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Abstract This paper presents the analysis of mean daily
temperature and precipitation from 1950 to 2010 in an area
with Mediterranean climate of NE Spain including some
coastal areas near Barcelona and the Penedés and Camp de
Tarragona Depressions located between the Coastal Moun-
tain Range and the Mediterranean Sea. Their variability,
with especial attention to the frequency of extreme events,
was analysed by using 18 indexes: seven for temperature
and 11 for precipitation were analysed for four meteorolog-
ical observatories. A multivariate analysis was performed in
order to analyse the temperature and precipitation trends.
During the analysed period, an increase in mean annual
maximum temperature was observed in all observatories
ranging between 1.5 and 2.2°C associated with an increase
in the number of days with high extreme temperatures.
Minimum temperature only increased significantly in the
coast observatories (about 1.4°C). By seasons, temperature
trends were greater at Vilafranca del Penedés and Barcelona
observatories and lower at Reus airport. Maximum spring
temperature increased between 1.5 and 2.5°C, summer tem-
perature increased between 1.6 and 2.5°C and autumn tem-
perature increased by up to 2.2°C. Precipitation presented a
high variability from year to year, without significant trends.
The most significant results were related to the dry condi-
tions observed in spring 2000s, the wet conditions recorded
in summer 2000s and 1980s and the longer dry periods in
autumn 2000s. The increase of temperatures determined the
increase of evapotranspiration, and due to the higher irreg-
ular distribution, water deficits for crop development were
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recorded. An advance of phenological dates and a reduction
of grape yield are associated to climate trends.

1 Introduction

Climate change and its impacts on earth surface, associated with
the increase in greenhouse gases and changes in global temper-
atures, radiation budget and hydrological cycles, have increas-
ingly attracted the attention of researches in different areas.
According to the forth IPPC report (IPCC 2007), significant
trends in temperature and precipitation were observed around
the world but with different magnitudes. The impacts of those
trends in the mid-term have been noted in several aspects. In
particular, an intensification of the stress of the hydric resources
is expected. In this respect, several studies have been carried out
to determine the impact on water resources (Middelkoop et al.
2001; Ragab and Prudhomme 2002; Izaurralde et al. 2003;
Arnell 2004; Iglesias et al. 2007; IPCC 2007) and agriculture
(EU Directorate Generale Science and Development 1997,
Olesen and Bindi 2002; Rosenzweig et al. 2004; Iglesias et al.
2009; Nelson et al. 2009; Ramos and Martinez-Casasnovas
2010a). Precipitation changes, which include a greater number
of extreme events and longer dry periods, together with tem-
perature increases, which increase evapotranspiration, will have
negative impacts on agriculture. Particularly in Southern
Europe, these trends could exacerbate the existing conditions
in areas already vulnerable to the climatic variability, reducing
water availability. The Mediterranean area may be particularly
sensitive. Some authors reported significant changes in precip-
itation patterns with decreasing precipitation trends for the
Mediterranean (Karl 1998; Goubanova 2007; de Luis et al.
2009) and significant changes in extreme events, with higher
rainfall concentration in a small number of events and more
frequent and extreme droughts (Easterling et al. 2000;

@ Springer



36

M.C. Ramos et al.

Houghton et al. 2001; Brunetti et al. 2002; Klein Tank and
Konnen 2003; Ramos and Martinez-Casasnovas 2006; Lana et
al. 2009).

This paper analyses mean daily temperature and precip-
itation for the last six decades (series from 1950 to 2010 for
temperature and precipitation) in a Mediterranean climate
area of NE Spain in order to evaluate the behaviour and
magnitude of their changes. Variability during the last dec-
ades with special attention to the frequency of extreme
events was analysed by using seven indexes for temperature
and 11 indexes for precipitation. A multivariate analysis was
performed in order to classify the years and to analyse
temperature and precipitation trends.

2 Material and methods
2.1 Location of the study area

The study area is located in Northeast Spain including some
coastal areas near Barcelona and the Penedés and Camp de
Tarragona Depressions located between the Coastal Moun-
tain Range and the Mediterranean Sea (Fig. 1). The climate
is Mediterranean with maritime influence, characterised by
two wet periods (spring and autumn) separated by hot and
dry summers. High intensity rainfall events are usually
recorded in autumn.

2.2 Climate data and indexes

Four long temperature and precipitation series were used in
this study: Vilafranca del Penedés (lat: 41°20'50"; long: 1°
41'59"; elevation: 223 ma.s.l.), belonging to the Institut
Catala de la Vinya i el Vi (INCAVI) and properly located
in the Penedes Depression; Barcelona—Fabra (lat 41°25'6"N
2°7"27"E elevation 411 ma.s.l.), Barcelona airport (lat 41°
17" 49" N, long 2°4’ 42" | elevation 4 ma.s.l.), and Reus
airport (lat 41°9’, long 1°9'36", elevation 71 m a.s.l) belong-
ing to the Agencia Estatal de Meteotologia (Spain), located
in the Camp de Tarragona Depression. Mean, maximum and
minimum daily temperatures (1950-2010) and daily precip-
itation (1950-2010) were analysed. Additionally, shorter
series from Sant Sadurni d'Anoia station belonging to Servei
Meteorologic de Catalunya (lat: 41°26'; long: 1°47'; eleva-
tion: 164 m) were also compared. Daily temperature data
(1990-2010) and daily precipitation (1960-2010) were
analysed.

From this information, seven temperature and 11 precip-
itation indexes, among those proposed by the Working
Group on Climate Change Detection (Peterson et al. 2001)
and those used by Hanson and Richard (2007) were calcu-
lated (Table 1). Temperature indexes were mean, maximum
and minimum daily temperatures, number of days over-
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passing some thresholds: 90th percentile (warm extreme),
10th percentile (cold extreme), frost days and a heat wave
duration index, defined as the daytime maxima throughout
the year exceeding the 90th percentile (Russo 2009). For
precipitation, annual and seasonal (spring, summer, autumn
and winter) precipitation and some indexes were calculated
for each period: number of rainy days, maximum 1-day
precipitation, number of days with precipitation greater than
the 90th percentile and 95th percentile (wet days) and the
fraction of annual total precipitation that those events rep-
resent and amount and number of consecutive wet (NCWD)
and dry (NCDD) days.

Potential evapotranspiration (ETo) estimated according
to Hargreaves and Samani (1985) equation was analysed
for the analysed period for the Vilafranca del Penedés series.
Crop evaptranspiration (ETc) was estimated for vines, the
main crop in the (IDESCAT 2007), using the crop coeffi-
cients proposed by Allen et al. (1998). In order to analyse
the impact of climate on grapes, average harvest beginning
and ending date series (1950-2006) obtained from a wine-
making cooperative (there is no separation of dates by
varieties), were analysed and production data from 1994 to
2010 were analysed (data production from some producers
around Vilafranca del Penedes).

2.3 Statistical analysis
2.3.1 Control quality of data

Quality data were analysed for each series using additional
available shorter series in neighbour stations. The length of
the series was variable but not smaller than 15 years. The
correlation between daily data were analysed in order to
detect outliers and anomalies. The shorter series of precip-
itation used for this purpose belonged to Sant Sadurni
d’Anoia (lat: 41°26'; long: 1°47'; elevation: 164 m (1960—
2010)), La Granada (41°22'1"; 1.43'25"E; elevation: 238 m
a.s.l.) and Els Hostalets de Pierola (41°.31'33; 1°48'18"E;
elevation: 312 ma.s.l. (1996-2010), stations belonging to
the Servicio Meteorologico de Cataluiia), Piera (41°31'1";
1°44'42"E; elevation: 324 ma.s.l.), Gelida (41°25'31°; 1°51'
58"E elevation: 199 ma.s.l.) and Esparraguera (41°31'55";
1°50'E; elevation: 190 ma.s.l.) (1957-1997), belonging to
the Agencia Estatal de Meteorologia; and for temperature
data from La Granada, Els Hostalest de Pierola (1996—
2010), Sant Sadurni d'Anoia (1990-2010), Igualada (41°
34'48": 1.39°E; elevation: 48 ma.s.l.,, (1991-2010)) and
Tortosa (40°48'45"N 0°31'16"E; elevation: 44 ma.s.l.,
(1950-2010)) were taken into account. The homogeneity
of the climate data was assessed by the standard normal
homogeneity test (Alexandersson 1986). A reference series,
obtained as a weighted average (based on correlations) from
selected neighbouring stations was used to compare
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Fig. 1 Location of the study area

inhomogeneities. The series with higher correlation coeffi-
cient were selected (R*>0.6). An iterative procedure was
used until no anomalies were found. Inhomogeneities found
in the analysed series were <5%. Then missing data were
replaced. Vilafranca del Penedés and both Barcelona series
had no missing data. For Reus airport, the missing values
were less than 3%, and they were filled using values of the
reference series.

2.3.2 Descriptive statistics

The climate indexes were evaluated by basic descriptive
statistics and the non-parametric Mann—Kendall (MK) trend
test was applied in order to confirm trends (Libiseller and
Grimvall 2002), after a pre-whitening of the series in the
presence of autocorrelation as proposed by Von Storch
(1995). An ARIMA model was used for pre-whitening,

and the MK test was applied to the series to assess the
significance of the trends.

2.3.3 Cluster analysis (CA)

In order to analyse changes in temperature and precipitation
throughout the last six decades, a hierarchical CA was done.
The purpose of CA is to place objects into groups in which the
objects show some similarity to each other. The dissimilarity
between them was measured using the squared Euclidean
distance (squared differences between observations). Among
the different criteria, the Ward's minimum variance method was
used, a criteria pointed out as very efficient (Milligan 1980;
Gong and Richman 1995). Ward’s method calculates the dis-
tance between two clusters as the sum of squares (SS) between
the two clusters added up over all the observations. At each
generation, the within-cluster SS is minimised over all
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partitions obtainable by merging two clusters from the previous
generation. This method tends to join clusters with a small
number of observations and is strongly biased towards produc-
ing clusters with a similar number of observations. This method
attempts to minimise the SS of any two (hypothetical) clusters
that can be formed at each step. Variables were standardised, i.
e., transformed to variables with mean = 0 and variance = 1.
The number of clusters to be retained was defined by taking
into account the agglomeration distance measuring the inter-
cluster continuity and the clustering coefficient. The cutoff
point was established when the distance between one step and
the next one was greater than twice the average distance.
Years were classified separately for temperature and precip-
itation indexes using the variables described in Table 1 (for
annual and seasonal series) of the four observatories, and the
centroids of each cluster were analysed, looking at a decadal
classification. In both cases, the results were presented by
dendograms, two-dimensional figures which show the se-
quence and the distance at which the observations are clustered.

3 Results

3.1 Temperature analysis

Table 2 shows the mean values and standard deviation of each
temperature variable analysed at an annual scale. Numbers in
bold indicate significant trends during the analysed period

according to MK test applied to the pre-whitened series

Table 1 Temperature and precipitation indexes used in the analysis

(1950-2010). The temperatures corresponding to the Tijax
90th percentile and T7,,;, 10th percentile for each season are
shown in Table 4.

The results showed that the mean temperature increased
between 0.031°C per year (on average) at Vilafranca del
Penedes and 0.012°C per year at Reus airport. This increase
was mainly driven by the rise in maximum temperatures
(0.038°C per year at Vilafranca and 0.025°C per year at
Reus airport). This temperature increase was consistent with
a significant increasing NdT90 of 0.555 days per year on
average (ranging between 0.527 days per year at Reus and
0.582 days per year at Barcelona airport) and an increase of
the HWDI of about 0.416 days per year (ranging between
0.390 days per year at Reus and 0.464 days per year at
Barcelona). The temperature trends were similar to those
observed in other coastal observatory (Tortosa, Tarragona),
despite of the fact that average temperatures were about 2°
higher in that observatory (data not shown in this work).

The change ratios (trends) were greater when the period
corresponding to the last two decades (1990-2010) were ana-
lysed. The results for the period 1990-2010 are also shown in
Table 2. The change ratio for 7;,,x and the HWDI were signif-
icant in all observatories and with values nearly twice as much as
the average observed for the long series at Reus airport and much
higher at Barcelona airport and Barcelona observatories. The
HWDI was particularly high, with values greater than 80 days.

Maximum temperature increases were observed at annual
scale and also in each season, with the greatest increases
observed in spring and autumn at Vilafranca del Penedés

Variable Description

Tm Mean annual daily temperature—annual and seasons

Tinax Mean annual maximum temperature—annual and seasons

Tinin Mean annual minimum temperature—annual and seasons

NdT90 Number of days with temperature higher than that corresponding to the 90th percentile—annual and seasons (warm extremes)

NdT10 Number of days with temperature lower than that corresponding to the 10th percentile—annual and seasons (cold extremes)

FD Number of frost days—annual

HWDI Heat wave duration index: maximum number of consecutive days during the year when the daily maximum temperature was
greater than 5°C above the normal maximum temperature—annual

Pan Annual precipitation

Pg, Accumulated precipitation in spring

Psum Accumulated precipitation in summer

Paw Accumulated precipitation in autumn

Pint Accumulated precipitation in winter

NdP Number of wet days—annual and seasons

Pax24 Maximum annual precipitation in 24 h—annual and seasons

NdP95 Number of days with precipitation exceeding the 95% percentile—annual and seasons

PercP95p Percentage of annual rainfall in event with P>95%—annual and seasons

NCWD Maximum number of consecutive wet days (NCWD)—annual

NCDD Maximum number of consecutive dry days (NCDD)—annual
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Table 2 Mean annual values, standard deviation and trends for the temperature indexes analysed for each observatory (1950-2010)

Observatory Variable Mean + standard deviation Trend/year (°Clyear) Trend/year (90s—00s) (°C/year)
Vilafranca de Penedés Tpn (°C) 14.9+0.8 0.031" 0.075"
Trnax (°C) 19.9£1.1 0.038" 0.055"
Toin (°C) 9.8+0.8 0.029
ND 7,090 (18.6°C) 35.2+16.1 0.532" 0.926"
ND7,,in10 (=0.2°C) 32.8+12.2 -0.265" -0.860"
FD 12.147.6 -0.134
HWDI 35.0+16.7 0.453" 0.422"
Reus airport T (°C) 15.9+0.7 0.012"" 0.022"
Tonax (°C) 20.840.8 0.025" 0.067"
Tin (°C) 11.0+0.7 0.003
ND7,1,,x90 (18.5°C) 37.5+16.4 0.527" 0.762"
NDZin10 (~0.2°C) 35.7+15.1 0.135
FD 10.8+8.7 0.135
HWDI 17.6+12.3 0.390" 0.762"
Barcelona airport T, (°C) 16.8+0.8 0.022" 0.052"
Trmax (°C) 20.0+0.7 0.020" 0.045"
Tomin (°C) 11.5+1.0 0.024" 0.059"
ND 7,090 (27.2°C) 37.4+19.5 0.582" 1.143"
NDZin10 (6.2°C) 37.7+£16.0 -0.236
FD 3.844.2 -0.021
HWDI 54.9+21.9 0.358" 1.925"
Barcelona Tm (°C) 14.9+0.8 0.030" 0.044"
Tonax (°C) 18.5+0.9 0.037" 0.051"
Tonin (°C) 11.3+0.7 0.024"
ND7,10x90 (18.6°C) 37.2+15.8 0.581" 1.397"
ND7in10 (—0.2°C) 38.2+14.9 -0.262""
FD 5.5+5.7 —0.087"
HWDI 51.4+20.4 0.464" 1.790"

Bold numbers indicate significant trends
* Significant at 95% level or higher
** Significant at 90% level

and in spring and summer in Barcelona. Mean values and
trends of each variable and season are shown in Table 3.
Bold numbers indicate significant trends. The temperatures
corresponding to the T,.x 90th percentile and T,,, 10th
percentile for each season are shown in Table 4.

The mean Ty, showed significant trends in winter
(ranging between 0.019 at Barcelona and 0.029°C per
year at Vilafranca del Penedés) and spring (0.010 at Reus
and 0.035°C per year at Vilafranca del Penedés). Autumn
temperatures also increased significantly at Barcelona
(0.017°C per year), but not at rest of observatories. The
mean minimum temperature values ranged between 4.0
and 5.6°C in winter and between 11 and 12.5°C in
spring. The NdT10 decreased in spring, with significant
trends at Vilafranca del Penedés (—0.265 days per year),
Barcelona (—0.093 days per year) and Barcleona airport

(—0.121 days per year). It also decreased significantly in
winter and summer at Barcelona observatory. The annual
number of frost days (FD) only showed a significant
decreasing trend at Vilafranca and Barcelona (—0.13
and —0.088, respectively). However, the number of FD
was near twice as much as inland areas than in the coast
(e.g., 9.1 days at Vilafranca del Penedés and 4.5 days at
Barcelona).

Temperature increases imply greater water demands. This
is particularly important in agricultural areas where rainfall
is the main water resource. An analysis for the Vilafranca
del Penedés observatory showed that the ETo increased
during the last 60 years. Values ranged between 657 and
887 mm, with a mean value of 773+40 mm, this being the
maximum value recorded in 2009. Taking into account the
relationship between temperature and evapotranspiration
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Table 3 Mean values, standard deviation and trends for the temperature indexes at a seasonal scale for each analysed observatory (1950-2010)

Vilafranca Reus airport Barcelona Barcelona airport
Season Time period/ Mean + Trend/year ~ Mean + Trend/year ~ Mean + Trend/year ~ Mean + Trend/year
variable standard (°Clyear) standard (°Clyear) standard (°Clyear) standard (°Clyear)
deviation deviation deviation deviation
Winter Ty, (°C) 8.9+1.0 0.034" 10.1£0.9 0.004 9.0+1.1 0.033" 10.0+0.9 0.016"
Tonax (°C) 13.9£1.2 0.039" 15.5+1.0 0.019" 12.2+1.2 0.038" 14.4+0.8 0.014"
Tonin (°C) 40+1.1 0.029" 5.1+1.1 0.004 40+1.1 0.028" 5.6+1.1 0.019"
ND7,,2x90 (days)  10.0+6.3 0.019" 10.0+5.7 0.138" 10.5+7.1 0.199" 9.9+4.5 0.065
ND7,,i»10 (days) 8.946.8 -0.043 10.2+7.9 0.004 10.2+7.3 -0.165" 10.9+7.5 -0.127"
FD (days) 9.1+6.8 -0.130" 6.9+6.5 -0.002 43+50  —0.088 2.7£3.5 -0.036
Spring T, (°C) 16.3+1.1 0.039" 17.1+0.8 0.013" 16.4+1.1 0.029" 16.7+1.1 0.028"
Tpax (°C) 21.6+13 0.043" 22.0+1.0 0.031" 20.5+1.3 0.036" 20.9+1.0 0.025"
Tpin (°C) 11.0+1.1 0.035" 12.2+0.8 0.010" 12.1+1.0 0.023" 12.5+1.3 0.032"
ND7},0x90 (days) 9.4+6.6 0.201" 8.9+6.1 0.180" 9.9+7.0 0.152" 8.1+5.7 0.068"
NDZ,in10 (days)  10.5+£6.3 -0.265" 924438 -0.013 10.4+5.8 -0.093" 8.3+6.2 -0.121"
Summer T, (°C) 22.3+0.9 0.038" 23.0+0.8 0.017" 22.2+1.0 0.036" 22.7£1.0 0.032"
Tonax (°C) 27.8+1.0 0.034" 27.9+0.9 0.027" 26.4+1.2 0.041" 27.0£1.0 0.028"
Tonin (°C) 17.0+0.9 0.028 18.2+0.8 0.007" 18.0+£0.9 0.020" 18.5+1.2 0.036"
ND7,,2x90 (days) 8.4+6.7 0.200" 11.4+9.1 0.330" 11.4+9.2 0.288" 12.5+11.6 0.359"
ND7,in10 (days) 8.2+5.9 0.202 8.7+5.5 0.022 10.2+6.5 -0.152" 8.9+7.2 -0.061
HWDI (days) 3.542.6 0.068 3.9+4.5 0.130" 43435 0.083" 5.1+6.4 0.130°
Autumn T}, (°C) 12.1+1.4 0.031" 13.1£0.9 0.012 11.9+1.0 0.024" 13.3£0.9 0.010
Tpax (°C) 16.9+1.6 0.037" 17.9+0.8 0.014 14.9+1.0 0.034" 17.6+0.9 0.013"
Toin (°C) 74+1.2 0.024 8.3+1.1 0.010 9.0+1.0 0.017" 9.0£1.0 0.007
ND 7090 (days) 2.7+3.4 0.081" 8.9+5.3 0.117" 10.0+6.9 0.212" 10.5+6.4 0.114"
ND7,in 10 (days) 9.7+5.6 0.202 10.6+7.1 0.022 102+7.0  —0.0415 6.245.0 0.090

Bold numbers indicate significant trends

" Significant at 95% level or higher

observed in the analysed series and the temperature trends,
the ETc increased during the last decades in about 11%.

3.2 Year classification by cluster analysis (CA) (temperature
series)

3.2.1 Annual temperatures

Figure 2 shows the year classification according to the
annual temperature variables recorded at the four analysed

observatories. The centroids of each cluster are presented in
Table 5. Four groups could be separated: two groups asso-
ciated with warm years, which respectively represented
22.9% and 27.9% of the analysed years and the other two
groups represented 36.1% and 13.1% of the years which
were associated with cold years.

Among the first two groups, one of them (cluster 4) includ-
ed the years with greater temperatures (mean 7;,,,=20.7°C
and mean 7p,;,=11.7°C), high NdT90 (50.7 days) and high
HWDI values (about 68 days on average at Barcelona

Table 4 Temperatures

corresponding to the Tyux 90th Vilafranca del Penedes Reus airport Barcelona Barcelona airport
percentile (77,,x90) and the Tiy;,
10th percentile (Tmin 1 0) for each Tmax90 Tmin 10 Tmax90 Tmin 10 Tmax90 Tmin 10 Tmax90 Tmin 10
season and observatory
Winter 18.5 —0.2 19.2 0.7 16.7 1.7 17.8 1.9
Spring 27.2 6.2 27.2 7.4 26.4 13.0 25.1 7.2
Summer 31.2 13.4 30.8 14.9 30.3 22.1 29.4 15.4
Autumn 25.1 4.0 234 22 20.7 39 229 2.6
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Fig. 2 Annual temperature cluster analysis: a dendogram (Ward’s
criteria) representing year classification using the temperature indexes
of the annual data the four analysed observatories: Vilafranca del

observatories). This group included 9 years of the last decade
(between 2000 and 2009), which represent 52.9% of the years
grouped in that cluster, and another 29.4% were years from the
90th decade. The second group (cluster 1) recorded similar
mean temperatures. However, in that group, not only the
NdT90 was high (42.6 days), but also the NdT10 (45.3 days),
and the number of FD was also greater than in the previous
group (12.5 vs. 5.2 days). The years included in that cluster
belonged to all decades but with greater percentage to the
1980s and 1950s (30.8%) and the 1990s and 1960s (15.5%).
The cold year clusters (cluster 2 and cluster 3) had similar
mean temperatures. They included years with the lowest
temperatures and the smallest NDT90 (20.5 days) and
HWDI (28.9 days) values. The difference between them
was in the number of extremes (both warm and cold), which
was smaller in cluster 3. These clusters did not include years
from the previous decade (2000-2009). Cluster 2 included
years from the rest of decades with a higher percentage from
the 1970s (40.9%), while cluster 3 included years from the
1950s (50.0%), 1960s (37.5%) and 1990s (12.5%) (Fig. 2b).

Pened¢s, Barcelona, Barcelona_airport and Reus_airport (NE Spain).
b Percentage of years of each decade included in each cluster (classi-
fied according to annual temperature indexes)

3.2.2 Seasonal temperature analysis

Spring temperatures The CA of the spring season allowed
years to be classified into four groups (Fig. 3a). The cent-
roids of each cluster are presented in Table 6. One group
(cluster 4) (16.4% of total years), grouped years with the
warmest springs and with the highest number of warm
extremes (mean 7p,.x=22.6°C). This cluster included only
years from the 2000s (9 of 10 years). The other two clusters
(clusters 1 and 2) grouped years with relatively warm
springs. Mean temperatures were similar in both clusters
(mean T, about 21.0°C). However, cluster 1, which rep-
resented 19.7% of total years, included higher values of both
warm and cold extremes. This cluster included years from
the 1950s (27.3%), 1970s (36.4%) and 1980s (36.4%). The
other group (cluster 2), which grouped 34.4% of total years,
included years from all decades except the 1970s, with the
highest percentage from the 1990s (38.1%).

The fourth cluster (cluster 3), which represented 29.5%,
was characterised by cold springs. Mean T,,,, ranged
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<Fig. 3 Dendogram (Ward’s criteria) representing year classification
using the temperature indexes: a spring, b summer, ¢ autumn and d
winter data from the four analysed observatories: Vilafranca del
Penede¢s, Barcelona, Barcelona_airport and Reus_airport (NE Spain)

between 19.2 and 21.0°C (depending on the observatory),
and mean T,,;, ranged between 10.6 and 11.5°C. Years
included in this cluster recorded a high NdT10, the number
of cold extremes being quite similar to those recorded in
years included in cluster 1. The years included in this cold

cluster belonged to all decades except to the 2000s (Fig. 4a).

Summer temperatures The CA of summer data allowed
years to be classified into three groups (Fig. 3b). Cluster 1
grouped the years with the warmest summers, which repre-
sented 29.5% of total years. The mean 7). in that cluster
was 28.1 (ranging between 27.5 and 28.8°C), and the mean
Tmin Was 1.2 (ranging between 17.9 and 19.8°C, depending
on the observatory) (Table 7). The mean NdT90 was 20.8,
much higher than in the other two clusters. However, the mean
NdT10 was 6.3 days, slightly greater than in one of the clusters
which included years with cooler summers. This warmest
cluster grouped a high number of years belonging to the
2000s (35.5%), 1990s (35.3%) and 1980s (23.5%) (Fig. 4b).
Cluster 2 and cluster 3, which represented 41.0 and
29.5%, respectively, grouped the years with cooler summers

(mean Ty,,x=26.2 and 27.2°C, respectively). The main dif-
ference between them was the number of cold extremes,
which was greater in cluster 2 (mean NdT10=13.8 days,
ranging between 12.6 and 14.6, depending on the observa-
tory). That cluster included a high percentage of years from
the 1950s (20%), 1960s (24%) and 1970s (28%). Cluster 3
also included a greater percentage from the 1950s and 1960s
(22.2%) than from the rest of the decades (Fig. 4b).

Autumn temperatures The CA of the autumn temperature
data showed four groups: two of them related to cold au-
tumn years and the other two related to warm autumn years.
The results are shown in Table 8, Figs. 3¢ and 4c.

The clusters that grouped the warmest autumn years
(cluster 1) represented 21.3% of total years and recorded a
mean 7,,x=17.9°C (ranging between 16.2 and 18.7°C) and
a mean 7;,;,=9.6°C (ranging between 8.5 and 10.3°C). The
mean NdT90 was 14.2 days on average, and the NdT10 was
5.0 days. However, there were big differences between
Vilafranca del Penedés and the rest of the observatories.
While at Vilafranca del Penedés NdT90 was 4.6 days, in
the rest of the observatories, it ranged between 15.1 and
19.0 days. Cluster 2 grouped 41% of years, which also have
warm autumns, with mean 7T},,,, of about 16.8°C. The main
difference with cluster 1 was in the number of warm

Table 5 Centroids of each cluster obtained in the year classification using the temperature indexes of the annual data

Cluster Mean/observatory Tinaxa TminA Tina NdT90 NdT10 HWDI FD
1 Mean 20.0 10.9 154 42.6 453 44.7 12.5
VP 20.3 9.7 15.0 42.4 41.7 36.9 21.3
RA 20.8 11.0 15.9 455 46.0 18.5 16.3
B 18.6 114 15.0 43.0 44.5 55.1 6.8
BA 20.1 11.3 15.7 48.0 49.1 59.9 5.5
2 Mean 19.2 10.3 14.7 26.7 429 30.6 9.2
VP 19.4 9.2 14.3 25.6 39.5 27.4 144
RA 20.2 10.6 154 26.2 37.5 11.0 10.2
B 17.9 10.6 14.3 29.5 46.5 40.2 7.4
BA 19.5 10.6 15.1 25.6 479 43.6 4.8
3 Mean 19.3 11.0 15.2 20.5 28.9 28.8 5.5
VP 18.8 9.6 14.2 15.1 28.1 20.7 9.1
RA 20.7 11.6 16.1 27.1 25.2 11.9 5.0
B 17.9 11.1 14.5 19.5 36.2 36.9 5.5
BA 19.8 11.7 15.7 20.2 25.9 459 2.2
4 Mean 20.7 11.7 16.2 50.7 24.8 533 52
VP 20.9 10.8 15.8 49.4 20.3 49.1 6.9
RA 21.5 11.4 16.4 51.2 33.6 27.7 10.2
B 19.6 12.1 15.8 51.5 23.6 67.4 2.0
BA 20.7 12.5 16.6 50.5 21.8 68.9 1.8

Tina annual mean temperature, 7p,.xa annual mean maximum temperature, 7,4 annual mean minimum temperature, Nd790 number of days with
Tmax>90th percentile, NdT10 number of days with 7,,,;,<10th percentile, FD number of frost days, HWDI heat wave duration index, VP Vilafranca

del Penedes, R4 Reus airport, B Barcelona, B4 Barcelona airport
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Table 6 Centroids of each cluster obtained in the year classification
using the temperature indexes of the spring data

Cluster Mean/observatory Tmax  Tmin Im  NdT90 NdT910
1 Mean 21.0 11.5 163 118 13.7
VP 209 103 156 11.7 14.9
RA 21.7 11.7 169 10.7 12.8
B 20.5 12.1 163 132 13.5
BA 20.8 11.7 163 11.7 13.5
2 Mean 21.7 123 17.0 9.0 7.1
VP 21.8 109 163 9.3 9.1
RA 22.6 12.8 17.7 9.4 6.0
B 209 125 16.7 9.1 7.6
BA 21.38 129 172 8.1 5.7
3 Mean 202 112 157 32 12.8
VP 21.0 106 158 33 13.2
RA 209 114 162 3.1 11.9
B 192 112 152 3.5 14.7
BA 199 115 157 3.1 11.3
4 Mean 226 133 179 16.6 5.2
VP 232 129 181 18.0 3.7
RA 23.1 121 17.6 164 9.6
B 222 136 179 196 5.6
BA 219 141 18.0 126 1.9

T,, mean temperature, 7,,x mean maximum temperature, 7,,;, mean
minimum temperature, Nd790 number of days with Tj,,>90th per-
centile, NdT10 number of days with 7},;,<10th percentile, VP Vila-
franca del Penedés, R4 Reus airport, B Barcelona, BA Barcelona
airport

extremes, being smaller in cluster 2 than in cluster 1. The
number of cold extremes, however, was slightly greater than
in cluster 1. Both clusters grouped years from all decades, but
the highest percentage in the cluster with the warmest autumns
was from the 2000s (30.1%) and the 1980s (23.1%). In the
cluster 2, the highest percentage was from the 1950s (24.0%),
the 1960s ( 20%) and the 1990s (20%) (Fig. 4c).

The years with cooler autumns (cluster 3) represented
14.8% of years, with a mean Tj,,, of 15.5°C (ranging
between 13.5 and 16.9°C, depending on the observatory).
This cluster recorded a relatively high NdT10 (11.5 days.
ranging between 6.9 and 14). Cluster 4, which grouped
22.95% of years, was also a cluster with cool autumns. This
cluster had a mean 7,,,=16.4°C (ranging between 14.5 and
17.1°C). However, the number of cold extremes were great-
er (mean NDT10=16.2 days, ranging between 12 and
19.3 days), and also, the warm extremes were greater (mean
NdT90=0.1 days). Similar to that observed in cluster 1, the
NdT90 was more than double in the observatories located
near the coast than at Vilafranca del Penedes (up to 13.4 days
at Barcelona vs. 4.5 days at Vilafranca del Penedes).

The years included in cluster 3 belonged to the 1950s
(22.2%), 1960s (22.2%), 1970s (33.3%) and 1990s (22.2%)
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(Fig. 4c). However, in cluster 4, the highest percentage
belonged to the 2000s (30.8%), the 1970s (23.1%) and to
the 1980s (23.1%). Thus, autumns were slightly cooler
during the last decade (2000s) but with higher irregularities
in terms of extremes cold and warm.

Winter temperatures The whole series were classified into
three groups (Fig. 3d). The centroids of each cluster are
presented in Table 9, and Fig. 4d presents the contribution
of years of each decade to each cluster.

The three clusters were identified as groups of years with
cold, warm and intermediate characteristics. Cluster 2, which
represented 24.5% of years, was characterised by clustering
the years with the coolest winters, with a mean 7},,,,=12.8°C
(ranging between 11.1 and 13.8°C) and a mean 7,,;,=3.9°C
(ranging between 2.6 and 4.6°C, always lower at Vilafranca
and Reus airport than at Barcelona). The number of cold
extremes was high (19.4 days on average), with a mean
number FD of 13.1 days, which was higher at Vilafranca del
Penedés (=19 days) than at Barcelona (between 7 and
10 days). The years included in that cluster belonged to all
decades, but with the highest percentage from the 1950s
(28.6%), the 1960s (21.4%) and the 1980s (21.4%).

Cluster 3 represented 19.6% of the years and was char-
acterised by grouping the years with the warmest winters. It
had a mean T,,,,=15.4°C (ranging between 14.2 and 15.7°
C) and a mean T,,;,=6.2°C (ranging between 5.1 and 7.3°
C). The number of cold extremes was low (NdT10 ranging
between 2.7 and 6.6 days), and the number of warm extremes
was high (between 15.1 and 21.2 days), Reus airport obser-
vatory being the one with higher differences in both indexes.
The number of FD was 2.0, on average, but with values near 4
at Vilafranca del Penedés and Reus airport but less than 1 in
the other observatories. The years included in that cluster
mainly belonged to the 1990s (41.7%) and 2000s (41.7%).

The third cluster (cluster 1), which represented 55.7% of
years, grouped years with intermediate characteristics. The
mean Ty, of years included in that cluster ranged between
12.1 and 14.9°C), and mean T,,;, ranged between 4.2 and
5.7°C, depending on the observatory. The number of both
warm and cold extremes was near eight (NdT90=8.5 days
and NdT10=81 days, on average). The years included in
the cluster 1 belonged to all decades, with greater percen-
tages from the 1960s (20.6%) and 1970s (23.5%) (Fig. 4d).

3.3 Precipitation analysis

Table 10 shows the mean values and standard deviation of
each precipitation variable analysed at annual and seasonal
scales for each analysed observatory. The precipitation
corresponding to the 95th percentile and the percentage of
annual rainfall that it represents were also shown.
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Fig. 4 Percentage of years of each decade included in each cluster classified according to temperature indexes: a spring, b summer, ¢ autumn and d
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Table 7 Centroids of each cluster obtained in the year classification
using the temperature indexes of the summer data

Cluster Mean/observatory Tiax Tmin I NdAT90 NdT910
1 Mean 28.1 192 237 208 5.4
VP 28.5 179 232 152 5.5
RA 28.8 189 238 209 8.3
B 27.5 189 232 205 6.8
BA 28.1 19.8 239 265 4.6
2 Mean 262 175 21.8 5.3 13.8
VP 27.1  16.6 21.8 4.9 12.6
RA 27.01 17.6 223 5.5 13.3
B 25.4 17.2 213 6.2 14.6
BA 26.1  17.5 21.8 4.6 14.4
3 Mean 272 185 228 8.8 5.8
VP 27.1 169 22.0 7.5 5.4
RA 28.0 184 232 9.4 6.6
B 26.6 184 225 9.1 5.9
BA 269 18.7 228 9.4 5.3

T,, mean temperature, 7,,x mean maximum temperature, 7;,;, mean
minimum temperature, Nd790 number of days with Ti,,,>90th per-
centile, NdT10 number of days with 7,,;,<10th percentile, VP Vila-
franca del Penedés, R4 Reus airport, B Barcelona, BA Barcelona
airport

The mean Py, ranged between 517 mm at Vilafranca and
610 mm at Barcelona without significant trends, with a
P.x24 of 62.8 mm at Vilafranca del Penedés and
72.7 mm at Barcelona. The mean NdP95 ranged between
2.8 and 3.2 days, and those days accumulated between
25.3% and 27.7% of annual rainfall, on average. There
was no clear trend in annual precipitation during the last
six decades, neither in the total amount nor in other indexes
like P,ax24 or the number of extreme precipitation events
(NdP95). However, the NCDD presented an increasing
trend during the analysed period in some observatories (e.
g., 0.392 days per year at Vilafranca del Penedés or
0.148 days per year at Barcleona airport). The NCWD did
not show any significant trend.

By seasons, spring and autumn were the main rainfall
periods. Spring rainfall ranged between 131.5 mm at Barce-
lona airport and 162.3 mm at Vilafranca del Penedées. Au-
tumn rainfall ranged between 155.5 mm at Reus airport and
197.6 mm at Barcelona airport. These wet periods were
separated by a drier season but with high variability from
year to year and among the analysed observatories. Summer
rainfall varied between 63.7 mm at Vilafranca del Penedeés
and 172.2 mm at Barcelona airport. In winter, mean precip-
itation ranged between 91.5 mm at Reus airport and 124.6+
64.3 mm at Barcelona. Some trends were observed in
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Table 8 Centroids of each cluster obtained in the year classification
using the temperature indexes of the autumn data

Table 9 Centroids of each cluster obtained in the year classification
using the temperature indexes of the winter data

Cluster Mean/observatory Tmax  Tmin = Im NdT90 NdT10 Cluster Mean/observatory Tpax  Tmin Im  NdAT90  NdT910
1 Mean 179 9.6 138 14.2 5.0 1 Mean 138 52 9.6 8.5 8.1
VP 18.0 85 132 4.6 5.0 VP 13.8 4.2 9.0 8.5 8.9
RA 18.8° 94 14.1 15.1 6.5 RA 149 55 103 9.3 9.2
B 162 103 133 18.1 53 B 12.1 5.6 8.9 8.4 7.5
BA 18.7 102 144 19.0 3.0 BA 145 57 10.1 7.7 6.6
2 Mean 16.8 87 12.7 5.7 6.8 2 Mean 12.8 3.9 8.5 7.2 19.4
VP 169 7.6 123 1.8 7.1 VP 12.6 2.6 8.0 8.7 18.2
RA 179 87 133 7.0 7.4 RA 13.8 3.9 9.0 5.9 19.5
B 148 9.1 120 6.6 8.1 B 11.1 4.6 7.9 7.2 19.2
BA 176 9.2 134 7.4 4.4 BA 13.4 45 9.0 7.2 20.6
3 Mean 15.5 72 114 2.9 11.5 3 Mean 154 6.2 108 18.2 4.2
VP 153 6.1 107 0.2 14.0 VP 157 51 104 199 3.7
RA 169 72 120 33 13.1 RA 164 57 111 16.7 6.5
B 135 7.8 10.7 3.6 12.1 B 142 73 108 212 2.7
BA 164 7.8 12.1 44 6.9 BA 155 6.7 11.1 15.1 39
4 Mean 164 7.7 121 10.1 16.2 ]
w
RA 174 74 124 10.6 19.3 centile, NdT10 number of days with T,;,<10th percentile, VP Vila-
B 14.5 8.5 11.5 13.4 17.6 franca del Penedés, R4 Reus airport, B Barcelona, B4 Barcelona
BA 171 83 127 120 12.0 airport

T,, mean temperature, 7,,x mean maximum temperature, 7;,;, mean
minimum temperature, Nd790 number of days with Tj,,>90th per-
centile, NdT10 number of days with 7},;,<10th percentile, VP Vila-
franca del Penedés, R4 Reus airport, B Barcelona, BA Barcelona
airport

autumn and spring precipitation as well as in the percentage
of rainfall recorded in extreme events. However, due to the
high variability among years, there were no significant
trends. In the same table, the trends observed during the last
two decades are also shown. The change ratios were greater
in absolute value. Among the significant trends, we could
point out the decreasing spring precipitation trend at Vila-
franca del Penedés and the increasing winter precipitation at
Vilafranca del Penedés, Reus airport and Barcelona as well
as the increasing trend of the NCDD at Barcelona and
Barcelona airport.

3.4 Year classification by cluster analysis (CA)
(precipitation series)

3.4.1 Annual precipitation

Due to the lack of precipitation trends, this analysis was
done using the total seasonal precipitation in order to ana-
lyse possible pattern changes within the year. The analysis
included all precipitation variables related to the four
seasons as well as some annual variables among the ones
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that showed some trends (although not significant) such as
P24, PercP95 and NCDD. The corresponding dendo-
gram is presented in Fig. 5a, and the centroids of each
cluster are presented in Table 11.

The series were classified into six clusters, which could
be associated with six patterns: normal dry years with pre-
cipitation close to the average, uniformly distributed
throughout the year (cluster 1: 19.7% of years); wet years,
in which all seasons recorded precipitation greater than the
average (cluster 2: 14.8% of years); normal dry years, with
total precipitation slightly smaller than the average, but with
wet spring and wet autumns (cluster 3: 24.6%); normal wet
years, with total precipitation slightly greater than the aver-
age, characterised by higher summer precipitation (cluster 4:
8.2%); wet years with wet autumns and wet winters (cluster
5:13.1% of years) and finally, years with annual precipita-
tion close to the average with wet springs and wet autumns,
(cluster 6: 19.7%). Cluster 2 included the years with the
highest values of P,,,x24 (92.8 days on average, with greater
values in both observatories of Barcelona than at Vilafranca
del Penedés or Reus airport), while cluster 3 and cluster 6
were the ones that grouped the years in which the higher
NCDD were recorded (mean values ranging between 33.2
and 31.1 days per year).

By analysing the years included in each cluster (Fig. 5b)
it may be observed that there is no clear trend of any pattern.
All clusters included years from all decades except cluster 4,
which, on the other hand, represented the less frequent
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Table 10 Mean value, standard
deviation and significant trends
of annual precipitation (Pa,),
maximum precipitation in 24 h
(Pmax24), number of very wet
days (days with precipitation
higher than the 95% percentile
(NdP95), percentage of annual
precipitation felt in very wet
days (PercP95p), maximum
number of consecutive dry days
(NCDD), maximum number of
consecutive wet days (NCWD),
seasonal precipitation (Ps,
spring, Pgymy, summer, Py, au-
tumn, Py, winter) for the peri-
od 1950-2010 recorded at each
observatory and for the last two
decades (1990-2010)

Bold numbers indicate signifi-
cant trends at 90% or higher

Observatory Variable Mean + standard ~ Trend/year  Trend/year (90s—00s)
deviation (°Clyear) (°Clyear)
Vilafranca del Penedés  Pa, (mm) 517+114 0.220 —7.431
Pppax24 (mm) 62.8+£21.9 0.144 0.239
NdP95 (30.5 mm) 3.2+1.7 0.019 0.16
PercP95p (%) 27.7+2.3 0.131 0.429
NCDD (days) 41.1+19.9 0.392 0.203
NCWD (days) 52«15 —0.006 0.094
Pg, 162.3+39.4 -0.413 —2.594
Psum 63.6+83.4 —0.057 —0.853
Py 188.5+39.7 —0.048 —4.814
Pyyint 105.0+64.5 0.441 1.729
Reus airport Py, (mm) 521+141 -1.012 —2.822
Ppax24 (mm) 63.2£26.2 —0.250 —1.243
NdP95 (34.5 mm) 2.8+1.8 —0.028 0.354
PercP95p (%) 26.7+16.0 -0.212 -0.527
NCDD (days) 29.9+9.7 -0.119 -0.011
NCWD (days) 4114 0.008 -0.22
Pg, 136.1+75.3 —0.884 -2.932
Psum 137.1+£80.0 —-0.056 0.404
Prye 155.5+73.4 —0.046 -0.679
Pryine 91.5+£57.1 -0.117 0.809
Barcelona airport Ppn (mm) 608+204 —1.643 -9.89
Pppax24 (mm) 72.7+£37.0 -0.284 —1.245
NdP95 (346.5 mm) 3.0+2.1 0.002 —0.433
PercP95p (%) 26.5+15.5 0.028 0.028
NCDD (days) 28.7£11.9 0.148 0.715
NCWD (days) 44+14 0.005 0.536
Pg, 131.5+69.9 —0.358 -1.377
Psym 172.2+109.8 —0.769 —1.872
Paut 197.6+125.4 -1.129 —1.478
Pwint 113.3+56.8 —0.502 0.882
Barcelona Py (mm) 610+150 0.198 —5.621
Prax24 (mm) 65.5+£22.8 0.207 —0.732
NdP95 (34.3 mm) 2.9+1.8 0.014 0.201
PercP95p (%) 253+12.7 0.152 —0.216
NCDD (days) 25.2+9.1 0.087 0.239
NCWD (days) 9.9+£2.8 0.017 0.239
Pg, 147.2+73.1 —0.228 —-1.672
Psym 143.6+71.0 —0.320 —2.767
Prye 183.3+98.7 0.226 -3.222
Pyyine 124.6+64.3 0.369 2.809

pattern. That cluster did not include years from the 1960s,
1980s nor from the 1900s. Cluster 3 and cluster 6, with
rainfall mainly concentrated in spring and autumn, repre-
sented the most typical precipitation pattern in the area. The
differences between these two clusters were in the total
winter precipitation. Cluster 6 included the same number
of years from all decades (16.7%), while the highest

percentage of years in cluster 3 belonged to the 1960s
(20%), 1990s (20%) and 2000s (26.7%). The years included
in cluster 3 had more irregular distribution as noted by the
greater mean NCDD values and the greater P,,,24, which
indicated more extreme events but also longer dry periods.
In relation to the patterns corresponding to wet years repre-
sented by cluster 2 (with uniform distribution) and cluster 5
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Fig. 5 Precipitation analysis: a dendogram (Ward’s criteria) representing year classification using the seasonal precipitation indexes from four
observatories). b Percentage of years of each decade included in each cluster (classified according to annual and seasonal precipitation indexes)

(with wet winters and wet autumns), the maximum percent-
age of years belonged to the 1970s and 1960s, respectively.
This analysis confirmed, in addition to the variability of
precipitation within the observatories, the lack of any trends.

4 Discussion and conclusions

Despite the variability that characterises the Mediterranean
climate, the temperature trend analysis in this specific area
of NE Spain showed a temperature increase, mainly driven by
maximum temperature increases in all seasons (presented in
this paper by a long series recorded at four observatories
located in the coast (Barcelona and Barcelona airport) and in
the Penedeés (Vilafranca del Penedés) and Camp de Tarragona
(Reus airport) Depressions). The results have bean also cor-
roborated for shorter series in other observatories of the area
(Ramos and Martinez-Casasnovas 2010b). We could observe
some differences between the observatories, the results from
Reus airport being the poorest in terms of significance and the
observatory in which temperature change ratios were smaller.
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During the last 60 years, an increase in 7}, ranging between
1.86 and 2.4°C and in mean 7p,,, up to 2.2°C was recorded,
with an increase in the NdT90 (between 31.6 and 34.9 days
during that period). The temperature increase was not uniform
throughout the year. It was greater in spring, summer and
winter than in autumn. The increase was greater at Vilafranca
del Pened¢s than at Barcelona and at Barcelona airport. Dur-
ing that period, spring maximum temperatures increased by
up to 2.58°C at Vilafranca and 2.16°C at Barcelona due to the
high number of extremes recorded in that season. The increase
in the number of warm extremes in summer (up to 17 days at
Barcelona and 21 days at Barcelon airport) was also consid-
erably high.

The results are in agreement with the trends observed at
wide scales in Europe and other parts of the world up to the
last decade of the past century (Frich et al. 2002; Klein Tank
et al. 2002). Brunet et al. (2007), in an analysis of records
from 1850 to 2005 of 22 stations, observed maximum
temperature increases at a greater rate than minimum tem-
perature increases (0.11 vs. 0.08°C per decade for 1950—
2005). However, they noted that the contribution to the
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Table 11 Centroids of each
cluster obtained in the year clas- ~ Cluster  Observatory  Ps, Psum  Pau Puying Pan NCDD  NdP95 P24
sification using annual and sea-
sonal precipitation indexes. 1 Mean 1532 995 1179 1277 4220 546 1.7 64.1
P precipitation (of each season), VP 1713 486 1160 1373 4528 325 23 544
Qgﬁjer:;’g:;”&fsﬂgeycg; RA 1230 1168 1530 956 4886 287 2.0 49.9
NCDD maximum annual B 1423 1128 925 1187 5706 373 1.1 419
number of consecutive dry days, BA 176.1 1199 1102 159.1 176.1 253 1.3 110.2
NdP95 annual number of days 2 Mean 1959 1860 259.8 1445 7925 221 46 92.8
‘9”5122 I;Zigﬁ:ﬁg‘m exceeding the VP 180.8 1011 2406 1386 6867 234 44 71.8
RA 190.6 1332 1670 772 5680  30.0 35 71.5
B 2067 2894 3442 1603 9235 180 5 130.1
BA 2055 2204 2873 2021 9920 168 5.4 97.6
3 Mean 987 119.0 1862 945 5009 332 2.8 64.7
VP 976 472 2165 948 4558 412 3.0 68.0
RA 1344 1414 1397 1058 5220 294 25 579
B 69.0 1496 1903 841 5384 325 27 63.2
BA 938 1379 1986 932 4874 297 3.0 69.8
4 Mean 1465 2109 1302 7375 5676 295 3.7 84.1
VP 188.8 1039 1874 591 5656 334 46 80.6
RA 1318 1719 972 633 4742 264 3.6 70.8
B 1360 3093 1079  87.6 6004 254 3.1 108.4
BA 1295 2585 1284 850 6302 330 33 76.5
5 Mean 1289 1261 2259 1784 6621 244 22 67.5
VP 1648 702 2292 1357 6128 258 25 54.1
RA 1472 1257 2060 1778 6569 245 23 763
B 88.0 1683 2494 1941 6850 235 1.8 71.1
BA 1157 140.1  219.1  206.1 6937  23.8 2.1 68.4
6 Mean 1786 1077 1741 613 5250  31.1 4.7 60.2
VP 199.7  65.1 1588 449 4895 406 41 533
RA 1652 1587 1470 640 5352 313 5.0 73.1
B 169.8 1174 2048 662 5243 284 49 58.4
BA 1796  89.6 1858 702 5510 243 47 56.0

annual warming of autumn and winter was slightly greater
than those of spring and summer warm extremes.
Additionally, T, increased significantly in winter and
spring in all observatories and additionally in summer in the
coastal observatories. Those minimum temperature trends in-
dicated a variation of about 1.5°C in winter, about 1.8°C in
spring and about 1°C in summer (at Barcelona) during the
whole period. In this respect, the results are in agreement with
those observed by Klein Tank et al. (2002) who found increas-
ing temperature trends in summer: 0.4°C per decade for the
period 1946-1999 and 0.42°C per decade (0.1-0.74) for the
period 1976-1999. As pointed by Lund et al. (2001), the use of
seasonal data gave smaller errors in the estimates than annual
data and more information about temperature trends was
obtained. Brunet et al. (2007) also found in Spain a decrease
of the number of moderately extreme cold days (0.74 days per
decade) and an increase of moderately warm days and nights
(0.53 and 0.49 days per decade) over the period 1850-2005.

Looking at the year-by-year analysis, we could observe
that during the last three decades and particularly during the
2000s, temperatures recorded during the four seasons were
greater than the average: that happened in 6 of 9 years in the
2000s and in 5 of 10 years in the 1990s and the 1980s. Only
a few number of years recorded cold temperatures in all
seasons in all observatories (1951, 1956, 1975 and 1978)
and additionally in three of the four observatories (1957 and
1992). In the rest of years, there was no uniformity among
all observatories nor among seasons within a year, with a
variety of possibilities: cold winters and hot summers (like
in 1964, 1970, 1973, 1985, 1986, 1987 or 2005 and 2010) or
warm winters and relatively cold summers (like in 1974 or
1995, among others). The results are in agreement with that
pointed out in the IPPC (2007) report referent to the warm-
est years recorded since 1850: the 12 warmest years are
among the years 1995-2006, with a 100-year lineal trend
between 1906 and 2005 of 0.74°C (0.56°C—0.92°C) greater
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than the average trend of 0.6°C observed between 1901 and
2000 (0.4°C-0.8°C).

In relation to precipitation, the high variability observed
from year to year hides any possible trend. As found by
other authors in the Mediterranean (Reiser and Kutiel,
2010), no significant trends were found in the annual totals,
in the number of rainy days and in the rainy season for the
whole analysed period. Nevertheless, in the study, case
some trends were observed at seasonal scale although they
were not uniform in the analysed observatories. The com-
mon trend in the four observatories, significant only at the
90% level, was a decreasing trend of the spring precipita-
tion, being of greater magnitude during the last three deca-
des (1980s to 2000s). There was also an increasing trend in
winter precipitation at Vilafranca del Penedés and in sum-
mer precipitation at Barcelona, although with high variabil-
ity from year to year. The high variability during the last two
decades was confirmed by the longer dry periods (NCDD
increase) and the greater values of daily precipitation (dur-
ing the last 20 years, more than 50% of years recorded
P.x24 higher than the average, with values higher than
100 mm in 24 h). In addition, a positive trend was observed
in the percentage that the extreme precipitation represented
in relation to the annual precipitation, although those trends
were not always were significant at 95%.

This result is in agreement with that observed by Gonza-
lez-Hidalgo et al. (2010), who pointed out a negative trend
in March and June in all catchments of Spain and a positive
trend in October, which was particularly evident in the
northwestern catchments. De Luis et al. (2009) and de Luis
et al. (2010) referred to notable changes in seasonal precip-
itation regimes in the second half of the 20th century, which
did not only affect the main rainy seasons (spring and
autumn) but were also associated with an increase in winter
precipitation along eastern coastal areas and to a decrease in
precipitation inland associated with an increase in the vari-
ability of precipitation in all areas. They also noted a general
increase in autumn precipitation.

The results are also in agreement with those found by
Vergni and Todisco (2011) in central Italy, who noted neg-
ative trends for the growing season (April-September),
mainly falling within the May—August subperiod. In the
same direction, Hirschi and Seneviratne (2010), in an anal-
ysis carried out in France since 1901 to present, found a
decreasing trend in the spring to autumn correlations.

In other studies carried out in the Mediterranean region,
Altava-Ortiz et al. (2011) indicated that the two decades
between 1984/1985 and 2004/2005 have been revealed as
some of the driest ones since data are available in central
and western Mediterranean, and they point out to the dim-
inution of the spring and winter rainfall as the cause of the
driest records since data are available in Western Mediter-
ranean. In relation to summer precipitation, some authors
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have concluded that summer precipitation in the Mediterra-
nean region has decreased, based on the comparison of
mean precipitation between two arbitrary multi-decadal
periods (Pal et al. 2004; Giorgi and Lionello 2008). How-
ever, Bladé et al. (2011) observed that summer precipitation
in Europe did not exhibit statistically significant negative
trends.

The CA applied to both annual and seasonal temper-
atures, and precipitation allowed to confirm the changes
throughout the time. The years from the last decades were
included for all seasons in the clusters that were considered
as warm clusters. In particular, those warm clusters included
a high percentage of spring 2000s, winter 2000s and 1990s,
and autumn and summer 2000s, 1990s and 1980s. For
precipitation, the most significant results were related to
the dry conditions observed in spring 2000s and the wet
conditions recorded in summer 2000s and 1980s and in
autumn 2000s. The dendograms allowed the visualisation
of the classification of each year in each groups according to
the related temperature and precipitation variables.

Several authors (Altava-Ortiz et al. 2011; Lopez-Bustins
et al. 2008; Trigo et al. 2008, among others) have related
changes in precipitation with teleconnection indexes. Bladé
etal. (2011) showed a positive relationship between summer
North Atlantic Oscillation index (SNAO) and precipitation
(referred to the period June—August) and a negative corre-
lation with winter precipitation. Trigo et al. (2008) also
indicated a link between the North Atlantic Oscillation
index (NAO) index and the trends in winter precipitation
in southwest Europe. In the analysed observatories, no sig-
nificant correlation was found between seasonal precipita-
tion and any index. However, when the analysis was done
month by month, significant correlation (0.3) was found
between precipitation and the corresponding monthly
NAO and East Pacific/North Pacific Oscillation (EP/NP)
indexes for August (0.3) and for January (—0.26) in three
of the four analysed observatories.

From the point of view of the effects that those temperature
changes and higher irregular distribution of precipitation may
have on the main agricultural activity of the area, the main
factors to take into account are the extreme situations and
water availability (Ramos and Martinez-Casasnovas 2010a,
b). Most crops are adapted for a given temperature range and
are sensible to high temperature episodes out of the suitable
conditions. Additionally, the damage produced by high tem-
peratures depends on the stage of development in which the
crops are. Within the study area, in the Penedés Depression,
one of the main crops is vines, which occupied about 80% of
the cultivated surface (cultivated under the “designation of
origin” DO. Penedes). For that crop, temperatures higher than
30°C during a long period cause stress, premature veraison,
berry abscission, enzyme activation and less flavour develop-
ment (Mullins et al. 1992). During the analysed period, there
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Fig. 6 Trend of number of days
per year with temperatures
greater than 30°C for Vilafranca
del Penedés (NE Spain)
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was an increasing trend of the number of days per year in
which the temperature of 30°C was overpassed (Fig. 6).
Additionally, the increase of temperature supposes great-
er crop water demands. According to Vilafranca del Penedes
data, crop evapotranspiration ranged between 343 and
471 mm, with a mean value of 405421 mm. Crop cvapo-
transpiration increased about 11% for the six decades, which
is similar to that indicated by Vergni and Todisco (2011) for

Fig. 7 Trends and relationship
of beginning and ending harvest
dates (Vilafranca del Penedeés)
with temperature variables: a
trends throughout the years and
b relationship with mean spring
maximum temperature
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some areas of central Italy. These authors indicated expected
mean ETo variations of about 12%. Crop evapotranspiration
was smaller than annual precipitation in 15.5% of the ana-
lysed years. In addition, due to the irregular distribution of
rainfall and dry summer season, characteristic of the Medi-
terranean climate, with a an important amount of rainfall
falling in autumn, water deficits were recorded in 75.8% of

the analysed years during the grape growing season. In
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those years, water deficits up to 200 mm were recorded
during the grape growing season. This greater water demand
may really be a problem in areas were the possibilities of
irrigation are scarce.

The increase of temperature and the number of
extremes have an effect on vine phenology. During the
last decades, a progressive advance on harvest dates
(both beginning and ending) has been observed, greater
for the beginning harvest date (about 4.4 days per de-
cade). That advance was significantly correlated with the
increase of temperature. A particular incidence had the
temperatures observed during spring and summer, which
were the ones that experienced greater increase (as it was
shown in the spring temperature analysis, the warmer
cluster grouped the years from the 2000s and some years
from the 1990s). Figure 7 shows the trends of the aver-
age dates with time (Fig. 7a), the relationship between
them and the mean spring temperature (Fig. 7b). The
beginning of harvest day advanced in about 5 days per
1°C increase of the spring maximum temperature, which
is also related to the number of extremes recorded in the
same season. This advance, which is in agreement with
that observed in other European arecas (Amann 2008;
Petgen 2007; Jones and Davis 2000) may have negative
impacts on the balance between sugar content, acidity
and other grape maturity parameters. Water availability is
another important factor for grape production. The ob-
served decreasing trend of spring precipitation together
with an increase of temperatures, which gives rise to
higher evapotranspiration rates, produced higher water
deficits. This period includes the budbreak—bloom stage
and part of the bloom to veraison stage, in which grape
may suffer deficit of suitable development. During the
last 15 years, in one of the main varieties characteristic
of the Penedés area (Xarello), it has been observed that
yield reductions of about 20 kg/ha/ml of water deficit
increase during spring, which may imply a significant
production reduction in the area and the associated eco-
nomic impact.

As a conclusion, the results of this analysis confirm the
increase of temperature during the last decades, particularly
in the last two, mainly due to increase of the maximum
temperatures and the number of days with high extreme
temperatures. Precipitation presents high variability from
year to year, which makes it difficult to establish trends in
any season, although longer dry periods and spring precip-
itation reductions are observed. The increase of tempera-
tures increases evapotranspiration and, due to the higher
irregular distribution, gives rise to water deficits. Both tem-
perature and precipitation trends had an impact on phenol-
ogy and yield of one of the main crops (vines) in the
Penedés, particularly in those areas where water resources
are scarce.
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