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Abstract

Time trends and their statistical significance for daily minimum, Tmin, and maximum, Tmax, temperatures recorded at
the Fabra Observatory (Barcelona) along 102 years (1917-2018) permit to analyse the evolution of every one of the 365
calendar days along the recording period. Relevant changes in the daily temperature regime have been quantified not only
by time trends and the Mann—Kendall test, but also by the multifractal analysis applied to consecutive segments of daily
temperature data. The evolution of several multifractal parameters (the central Holder exponent, the spectral asymmetry
and spectral amplitude, the complexity index and the Hurst exponent) provides a complementary viewpoint to describe the
evolution of the thermometric regime along the 102 recorded years. At monthly scale, the effects of the climate change are
characterised by significant positive trends from September to December and very moderate negative trends from April to
July. With respect to changes in the calendar-day structure, it is noticeable a shift of the highest minimum and maximum
daily temperature from July to August (year 2018) to the beginning of September (projections for years 2030 and 2050) and

the projected highest maximum calendar-day temperature exceeding 30 °C.

1 Introduction

The effects on climate at local, regional and global scales of
the anthropogenic climate change are nowadays unquestion-
able (Le Treut et al. 2007; Founda 2011; Hao et al. 2021; La
Sorte et al. 2021; IPCC 2021), and changes in the frequency
and duration of extreme climate events are pointed out (Dif-
fenbaugh et al. 2017; Aghakouchak et al. 2020). From the
viewpoint of thermometric regimes, it is worth highlight-
ing the effects on the occurrence of extreme hot and cold
events (Burguefio et al. 2002; Lana et al. 2009; Wheeler
et al. 2011; Coumou and Robinson 2013). Additionally, the
likely increase in length and intensity of heatwaves (Amen-
gual et al. 2014; Russo et al. 2015; Lorenzo et al. 2021,
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among others), whose impacts could be exacerbated in large
cities and metropolitan areas due to the urban heat island
(UHI) effect has relevant concerns for human health, agricul-
ture and forest fire risk (Bensoussan et al. 2010; Pausas and
Fernandez-Mufioz 2012; Smith and Sheridan 2019). Nowa-
days, it is widely accepted that emissions of CO, and other
greenhouse gases (GHGS) into the atmosphere are affecting
the temperature regime at global, regional and local scales
(Bloomfield 1992; Stern and Kaufmann 2000; Jones and
Moberg 2003; Sigro et al. 2005; Gil-Alana 2009; Gil-Alana
and Sauci 2019; IPCC 2022), and the annual evolution of
global average atmospheric concentration of CO, has been
updated and published a few years ago by Meinshausen
et al. (2017). The effects of GHG emissions on temperature
regime changes have been studied from several points of
view. Among many other researches, it could be cited Wig-
ley and Santer (2013) who studied the role played by the
CO, anthropogenic component along the twentieth century;
Zickfeld et al. (2016) focused on the behaviour of tempera-
ture changes during periods of negative CO, emissions and
more recently Agliardi et al. (2019) who have analysed the
relationship between GHGs and global temperature anoma-
lies. Consequently, a detailed knowledge at local scale of
changes in the thermometric regimes is also of great interest.
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In the present research, a long-term high-quality
database of daily maximum and minimum temperatures
recorded at Fabra Observatory (Barcelona, NE Spain)
along the 1917-2018 period (102 years), without any lack
of data, has permitted investigating the evolution of the
multifractal structure of the daily temperatures, as well as
a thorough analysis of the 365 calendar-day temperature
pattern and its time evolution. The results, showing clear
evidences of notable changes in the calendar-day structure
of maximum, minimum and extreme temperatures, should
contribute to improving the prospective knowledge of the
thermometric regime in the Western Mediterranean region
(Kutiel and Maheras 1998; Corte-Real et al. 1995; Xoplaki
et al. 2003; Martinez et al. 2010; Gongalves et al. 2014 and
Barrera-Escoda et al. 2014, among others).

The contents of this paper are organised as follows.
Section 2 explains the data quality of the maximum and
minimum daily temperatures recorded at Fabra Observa-
tory and offers a first overview of the thermometric regime
at annual scale. Section 3 describes the MFDA multifrac-
tal algorithm and the obtained results, which evaluate the
complexity of the temperature evolution for the whole data
series and for consecutive segments of the series, thus per-
mitting to derive the time evolution of this complexity since
the beginning of the twentieth century up to nowadays. The
evolution of the maximum and minimum calendar-day tem-
peratures along the 102-years recording period is examined
in detail in Sect. 4, the likely projections of the calendar-
day profile for years 2030 and 2050 being then derived.
The results of this thermometric analysis are discussed in

Fig. 1 Location of the Fabra
Observatory in the metropolitan
area of Barcelona
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Sect. 5, and Conclusions, in Sect. 6, summarises the most
relevant results concerning future changes in the tempera-
ture regime, which would possibly affect Barcelona city and
its metropolitan area.

2 Database

The daily database for the detailed analysis of the evolution
of the thermometric regime at daily, monthly, seasonal and
annual scales in Barcelona has been obtained from the Fabra
Observatory, owned by the Royal Academy of Art and Sci-
ences of Barcelona. Figure 1 shows the location of the obser-
vatory. It is placed on the littoral chain at a moderate altitude
of 415 m.a.s.1. and a few kilometres from the Mediterranean
shoreline. Although placed within the municipality of Barce-
lona, it is out of the urban continuum. This database is nota-
bly long, without any gap all along the 102-year period con-
sidered (1917-2018), and of high quality and homogeneity
(Serra et al. 2001; Burguefio et al. 2014; Lana et al. 2015),
verified by AEMET (Spanish Meteorological Agency), SMC
(Meteorological Service of Catalunya, www.meteo.cat) and
also available in European Climate Assessment & Dataset
(www.ecad.eu). The last day of February in leap years has
been removed for avoiding the low time trend reliability
for this specific calendar day. Whereas only 25 samples are
available for February 29th, 102 samples for every one of the
other 365 calendar days permit a much more accurate com-
putation. It is also assumed that, at monthly, seasonal and
annual scales, removing this calendar day would represent a

A
N
10 km



http://www.meteo.cat
http://www.ecad.eu

The effects of the climatic change on daily maximum and minimum temperatures along 102 years. .. 1375

very small perturbation on the computed time trends. Conse-
quently, time trends of temperature regime and their statisti-
cal significance can be conveniently analysed.

A first description of the maximum, Tmax, and minimum,
Tmin, temperatures is depicted in Fig. 2a and b, where the
running average of 365 samples’ length of maximum and
minimum daily temperatures and their average, extreme and
standard deviation for every calendar day have been repre-
sented. In agreement with Fig. 2a, a relevant change on the
tendency of both temperatures, with some time lag between
them, is detected. Running average of maximum tempera-
tures depicts fluctuations approximately between 16.5 and
19.5 °C up to the beginning of the 1970s decade. Afterwards,
a notable increasing evolution is observed, being achieved
oscillations from 19.5 to 21 °C along the last three decades.
Running average of minimum temperatures depicts a similar
pattern with an increasing tendency detected at the end of
the 1970s decade, a few years delayed with respect to maxi-
mum temperatures. Whereas minimum average temperatures
fluctuate between 10.0 and 12.0 °C up to the end of 1970s
decade, since the end of the twentieth century, they oscillate
within an interval close to 11.5-13.5 °C. With respect to
the distribution of the recorded temperatures along the 365
calendar days (Fig. 2b), the best fits (the lowest RMSE) of
average and extreme minimum and maximum temperatures
are obtained with fifth-degree polynomials, being noticeable
several days with Tmax exceeding 35 °C (some of them very
close to 40 °C) for July and August, and other days since
December to February with Tmin lowering 0 °C, in a few
cases close to— 10 °C. It has to be also mentioned that the
standard deviation of the calendar-day extreme temperatures
ranges between 2.5 and 4.0 °C for Tmax and from 2.1 to
3.9 °C for Tmin, then suggesting a little larger fluctuation
for extreme maximum temperatures.

3 Multifractal structure of daily
temperatures

The degree of multifractal complexity is quantified by the
multifractal detrended fluctuation analysis, MDFA (Kan-
telhardt et al. 2002), which has been applied, among other
scientific fields, to geosciences data series — seismology
(Aggarwal et al. 2015; Fan and Lin 2017 and Monterru-
bio-Velasco et al. 2020, among others) — and climatology
analyses (Burguefio et al. 2014; and Lana et al. 2020, among
others). In this research, this algorithm is applied to a high
number of maximum and minimum daily temperatures
(more than 37,000 daily data), hence being assured a good
accuracy of the results. The same algorithm is also applied
to segments of daily data (moving windows), thus permitting
an analysis of the multifractal evolution of the thermometric
regime since 1917 up to 2018. A detailed description of the

computational steps of the MDFA algorithm can be found,
among others, in Burguefio et al. (2014).
The multifractal spectrum, F(a), can be computed as

Fa)=A(a —ap)* +B(a —ay) + C (1)
a(q) = h(q) + qdh(q)/dq )

Fy,) =~ sh(q);(q = —gmin, ... ,0,...,gmax 3)

This multifractal spectrum is based on «, the Holder
exponent, three coefficients (C, theoretically equal to 1.0,
and A and B), all of them obtained by means of a second-
order polynomial fit of empiric F(a), and the central Holder
exponent o, accomplishing F(e;) =1.0. Equation (2) estab-
lishes the relationship between the Holder exponent a(q)
and the generalised Hurst exponent, h(q), and Eq. (3) rep-
resents the g-order fluctuation function, F(q), of the differ-
ent data segments, S(q), analysed, then being obtained the
generalised Hurst exponent h(q). This generalised exponent
will be equal to the usual Hurst exponent, H, for =2 when
stationary time series are analysed. Alternatively, for non-
stationary or noisy series, H will be equal to h(q=2)—1.0.

The fit of empirical multifractal spectrum data to Eq. (1)
permits to obtain the extreme oy, x and oy Holder expo-
nents accomplishing F(ayax) = F(oyn) =0; the spectral
amplitude, W = a5 x — oy and the spectral asymmetry,
¥ = (oppax — %)/ (0 — apgpn)» Which could vary from total
symmetry (y=1.0) to high right (y> > 1.0) or high left
(y < <1.0) asymmetries. Standardised values of «; W and
y for every data segment are used to obtain the evolution of
a complexity index, CI (Shimizu et al. 2002), of the analysed
series. This index CI is computed by adding the standardised
values of W, y and «. Additionally, the usual Hurst expo-
nent, H, will quantify the degree of persistence (H>0.5),
anti-persistence (H <0.5) or randomness (H =~ 0.5) of the
analysed series.

The results of the multifractal analysis applied to
the complete daily data are shown in Fig. 3a, b and c.
As expected, a(q) diminishes for increasing values of
g-order. The Hurst exponent, both for maximum and mini-
mum daily temperature series, is characterised by notable
signs of randomness (values close to 0.5) and the param-
eterz = gh(q) — 1, leading to Eq. (2) (bearing in mind
thata(g) = dr/dq) also depicts a high similarity between
maximum and minimum temperature series. The multi-
fractal polynomial (Fig. 4) shows some differences, with
respect to the spectral amplitude, when comparing Tmax
(0.47 units) and Tmin (0.64 units) series. From this point
of view, Tmin series would be a bit more complex than
Tmax series. Some shortcomings have to be also men-
tioned. First, for both multifractal computations, empiric
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Fig.2 (continued)
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central Holder exponents are not exactly coincident with
those deduced from the polynomial fit. Second, uncertain-
ties on the extreme Holder exponents are also observed,
given that sometimes empiric multifractal amplitudes
close to 0, defining extreme ¢,,;, and ¢q,,,,, depart from
Eq. (1) and cannot be used for a more accurate quanti-
fication of coefficients A and B. Then, extreme Holder
exponents, ayax and ayyy, are determined with some
small uncertainty and the asymmetry, and spectral ampli-
tude, both concerning the complexity index, could be also

submitted to some uncertainty. Results would suggest that
it could affect slightly more to Tmin in comparison with
Tmax. Nevertheless, this difference is negligible, taking
into account the computational uncertainty.

The same multifractal algorithm has been applied to mov-
ing windows of 25-year length, every time shifted 5 years,
then obtaining several samples of the multifractal evolution
along 102 years. Figure 5a depicts a clear decreasing evolu-
tion of the central Holder exponent for Tmax and Tmin. Not
so clear negative trends are observed for the evolution of
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Fig.3 a Holder exponent, a(q), of the multifractal analyses; b generalised Hurst exponent, h(q); and ¢ t(q) exponent for the maximum and mini-

mum daily temperature series

the asymmetry (Fig. 5b), except for Tmax since 1980, and
decreasing trends are clearly detected only for the spectral
amplitude (Fig. 5¢) since approximately 1995 up to 2018.
Given that the generalised Hurst values h(q) of the mul-
tifractal structure exceed 1.0, the usual Hurst exponent H
has to be computed as h(q=2) — 1.0. The evolution of this
exponent (Fig. 5d) also decreases up to 2001, very moder-
ately changing to positive trends since 2001 to 2018. It is

@ Springer

definitively observed that, in spite of this change in the time
trends, both thermometric series are characterised by a ran-
dom behaviour, with H equal to h(q=2) — 1.0 varying within
a narrow fringe from 0.44 to 0.55, thus being discarded up to
nowadays changes from randomness to persistence or anti-
persistence. Only analyses of future temperature data could
verify if these new trends persist and the multifractal struc-
ture will change from randomness to persistence. Finally,
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«Fig.5 Evolution of a Central Holder exponent, o; b multifrac-
tal asymmetry, y; ¢ spectral amplitude, W; d Hurst exponent,
H=h(q=2)—1.0; and e complexity index, CI, for moving windows
of 25-year length and 5-year shift

the degree of complexity (Fig. Se) depicts an outstanding
reduction from year 1970 (+ 1.50 for Tmin and +0.75 for
Tmax) to year 2018 (— 1.50 for Tmin and —2.00 for Tmax).

In agreement with the detected time trends on multifrac-
tal parameters, a single-time evolution for the whole set of
parameters is not detected, and it is also evident that the
parameter CI, quantifying the degree of complexity, clearly
decreases since 1970, and the Hurst exponent, in spite of a
clear change from negative to positive trend, is associated
up to nowadays with randomness, instead of persistence
(H> >0.5) or anti-persistence H < <0.5).

4 Calendar-day characteristics
and temperature trends

Daily maximum and minimum temperature trends for the
365 calendar days have been computed and their statistical
significance evaluated by means of the Mann—Kendall test
(Sneyers 1990). A detailed description of the evolution of
the daily maximum and minimum temperatures is sum-
marised in Table 1 and Fig. 6. As observed in this figure,
most of time trends are positive, for both daily Tmax and
Tmin, and are especially high in autumn. The correspond-
ing Mann—Kendall percentage of statistical significance
depicts a quite similar evolution, being relevant that statis-
tical significances equalling or exceeding 99% are clearly
dominant in autumn. Time trends and the Mann—Kendall
test results for every calendar day have been grouped into
the corresponding month and season (Table 1). This pro-
cedure permits a description of variability at monthly and
seasonal scales, based on the 102 samples for every calen-
dar day guaranteeing the accuracy of the results. Extreme
maximum and minimum time trend variability, as well as
average and standard deviations at monthly and seasonal
scales, is then obtained, taking advantage of the confident
time trends derived for the 365 calendar days. The 365
Mann—Kendall tests and time trend values have also been
used to detect the time trend diversity of maximum and
minimum temperatures at annual scale. The results clearly
reveal positive Mann—Kendall values, very often exceed-
ing 90% of statistical significance (empiric Mann—Kendall
parameter equalling to or exceeding 1.64), accompanied
by averaged high positive time trends, especially for Janu-
ary and from August to December, for both maximum and
minimum temperatures. The maximum temperatures from
August to December depict the highest positive averaged
trends, reaching 7.4 °C per century in November. The

minimum temperatures show remarkable positive trends
for January and from September to December, although
more moderate than maximum temperatures. The largest
positive trend is attained again in November (5.9 °C per
century). At seasonal scale, the time trends are smoothed
due to the different behaviour of consecutive calendar days
pertaining to the same season. Nevertheless, most of time
trends are positive (except for maximum temperatures in
spring), and it is worth highlighting the outstanding posi-
tive trends for maximum (6.2 °C/century) and minimum
(4.5 °C/century) temperatures in autumn. At annual scale,
these high positive trends are notably smoothed due to the
moderate contribution of winter, summer and spring, in
comparison with autumn. Average time trends at annual
scale leading to possible increases of 2.4 °C (maximum
temperatures) and 1.4 °C (minimum temperatures) along
100 years could be considered as a troubling effect of the
human-induced climate change.

In agreement with Table 1 and Fig. 6, the time behav-
iour of maximum and minimum calendar-day temperatures
is not homogeneous along the year. As an example, the
calendar-day patterns of maximum and minimum tempera-
tures corresponding to years 1920 and 2018 (at the begin-
ning and the end of the recording period) are represented
in Fig. 7, jointly with 6th degree polynomial fits (thick
lines). More than relevant temperature differences for
some specific calendar days among these two years sepa-
rated by almost a century, polynomial fits permit observing
larger increases in Tmax and Tmin for the second half of
the year than for the first half, reaching around+ 3.5 °C
(Tmax) and + 2.0 °C (Tmin) at the beginning of August.
In the year 2018, a slight shift to the right of the peak for
Tmax is suggested. These patterns are compared with pro-
spective calendar-day temperatures derived for years 2030
and 2050, based on time trends computed for each calen-
dar day (Fig. 8). Looking at the 6th degree polynomial fits
(thick lines), besides the increment of temperature levels,
the changes in the calendar-day structure are outstanding,
with a clear displacement to the end of summer of the
maximum calendar-day temperatures.

As an example of the different behaviour of every cal-
endar day, Fig. 9 shows the evolution of maximum and
minimum temperatures, all along the recording period, for
three selected calendar days (June 13th, September 7th and
November 10th). The observed evolution is in agreement
with the expected displacement, along the next decades, of
extreme maximum and minimum temperatures from sum-
mer to autumn, as indicated in Fig. 8. Accompanying the
temperature oscillations, linear fits suggest clear time trends
associated to Tmax and Tmin for the three calendar days
considered. For June 13th, the slopes of linear fits are nega-
tive and quite similar for Tmax and Tmin. For September 7th
and November 10th, both slopes are positive, slightly larger
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Table 1 Variability at monthly, seasonal and annual scales of maxi-
mum, minimum, average and standard deviation of temperature time
trends, TRD, (°C/year) and Mann—Kendall, MK, parameter. The
highest minimum, maximum and average positive time trends are dis-

tinguished (shaded cells). All absolute values of minimum, maximum
and average and standard deviation of MK parameters exceeding to or
equalling 90% of statistical significance are also highlighted in bold

types

Tmax MinTRD | MaxTRD | <TRD> | o(TRD) | minMK maxMK <MK> o(MK)
January 0.019 0.048 0.031 0.008 1.66 4.46 2.71 0.72
February -0.001 0.035 0.015 0.009 -0.51 2.76 1.13 0.82
March -0.021 0.017 -0.001 0.009 -1.91 1.46 0.20 0.88
April -0.019 0.023 -0.012 0.011 -2.07 2.21 0.02 1.11
May -0.028 0.006 -0.018 0.008 -2.55 1.00 -1.09 0.72
June -0.038 0.002 -0.018 0.011 -4.08 -0.15 -1.75 1.00
July -0.029 0.019 -0.001 0.013 -2.37 1.79 -0.14 1.12
August -0.002 0.060 0.028 0.016 -0.04 5.22 2.77 1.46
September 0.034 0.073 0.051 0.009 3.30 6.43 4.70 0.80
October 0.051 0.090 0.066 0.009 4.99 7.71 5.97 0.63
November 0.057 0.096 0.074 0.010 5.39 7.60 6.50 0.55
December 0.037 0.064 0.047 0.008 3.10 5.91 4.34 0.81
Winter -0.021 0.048 0.017 0.014 -1.91 4.46 1.35 1.32
Spring -0.038 0.023 -0.010 0.013 -4.08 2.21 -0.94 1.19
Summer -0.029 0.073 0.026 0.025 -2.37 6.43 2.42 2.30
Autumn 0.037 0.096 0.062 0.014 3.10 7.71 5.59 1.14
Annual -0.038 0.096 0.024 0.031 -4.08 7.71 2.12 2.82

Tmin MinTRD | MaxTRD | <TRD> | o(TRD) | minMK maxMK <MK> o(MK)
January 0.013 0.043 0.028 0.008 0.73 4.03 2.373 0.774
February -0.005 0.029 0.013 0.008 -0.76 2.92 0.97 0.81
March -0.017 0.012 -0.005 0.008 -1.75 1.15 -0.52 0.76
April -0.024 0.005 -0.004 0.010 -2.30 1.57 -0.44 1.09
May -0.034 -0.009 -0.020 0.007 -3.41 0.81 -2.26 7.35
June -0.037 -0.005 -0.022 0.110 -4.50 0.50 -2.57 1.06
July -0.021 0.008 -0.005 0.009 -2.67 1.32 -0.70 1.16
August -0.004 0.038 0.014 0.011 -0.67 4.44 1.81 1.31
September 0.014 0.051 0.029 0.009 1.29 4.70 3.19 0.89
October 0.025 0.075 0.040 0.009 2.85 6.18 3.85 0.75
November 0.035 0.069 0.059 0.013 3.29 6.44 5.12 0.97
December 0.027 0.056 0.037 0.006 2.17 4.81 3.28 0.60
Winter -0.017 0.043 0.012 0.016 -1.75 4.03 0.94 1.44
Spring -0.037 0.015 0.015 0.012 -4.50 1.57 -1.76 1.37
Summer 0.025 0.065 0.004 0.009 2.85 6.18 3.85 0.35
Autumn 0.025 0.079 0.045 0.013 -2.17 6.44 4.07 1.09
Annual -0.037 0.079 0.014 0.026 4.50 6.44 1.17 2.56

for Tmax than for Tmin. In terms of the absolute values of
time trends, the most relevant change in temperatures for
these three examples corresponds to November 10th.

An additional interesting picture of the expected
changes in thermometric regime is provided by Fig. 10,
where the annual values of TMAX(max) and TMAX(min)
(extreme maximum temperatures) and TMIN(max) and

@ Springer

TMin(min) (extreme minimum temperatures), all along
the recording period, are displayed. Continuous and
dashed thick lines represent, respectively, third-degree
polynomial fits and 11-year running average. In all cases,
the profiles are characterised by notable oscillations
and increasing trends. The extreme TMAX(max) values
range between 30 and 38 °C, with an increasing tendency
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Fig.6 Calendar-day time trends for maximum and minimum temperatures and the corresponding Mann—Kendall test percentages

suggested by the polynomial fit and confirmed by a linear
trend of +0.02 °C/year. The highest value close to 40 °C
should not be taken into account, given that it was the
result of a coincidence of a hot summer day (on account
on the synoptic conditions), enhanced for a large forest
fire very close to Barcelona city. The extreme TMIN(max)
values depict a more moderate increasing tendency (linear
trend of +0.01 °C/year) and a high number of years with
values exceeding 24 °C, which should be associated with
urban heat island effects and/or heat waves lasting sev-
eral days. Extreme TMAX(min) and TMIN(min) range

from —2 to 8 °C and from — 10 to 4 °C, respectively, with
a linear trend of + 0.02 °C/year in both cases.

As a summary of the evolution of temperatures at cal-
endar-day scale, it has to be taken into account that due to
astronomical reasons (solstices and equinoxes are not coin-
cident for every year) could be slightly more accurate to
analyse time trends taking, for instance, as computational
scale three consecutive calendar days instead of one single
calendar day. Nevertheless, it is unlikely that the trend pat-
terns derived for Tmax and Tmin calendar profiles would be
significantly biased by this fact.
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Fig.8 Calendar-day maximum
and minimum temperatures
derived for years 2030 and 2050
taking as reference time trends
detected for the 1917-2018
period
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Fig.9 Three examples of the evolution, all along the recording »
period, of maximum and minimum temperatures for June 13th, Sep-
tember 7th and November 10th calendar days

It should be also underlined two questions concerning
these calendar profiles. By the one hand, the maximum Tmax
and Tmin values are shifted along the years towards the end
of summer and beginning of autumn, and this displacement
of maximum temperatures is accompanied by an increase of
temperatures for a high percentage of calendar days. These
evolutions at annual scale would imply an overall increase
of Tmax and Tmin and a displacement of the highest values
to the end of summer. Consequently, it could be probable a
future increase of temperatures for many calendar days and
longer summers, both patterns compatible with some char-
acteristics of the hotspot of the Mediterranean basin, which
has been analysed from different points of view the last two
decades (Diffenbaugh et al. 2007, 2012; Giannakopoulos
et al. 2009; Paeth et al. 2017; Lionello et al. 2018; Tuel
et al. 2020 and Cos et al. 2022, among others).

5 Discussion of the results

The long-term high-quality thermometric data of the Fabra
Observatory (Barcelona) has permitted a detailed analysis
of daily maximum and minimum temperature series along
the period 1917-2018 (102 years). The results suggest forth-
coming expected changes in the thermometric regime in the
municipality of Barcelona and, probably, in the surrounding
metropolitan area.

The observed and prospective changes in the thermo-
metric regime of the Fabra Observatory could be expected
to be influenced by the global warming induced by the
increase in GHG emissions. Nevertheless, the enhancement
of the UHI effect, because of the rise in population and the
intense urbanisation process of the municipality of Barce-
lona and its metropolitan area along the last century, also
would contribute to these thermometric changes. The pop-
ulation in the municipality of Barcelona city has increased
from 530,000 inhabitants (year 1900) to 1,600,000 (year
2015), distributed on 100 km?, and the whole metropoli-
tan area houses around 3.2 million people (year 2015) in
an area of 636 km?. Due to the large population density
and the compact urbanisation, the UHI phenomenon could
be a non-negligible contribution to the changes detected
in the temperature regime, especially for Barcelona city.
Quereda et al. (2000) assumed that the increasing tem-
peratures in cities of the Western Mediterranean coast
depend more on the UHI phenomenon than on increases
of CO, emissions. Additionally, Moreno-Garcia (1994),
Salvati et al. (2017), Barros Pozo and Martin-Vide (2018)
and Martin-Vide and Moreno-Garcia (2020) confirm the
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Fig. 10 Annual extreme maximum and minimum temperatures for the 1917-2018 period. Thin lines represent annual values, thick lines a third-

degree polynomial fit and dashed lines running averages of 11 years

non-negligible influence of the UHI effect on the thermo-
metric regime in Barcelona city. Additionally, Serra et al.
(2020) detected the nuclei with the highest UHI intensity,
for minimum temperatures, in the Barcelona metropolitan
area by means of MODIS satellite and GIS data, several of
them within Barcelona city. In spite of the non-negligible
influence of the UHI effect in the temperature regime of
the Fabra Observatory, this thermometric station would be
the less affected among the stations in Barcelona city. The
Fabra Observatory is at an altitude of 415 m.a.s.l. (Littoral

Chain), surrounded of pine trees and away from buildings,
out of the urban continuum.

The diversity of calendar-day time trends, including
Mann-Kendall significance and many positive (and a few
negative) time trends, together with projections performed
for years 2030 and 2050, suggests forthcoming changes
in the expected calendar-day profile. Homogeneous incre-
ments of maximum and minimum calendar-day tempera-
tures are not expected along the year. The main change prob-
ably could be the shift of the climatic summer towards the
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beginning of September and a general increase of Tmax and
Tmin, quite different all along the year. The obtained results
would be in agreement with temperature time trends (Gon-
calves et al. 2014) and evolution of extreme temperatures
(Barrera-Escoda et al. 2014) deduced for the North West-
ern Mediterranean. Additionally, the results of this research
could be validated by comparing them with the climate sce-
narios obtained for different areas of Catalonia (NE Spain)
by Altava-Ortiz and Barreda-Escoda (2020).

The multifractal analysis by means of moving windows
shows signs of an evolution towards a more simplified mul-
tifractal structure, manifested by a decreasing tendency of
central Holder exponents, both for Tmax and Tmin; the
asymmetry of the multifractal spectra depicting negative
trends, especially for Tmin; and the multifractal spectral
amplitude, decreasing approximately after 1995, both for
Tmax and Tmin. Additionally, the evolution of the multi-
fractal structure is quantified by the complexity index coef-
ficient, depicting some signs towards a multifractal simpli-
fication since 1990-1995 up to nowadays. It is also worth
mentioning that the Hurst exponent, H=h(q=2)—1 = 0.5,
shows evidences of randomness both for Tmax and Tmin,
being suggested a very slight tendency to an increase of H
after year 2000.

As a summary, the changes in the thermometric regime at
daily scale are quite evident, based on the calendar-day evo-
lution and the multifractal structure, but an accurate quan-
tification of the role played by the global warming induced
by GHG emissions, the UHI phenomenon and the rise in
population and urbanisation density should be the goal of
future researches.

6 Conclusions

The analyses of a long series covering 102 years of daily
maximum and minimum temperatures recorded at the Fabra
Observatory (Barcelona), of verified good quality data, lead
to:

— The computation of time trends and quantification of
future extreme maximum and minimum calendar-day
temperatures, with predominance of positive trends for
Tmax and Tmin temperatures for most of calendar days.
The largest significant positive trends are detected in
autumn. Consequently, a future increase of the climatic
summer length is to be expected. Additionally, the high-
est temperatures would be reached at the end of August
and beginning of September.

— A complete multifractal analysis for the whole Tmax
and Tmin data series has permitted a first evaluation of
their multifractal structure. Additionally, the application

@ Springer

of this multifractal analysis by using moving windows
depicts the evolution of the multifractal complexity from
the beginning to the end of the recording period. It is
noticeable that the subsets of series evolve to low-com-
plexity multifractal structure and some small signs of
persistence, instead of randomness, are observed towards
the end of the analysed period.

These results could represent a new insight into the
behaviour of minimum and maximum calendar-day tem-
peratures in Barcelona, one of the most densely populated
urban areas of the Western Mediterranean, a geographical
area greatly concerned in the context of climate change
related hazards.
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