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ABSTRACT: Long-term and high quality instrumental air temperature data are important for
reducing the uncertainty of past temperature trends at local and global scales, and for the projec-
tion of future expected changes. Currently this type of data is limited in the Mediterranean, which
is particularly important since this region is considered a hot spot for climate change. To cover the
data gap for Central Italy, a set of territorially dense long-term time series of temperature data cov-
ering different climate areas in the Abruzzo region is presented in this work. Due to the possible
presence of inhomogeneities (non-climatology irregularities in the data set), a homogenization
process was applied to the data. Monthly maximum and minimum temperatures measured at 22
stations were homogenized for the period 1930-2015 using the software HOMER v.2.6. All sta-
tions had at least 1 break in the time series, for a total of 89 and 80 inhomogeneities identified in
the maximum and minimum temperature series, respectively. The annual amplitude of breaks in
the annual series ranged between 0-4.44°C for the maximum temperatures and 0.01-3.75°C for
the minimum temperatures. The trend of annual mean temperatures showed increasing tempera-
tures at a regional level starting in the early 20™ century, with a greater rate especially after 1980
(0.060°C yr7'). The temperature trends, analysed in 3 different intervals (1930-1979, 1950-2015 and
1980-2015) for the 22 time series, demonstrate a slight increase in the rate of warming in the coastal
and hilly area during the period 1930-1979 and highlight the importance of local measurements.
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1. INTRODUCTION

The availability and accessibility of high-quality
surface temperature data are currently very limited
worldwide, especially in the greater Mediterranean
region (Brunet et al. 2014). This deficiency exists
largely because (1) not all observed climate variables
are routinely digitised and readily available, and (2)
most of the data are not qualitatively and reasonably
free of inhomogeneities (non-climatology irregulari-
ties), so they cannot be used in climate assessment
(Gubler et al. 2017). Historical temperature data can
be subjected to artificial and external perturbations
that are not related to climate, such as relocation of
the measurement stations, changes in instrumenta-
tion type and exposure, differences in land use and

*Corresponding author: eleonora.aruffo@unich.it

land cover and historical events (WMO 2011). The
consequence of these perturbations is the presence
of inhomogeneities in the time series, which could
result in sudden shifts of data values usually referred
to as ‘breaks’ (in the case of instrument change or
station relocation, for example), or a progressive bias
(land use change). The station histories (metadata), if
well documented, and the availability of simultane-
ous measurement data could allow identification
of such inhomogeneities. However, often metadata
availability is inadequate for homogenization pur-
poses, and moreover, statistical homogenization is
always recommended if the station density and
spatial correlations allow such procedures to be fol-
lowed (Aguilar et al. 2003, WMO 2011, Mamara et
al. 2014).
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Ribeiro et al. (2016) reviewed the available homog-
enization methods for climate data, presenting a clas-
sification and review of homogenization methods
and homogenization software packages. The authors
classified the statistical techniques, considering non-
parametric (such as Pettitt 1979), classical (such as
Craddock 1979), regression models (such as Allen at
al. 1998) and Bayesian tests (Beaulieu et al. 2010).
Ribeiro et al. (2016) also described techniques di-
rectly proposed as methods for climate data homoge-
nization (i.e. homogenization procedures), such as
(1) the Standard Normal Homogeneity Test (SNHT)
(Alexandersson 1986, Alexandersson & Moberg 1997),
(2) Multiple Analysis of Series for Homogenization
(MASH) (Szentimrey 1999), (3) PRODIGE (Caussinus
& Mestre 1996, 2004), (4) Climatol (Guijarro 2006,
2011), (5) Geostatistical Simulation Approach (Costa
et al. 2008, Ribeiro et al. 2017), (6) USHCN (also
known also as the Pairwise Homogenization Algo-
rithm, PHA) (Menne & Williams 2009), (7) RHTest
(Wang 2008), (8) Adapted Caussinus-Mestre Algo-
rithm for homogenizing Networks of Temperatures
series (ACMANT) (Domonkos 2011), (9) ACMANT
software package for the homogenization of temper-
ature and precipitation (Domonkos 2014, Domonkos
& Coll 2017), and (10) HOMER (Mestre et al. 2013).

The HOMER software, used in our study, was
developed in the framework of the European project
COST Action ES0601, and includes some of the
homogenization and quality control (QC) procedures
of other homogenization software packages, such as
(1) the data visualization and QC segments of Clima-
tol (Guijarro 2011), (2) the pairwise detection of
PRODIGE, hereafter 'pairwise detection’ (Caussinus
& Mestre 2004), (3) the 'cghseg’ joint detection
method of Picard et al. (2011), hereafter ‘joint detec-
tion', (4) the bivariate detection of ACMANT (Do-
monkos 2011), hereafter '"ACMANT detection' and
(5) the ANOVA correction model of PRODIGE. Dur-
ing the COST project, the source methods of HOMER
were tested together with several other homogeniza-
tion methods, with results indicating that PRODIGE
and ACMANT were among the best performing
methods (Venema et al. 2012).

In Italy, Brunetti et al. (2006) homogenized 67
series of mean temperatures (1865-2003), 80% of
which were longer than 120 yr, and 48 maximum and
minimum temperature series, 70% of which were
longer than 120 yr, over the whole national territory,
divided into 3 main climatic regions. Brunetti et al.
(2006) used a revised version of the HOCLIS proce-
dure (Auer et al. 1999), performing the homogeniza-
tion in sub-groups of 10 series. In that analysis, only

one station was homogenized in the Abruzzo region
(L'Aquila, 1869-2003) and, in general, the main
series were located in the northern (Po Valley, Alps
and Tuscany regions) and southern (Apulia and Cal-
abria regions) parts of Italy. Brunetti et al. (2006)
found, after the homogenization procedure, a uni-
form increasing trend in the yearly mean tempera-
ture (1 K century™) in the Italian territory. They also
performed a progressive trend analysis, showing that
the trends in slope depend on the chosen interval. In
fact, they found that considering the entire period
(1865-2003), the minimum temperature rate of in-
crease was greater than that of the maximum tem-
perature; but, on the contrary, looking only at the last
50 yr, this result was reversed. From 2006, the Italian
Institute for Environmental Protection and Research
(ISPRA) started monitoring Italian climatological para-
meters, such as homogenized temperatures trends,
through the Sistema nazionale per la raccolta, 1'elab-
orazione e la diffusione di dati Climatici di Interesse
Ambientale (SCIA) project. Analysing the SCIA's
data set, ISPRA produces a report every year about
the climate indicators in Italy (ISPRA 2017). How-
ever, the only station in the Abruzzo region em-
ployed by ISPRA for the yearly report is Pescara.
Toreti & Desiato (2008) homogenized 49 temperature
series of the national air force weather service in Italy
for the period 1961-2004, but none of the stations
involved in that analysis was part of the Abruzzo
territory. Finally, Scorzini et al. (2018) homogenized
daily temperature data (1980-2012) over Abruzzo
and Marche (a region neighbouring Abruzzo), to ana-
lyse extreme events in this area. In their study, the
absolute maximum temperatures increased in 9 sta-
tions (Marche) at an average rate of 1.27°C decade™.

In this paper, we present the results of the homog-
enization procedure of maximum and minimum tem-
perature series registered by the National Hydro-
graphic Service (NHS; now Centro Funzionale of
Abruzzo Region) at 22 different sites in the Abruzzo
region. Long-term homogenized temperature series
were produced using the HOMER homogenization
software, in order to increase the spatial density of
homogenized stations in the Mediterranean area, and
to furnish a set of longer, homogenized, high-quality
time series to be used for climate-related assessment.

2. DATA AND METHODS

The Abruzzo maximum and minimum temperature
data set was provided by the NHS. Starting at the
end of the 19" century, stations were installed to
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monitor pluviometric data and, throughout the 20"
century, also included thermometric data over the
whole national territory, divided into macro-regional
areas. The Abruzzo region was mainly included in
the Pescara macro-regional area, with the exception
of the Fucino zone (a marshy area reclaimed at the
end of the 19" century), which was part of the Naple
region. The NHS digitised the temperature data for
52 stations in the Pescara region starting in 1924.
However, of the 52 total available stations, only 22
were selected for the homogenization procedure.
The excluded stations were mainly those that had
been installed recently or those with several years of
missing data. We chose to homogenize the data from
1930-2015 for 15 stations, and from 1924-2015 for
the remaining 7 stations corresponding mainly to
the provinces of the Abruzzo region; specifically, we
included Pescara in this dataset, in which data avail-
ability ranged from 1924 into the 2010s, as it is the
most populated coastal town in Abruzzo. Our hom-
ogenization procedure included 2 steps: first, we se-
lected the 7 stations with more temporally continuous
data and homogenized them all together; then, we
separated the 22 stations into 2 groups based on dif-
ferent geographic regions (coastal/hilly and moun-

22. Barisciano

\ tainous; Fig. 1), and homogenized each sta-

tion series together with their regional part-

ner series. The properties of each station, in-

0% cluding the percentage of available raw
49 data, are listed in Table 1.

Metadata were reconstructed through per-
sonal communications and consultation of
the NHS's archive. The annals that we had

the opportunity to use covered the period from
1924-2003, while the station cards covered a shorter
period (starting from approximately 1985 and finish-
ing about 2000). Personal communications concerned
relocation of some stations after 2000.

2.1. The software: HOMER v.2.6

To homogenize the temperature series collected
in Abruzzo, we employed HOMER v.2.6, a free,
R-based software for the homogenization of monthly
or annual climate variables (Mestre et al. 2013).
HOMER was developed to integrate, in a single
software package, the advantages of some of the
best methods currently in use. The structure of
HOMER can be summarized as follows: (1) basic
QC and network analysis adapted from Climatol
(Guijarro 2011), (2) detection of break points with
3 different methods: the pairwise detection from
PRODIGE (Caussinus & Mestre 2004); the 'cghseg’
joint detection (Picard et al. 2011); and the
ACMANT detection (Domonkos 2011) and (3) a
network-wide unified correction model (ANOVA,
Caussinus & Mestre 2004). It should be noted that
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a recent version of Climatol with improved prop-
erties has been developed (Guijarro 2018), which
differs from the one used in HOMER; however, the
changes did not involve the QC segment, which is
included in HOMER. HOMER, finally, allows for
the input of missing data and performs an un-
biased reconstruction; consequently, the homoge-
nized series the data set used in this paper does
not show gaps in the monthly data.

Before homogenization, the monthly means of
both of daily temperature maximums and mini-
mums were calculated, as HOMER requires input
data at a monthly resolution. With HOMER, the
user employs automatic methods such as joint de-
tection or ACMANT detection to confirm the
results obtained by pairwise detection, which is a
more subjective technique, allowing the use of the
metadata. Pairwise detection is based on a com-
parison of the differences between a candidate
series and its neighbours (identified by selecting
one of two possible criteria: (1) the lower distance
or (2) the higher correlation coefficient [R] be-
tween them). In contrast to ACMANT detection,
this method does not need a composite reference
series to be created, and a univariate detection
process allows the detection of breaks. In any
case, less evident breaks might remain hidden
with pairwise detection, so the skill of the user is
fundamental. Joint detection, based on a mixed
linear model with the modified Bayes information
criterion (Picard et al. 2011), is an automatic and
quick procedure for break identification. Finally,
ACMANT detection is very useful in the identifi-
cation of breaks with a strong seasonal depend-
ence, as it searches coincidental breaks in the
series of annual means and the series of summer—
winter differences. Note that ACMANT detection
requires pre-homogenized reference series. Details
and in-depth information about all the methods
used in HOMER can be found elsewhere (Mestre
et al. 2013). We chose to use the HOMER software
to homogenize the monthly Abruzzo temperature
data set considering that these long temporal
series have never been homogenized, they present
data gaps and show some evident inhomogeneities
in many stations; thus, the flexibility and the semi-
automatic methods in HOMER permitted us a
more careful analysis of the homogenization pro-
cess. The subjective approach of HOMER, in fact,
allowed us to use the metadata (when available) to
confirm some of the identified breaks, having the
ability to check them by using automatic methods
as well.

2.2. QC and homogenization

The homogenization procedure in HOMER is an it-
erative process, starting from a fast QC with outliers
identified and removed, followed by the real homoge-
nization procedure: after the first application of pair-
wise and joint detection analyses of the raw data, a
first correction is performed, followed by an automatic
pairwise detection control on the corrected series.
Then, the ACMANT detection is run, which can con-
firm the detected breaks and help to identify others.
After a new correction, pairwise and joint detection
are applied again to the corrected series, and so on.
The iterative process ends when no additional breaks
are identified. In our analysis, we set the model param-
eters as follows: (1) to analyse temperature series, we
selected the additive correction; (2) for the intercom-
parison of neighbours, we chose the criteria R > 0.8
and the inclusion of 6 stations, knowing that HOMER
selected the first 6 stations even if they did not comply
with the R threshold; and (3) we used the annual plus
seasonal comparison option for pairwise detection.

2.2.1. Preliminary QC

A QC procedure was applied to the original daily
data (when available) in accordance with WMO indica-
tions (WMO 2011, 2016). Specifically, we excluded the
data outside extreme ranges (>50 or <—40°C) in order
to remove possible outliers due to errors in the registra-
tion of the data. Then we checked that the maximum
temperature was always greater than the minimum
temperature, deleting the daily data in which this con-
dition was not met. In addition, we defined a monthly
mean as valid only when no more than 5 daily values or
3 or more consecutive daily values were missing, fol-
lowing the restrictive WMO indications. Furthermore,
we considered a year valid only when no more than
1 mo season™' was missing (based on the solar year).
Following these restrictions, we compiled the percent-
age of available data, listed in Table 1 for each station.
Fig. 2 shows the availability of the raw data considering
the restrictions described above: it is evident that for
the period of the Second World War there is a lack of
data availability in many stations, and that after about
2010 many stations were closed.

2.2.2. Fast QC of HOMER

HOMER, performing some Climatol tools, allows
analysis of the main properties of the data series in



Aruffo & Di Carlo: Homogenization of air temperature data in Central Italy 197

Table 1. Name, National Hydrographic Service (NHS) code, latitude, longitude,
altitude and percentage of available temperature (T) data of each station. The
stations homogenized in the first step are written in italics

all stations, both before and after
outlier removal. Specifically, Table 2
shows the R-values for the total

] data set after the first round of
Stations NHS Latitude Longitude Altitude % of T homogenization (i.e. for 7 homoge-
code °N) W)  (masl) data omog €. g
available nized and 15 non-homogenized
station series, see Section 2): it is
Teramo 100 42°39"17" 13°43"'2" 218 96.4 evident that R-values increase
Chieti 1060  42°22'37"  14°10' 59" 278 96.7 -
Pescara 1160 42°26'58"  14°14'32" 2 86.9 after removal of the outliers.
Pescocostanzo 1180 41°53'17.5" 14°3'32.5" 1461 89.4
Guardiagrele 1240 42°11'13.6" 14°12'52.3" 551 77.7
Lanciano 1330 42°13'32.9" 14°23'4.1" 298 81.4 2.2.3. Break detection
Pescasseroli 1350 41°48'34.3" 13°47'32.3" 1164 77.9
Castel di Sangro 1420 41°46'51.9" 14°6'29" 800 74.4 After the outli 4
Palena 1570  41°59'2.2"  14°8'15" 781 72.1 er the outliers were removed,
Montazzoli 1680 41°56'32.2" 14°25'40.6" 871 80.2 we ran pairwise detection followed
Scerni 1700 42°7'6.9"  14°37'48.3" 125 79.1 by joint detection on the QC
;/alsm i 12‘718 2%02652055 iﬁgl 23; ‘135292 ggg data to identify the more evident
almoli ‘ ity |
Campotosto 190 42°32'10.1" 13°24'23" 1344 85.6 breaks, taking into account the
Isola del Gran Sasso 260  42°29' 4" 13°39' 53" 545 83.5 available metadata. We defined an
Nereto 30 42°49'18.6" 13°48'46.1" 165 91.7 inhomogeneity if at least 3 stations
Penne 380  42°27'52" 13°55'3" 431 85.8 in the neighbourhood identified
L'Aquila 550  42°20'2" 13°25'43" 595 92.4 . I
it as such, taking into account
Assergi 590 42°25'10.7" 13°31'5.3" 992 81.3 both th ) gd n !
Scanno 700 41°54'25"  13°52'39" 1045 88.4 oth the annual and the seasona
Sulmona 810 42°4'7" 13°54'51" 372 92.4 breaks. After the correction, we
Barisciano 920 42°19'25.3" 13°34'26" 978 90.5 ran the ACMANT detection to

the network: the number of data points available in
the network for each year, the boxplot of the temper-
ature values for each month and station, a histogram
with the occurrence of temperature frequency inter-
vals across the whole network, a correlogram of the
first difference series as function of the distance
between stations and, finally, an analysis of dissimi-
larity. These analyses allow further quality checks of
the data relative to that described in Section 4.1. We
did not identify any data quality problems at this step.

The HOMER software also includes the PRODIGE
analysis of outliers. We visually identified the outliers
for each station, inspecting the plots generated by
HOMER in which the departure from each local
anomaly is compared with the average anomaly com-
puted over all stations in the neighbourhood; outliers
are defined when the anomaly differs from the others
for a specific month and station. In our analysis, we
identified 395 outliers for maximum temperatures
and 416 outliers for minimum temperatures, consid-
ering the whole data set of 22 stations (Fig. 3). The
percentages of outliers found for each station with
respect to the total available data set are shown in
Table 2, which summarizes the correlation analysis
between the reference series and those in the neigh-
bourhood (automatically identified by HOMER) for

confirm the inhomogeneities found
with a different technique. We did
not find any station series in the raw data set to be
homogeneous, i.e. without inhomogeneities. In our
procedure, breaks were first identified by pairwise
detection; both joint detection and ACMANT detec-
tion were then used to confirm these breaks. In fact,
joint detection results must be treated with caution
due to the problems reported by Gubler et al. (2017)
and Domonkos (2017).

Considering that the primary objective of AC-
MANT detection is to find inhomogeneities with
seasonally varied biases, we used it to better iden-
tify those breaks with seasonal dependence. In this
case as well, we validated the seasonal breaks only
if they were confirmed by pairwise detection (breaks
present in at least 3 stations of the neighbourhood).
We found a total of 89 and 80 inhomogeneities in
the maximum and minimum temperature series,
respectively (Fig. 4). All inhomogeneities found for
each station are reported in Tables S1 & S2 in the
Supplement at www.int-res.com/articles/suppl/c077
p193_supp.pdf, which also states if they were con-
firmed by the metadata and by ACMANT detection.
The majority of the 7 stations homogenized during
the first step did not show any other inhomo-
geneities when they were included in the second
step of the homogenization, with the exception of
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Fig. 2. Record length before the homogenization procedure of the complete data set

Teramo station (maximum temperatures); this is
highlighted in grey in Table S1. We chose to select
the break points that were identified by pairwise
detection in HOMER and, when possible, confirmed
them wusing the metadata. We did not confirm
breaks suggested only by the metadata and not also
supported by the statistical analysis in HOMER. We
considered a break to be confirmed by metadata
when the maximum difference between the breaks
and the metadata was less than 2 yr. We fixed the
same interval for the ACMANT detection. Tables S1
& S2 indicate the following nature of the inter-
ventions, as reconstructed by the metadata: (1) a
change in the altitude above sea level (a.s.l.) of the
stations or in the instrument height above the
ground; (2) a change in the type of instruments in
use; (3) relocation; (4) a new operator for the station
and (5) annotations about instrument maintenance.
Unfortunately, the longest data set of available
metadata (i.e. the annals) reports only changes in

altitude and instrumentation type, without reporting
instrument maintenance such as calibration, inter-
ventions in the stations, operators, etc. The main
causes of the inhomogeneities documented by the
metadata were changes in measurement techniques
or station/instrument relocations. Overall, we found
that (1) 47.2 and 41.3 % of the inhomogeneities were
confirmed by the metadata for the maximum and
minimum temperatures, respectively and (2) 80.9
and 77.5% of the inhomogeneities were confirmed
by the ACMANT detection analysis for the maxi-
mum and minimum temperatures, respectively.
The percentage of breaks confirmed by the meta-
data is in line with those found in other homoge-
nization analyses: Mamara et al. (2014) found that
32% of the total inhomogeneities were confirmed
by metadata information and that the majority of the
metadata corresponded to breaks; Osadchyi et al.
(2018) confirmed 31% of breaks by using historical
information.
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After the breaks were identified, we ran the
‘assess month' function of HOMER in order to
assess the positions of the identified breaks at
a monthly resolution, although it must be
noted that true break positions might differ
from the detected break positions even when
the best detection methods are used, and the
detection accuracy has a statistical connection
with the break magnitude (Lindau & Venema
2016). Finally, we checked the inhomo-
geneities with ACMANT detection again; the
percentage of confirmed ACMANT break de-
tections is relative to this final check. The
break highlighted by an asterisk in Table S1
was not considered as confirmed by the meta-
data, because the metadata were not clearly
definable.

2.2.4, Iteration and correction

The correction procedure in HOMER is an it-
erative process, starting with pairwise and joint
detections applied to the QC data, and then
correcting them for the first time. Subsequently,
we ran the same procedure again (when neces-
sary), as suggested by Mestre et al. (2013). The
corrections were performed with the ANOVA
correction model. After a correction step, the
ACMANT detection was applied to the pre-
homogenized series in order to confirm the
breaks highlighted by pairwise detection. The
HOMER procedure cyclically proceeds be-
tween correction, pairwise and joint detection
on corrected series, and ACMANT detection
until no more breaks are detected. In our analy-
sis, we usually ran this recursive cycle between
2 and 5 times before considering the homoge-
nization procedure complete.

We found that all analysed series had at
least one break. The annual amplitude of the
breaks, expressed in absolute values, that
were evaluated for the annual series are
shown in Fig. 5 in terms of relative frequency
distributions. The annual amplitude of the
breaks in maximum temperatures ranged
between 0 and 4.44°C; about 75% of the
breaks had an amplitude at annual scale lower
than 2.27°C (Fig. 5). For minimum tempera-
tures, the break annual amplitude ranged
between 0.01 and 3.75°C and about 70% of
the breaks in the annual series had an annual
amplitude lower than 1.35°C (Fig. 5).
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Table 2. Correlation coefficient analysis for the complete temperature data set. The 7 stations homogenized in the first step are written in
italics. Correlations (R-values) were evaluated between each reference station (listed in the first column) and the first 6 best correlated
stations of the neighbourhood

Reference —— Pre-outlier removal Post-outlier removal
stations Maximum temperature Minimum temperature Maximum temperature Minimum temperature
Rinin—Rimax R Riin—Rmax R Riin—Rmax R % outliers  Ryin—R max R % outliers

Teramo 0.70-0.83  0.77 0.53-0.69 0.61 0.76-0.85 0.80 1.72 0.61-0.74  0.66 0.82
Chieti 0.70-0.85 0.76 0.56-0.72  0.65 0.70-0.87 0.79 1.00 0.56-0.81  0.67 1.09
Pescara 0.64-0.82 0.75 0.45-0.64 0.56 0.72-0.85 0.78 0.63 0.51-0.74  0.62 1.27
Pescocostanzo 0.54-0.64 0.60 0.46-0.69 0.54 0.62-0.71 0.66 3.14 0.53-0.70  0.61 0.98
Guardiagrele 0.42-0.60 0.48 0.43-0.60 0.49 0.49-0.72 0.57 1.00 0.45-0.65 0.55 2.12
Lanciano 0.55-0.67 0.62 0.47-0.58 0.52 0.65-0.88 0.73 1.90 0.51-0.77  0.62 2.62
Pescasseroli 0.52-0.69 0.61 0.53-0.68 0.59 0.61-0.76 0.70 2.24 0.55-0.73  0.65 2.61
Castel di Sangro 0.49-0.65 0.56 0.52-0.62 0.57 0.60-0.76 0.77 2.34 0.44-0.67 0.53 2.73
Palena 0.60-0.75 0.66 0.54-0.68 0.61 0.71-0.82 0.77 1.48 0.62-0.73  0.68 0.94
Montazzoli 0.59-0.74 0.64 0.51-0.72  0.60 0.69-0.82 0.74 2.17 0.61-0.72  0.69 1.81
Scerni 0.49-0.62 0.52 0.30-0.52  0.39 0.61-0.75 0.68 1.72 0.47-0.59  0.53 1.96
Vasto 0.55-0.66  0.60 0.44-0.63 0.55 0.62-0.76 0.70 1.88 0.59-0.73  0.65 1.17
Palmoli 0.67-0.73 0.71 0.52-0.71 0.58 0.76-0.88 0.80 4.11 0.59-0.77  0.69 1.99
Campotosto 0.64-0.70 0.67 0.57-0.74  0.66 0.71-0.77 0.73 1.02 0.56-0.72  0.65 1.25
Isola del Gran Sasso 0.69-0.82 0.76 0.56-0.72  0.65 0.78-0.90 0.83 0.76 0.60-0.85 0.71 0.45
Nereto 0.69-0.78 0.72 0.51-0.58 0.55 0.73-0.82 0.78 2.01 0.56-0.76  0.62 2.75
Penne 0.73-0.85 0.80 0.58-0.72  0.66 0.82-0.90 0.85 0.27 0.67-0.85 0.74 1.00
L’Aquila 0.68-0.81 0.75 0.50-0.61 0.56 0.76-0.82 0.79 0.72 0.52-0.61  0.57 0.27
Assergi 0.48-0.61 0.54 0.40-0.54 0.45 0.53-0.66 0.60 2.15 0.50-60 0.55 3.10
Scanno 0.52-0.72  0.65 0.36-0.46  0.40 0.66-0.80 0.74 0.77 0.43-0.72  0.51 1.64
Sulmona 0.61-0.78  0.69 0.53-0.67 0.61 0.72-0.82 0.77 0.72 0.59-0.69  0.63 0.54
Barisciano 0.65-0.81 0.72 0.53-0.74 0.61 0.73-0.80 0.76 0.96 0.53-0.67 0.61 1.71

J 3. RESULTS AND DISCUSSION
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Fig. 6. Annual mean temperatures for the Abruzzo region

(obtained by averaging the maximum and minimum tem-

perature series of all stations). A linear regression model

(least-squares best fit) was applied in different temporal

intervals in order to find the slopes as function of period in
the analysis

mean temperature (Trenberth et al. 2007, Hartmann
et al. 2013). We compared our results with tempera-
ture trends that have been found for similar regions
in the Mediterranean area. Antolini et al. (2016) ana-
lysed the mean temperature trend over the Emilia-
Romagna region (300 km north of the sites analysed
in this study), reporting increases at some stations of
up to 0.5°C decade™ (1961-2010). Furthermore, Mar-
letto et al. (2009) produced a hydro-climatic atlas for
the Emilia-Romagna region, evaluating increasing
trends during the period 1961-2008 of 0.25 and
0.46°C decade™ for minimum and maximum mean
temperatures, respectively. The Annual Bulletin on
the Climate in WMO Region VI (DWD 2011) showed
the trend analysis map for annual temperatures
(1951-2011) and revealed that, in the region of inter-
est (central-southern Italy), the trends were greater
than 0.3°C decade™. Finally, Liuzzo et al. (2017)
investigated the long-term temperature changes in
Sicily during the 1924-2013 period and indicated
that at some sites, the maximum temperature had a
positive trend of 0.5°C decade™. Fig. 7 depicts the



202 Clim Res 77: 193-204, 2019

spatial distribution of the temperature trends in the
Abruzzo region, showing the slopes of linear regres-
sion for the annual mean temperatures (Fig. 7a), the
maximum temperatures (Fig. 7b) and the minimum
temperatures (Fig. 7c), evaluated over 3 different
time periods: 1930-1979, 1950-2015 and 1980-2015.
The local variability of the rate of temperature
change is quite pronounced and differs among the
different time intervals as well as for the maximum,
minimum and annual mean temperatures. One exam-
ple of this difference is that in the first period consid-
ered (1930-1979), the rate of temperature change

was slightly higher in the coast-hill parts of the
region compared to mountain areas, whereas in the
periods 1950-2015 and 1980-2015, the variations
were more scattered with less evidence of definite
areas having higher changes than others. These
results confirm the importance of using homogenized
data series of maximum and minimum temperatures
to better describe the local impact of climate change
and regional temperature trends. It is evident that
some sites (such as Pescara and Teramo in Fig. 7,
with increases of 0.9°C decade™) in the 1980-2015
period present greater increasing temperature trends
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evaluated in 3 different temporal intervals (from left to right): 1930-1979; 1950-2015 and 1980-2015
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than that at the regional level (0.78°C decade™).
Moreover, the difference between local and regional
trends is more variable in the 1980-2015 period com-
pared to the 1950-2015 period. It is also evident that
in some sites (such as Castel di Sangro in Fig. 7, with
an increase of about 0.7°C decade™) the major
impact is on the minimum temperatures, since the
annual mean temperature trends (1980-2015) were
greater than the regional annual mean trend (0.6°C
decade™).

4. CONCLUSIONS

We homogenized the series of maximum and mini-
mum temperatures recorded at 22 different sites
(mountains, valleys, hills and sea coast) in the Ab-
ruzzo region (central Italy). With the application of
the software HOMER, we identified 395 and 416 out-
liers in the maximum and minimum temperatures,
respectively. The pairwise, joint and ACMANT de-
tection analyses allowed us to detect a total of 89 and
80 breaks in the maximum and minimum tempera-
ture series, respectively. About 47.2 and 41.3 % of the
inhomogeneities were confirmed by the metadata for
the maximum and minimum temperatures, respec-
tively. About 80.9 and 77.5% of the inhomogeneities
were confirmed by the ACMANT detection analysis
for the maximum and minimum temperatures, re-
spectively. The lack of metadata did not allow us to
verify more breaks, but the correspondence between
the pairwise and ACMANT detection results con-
firmed that the detected breaks were relevant. The
homogenized data set covers a gap of temperature
data over the period 1930-2015 in central Italy,
extending from the coast of the Adriatic Sea to high
mountain areas; hence, this information will enrich
the Greater Mediterranean area temperature series
with a long-term and high-quality surface data set
that can be used for climate-related assessments and
for climate products and services. Spatial hetero-
geneities of minimum, maximum and annual mean
temperature changes across the different temporal
intervals analysed are highlighted, showing the pres-
ence of different trends between the coastal and
mountain regions during the period 1930-1979.
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