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Abstract

The article presents a recent update of a comprehensive dataset of long-term
series of precipitation data from instrumental observations in the Greater Alpine
Region (GAR), that is, the region of Europe including the Alpine mountain
range and their nearer surroundings (4°-19° E in longitude and 43°-49° N in
latitude). A comparison to different national homogenized datasets is also pre-
sented. Results show that in the national homogenized datasets more breaks
have been detected due to higher station density. They also demonstrate the
necessity of constant exchange with data providers. The resulting trends in all
datasets are mainly weak and only a minority of them is statistically significant.
In most cases the similarity of statistical index numbers are promising, with, for
example, small RMSE between the presented new HISTALP homogenization
and the time series of the national homogenized datasets. Nevertheless, for some
stations higher differences occur and break signals are not what would be
expected due to possible causes in the station history. The differences between
the national and the HISTALP new homogenization—due to, for example, dif-
ferent methods used, different points in time when the homogenization took
place, different options of data handling (combination of station data, gap filling
routines, ...) and different reference stations—illustrate the inherent uncertainty
unavoidably associated to homogenization and point out the need of careful
communication and use of the data. On the other hand, the results highlight the
advantage of consistently homogenized datasets, versus the risks associated with
mixing results from different homogenizations.
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1 | INTRODUCTION

In the last decades, climate change has been increasingly
brought by the scientific community to the attention of
the society, in particular to policymakers, as one of the
most urgent societal challenges and a threat to human
wellbeing and health of the planet (IPCC, 2021).

Scientific evidence of past and present trends has
increasingly been provided by analysing reliable datasets
from extensive instrumental observations. This reliability
is granted by the fact that most of those observations
have been performed on a regular and standardized basis
in the last two centuries. Also, projections of future cli-
mate scenarios heavily rely on datasets from observa-
tions, as a basis for model testing.

Although modifications of the earth’s climate have
been shown to occur at global level, yet changes are known
to exhibit different intensities and variable rates for differ-
ent regions of the world. This implies that specific impacts
may be quite different for different regional systems (cf.,
IPCC, 2021, Chap. 10). In particular, extended mountain-
ous regions have been shown to be affected by peculiar,
and sometimes amplified, changes (Beniston, 2003).

Among these mountainous regions, the Alps are one
of the most extensively investigated ranges, since more
than one century (Barry, 2008; Volkert, 2009). They are
quite centrally located in Europe, and act as a natural
barrier between the inner continent and the extended
Mediterranean area. Comprehensive overviews on the
Alpine climate, including its major drivers and feedbacks
to larger-scale flow conditions, has been provided by
Schir et al. (1998) and Gobiet et al. (2014). Being an area
rich in natural resources, the Alps are densely populated
in most of their parts. With elevations ranging from mean
sea level to more than 4800 m, the Alps are subjected to a
strong topographic variety. Accordingly, the spatio-
temporal variability and long-term changes of the Alpine
climate, along with their impacts on various natural and
socio-economic sectors, have been extensively investi-
gated for a long time by analysing a large number of
essential climate variables (e.g., Auer et al., 2005, 2007;
Beniston & Jungo, 2002; Brunetti, Maugeri, Monti,
et al., 2006; Brunetti, Maugeri, Nanni, et al., 2006;
Brunetti et al., 2009; Giorgi et al., 2016; Haeberli &
Beniston, 1998; Marty et al., 2017; Matiu et al., 2021;
Scherrer, 2020). These studies greatly benefited from hav-
ing in the Alps some of the world's longest standardized
observational time series of climatic parameters and a
comparatively high-density observational network (Hiebl
et al., 2009; Isotta et al., 2014; Schir et al., 1998).

However, a well-known criticality affecting long time
series of data from instrumental observations consists in
discontinuities due to changes in either instruments, or

observers, or methods of observation, or setup and location
of stations (WMO, 2020). To overcome these problems,
various methods have been proposed to homogenize the
series.

Homogenization is a main process trying to improve
the usability of time series for long-term climate change
assessment. It aims to make data temporally homogeneous,
that is, to reduce the effects of non-climatic signals to get a
better estimate of climatic change (whether forced or due to
internal variability). By the use of neighbouring reference
stations also spatial consistency is addressed. Beside widely
used methods available since the beginning of homogeniza-
tion, such as the Craddock (1979) test, a variety of other
techniques have been recently developed or improved: these
include MASH (Szentimrey, 2017), HOMER (Mestre
et al., 2013), ACMANT (Domonkos, 2021), Climatol
(Guijarro, 2021), PMTred (Van Malderen et al., 2020) and
IGN-AgroParisTech Method (Van Malderen et al., 2020).
These methods differ among them not only in the statistical
approach, but also in the data temporal resolution that is
required as input (daily, monthly). Many comparisons of
the various techniques, in different versions, applied to dif-
ferent variables (i.e., temperature, precipitation, etc.) and
for different resolution have been performed during the last
years (Domonkos, 2011; Domonkos et al., 2012; Ribeiro
et al., 2016; Venema et al., 2012). While some of them
focused on break detection algorithms, others focused on
the characteristics of the final time series. They show that
all methods used in this field there are based on reliable
grounds. The choice of one method rather than another in
the different organizations is usually made for subjective
reasons, according to specific situations. Additionally, dur-
ing the last years, the number of available homogenized
datasets has increased: most countries have collected new
series and have set-up updated and improved national data-
sets of homogenized series, for example, also in connection
to the current climate normal period 1991-2020 and the
possible comparisons between different climate normal
periods (e.g., Auer et al., 2010; Brunetti, Maugeri, Monti,
et al, 2006; Izsak, Szentimrey, Lakatos, Pongricz, &
Szentes, 2022; Marcolini et al., 2019; Nemec et al., 2012).
This progress allows comparing the new version of the HIS-
TALP dataset with the different homogenized national data-
sets, offering organizations a possibility to evaluate their
own homogenization effort, as well as assessing part of the
uncertainties associated with homogenization procedures.

Among the various datasets produced in the last
decades, the HISTALP archive stands out as a pan-alpine
dataset of long-term climate data, containing time series
from many stations disseminated within the Greater
Alpine Region (GAR, 4-19° E, 43-49° N). It was created
as a result of a number of national and international
projects between 1997 and 2008 (e.g., Aschwanden
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et al., 1996; Auer, 1993; Auer et al., 2001a, 2001b, 2001c;
Auer et al., 2005, 2007; Begert et al., 2005; Bohm, 1992;
Brunetti et al, 2000; Brunetti, Maugeri, Nanni,
et al., 2006; Buffoni et al., 1999; Gajié-éapka &
Zaninovi¢, 1997; Gisler et al., 1997; Herzog & Miiller-
Westermeier, 1998; Likso, 2004; Maugeri & Nanni, 1998;
Zaninovi¢ & Gajic’-éapka, 2000). HISTALP was one of
the first international databases with homogenized data
and encouraging cooperation for sharing and exchanging
data between national and sub-national administrative
entities. HISTALP is still a frequently used dataset in
research (e.g., Haslinger & Mayer, 2022; Laimighofer &
Laaha, 2022; Serra et al., 2022; Valler et al., 2021) as well
as in education. It consists of monthly means/totals and
therefore derived seasonal and annual values. Part of the
time series extend back to 1760 for temperature and air
pressure and to 1800 for precipitation. Regular updates
are done on an annual basis. While adaptations were
done to adjust for station relocation, in order to keep the
dataset as homogeneous as possible after the first homog-
enization process was finished (Auer et al., 2007), a thor-
ough re-homogenization seemed necessary.

This proved also beneficial to consider changes in net-
work conditions and results from more recent data-rescue
initiatives and to revisit the original time series. This check
pointed out differences between the HISTALP time series
and the corresponding ones in the national databases. These
differences may be due to later quality-control checks, differ-
ent data sources or a pre-homogenized data version that was
provided to the original HISTALP dataset. Finally, as HIS-
TALP has become a widely used dataset in a broad commu-
nity of users, a thorough analysis of the new version seemed
necessary to make users aware of the differences and their
possible impact on the analyses. This article focuses on pre-
cipitation, as this variable is used for the Copernicus dataset
LAPrec  (https://surfobs.climate.copernicus.eu/dataaccess/
access_laprec.php).

The article is organized as follows: changes in the sta-
tion network are presented in Section 2, while Section 3
provides information on the homogenization methods
used; in Section 4, the results of the homogenization and
comparisons to the former HISTALP version as well as to
national datasets are presented and in Section 5, results
are discussed and some conclusions are drawn.

2 | STATION NETWORK

The HISTALP dataset version described in this article dif-
fers from the original one (Auer et al., 2001a, 2001b,
2001c, 2005, 2007; Bohm et al., 2001), as to the station
network. These changes originated from a variety of fac-
tors, such as the establishment of a Swiss National Basic

of Climatology

Climatological Network, changes in the data providers in
Italy, correction of the original HISTALP data by the data
providers (e.g., France). The main changes affecting the
stations are summarized in Figure 1. More than 70 sta-
tions have been added, 24 of them in Switzerland, 9 sta-
tions in Switzerland where removed and for 60 stations
the original data has been modified. It has to be noted
that not all of the provided data, referring to stations
shown in the graphic, have finally been included in the
homogenized dataset or used for homogenization, in par-
ticular those which had too short time series (see
Section 3.1.1.). However, the final homogenized dataset
does not differ significantly in the number of stations
(besides Switzerland) or data length. Some stations that
had been included in HISTALP already, or were addition-
ally provided, were removed from the dataset due to diffi-
culties during the homogenization (see Section 3 for
further details). Stations from Switzerland have been
provided as already homogenized data (https://www.me
teoswiss.admin.ch/climate/climate-change/changes-in-te
mperature-precipitation-and-sunshine/homogeneous-dat
a-series-since-1864/homogenization-of-series-of-climatic-
measurements.html (last visited 24 July 2023), Begert
et al., 2005). The distribution of the stations contributing
to the new dataset of homogenized HISTALP precipita-
tion series is shown in Figure 2, and stations’ characteris-
tics are provided in Table 1.

3 | METHODS

3.1 | Homogenization
3.1.1 | HISTALP
New approach

Homogenization of the HISTALP dataset was performed
using HOMER (Mestre et al., 2013). This method was
developed as a result of the COST-Action ES0601 on
Homogenization (Venema et al., 2012) combining best
performing methods (Venema et al., 2012), such as PRO-
DIGE (Caussinus & Mestre, 2004), ACMANT
(Domonkos, 2011), and the joint segmentation method
cghseg (Picard et al., 2011). The procedure implemented
in HOMER requires that stations are divided manually
into networks. As a consequence, a candidate series is
checked using as reference only series included in its net-
works. The final decision on which stations within the
network are to be chosen as reference stations for homog-
enizing the candidate series is made automatically, based
on the number of reference stations (at least 5) and on
the correlation of the first order difference time series
between the candidate series and the potential reference
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update, including changes in
data sources). [Colour figure can
be viewed at
wileyonlinelibrary.com]

FIGURE 2 Station
distribution in the different sub-
networks used for
homogenization. Stations are
grouped according to the four
climatic sub-regions of the
Greater Alpine Region outlined
in Auer et al. (2007). Network
1—sub-region NE, network 2—
sub-region NW, network 3—
sub-region SE, network 4—sub-
region SW. [Colour figure can be
viewed at
wileyonlinelibrary.com|
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station (>0.6). If too few reference stations fulfilling the
correlation criteria are available in the network, then sta-
tions with lower correlation are used to complete the
required minimum number of reference stations. For
the HISTALP homogenization procedure, stations were
grouped into networks, outlined by applying Principal
Component Analysis (PCA) to annual time series for dif-
ferent parameters focusing on the first four leading EOFs
for each element (Auer et al., 2007). Based on those
results the final regionalisation was defined. By this
method the main climatological areas of the Alpine
region are distinguished, separating the area north and
south of the Alpine ridge as well as the oceanic influ-
enced western and continentally influenced eastern part

of the region.

g

network 3 ® network 4 X

For the identification of breaks a pairwise detection
procedure was applied, based on maximum likelihood
method optimal segmentation with dynamical program-
ming (Hawkins, 2001), named ‘C&L (Caussinus and
Lyazrhi) criterion’ (Caussinus & Lyazrhi, 1997). In order
to be identified as such, a break has to be detected by
more than 50% of the reference stations, whereby the
break does not have to be detected in the same year in all
stations, but only in a temporal vicinity. For the homoge-
nization of some stations, for which it was not possible to
identify a sufficient number of reference stations within
the main networks, specific networks were created
(Table 1). For those stations the result of the homogeni-
zation in their own network was used as the original time
series for a second round of homogenization within the
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main network. No further breaks were included in these
time series.

For adjusting the data, the multiplicative model was
used as customary with precipitation data (see e.g., Auer
et al., 2005; Peterson et al., 1998 and Brunetti, Maugeri,
Monti, et al., 2006; Brunetti, Maugeri, Nanni, et al., 2006,
to mention few). The adjustment factors were calculated
using a two-factor analysis of variance model without
interaction (called ANOVA) (Mestre et al., 2013), assum-
ing a constant station effect between breaks. As series
from Swiss stations were provided as already homoge-
nized, no further homogenization was made on them,
and they were only used as reference stations.

Original approach

The HISTALP station data were originally homogenized
using the HOCLIS system (Auer et al., 2005), which is a
relative homogenization method. Part of the data the
homogenization was done on has been prehomogenized
by the data providers beforehand. For each station, a
homogenization network was defined including up to
10 reference stations. A correlation higher than 0.5 was
requested for a candidate station to be accepted as a refer-
ence station. Moreover, no other breaks were allowed
around the timing of a break detected in the candidate
station. The annual course of adjustment factors was
smoothed to avoid erratic behaviour of the corrections.
CRADDOCK test (Craddock, 1979, see also Section 3.1.3)
was mainly applied for break detection, but also MASH
test (Szentimrey, 1997, 1999, 2001, see also Section 3.1.5)
and SNHT test (Alexandersson, 1986; Alexandersson &
Moberg, 1997) were used. Metadata was extensively
explored and taken into account. To avoid outliers, a
visual spatial comparison of absolute and relative precipi-
tation values was performed for each month for the
whole GAR. A total of 192 stations have been examined
and 966 breaks detected. As is the case in the current
approach as well, the number of possible reference sta-
tions is reducing the farther back in time the data
reaches.

3.1.2 | National Austrian series
homogenization

For Austrian series a homogenization of daily data was
done in 2021 for a variety of parameters, including precipi-
tation, in connection with the update of climate normal to
1991-2020. The considered time period covered 1961 to
2020. A total of 192 stations were homogenized within
12 networks, taking into account climatological and topo-
graphic aspects. The number of stations per network var-
ied between 10 and 24. The relative homogenization

method ACMANT v4.4 (Domonkos, 2021; Domonkos &
Coll, 2017) was applied, using the multiplicative data
model. The option offered by the software to distinguish
between a rainy and a snowy period in the precipitation
time series was not used due to the fact that periods of pre-
cipitation falling as purely snow are short or not existing
in most of the Austrian station. Missing values in the origi-
nal time series were set to missing again after the
homogenization.

ACMANT is an automatic, iterative system. Each sta-
tion within the network is considered candidate station as
well as a potential reference station for the other stations
in the network. Any station can be used as reference
depending on the degree of correlation with the other can-
didate stations. The reference stations are transformed into
reference composite time series (Domonkos, 2021). Those
vary during the homogenization process but are essentially
a weighted combination of the available reference stations.
Anomaly time series are used for break detection of pre-
cipitation after some quality checks, transformation and
deseasonalization. Step-function-fitting with the C&L
criterion (Caussinus & Lyazrhi, 1997) in combination with
T-Test is used for break detection. Correction is calculated
using ANOVA method (Caussinus & Mestre, 2004; Lindau
& Venema, 2018).

3.1.3 | National Croatian series
homogenization

Homogenization of the Croatian precipitation data was
conducted on 406 stations, having at least 66% of
monthly data available for the period 1960-2020. Prior to
homogenization, data were clustered into 15 regions
using hierarchical Ward's clustering method (Ward,
1963). These regions can be considered equivalent to pre-
cipitation climate regions, similar to temperature related
climate regions in Percec Tadi¢ et al. (2022). At least one
break of homogeneity was detected on half of the stations
by SNHT implemented in the R package Climatol
(Guijarro, 2019, 2021). SNHT was applied to the differ-
ences between candidate and composite reference series,
both in normalized form. The normalization was calcu-
lated by subtracting the mean and dividing the difference
by standard deviation over the entire data series. The
homogenization was applied in two stages: in the first
stage, over the overlapping windows of 120 terms sliding
forward by 60 terms allowing for the detection of the
multiple breakpoints; in the second stage, applying the
SNHT over the entire data series. Three nearest stations
were used to create reference series for each station.
When a break was identified the data following it were
retained, while the values before were corrected.
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FIGURE 3 Map of the
Hungarian stations included in
the HISTALP database: five
stations are active since 1870,
only Pépa and Budapest-Lornic
are active since 1950. [Colour
figure can be viewed at
wileyonlinelibrary.com]

3.14 | National Hungarian series
homogenization

The HISTALP database includes five Hungarian stations
active from 1870 to 2021 (namely Mosonmagyardvar, Pécs,
Sopron, Szombathely and Keszthely) and two more from
1951 (namely Papa and Budapest-Lorinc). Figure 3 shows
their locations. The five stations with longer data series
were considered in this comparison. To create the national
database (Izsdk, Szentimrey, Lakatos, Pongricz, &
Szentes, 2022) the method MASHv3.03 (Multiple Analysis
of Series of Homogenization; Szentimrey, 1999, 2017) was
used for homogenization, missing data completion and
data quality control.

MASH is a relative homogeneity test procedure based
on hypothesis testing, including data quality control and
missing data completion (Szentimrey et al., 2010). It is
an iterative procedure: the role of the series (candidate,
reference) changes in the course of the procedure, so that
finally the whole network is homogenized. For precipita-
tion a multiplicative model is used. Besides the monthly
data also seasonal and annual series are homogenized.
Break detection results in inhomogeneity information on
monthly basis. Metadata, providing possible breakpoints
(due to, e.g., changes concerning the location of the sta-
tion, measurement systems, observers) are taken into
account automatically. As the method is based on
hypothesis testing, the success of the homogenization
can be evaluated on the basis of verification tables gener-
ated automatically during the procedure. A 0.01

of Climatology

significance level was used for the homogenization of
precipitation.

3.1.5 | National Italian series
homogenization

The Italian dataset is composed of 36 series from stations
located in northern-central Italy. All the series include
more than 90 years of available data, with the longest
series covering about 215 years. They are updated to
2017, with the longest series starting before 1800.

The Italian series are a subset of the homogenized data-
set presented in Brunetti, Maugeri, Monti, et al. (2006),
whose records were updated here from 2003 to 2017. The
updating has been checked for homogeneity within a much
larger dataset including more than 3000 records.

The homogenization presented in Brunetti, Maugeri,
Monti, et al. (2006) was based on a procedure that checks
each candidate series by means of the Craddock test
against 10 reference series from stations located in the
neighbouring area. In this procedure, if most of the refer-
ence series highlight a break in the candidate series, this
is corrected under the hypothesis of the constancy of the
ratios between reference and candidate series. Specifi-
cally, only those series, which exhibit a coherent behav-
iour in the estimated correcting factors, are selected as
reference series. Then the final correcting factors are cal-
culated as arithmetic mean between those obtained for
each single reference series.
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The homogenization of the recent period (i.e., after
2003) was based on a procedure that compares each
series (candidate series) with a synthetic counterpart. In
this procedure the synthetic counterpart is calculated as
weighted mean among 10 neighbouring series (reference
series) after they have been rescaled to the same climatol-
ogy of the test series. The 10 reference series are those
with the highest weights in terms of distance and angular
weighting factors, selected among those with the corre-
sponding available data. If an inhomogeneous period is
detected in the test series, it is simply deleted (Crespi
et al., 2020; Manara et al., 2019).

3.1.6 | National Slovakian series
homogenization

The Slovakian dataset consists of two series from stations
in the southwestern part of Slovakia, identified so as to
correspond to the selection window established in HIS-
TALP. One of them is Bratislava-Koliba with observations
starting in 1857. The second is Hurbanovo with observa-
tions starting in 1872. Both stations are still active.

Data from Bratislava-Koliba before 1961 were com-
posed from a number of five stations in Bratislava with
different altitudes, slopes, urban or open locations, for
example, on the airport. Hurbanovo station is of high
quality from the point of view of its rural location and
only minor changes occurred in its surroundings. For
those stations a national homogenization with MASH
(see Section 3.1.3 for details) was performed for the
period starting in 1961 in connection with the new cli-
mate normal period 1991-2020.

3.2 | Comparison measures

Comparisons have been made on the common period
between the homogenized new HISTALP precipitation
dataset and the national homogenized datasets. The com-
parison period is individual for each time series, depend-
ing on the last available data in HISTALP (at the time the
homogenization process was done) and the homogeniza-
tion done by the national meteorological services. For
better comparability, the time series have been trans-
formed to multiplicative anomaly time series. The multi-
plicative anomaly was calculated relative to the 1971-
2000 reference period. This reference period was chosen,
as it lies within the time period of all datasets.

Trends were calculated by means of the Sen-Theil
method (Sen, 1968; Theil, 1950), using the median of all
slopes between neighbouring data points. The signifi-
cance was calculated by using the p-value of the Mann-

Kendall test (Sneyers, 1992) and a trend was defined as
significant with a p-value <0.05, representing a 95% con-
fidence interval.

In order to avoid biases caused by different timing of
homogenizations, the time-series were additionally normal-
ized to the mean of the common period of the new
HISTALP-homogenization (Equation 1). Here RR indicates
the precipitation time series, the index Ntrindicates ‘national
transformed’ time series, while N indicates national datasets
and H the homogenized HISTALP-data. The average is
marked by an overbar, and » is the number of timesteps:

RRy —
RRyy.=——=RRy ic{l,n 1
N = T KR {1,n} (1)

While the original (non-transformed) homogenized data
were used to calculate arithmetic means and standard
deviation (Equation 2), the transformed national homog-
enized time series (Equation 1) were used for RMSE
(Equation 3) and MSESS (Mean Squared Error Skill
Score, Equation 4) between those two datasets.

SD= \/ZHRRi_Q)2 (2)
n—1
MSE— \/z:;l(RRFZ ~RRy,)’ 5
RMSE) 2

MSESS results in values between 1 (highest skill) and
0 (no skill), while RMSE and sd result in mm.

4 | RESULTS
For the next chapters the following wording will be used:

« Unhomogenized data = quality controlled measure-
ment data

« Original homogenized HISTALP version = HISTAL
Porihom

« Newly homogenized HISTALP version= HIS-
TALPnew

41 | Homogenization results and
comparison to former HISTALP version

All the 244 stations included in the final HISTALPnew
dataset were homogenized using, for each station, at least
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five reference stations fulfilling the correlation criterion,
with the only exception of Bologna and Hvar, with only
three highly correlated reference stations. The median of
the number of reference stations used in networks 1, 3
and 4 was between 11 and 17, with a maximum number
of reference stations of 20-33. The number of reference
stations in network 2 was higher due to the denser net-
work of stations available in Switzerland (69 stations,
only used as reference stations). There the lowest number
of reference stations was 10, the highest 90 and the
median 70. The correlations, considering the whole
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FIGURE 4 Number of breaks taken into account in the final
dataset (histogram and left side y-axis) and number of available
stations per year (with at least 1 month of data, line and right side
y-axis). [Colour figure can be viewed at wileyonlinelibrary.com]
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common period, were between 0.6 and 1, with some
exceptions when not enough reference stations (i.e., more
than the minimum of 5) with higher correlation were
available.

In 118 out of the 175 stations for which a homogeniza-
tion was done at least one break was detected. For about
one third of those some metadata was available. In most
inhomogeneous stations only 1 break (in 47 stations) or
2 breaks (in 43 stations) were detected. The median of the
number of breaks per station was 2, the maximum was
6. Most of them were detected for stations in Austria. Gen-
erally, most of the breaks were detected at the beginning
of the 20th century (Figure 4). The reduction of detected
breaks before that period was also caused by the reduction
of available station data (Figure 4).

In general, the agreement regarding the range of
precipitation amounts of the old and new homogenized
series was rather fairly good, but for some countries the
distribution of the monthly data changed clearly. In
Switzerland, the major changes in the station network
seemed to be the cause of this. The same is true for
Slovenia, where the increase of stations led to a chan-
ged distribution of monthly precipitation sums
(Figure 6).

Trends after homogenization were mostly not signifi-
cant (Table 2). Two periods, namely 1961-2015 (223 sta-
tions) and 1900-2015 (205 stations), were analysed in
order to have a recent one, covering all the national
homogenized datasets, and a longer one, with still a high
number of stations included. The ending year 2015 was
chosen as this was the most recent in which data were
available for most of the stations. In both analysed
periods most of the trends were positive, with spring
being the only season with more negative trends in both
periods. The number of significant trends was higher in
the longer period. Compared to the unhomogenized data

TABLE 2 Overview of the trends in the homogenized series.

Period Season Positive Significative positive Negative Significative negative

1961-2015 Spring 69 0 148 3
Summer 126 7 89 10
Autumn 194 8 27 0
Winter 59 0 158 3
Year 136 9 82 7

1900-2015 Spring 89 9 112 28
Summer 110 13 88 3
Autumn 114 3 86 0
Winter 119 25 83 10
Year 116 29 86 19

Note: Numbers provide the amounts of stations within the respective criteria, as indicated in the column titles.
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FIGURE 5 Annual trend of
absolute values after
homogenization in mm/decade
for those stations covering the
complete period 1900-2015. Due
to difficulties in the update of
Italian stations because of
station closures the number or
stations is lower in this area.
[Colour figure can be viewed at
wileyonlinelibrary.com]
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the number of significant trends was reduced by the
homogenization. While in the long period the number of
positive trends increased after the homogenization in all
seasons, this was only the case for annual and autumn
season in the short period. Comparing the former
(HISTALPorihom) to the current homogenization results
(HISTALPnew), changes in the trend directions took
place at about 20-40 stations depending on the season

and period. Those trends are statistically insignificant in
both homogenizations with only in some seasons single
stations having a significant trend slope in one of the ver-
sions. Looking at annual trends of HISTALPnew, the
negative ones were mostly located in the south-eastern
region of the HISTALP area, while slightly positive trends
could mainly be found in the northern part of GAR (see
Figure 5 for the 1900-2015 trend distribution). The
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spatial structure of trends was similar to that found in
the previous homogenization (not shown).

Absolute trends range from —26 to 13 mm/decade
(=56 to 31 mm/decade) for annual precipitation sums
ranging from about 460 to 1760 mm/year (460 to
1830 mm/year) for the period 1900-2015 (1961-2015),
with a similar spread of trends independent of the
annual precipitation sum. Trend analyses based on the
anomaly time series showed changes, positive as well as
negative, among the HISTALPorihom and HISTALP-
new results. Trends were calculated for the period
1900-2015 and for the period from 1961 to 2015. The
differences in the trend were stronger for the period

starting in 1961 as are the trends themselves (Figure 7).
The biggest trend differences in the 1961-2015 period,
occur at stations with changed unhomogenized data
used for the homogenization of HISTALPorihom and
HISTALPnew.

4.2 | Comparison to national datasets

42.1 | Comparison to the Austrian dataset

The comparison was done for 41 stations. For 13 stations,
both homogenization methods found inhomogeneities.
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For 23 stations, within the HISTALPnew dataset no
break was detected, while ACMANT detected some. For
three stations, both homogenizations did not detect any
break. For two stations a break was detected in the HIS-
TALP homogenization, but not in the ACMANT one.

Since during the homogenization of daily series the gap
filling was not used, for the comparison of the two
homogenization procedures the values missing in the
national dataset were set missing in the HISTALPnew
dataset as well.
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Looking at the distribution of trend values, it turns
out that the spread between the stations is less in the
results from the daily homogenization. With an identi-
cal median and nearly no difference in the second
quantile (3.9 mm/decade for national homogenization
and 3.3 mm/decade for HISTALPnew), the causes of
this are mainly in three stations with a more negative
trend in HISTALPnew than in the national dataset. For
eight stations, the sign of the trend is different in the
two homogenizations, however, for none of those the
trend is statistically significant in any of the two data-
sets. The annual mean precipitation sums are quite sim-
ilar for all the stations in both datasets, with a median
of 1 mm, and most of them below 1% of the annual
precipitation. In the most extreme case the difference in
the annual mean is 101 mm (about 7%) of the annual
precipitation amount. The RMSE calculated between
the national homogenized dataset and HISTALPnew
and the annual precipitation amounts range between
5 and 171 mm with a median of 38 and three quarters
of the stations having an RMSE below 50 mm. The
standard deviation of annual precipitation amounts for

the single stations is quite similar in both datasets most
values between —2 (second quantile) and +3 (fourth
quantile).

The selection of stations shown in Table 3 provides
information on stations with a longer time period of dif-
ferent data due to homogenization effects (breaks in most
cases around 1999), covering the range of more or less
agreeing series between the time series. The comparison
was done for the period 1961 (start of the daily homoge-
nization) to 2015 (in accordance with the comparison
between the HISTALP versions). For Bregenz the first
break in the daily homogenization was outside this time
range, while it was in 2008 in the HISTALPnew homoge-
nization. Therefore, there was an offset between the daily
and the monthly homogenization throughout the whole
timespan. The difference was increased by additional
breaks detected and corrected in the daily time series
before 1980 (see Figures 8 and 9). The other selected sta-
tion having a break before 1990 is Zell am See, showing a
good agreement between the different homogenization
procedures, which detected a break at a similar temporal
point. Hardly any of the trends in any of the compared
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stations and homogenization methods was significant
for the period 1961-2015 on a 95% confidence level
(i.e., p-value <0.05).

4.2.2 | Comparison to the Croatian dataset

Out of 406 stations homogenized in a new national study,
15 were included in the comparison of the homogenized
national and HISTALPnew precipitation records for the
common period 1961-2015. Six of those had complete
data records, eight had up to 2% missing data, and station
PoZega (eastern Croatia) had 13% missing data. Missing
data were filled during the homogenization process,
being one of the reasons for the differences in comparing
HISTALPnew to national homogenized data. A break in
homogeneity was detected in the series from the station
Gospi¢ (mountainous region), three breaks were detected
in the series from Pazin (Istrian inland), one in Pula
(Istrian coast), and one on station Hvar (southern Adria-
tic): see Table 4 for more details. Those four stations,
together with PoZega, where no homogeneity break was
detected, were analysed in more details. While three
breaks were detected for Pazin with Climatol (Figure 10),

only one, in 1980, was detected with HOMER. Zahrad-
nicek et al. (2014) did not detect breaks on the rest of the
stations where the breaks were detected in recent study.

Among the 15 analysed stations, annual RMSEs
were up to 3.2 mm over those stations for which no
homogenization method detected breaks, even though
zero is expected, and MSESSs were equal one. RMSEs dif-
ferent from zero could be attributed to small differences
between the measurements included in HISTALP and
the current national database. This can be a consequence
of either rounding errors, or errors in old data provided
to HISTALP, or to later corrections in the national data-
set used for national homogenization. Larger RMSEs of
1.6-21.6 were found on homogenous stations with miss-
ing data, due to different methods for filling the missing
data in Climatol and HOMER. For four stations with the
breaks in homogeneity, RMSEs were 16.0-43.1 mm and
MSESSs were 0.95-1.00 due to break detection with Cli-
matol compared to no breaks detected with HOMER, or
due to three breaks detected with Climatol compared to
one with detected with HOMER in Pazin, and conse-
quently, different homogenized series.

Seasonal and annual RMSEs and MSESSs are pre-
sented for selected stations in Table 3. For those selected
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stations annual RMSEs were in the range 12.5-43.1 mm,
the lowest being in Hvar, and the highest in Pazin, due to
differences in homogenization performed with both, Cli-
matol and HOMER. Figure 11 shows annual precipita-
tion for those two stations. Annual MSESS were the
worst in Pazin (0.95). RMSEs were in the range 1.5-
127 mm in spring, 3.2-11.1 mm in summer, 5.9-
15.0 mm in autumn and 4.5-10.8 mm in winter. MSESS
showed the largest range in spring (0.95-1) and the low-
est in summer (0.98-1). PoZega and Pazin showed the
biggest difference with HISTALP series in all seasons.
Seasonal and annual trends were calculated for the
relative (multiplicative) anomalies of the HISTALPnew
and national homogenized series with respect to 1971-
2000 period. Fifteen Croatian stations were checked for
seasonal and annual precipitation trends and those are
comparable to the corresponding HISTALPnew homoge-
nized series, both in slopes and significance. No signifi-
cant annual trends were observed, neither on HISTAL
Pnew nor in the Croatian homogenized series, even
though there was an indication of no or negative annual
trends, up to 3% per decade, on all but two stations,
namely Osijek and Crikvenica, which exhibited positive,
although non-significant trends. Spring exhibits non-
significant negative precipitation trends up to —5%, while
at Pula (Table 3) the trend of —6% was significant. In
summer, there was also an indication of negative precipi-
tation trends that were mostly non-significant and up to
—7%. There were significant negative trends of 6%-9% on

four stations during summer (Bjelovar, Gospi¢, Rijeka
and Zadar). There was an indication of prevailing
increasing precipitation during autumn, mostly non-
significant up to 5%, except at continental station Osijek
that showed significant increasing precipitation of 7%.
The exception with non-significant negative autumn
trends were two stations, Pazin and Zadar in the mari-
time region. At all stations winter trends were non-
significant, in the range —2% to 5% without clear positive
or negative regional signal.

4.2.3 | Comparison to the Hungarian dataset
Before the comparison of the HISTALPnew data series
with the corresponding homogenized national data
series for Hungary, the discussion of the differences of
the unhomogenized series was necessary (Figure 12).
First, the rounding of monthly precipitation sum to inte-
ger values of mm in HISTALP can cause small differ-
ences, as the national dataset allows decimals. According
to our analysis the size of the differences in descending
order were the following: 36.2% for Keszthely, 16.7% for
Sopron, 9.3% for Pécs, 7.6% for Szombathely and 6.6% for
Mosonmagyardvar, considering the years with differences
larger than 5 mm. The average differences (National—
HISTALP) were computed for the part of the series with-
out missing data. The unhomogenized HISTALP dataset
contained more precipitation for Pécs (43.4 mm), Szom-
bathely (45.1 mm) and Keszthely (11.4 mm) stations and
less for Mosonmagyarévar (—12.7 mm) and Sopron
(—6.4 mm) stations.

The other important point was that the MASH
homogenization method allowed handling up to 500 sta-
tions at the same time, thus significantly more stations
were used during the implementation of the national
homogenization (Izsak, Szentimrey, Lakatos, Pongricz, &
Szentes, 2022; Szentimrey & Izsak, 2022).

The detected annual multiplicative inhomogeneities
are shown in Figure 13 for two selected stations. The
largest difference can be observed at Pécs and Keszthely
from the five analysed stations. On the rest of the stations
the detected inhomogeneities and breakpoints were simi-
lar. The adjusted series can be seen in Figure 14, again
for the two selected stations. The effect of the detected
breaks and related inhomogeneities for Pécs is clear. The
largest difference (about 10 mm in each season) can be
found at Keszthely station in the beginning of the period,
while the series of Mosonmagyarévar and Szombathely
are almost identical when averaged over the whole
period (Table 3). Higher discrepancies in the annual aver-
ages could come from different reasons: in the case of
Pécs, the seasons differ slightly, but adding up generates
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FIGURE 17 As Figure 8 but for Bratislava (upper) and

Hurbanovo (lower). [Colour figure can be viewed at
wileyonlinelibrary.com]

a remarkable difference, while in the case of Sopron the
winter averages make the large part of the annual
differences.

As most of the breakpoints were not detected in the
years when the series differ, the differences are not seen
as causes for the differences in the break detection
result. The major breaks in the beginning of the 20th
century were caused by the changeover from the earlier
Austrian-type rain gauge to the Hellmann system with
a few years shifting in the HISTALP and in the national
dataset. We note that information on the instrument
change was used as metadata during the national
homogenization process. Interestingly, the inhomoge-
neity at Pécs was unexpectedly high in HISTALPnew
even though the old type instruments registered only
about 5%-15% more. The other anomaly to consider at
Pécs in the HISTALPnew dataset was around the break
detected in the 1990s possibly caused by switching to
the automatic tipping bucket system, which tends to
measure a bit less precipitation during winter and
intense rainfall than traditional instruments. The
increased rainfall in HISTALPnew is not consistent
with this experience.

Looking at the temporal standard deviation, a big dif-
ference was indicated in Pécs, Sopron and Keszthely,
which was most pronounced in winter and in the annual

of Climatology

variance (Table 3). In terms of RMSE, Pécs annual value
showed the largest differences (see also Figure 14).
Relatively high RMSE values were associated with
Keszthely station. The smallest RMSE was linked to
Mosonmagyarévar in winter. This is obvious, because the
data series show quite good agreement and beside this
winter is the driest season in Hungary (Izsak, Szentimrey,
Lakatos, & Pongracz, 2022; Lakatos et al., 2020). The
closeness of the series was indicated by the MSESS value,
which was around 0.99 for Mosonmagyarévar in all sea-
sons and for the annual record. As we expected from the
different results of break detection, the lowest MSESS
values appeared for Pécs (0.64 for Spring) and Keszthely.

The slope of the trend and its significance were com-
puted for five stations for 1871-2021 and 1961-2021.
Regarding the period 1871-2021, there was a good agree-
ment in the signal although most of the changes are not
significant. Nevertheless, some pronounced differences
can be observed: annual sum for Sopron decreased signif-
icantly but to a quite different extent (HISTAPnew:
—1.2% per decade; national dataset: —0.7% per decade). In
general, the trends in HISTALPnew were steeper for all
seasons, except summer. The summer precipitation
decreased significantly and equally (—1.4% per decade)
for Sopron. The spring precipitation exhibited a decline
for all stations in both datasets, although the trends for
Mosonmagyarévar (—1.8%), Sopron (-1.3%) and
Keszthely (—2.5%) were statistically significant in HIS-
TALPnew, while significant change emerged at Pécs
(=2.7%) and Szombathely (-1.6%) beside
Mosonmagyarévar (—1.8) in the national homogenized
dataset. Trends for Szombathely were generally weaker
in HISTALPnew, and there were some differences of the
significance too. Considering the shorter period (1961-
2021), no significant yearly or seasonal change emerged
in neither of the two datasets.

424 | Comparison to the Italian dataset

The homogenization of the HISTALPnew and the national
homogenized dataset was compared taking into account
that in a few cases different versions of the raw series were
used and in a greater number of cases different data
sources were used for updating after the 2000s. The com-
parison was performed considering for each station both
the entire period of common data availability and the
period starting in 1961. Focusing on the former period, for
six of the thirty-six series no breaks were detected in both
data sets. Twelve series were homogenized in only one
dataset: in most cases, however, the homogenization was
applied to rather short periods (see e.g., Figure 15). The
other series were homogenized in both datasets. In most
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Station_name IN HO brkl brk2
PoZega 13 NA NA NA
Gospié NA 54 1993-04 (17.8) NA
Pazin 2 90 1983-11 (39.8)

Pula 2 78 2009-08 (18.4) NA
Hvar NA 88 2014-09 (15.1) NA

Abbreviation: NA, no detected breaks.

cases, the homogenized periods and the applied adjust-
ments were rather similar, whereas in a limited number of
cases (four series) the homogenized periods and the adjust-
ments highlighted stronger differences.

At monthly level the median of the MSESS values
between the records of the two datasets was 0.96 (first
quartile: 0.94; third quartile: 0.98) and only five records
showed MSESS lower than 0.90. Considering the period
since 1961 the values were slightly lower showing a
median equal to 0.96 (first quartile: 0.92; third quartile:
0.97). The median of the absolute differences between the
monthly records of the two datasets was 4.9 mm (first
quartile: 3.1 mm; third quartile: 6.6 mm), whereas the
corresponding value for RMSE was 10.2 mm (first quar-
tile: 8.2 mm; third quartile: 15.4 mm). Considering the
series starting from 1961 the median of the absolute dif-
ferences between the monthly records of the two datasets
was 5.2mm (first quartile: 3.4 mm; third quartile:
8.3 mm), whereas the corresponding value for RMSE was
11.3 mm (first quartile: 8.3 mm; third quartile: 18.0 mm).
Two examples for annual homogenized time series are
provided in Figure 16.

The obtained results underlined a rather good
agreement between the HISTALPnew and the national
homogenized dataset. As expected, the results obtained
since 1961 showed a slightly lower agreement, due to
the fact that in some cases different data sources were
used for updating the series after the 2000s. The agree-
ment between the two datasets was also rather good, as
far as long-term trends are concerned: the trend signal
was rather weak and for both datasets more than half
of the records did not show any significant trend (p-
value <0.05). Moreover, for both datasets all records
with significant trend (15 records for the national data-
set, seven records for the HISTALPnew one) had nega-
tive slope values (the average values for the annual
series are —1.2% per decade for the national dataset
and —1.0% per decade for the HISTALPnew one). This
signal became even weaker if the series since 1961
were considered: no series for the national dataset
showed a significant trend, while only two series for
the HISTALPnew dataset showed a significant negative
trend.

1996-09 (15.4)

TABLE 4
stations, percentage of filled missing

brk3 Selected Croatian

NA data (IN) and percentage of

NA homogenized data (HO) for 1960-2020

2016-05 (18.4) and year and month of the detected

NA breaks (brk1-brk3) with the SNHT T
value in brackets.

NA

4.2.5 | Comparison Slovakia

The homogenized HISTALPnew series were compared
with the corresponding series of the national homoge-
nized dataset for the common period 1961-2017. At
monthly level the median of the MSESS values between
the records of the two datasets was 0.99 (first quartile:
0.99; third quartile: 1): at seasonal level (Table 3) in
spring 0.98-1.00, in summer 0.98-1.00, in autumn 0.98-
1.00, in winter 0.93-1.00 and in year 0.95-1.00.

The median of the absolute differences between the
monthly records of the two datasets was 0.1 mm (first
quartile: 0.0 mm; third quartile: 0.3 mm), whereas the cor-
responding value for RMSE was 2 mm (first quartile:
0.9 mm; third quartile: 4.2 mm):at seasonal level in spring
0.0-7.4 mm, in summer 0.0-11.2 mm, in autumn 0.0-
7.8 mm, in winter 0.0-12.9 mm and year 0.2-26.7 mm.

The obtained results underline a rather good agree-
ment between the HISTALPnew and the national homog-
enized datasets except for the values of the period 2013-
2015 from Bratislava-Koliba, which differed considerably
in the two datasets (Figure 17). This is caused by the fact
that in HISTALPnew the data of Bratislava airport are
used for those 2 years, while the national dataset replaced
the former station with the airport station only in 2016.

The summary of the trends is presented in Table 3. In
both datasets there was no significant trend signal in sea-
sonal or annual values. There was a good agreement in the
direction of all analysed trends as well. The agreement was
higher in Bratislava Koliba than in Hurbanovo. Especially
strong differences occurred in autumn at both stations.

Taking HISTALPnew data into account, small precip-
itation changes between —0.4% and 0.6% per decade
could be observed during winter for 1961-2017 period.
Results showed higher changes from —1.9% to 1.6% for
spring period. Summer and autumn showed more signifi-
cant increase with 1.9%-2.9% per decade. The same could
be stated for annual characteristics with increases
between 1.6% and 3% per decade. Comparison between
HISTALPnew and national data showed higher slope
values of national data for Bratislava-Koliba except sum-
mer. HISTALPnew and homogenized national trends fit
well for 1961-2017 period in Hurbanovo.
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5 | CONCLUSIONS

Results of an updated homogenization of the HISTALP
precipitation dataset (HISTALPnew) have been pre-
sented. Such an update was essential due to the long
number of years, which was added after the last homoge-
nization activity. Changes in data providers (especially
for Italy) and relocation of stations had to be considered
properly. The difficulty in the homogenization of this
pan-Alpine dataset is the sparse stations network. Use of
smaller networks for particularly critical stations, in con-
nection with strongly correlated reference stations,
proved to be a fruitful approach. For some of the stations
(Montmorod, Nancy-Essey Tomblaine and Hohenpeifien-
berg), in contrast to the former HISTALP homogeniza-
tion, the applied methodology did not allow to obtain
homogenized records.

The fraction of detected breaks in the HISTALP data-
set might seem low. This is a consequence of the number
of available reference stations, which is also decreasing
the further back in time the time series reaches. The spa-
tial distribution of trends and range of the monthly pre-
cipitation data support the idea of a generally good
quality of the homogenization.

For further quality check, the newly homogenized
HISTALP dataset was compared to national homoge-
nized datasets. It is known from the literature that differ-
ent homogenization procedures do not necessarily give
the same results (Izsak & Szentimrey, 2020; Venema
et al., 2012; WMO, 2020). Break detection and corrections
resulting from homogenization depend largely on the
mathematical background of the software used. More-
over, additional factors can affect the differences: timing
of the homogenization, selection of reference series,
selection of homogenization methods. Additionally for
interactive methods, the experience of the homogenizer
plays an important role. In this case, knowledge of meta-
data is also an important factor. Especially when han-
dling a large number of stations, a fully automatic
version is often preferred to an interactive one due to the
required personnel resources and good reproducibility of
the homogenization.

The results of this article show the combined influences
of all those factors (methods, available reference stations,
timing of the homogenization process, ...) by means of the
comparison of the newly homogenized HISTALP records
with corresponding records from national homogenization
activities performed in Austria, Croatia, Hungary, Italy and
Slovakia. In all of the national activities another homogeni-
zation method was used and the network of reference sta-
tions was denser. In addition to the above-mentioned
factors, despite a check with the data providers before the
start of the homogenization, differences in the available
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original data became obvious during the comparison. Dif-
ferences in the original measurement data can be caused
by, for example, changes in the original data due to data
quality control, data filling methods, data rescue activities
or different data sources. Moreover, some time series might
have been provided as pre-homogenized data to HISTALP
when the database was created. The last cause can be easily
eliminated by a further exchange on the data with the data
providers, especially for other parameters, for which no
new homogenization has been done so far. However, the
others are harder to keep track of in a secondary database,
based on data provided by different data providers. In Italy,
the situation is further complicated by the diversity of data
providers caused by a radical change in the management
of the rain gauge network in the 1990s when the National
Hydrographic Service was closed and its competences were
transferred to the regions. Issues with measurement data
from Hungary and Slovakia will be addressed in a
future step.

The results of the comparison show that in the
national homogenizations more breaks were detected
than in the newly homogenized HISTALP one, as was to
be expected due to the higher number of highly corre-
lated reference series. Nevertheless, the comparison gives
some confidence in the new HISTALP dataset and its
homogenization. Most of the stations, both in newly
homogenized HISTALP and in the homogenized national
datasets, showed only weak trend signals and only the
minority of them is statistically significant on the 95%-
confidence level. The geographical distribution of the
trends after homogenization follows a realistic pattern.
Differences in the break detection partly result in higher
differences of the final time series regarding RMSE and
MSESS. Nevertheless, excluding from the comparison
those stations with strong differences in the original data,
results in rather small RMSE values in most cases and
MSESS values close to 1. However, for a few of the sta-
tions the new homogenization result of HISTALP seems
in contrast to the homogenization of the national dataset
(e.g., Pécs and Bregenz). For those cases a further analy-
sis and some further homogenization assessment is
planned for the future.

The advantage of a common homogenization for a data-
set is, nevertheless, the consistency of the dataset in itself.
The identical timing of homogenization effort and the use
of the identical method are responsible for some of the dif-
ferences we experienced in the comparison of the national
and pan-Alpine datasets. Nevertheless, an increased
exchange on national results might help in the future for
identifying or setting breaks in the pan-Alpine dataset.

The HISTALP homogenized dataset presented in this
article is used in the Copernicus LAPrec-Dataset and will
be provided for academic use as well as for information
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via the HISTALP-webpage (www.zamg.ac.at/histalp),
taking into account national restrictions regarding the
Swiss and French stations.
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