number
of events classified as W and EX_Wand underestimated the events classified Ex_C, C and M
(Table 4) underlining that the AWS overestimated the maximum temperature. These differ-
ences are also highlighted by the RMSE (Table 4).

To highlight the importance of the difference between the two pairs of stations, we
calculated four indices by RClimDex (Zhang and Yang 2013) for the daily temperature
series of Oropa AWS and Oropa MWS. The daily series starts on 1937 January 01 and
finishes on 2002 December 31. For Oropa AWS, the series has a break in 1995 when the
automatic weather station was added, while for Oropa MWS, the series has no break
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(Acquaotta et al. 2009). The indices calculated are summer days, SU2, annual number of days
where Tx ≥ 25 °C; frost days, FD = annual number of days where Tn ≤ 0 °C; cool nights, Tn10p
= percentage of days where Tn > 90th percentile calculated on reference period, 1961 to 1990;
and warm days, Tx90p = percentage of days where Tx > 90th percentile calculated on the
reference period, 1961–1990. In Fig. 2, we plotted the behaviour of the indices and calculated
the trends by TSA. For FD and Tn10p, the trends are statistically significant and decrease but
with different coefficients. Also, for SU25 and Tx90p for Oropa AWS, the trends are statisti-
cally significant and increase, but for Oropa MWS, they are not statistically significant and
equal to zero for SU25 and equal to 0.05 for Tx90p (Fig. 2).

Table 5 The mean season values calculated on median monthly values for minimum temperature, Tn, difference
series and for the maximum temperature, Tx, difference series

Winter Spring Summer Autumn

Tn
Oropa 0.44 0.64 0.40 0.33
Bonaventure-New Carlisle 0.39 − 0.18 − 0.25 0.06
Cumiana − 1.30 − 0.50 0.28 − 0.21

Tx
Oropa − 1.32 − 0.36 − 0.58 − 0.97
Bonaventure-New Carlisle − 0.18 − 0.92 − 0.89 − 0.18
Cap-Chat-2-Cap-Chat 0.26 − 0.85 − 1.60 − 0.32

The positive mean, italicized entries, equal an overestimation of the manual series, and negative median, in bold,
equal an overestimation of automatic series
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Fig. 2 The behaviour of indices calculated on Oropa AWS, dashed line, and on Oropa MWS, from 1937 to 2002.
Top left cool nights, Tn10p; top right warm days, Tx90p; bottom left frost days, FD; and bottom right summer
days, SU25. For each series, the linear trends are calculated, dashed line for Oropa AWS and black line for Oropa
MWS. In the legend, the coefficient and the intercept are reported. The statistically significant trends are indicated
by an asterisk symbol
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4 Conclusion

The pairs of weather stations studied in this article were selected due to their similar
characteristics in terms of exposition, surrounding environment and station history, as well
as absence of breaks or discontinuities and metadata in the overlapping period.

In the first step, we selected 6 pairs of stations: 4 in Piedmont and 2 in Gaspé Peninsula.
In 4 pairs of stations (Bra, Cumiana, Vercelli and Cap-Chat-2-Cap-Chat), the

RHtestsV4 identified breaks in the monthly difference series, MWS-AWS, indicating a
change in the surrounding conditions or in the operation of the instruments. The historical
research had not highlighted any metadata so the breaks can probably be attributed to the
instruments. Only in one location, Bra, did we identify a malfunction in the manual
thermometer for maximum temperature because it recorded an excessive number of
extremely warm events. In the other locations, it was not possible to identify the malfunc-
tion of a specific instrument.

The analysis carried out on these locations helps us identify some common features. In all
pairs of stations, the greater differences observed concerned the events classified as extremely
warm, EX_W, or extremely cold, EX_C. The extreme temperature measurements seem to be
more sensitive to changes.

The analysis does not show a clear relationship for the Tn. In some cases, the
manual stations recorded higher minimum temperature, and in others, it was the
automatic stations. It is not possible to identify a common behaviour for the class
analysis either. For the Tx, the study highlighted a common behaviour. The AWS tends
to record warmer values of temperature and these weather stations are more sensitive to
extreme temperature measurements following the features indicated for the aspired
instruments that may tend to read slightly high during the daytime due to imperfect
shielding from radiation or thermal contact.

The results of this study indicate how the record of the variables can affect measured values.
A change of instrumentation can create non-climatic variations in temperature recording. The
greater effects of the change in these two networks (Piedmont and Gaspé Peninsula) are
identified in the measurements of extreme temperatures and, consequently, in the analysis of
extreme events. The use of data under- or overestimating the values of the temperatures could
significantly bias the calculation of climatic indices such as the number of days where very hot
or very cold temperatures are recorded, for example, as well as the trends of these indices over
the time.

Furthermore, other efforts like this could help the evaluation of daily data homogenisation
methods. Knowing real biases helps understand if computed biases are realistic and improve
the homogenisation test.

An accurate historical research, quality control and an adequate overlapping period between
two instruments can reduce the errors in the series in order to perform better climate analyses.
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