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Abstract: Due to climate change, the Iberian Peninsula is suffering an increasing trend of extreme
temperature events. The main objective of this study is to analyse this trends in frequency, duration
and intensity of warm events and heat waves. The datasets used are 14 different regionalized dynamic
climate projections. We choose the projections that present a spatial dependence similar to that of
observed data. The spatial dependence is calculated by adjusting the data to max-stable processes.
The observed data belong to the SPAIN02 grid for the period 1961–2000. We apply the Mann-Kendall
test and the Theil-Sen estimator to calculate model trends in the future period (2011–2099). We have
studied future extreme temperature events using two different definitions. One varying the threshold
for each period and the other keeping it constant. The results show that the variability of maximum
temperatures is decreasing for the western region of the Peninsula, while the Mediterranean area
will see an increase in this variability. There will be an increase in the frequency of warm events for
the southwestern corner of the Peninsula. Also, maximum temperatures will be higher in this area
at the end of the century. However, in the Mediterranean region the warm events will last longer.
Heat waves will be more frequent throughout the territory and more lasting in the Mediterranean
area. We also found that studying extreme events using a varying threshold allows these events to
be studied from the point of view of the variability of maximum temperatures, while if the study is
carried out maintaining the threshold constant the results will be more direct.

Keywords: extreme temperature events; trend; Iberian Peninsula; max-stable process;
climate projection

1. Introduction

Climate change has become one of the greatest threats facing humanity. The global average
temperature has risen 1.1 ◦C since the pre-industrial era and it is in a continuous increase [1]. In 2018,
Spain and Portugal experienced their warmest summer since 2003 [2]. In addition, in 2003 the warmest
summer since the early 1970s occurred [3]. The Iberian Peninsula (IP) is characterized by having an
industrial base focused on the agricultural sector, being the fourth European country in crop production,
and because of its biodiversity which is very important for tourism. Due to these reasons, the IP is
especially vulnerable to the effects of climate change. In the last decades, there has been an increase in
the aridity of the land, droughts, and the risk of fires [4]. Erosion and desertification, especially in the
southeast of the IP, have reached a critical level, and continues expanding [5].
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The emergence of several mega heat waves in recent years in different parts of Europe [6] and
more recently in France, in addition to various studies [7–9], suggest that occurrences of such extreme
temperature events will become more frequent in the next decades. This extreme temperature increase
causes a great impact on the health of human beings and is directly related to cases of hospitalization
and death when a certain temperature threshold is exceeded [1]. Because of the situation, a major
economic and social impact is coming into being. The increase in temperatures and drought affects
agriculture [2,10] and livestock [11]. It also causes changes in water resources [12] and extreme weather
events [13]. In particular, extreme temperature events have been increasing not only in their frequency
over the last two decades, but also in their duration and intensity [14,15].

The objective of this paper is to study the evolution of extreme temperature events over the IP
during the 21st century. We also study trends in three characteristics of extreme temperature events:
frequency, duration and intensity. In addition, we perform an analysis of the low percentiles of
maximum temperatures. In this way we connect the results of extreme temperature events to changes
in the amplitude of maximum temperatures. The previous hypotheses that we are using, comes from a
previous study of extreme temperature events in a southwestern region of the IP [14]. The results of
this study are related to warmer summers, longer and more intense extreme temperature events and
fewer days with lower maximum temperatures. We expect similar results for the near future, although
we assume that the increase in the characteristics of extreme temperature events will become more
abrupt throughout the future period.

Extreme temperature events are more or less prolonged periods in which temperatures far exceed
the most usual temperature range over a certain region. It is important to establish a correct definition
of these events for two main reasons. The first reason is that a dramatic increase in temperatures is
associated with short-term markers of mortality [16]. The second one is based on the fact that the study
of heat waves is a good sign of the evolution of temperatures in a given region due to climate change [1].
Defining heat waves too rigidly would mean not considering certain extreme temperature events,
which would signify a problem in studying their evolution over time and besides, the population
would not be alerted to risks of this type of event, thus preventing proper precautions from being taken.

Studying the evolution of temperature extremes in a future period has been done before for
different regions obtaining different results. Some of these previous results relate the evolution of
mean temperatures more frequently to the occurrence of maximum temperatures [17]. Nevertheless,
other studies suggest that the increase in maximum and minimum temperatures will be similar to
changes in mean temperatures [18]. In previous works on temperatures it is common to analyze
the evolution of temperatures by studying temperatures values, while for other variables such as
precipitation, [19] it is usual to study their trends.

For this work we use data with the maximum daily temperature of the summer months (June,
July and August) from fourteen regionalized dynamic projections. It is important to remark that
the projections have a high resolution and a dynamical downscaling [20] in order to adjust to the
peculiar orographic characteristics of the IP. These types of dynamic projections are widely applied to
estimate future temperatures, rainfall, and wind extremes [21]. They are also used to predict climatic
extremes [22] and future droughts [23].

We do not analyze the evolution of extreme temperature events with data from all climate
projections. We must choose those whose behaviour resembles that presented by a dataset of observed
temperature data. This dataset is the gridded dataset SPAIN02 [24]. The first comparison criterion
analyzes the temperature distribution over the region for different established thresholds. This criterion
ensures that the global climate projections have been correctly regionalized for the IP so that the data
are adjusted to the orographic conditions of the region. All the projections used have been dynamically
downscaled which gives us some confidence in the results obtained for future periods [25].

The second criterion is the comparison between the spatial dependencies of the models and the
observed data. This is realised by calculating the extreme coefficient using max-stable processes.
A max-stable process allows to find a unique stochastic model for different series of values,
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by introducing different continuous function series and fulfilling the condition of convergence.
The max-stable processes are used as a modeling tool [26,27], however it is also a strong tool for
comparison between extreme dataset [28]. Fitting climatological data to max-stable processes to
calculate the spatial dependence of a model and using it as a comparison criterion is something new in
the field of climatology. This is one of the key points of this work.

Furthermore, we study trends in the characteristics of extreme temperature events for the
comparison period. This allows us to compare the trend behavior of the models with the one of the
observed data. It also allows us to analyze the evolution of extreme temperature events during the
comparison period and to study the change in their evolution during the future period.

The structure of the paper is as follows: The dataset we use are described in Section 2;
the methodology that we use to analyze the data sets is described in Section 3; the results we
achieve in the work are shown in Section 4 and discussed in Section 5; finally, we present the main
conclusions in Section 6.

2. Dataset

The area of study is the IP, located in the southwest corner of the European continent (Figure 1).
The IP covers the countries of Spain and Portugal, as well as the microstate of Andorra and the
British Overseas Territory of Gibraltar. It is located in middle latitudes of the northern hemisphere,
between the Atlantic Ocean and the Mediterranean Sea. The average elevation of the IP is 660 m, being
surpassed in Europe only by Switzerland (1330 m). This is because most of the Iberian territory is
constituted by an extensive plain, the Inner Plateau. In addition to this Central System, the IP has
several peripheral mountain ranges such as the Pyrenees, the Cantabrian Mountains and the Baetic
System. There are also two pronounced depressions, the valley of the Ebro to the northeast and the
valley of the Guadalquivir to the southwest.
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Figure 1. Location of the Iberian Peninsula.

This peculiar topography causes the distribution of maximum temperatures to be very uneven
over the territory. The altitude is the main factor affecting the temperature of the region. The warmest
areas belong to the valleys in the south of the Peninsula, as well as to the Inner Plateau. The large
mountain ranges, such as the Central System or the Pyrenees, present the areas with the lowest
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temperatures. The IP does not have a large enough surface area for the difference in latitude to
significantly affect temperatures. The fact that the northern half of the region has lower temperatures
than the southern half is related to the greater occurrence of mountain systems in this area. Due to these
different characteristics that appear all over the territory, it is important to use dynamic regionalized
projections with high resolution. Dynamic downscaling makes it possible to reduce the resolution of a
model by introducing the global climate model into a regional numerical model that simulates local
geographic and climatic conditions [29].

We used two datasets in this study. Table 1 shows the 14 dynamic climate projections that have
been used. They are a multi-model set of coupled simulations with the ERA-40 reanalysis as boundary
conditions over the 20th century. This reanalysis makes it possible to reduce the variations in the
models and, if the observations belong to a sufficiently long period, can correct the trends in the climate
model. This makes the trends in the dynamic projections behave more appropriately to the observed
data [45]. Models has been produced with the scenario A1B of aerosol and GHG forcing proposed by
IPCC. This is a medium emission scenario that considers future development to correspond to a world
with rapid economic growth based on the balanced use of all kinds of new and efficient energy sources
and technologies. In addition to scenario A1B, a stabilization scenario to 450 ppm CO2 equivalent is
used [46]. This A1B scenario assumes an annual growth rate in CO2 emissions of 1.1% in the 1990s,
0.5% in 2020, and 0.4% in 2050–2100 [47]. However, the growth in CO2 emissions between 2000 and
2009 was, on average, 3% per year [48]. If this difference between annual growth rates keeps increasing,
the models based on this scenario would be underestimating the consequences resulting from future
global warming.

Table 1. The 14 climate projections, their institution of origin, the climate models with which they have
been developed and the average increase in maximum temperatures.

Acronym Institute General
Circulation Model

Regional
Climate Model

Equilibrium Climate
Sensitivity (K)

C4I Swedish Meteorological and Hydrological
Institute (Sweden) HadCM3Q16 [30] RCA3.0 [31] 4.62 [32]

CNRM Météo-France (France) ARPEGE [33] RM5.1 [34] 2 [35]

DMI Danish Meteorological Institute (Denmark)
ARPEGE HIRHAM5 [36] 2

ECHAM5 [37] HIRHAM5 3.65 [38]

ETHZ Swiss Institute of Technology (Switzerland) HadCM3Q0 [30] CLM2.4.6 [39] 4.62

HC
Hadley Centre for Climate Prediction and

Research (United Kingdom)

HadCM3Q0 HadRM3Q0 [40] 4.62

HadCM3Q3 [30] HadRM3Q3 [40] 4.62

HadCM3Q16 HadRM3Q16 [40] 4.62

ICTP The Abdus Salam International Centre for
Theoretical Physics (Italy) ECHAM5 REGCM3 [41] 3.65

KNMI The Royal Netherlands Meteorological
Institute (Netherlands) ECHAM5 RACMO2.1 [42] 3.65

MPI Max Planck Institute for Meteorology
(Germany) ECHAM5 REMO5.7 [43] 3.65

SMHI Swedish Meteorological and Hydrological
Institute (Sweden) BCM [44] RCA3.0 2 [44]

SMHI Swedish Meteorological and Hydrological
Institute (Sweden) ECHAM5 RCA3.0 3.65

SMHI Swedish Meteorological and Hydrological
Institute (Sweden) HadCM3Q3 RCA3.0 4.62

We take them from the Spanish Meteorological Agency (AEMET). All of them belong to the
European project ENSEMBLES [49]. They are global projections that have been regionalized for the IP
with a grid width of 0.25◦ (Figure 2a). This dataset corresponds to daily maximum temperature data for
the summer months between 1961 and 2000, as well as between 2011 and 2099. The temporality of the
data series is divided into three periods: from 1961 to 2000 is considered a comparison period, from 2011
to 2040 a near future period, and from 2040 to 2099 a distant future period. The differences between
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periods are mainly related to the uncertainties in the temperature values of the climate projections,
being able to separate the future in two different periods with different uncertainties, the first one until
mid-term future and the second one from mid-term to long-term future [47] However, in this study we
decide to divide the future period into three different sectors to emphasize the results for the first third
of the century (near future period). The results of this period are of particular interest when planning
short-term climate policies [50]. In this way, the future periods to be worked with will be 2011–2040,
2041–2070, 2071–2099. We use the comparison period (1961–2000) to compare the data from the climate
projections with observed data (as will be seen below). Despite using fourteen dynamic projections,
only those with a distribution and behaviour similar to the observed data are selected to study trends
in future period.
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The other dataset corresponds to the SPAIN02 grid (Figure 2b) for maximum temperature data in
summer months. The SPAIN02 grid, with 0.1◦ of grid width, has been interpolated from observed data
collected at 250 observatories distributed throughout the Spanish territory. We use these observed
data to evaluate model simulations and limit the set of future projections to those of models capable of
adequately capturing the temperature evolution observed in the past

3. Methodology

We use fourteen dynamic projections belonging to the ENSEMBLE project, but not all of them
show similar behaviour to the data observed for the IP. Therefore, it is necessary to establish some
comparison criteria with the observed data (SPAIN02) in order to filter the models. It is important
to establish sufficiently strong comparison criteria to choose models with a similar behaviour to the
observed data. However, excessively rigid criteria for comparison may lead to discard too many
projections. Uncertainty in future climate change estimates arises from three factors [51]. The first
one is the difference between climate models. The uncertainty of this factor is minimized by choosing
models with similar spatial dependence [28]. The second factor is the difference between forcing
scenarios (Table 1). The third factor is the uncertainty due to internal variability of climate variables.
This uncertainty can be reduced by using very large dataset sizes, however, for surface temperature
at mid-latitudes at least 3–12 datasets are needed [52]. So studying future trends using few climate
projections may lead to an increase in the uncertainty of long-term results. Individual simulations
have uncertainty associated with internal variability [53]. These anomalies caused to reach values of
1.5 ◦C for return periods of 20 years for average European summer temperatures. These increase for
the southern regions of the continent, where the IP is located [54]. Since in this work we use maximum
temperatures instead of average temperatures we should expect a higher uncertainty.
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The first characteristic we analyze is that the spatial distribution throughout the entire territory
is the same as for the observed data. With this, we ensure that the models resemble the stationary
conditions of the temperatures.

The second comparison criterion is to study the spatial behavior of the data. This is the fundamental
criterion for comparison. The temperatures observed in a region are not independent of each other, i.e.,
the evolution of temperatures in two nearby locations should be similar. On the other hand, if the
observation stations are far apart, the evolution of the temperatures will be independent of each other.
This dependence or independence is also related to the orographic conditions of the terrain, among
other aspects. For this reason, we study the spatial dependence of the dynamic projections and the
observed data.

3.1. Definition of Extreme Temperature Events

Many definitions of heat waves can be found [55]. They all consider a heat wave to be a period
of various days in which the maximum temperature exceeds a certain threshold. For this study,
we considered a period of two consecutive days above the threshold, taking the 95th percentile of the
summer maximum temperature as threshold for heat waves, and the 75th percentile as threshold for
warm events [14]. For heat waves, this threshold reaches values of more than 40 ◦C in the warmest
areas of the IP (the southwest and the valleys of the Ebro and Guadalquivir rivers) and around 25 ◦C
in the more temperate zones (mountain ranges in the northern half of Spain).

Having established a definition for extreme temperature events, we define three characteristics of
these events: frequency, duration, and intensity (Figure 3). We consider frequency as the number of
times extreme temperature events occur during the summer months of a certain year, duration as the
number of consecutive days in which temperatures have exceeded a certain threshold, and intensity as
the difference in temperature between the maximum temperature reached in an extreme temperature
event and the threshold that defines that event.
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Figure 3. Heat waves characteristics for 1995 in Madrid (Spain). Frequency (purple cross), duration
(blue lines) and intensity (green lines) are represented. The straight red line is the 95th percentile,
the yellow line the 75th and the brown line the 25th.

We shall establish a nomenclature to distinguish three temperature ranges. Those maximum
temperatures that exceed the heat wave threshold (95th percentile) are denoted T95, those that exceed
the warm event threshold (75th percentile) but not the heat wave threshold are denoted T75, and,
finally, those that are below the 25th percentile are denoted T25. This low temperature percentile (T25)
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is chosen in order to analyze the role of the variance in the evolution of extremes as shown in previous
works [14,56] in which low values of the maximum temperatures showed a greater increase than high
values leading to a decrease in variance.

The analysis of the characteristics of extreme temperature events is been carried out from two
different points of view. The first (varying threshold) involves choosing a different threshold for the
four study periods being that threshold the corresponding percentile for each period. The second
(constant threshold) involves choosing un unique threshold, the corresponding to the comparison
period 1961–2000, in order to study the changes in the characteristics of the events in future climate
against the characteristics in the past. It is important to evaluate the relevance in the approach of the
results for both studies, since establishing a more or less rigorous definition for extreme temperature
events can make the information easier to understand for politicians and non-experts. This may change
the way climate impacts are assessed for the future.

3.2. Identification of Trends

We analyze extreme temperature events for their characteristic magnitudes (frequency, duration
and intensity) for each year. We calculate the trend for each of these results using the Theil-Sen
estimator [57] for the value of the trend and the Mann-Kendall test [58] for the significance of that
trend [59]. We use the Theil-Sen estimator because is better than non-robust linear regression for
long-term series because it is less sensitive to outliers than least-squares linear regressions. The Kendall
test is used as a complement to the Theil-Sen estimator to calculate the significance of the trends [60].

In order to analyse the results more easily, we divide the study region, the IP, into different sectors
with similar geographical characteristics. Figure 4 shows the nine sectors.
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3.3. Spatial Dependence

It is important to choose dynamic projections whose simulated data resemble the observed data.
This is done by comparing the simulated data with the actual data using different criteria during a
period in which the two coexist. In this work, this period is from 1961 to 2000.
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As a comparison criterion, we compare the spatial dependence of the datasets. For this, we calculate
the extremal coefficient from the fit of the data to a max-stable spatial process. A stochastic process{
Z(r) : r ∈ R

}
is defined as a max-stable process if there exist successions of continuous functions{

an(r) > 0 : r ∈ R, n ≥ 1
}

and
{
bn(r) ∈ R : r ∈ R, n ≥ 1

}
such that, for all n ≥ 1:

max
i=1,...,n

Zi(r) − bn(r)

an(r)
: r ∈ R

 def
=

{
Z(r) : r ∈ R

}
(1)

where
{
Zi(r) : r ∈ R, i ≥ 1

}
is a succession of independent replicas of

{
Z(r) : r ∈ R

}
[61]. It seems

appropriate to use max-stable processes for this study since our dataset can be divided into subsets
with the same dimensions separating stations for each year. There are various representations of
max-stable processes [62]. For this work, we use the Schlater approach, which is the one that best fits
temperature data [63]. This rewrites the max-stables process as:

Z(x) =def
= max

i≥1
ζiYi (2)

where {ζi : i ≥ 1} are points of a Poisson process at (0,∞) and Y1, Y2, . . . are independent replicas of a
stochastic process

{
Y(x) : x ∈ X

}
. This results in a distribution:

P(Z(r) ≤ z1, Z(r + h) ≤ z2) = exp

−1
2

(
1
z1

+
1
z2

)1 +

√
1− 2(ρ(h) + 1)

z1z2

(z1 + z2)
2


 (3)

where ρ(h) is the correlation function.
Also, we must define the extremal coefficient function. This is used to measure the dependence

between the extremes of two random vectors (X, Y) with common marginal distribution, F(r).
The extremal coefficient, θ, is defined by the following expression:

P(max(X, Y) ≤ x) = Fθ(x) (4)

The extremal coefficient can take values within the range [1, 2], where θ = 1 is considered perfect
dependence between maxima and θ = 2 absolute independence. Applied to max-stable processes, the
extremal coefficient function expressed as [64]:

P(max(Z(r), Z(r + h)) ≤ z) = e
−θ(h)

z (5)

where Z(r) is a max-stable process, θ(h) is the extremal coefficient function and h is the distance that
separates different maxima. In the present case, h will be the distance between different points of the
dataset grid.

We also need to define a basic tool to measure spatial dependence, the F-madogram. With Z(x)
being a stationary process, in our case a max-stable process, the F-madogram is defined as:

ν(h) =
1
2

E
[∣∣∣F(Z(x + h) −Z(x))

∣∣∣] (6)

where F(x) is the cumulative distribution function of Z(r). The relationship between the F-madogram
and the extremal coefficient is [65]:

θ(h) =
1 + 2ν(h)
1− 2ν(h)

(7)

This allows us to have an extremal coefficient function for each pair of grid points, i.e., a spatial
dependence function for the distances that separate the coordinates of the region.
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4. Results

4.1. Comparison Period

4.1.1. Threshold Distribution

Figure 5 shows the percentile distribution of the SPAIN02 grid dataset. This distribution is related
to the orographic characteristics of the region. The dynamic projections have to show a distribution
similar to this one. Low values are located in the Pyrenees, the Cantabrian Coast, and the Central,
Iberian, and Baetic Systems. High values are located in the Ebro and Guadalquivir river valleys.
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Figure 5. 95th (left) and 25th (right) percentile distribution for SPAIN02.

The dynamic projections that present this distribution are C4I-RCA3.0-HadCM3Q16 (C4I),
CNRM-RM5.1-ARPEGE (CNRM), DMI-HIRHAM5-ECHAM5-r3 (DMI), ICTP-REGCM3-ECHAM5-r3
(ICTP), KNMI-RACMO2.1-ECHAM5-r3 (KNMI), MPI-REMO5.7-ECHAM5-r3 (MPI), SMHI-RCA3.0-
ECHAM5-r3 (SMHI). They can be seen in Figure 6. For simplicity, from now on we call these projections
only by the name of the institution that developed them (in parentheses) rather than by their full
nomenclature. We need to emphasize that, although the temperature values are different from those of
the SPAIN02, what is important is that the distribution of the maxima and minima is correct.
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4.1.2. Spatial Dependence

The key criterion for the comparison between projections and the observed data is the calculation
of the spatial dependence. The plots should be read as follows. The abscissae represent the geographic
separation (in degrees) between the points at which the spatial dependence is to be estimated. For this
work these are the grid points. The ordinates represent the extremal coefficients, i.e., the spatial
dependence between points, with 1 being perfect dependence and 2 absolute independence. It can be
seen in the SPAIN02 plots (red points in plots of Figure 6) that the relationship between the temperature
variations becomes more independent as the points are farther apart, whereas the closer the points
are, the more dependent they are. This is logical since the temperatures of nearby points are directly
related, and events that cause changes in one will also cause them in others.

Table 2 shows the adjustment coefficients of the extremal coefficients by linear regression (Figure 7).
The only models with a similar slope (slope error < 10%) to the observed data are the C4I and MPI
models. The other models have a much steeper slope than the observed data, so the simulated data
tend to be more independent (Figure 7c).

Analyzing intercept errors, it is common that intercept points are smaller than observed data, since
model data is generated from boundary conditions, which makes them more dependent on nearby
points [47]. Therefore, this does not provide much, the key point is that the behaviour at different
distances is similar. The only models that achieve this are the C4I and the MPI.
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Table 2. Linear regression coefficients of the extremal coefficients.

Model Slope Intercept Slope Error (%) Intercept Error (%)

C4I 0.050 1.169 5.109 5.581

CNMR 0.062 1.180 18.130 4.685

DMI 0.068 1.157 28.641 6.582

ICTP 0.046 1.228 12.142 0.890

KNMI 0.061 1.137 16.358 8.191

MPI 0.051 1.199 2.821 3.196

SMHI 0.059 1.161 12.847 6.259

SPAIN02 0.053 1.239 0.000 0.000

4.1.3. Percentile Trend

Figure 8 shows that 95th percentile show similar trends for the models and the observed data.
These are significantly positive and are accentuated when approaching the Mediterranean coast (to the
east). To allow a better interpretation of the spatial behaviour of the results, the trends are spatially
interpolated by the Kriging procedure. This interpolation is shown in color at the back of the figure.
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Figure 8. The 95th percentile trend for the C4I-RCA3.0-HadCM3Q16 and MPI-REMO5.7-ECHAM5-r3
models and the SPAIN02 data. The colours represent the trend of the Theil-Sen estimator. The triangles
represent the trend and significance of the Kendall test. Upward red triangles represent positive trend
and downward blue triangles represent negative trend. Black triangles represent significance at 10%.

Figure 9 shows how the model trends resemble the trend of the observed data. We should exclude
sectors 4 and 7 from the comparison as for the observed dataset Portugal was not included.

The study of the trends for the 75th percentile gives identical results to those of the 95th
percentile. The sectors with the highest trend are sectors 5 and 6, the central and Mediterranean
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region of the Peninsula. Similar results are observed for the 25th percentile. This implies that for the
comparison period (1961–2000), T95, T75, and T25 have been increasing uniformly, which implies
warmer temperatures but maintaining its distribution.
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4.1.4. Trends in Warm Events Characteristics

Analysing the characteristics of warm events, for both the C4I and the MPI models it can be
observed that their duration presents a mostly positive and significant trend, with an increase from
west to east over the Spanish territory. The intensity and frequency of warm events show no tendency
during the comparison period. This implies that, over the four decades covered by this period, extreme
temperature events have become neither more intense nor more frequent but have lasted longer.

Again, the most affected sectors by the increase in the trend are 5 and 6 (Figure 10). This is in
accordance with the results obtained for the percentile trends. The maximum temperatures have been
increasing uniformly, so that the temperatures are increasing above the 75th percentile.

Atmosphere 2020, 11, x FOR PEER REVIEW 13 of 27 

 

 

Figure 10. Trend of the duration of warm events for each quadrant. The average trend for the C4I 
model is shown in red, in blue for the MPI model and in black for SPAIN02 together with its standard 
deviation. 

4.1.5. Trends in Heat Waves Characteristics 

Studying the trends for heat waves, it has been found that the three characteristics (frequency, 
duration and intensity) do not present significant trends in any sector of the region. Therefore, it is 
considered that the characteristics of heat waves during the comparison period have remained stable. 

4.2. Future Period 

Once the two models (C4I and MPI) have been chosen, we study the distribution of thresholds 
and trends of percentiles and extreme temperature events for those two models during the future 
period. This period covers from 2011 to 2099, using three different periods: 2011–2040, 2041–2070, 
and 2071–2099. 

4.2.1. Threshold Distribution 

Figure 11 shows the spatial distribution of T95 for the three sub-periods considered along the 
21st century. The areas showing maximum and minimum temperatures remain constant for all the 
sub-periods. However, one can see an increase in temperatures, which reach values above 50 °C by 
the end of the 21st century. 

Figure 10. Trend of the duration of warm events for each quadrant. The average trend for the C4I model
is shown in red, in blue for the MPI model and in black for SPAIN02 together with its standard deviation.



Atmosphere 2020, 11, 506 13 of 26

4.1.5. Trends in Heat Waves Characteristics

Studying the trends for heat waves, it has been found that the three characteristics (frequency,
duration and intensity) do not present significant trends in any sector of the region. Therefore, it is
considered that the characteristics of heat waves during the comparison period have remained stable.

4.2. Future Period

Once the two models (C4I and MPI) have been chosen, we study the distribution of thresholds
and trends of percentiles and extreme temperature events for those two models during the future
period. This period covers from 2011 to 2099, using three different periods: 2011–2040, 2041–2070,
and 2071–2099.

4.2.1. Threshold Distribution

Figure 11 shows the spatial distribution of T95 for the three sub-periods considered along the
21st century. The areas showing maximum and minimum temperatures remain constant for all the
sub-periods. However, one can see an increase in temperatures, which reach values above 50 ◦C by the
end of the 21st century.
Atmosphere 2020, 11, x FOR PEER REVIEW 14 of 27 

 

 
Figure 11. Evolution of the 95th percentile for the C4I-RCA3.0-HadCM3Q16 model in 21st century. 

4.2.2. Percentile Trend 

Analysing the trends in the 95th percentile, one finds disparate results in both models for the 
first third of the 21st century. The C4I model presents significant positive trends which are evenly 
distributed throughout the territory, increasing in value in the regions closest to the Mediterranean 
coast. These trends increase dramatically during the second third of the future period. The MPI model 
presents disparate results for the first third. A significant positive trend appears in the central part of 
the territory, while in the periphery there is no significance. The value of this trend is very small. 
However, for the following two periods, the results resemble those of the C4I model, with the trends 
being similar in magnitude. 

Looking at Figure 12, this higher trend can be seen in sectors 6, 8 and 9. However, the regions 
with the highest T95 would be sectors 7 and 8, reaching an average T95 of more than 46 °C for the 
last third of the century. It can also be seen that temperatures increase their trend from the middle of 
the century onwards. 

 
Figure 12. T95 average of the C4I model for each sector in each time period. 
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4.2.2. Percentile Trend

Analysing the trends in the 95th percentile, one finds disparate results in both models for the
first third of the 21st century. The C4I model presents significant positive trends which are evenly
distributed throughout the territory, increasing in value in the regions closest to the Mediterranean
coast. These trends increase dramatically during the second third of the future period. The MPI model
presents disparate results for the first third. A significant positive trend appears in the central part
of the territory, while in the periphery there is no significance. The value of this trend is very small.
However, for the following two periods, the results resemble those of the C4I model, with the trends
being similar in magnitude.

Looking at Figure 12, this higher trend can be seen in sectors 6, 8 and 9. However, the regions
with the highest T95 would be sectors 7 and 8, reaching an average T95 of more than 46 ◦C for the last
third of the century. It can also be seen that temperatures increase their trend from the middle of the
century onwards.
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For the 75th and 25th percentiles, the results are the same as for the 95th percentile, although the
value of the 25th percentile trend increases after half a century, with this increase being greater in T25
than in T95 and T75.

Figure 13 shows these results for different locations, one for each sector. Temperatures for the first
third of the century rarely exceed the 95th percentile, while from the middle of the century onwards
they increasingly easily exceed that threshold.

By analyzing Table 3, the IP can be divided into two regions with similar characteristics.
The western half, including the central zone (sectors 1, 4, 5 and 7) presents a T25 with a greater
slope than T95, which implies that the variability of maximum temperatures in this region is decreasing.
On the other hand, sectors 2, 3, 6, 8 and 9, corresponding to the Mediterranean area of the IP (except
sector 2) present a T25 with a lower tendency than T95, which means that the variability of maximum
temperatures will increase throughout the century.

Table 3. Average slope of the regression of T95 and T25 for each sector and the three future periods.

Sectors Slope T95 Slope T25

Sector 1 0.08323 0.08748
Sector 2 0.07970 0.07723
Sector 3 0.08193 0.08053
Sector 4 0.06999 0.07936
Sector 5 0.07386 0.09556
Sector 6 0.09350 0.07165
Sector 7 0.05913 0.06377
Sector 8 0.07821 0.07158
Sector 9 0.08303 0.07200
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4.2.3. Trend in Future Warm Events Characteristics

The results for the trends in warm events characteristics considering a varying threshold lead
to a similar spatial distribution for those trends for the two selected models. Figure 14 shows the
spatial distribution of the trend in warm event frequency for the C4I model. Figures for the remaining
characteristics have been omitted remarking in the text the main results. The duration of warm events
shows a positive trend, mostly significant, that occurs irregularly throughout the entire Iberian territory.
This trend is accentuated for the second third of the century in the central zone and the northwestern
corner and remains constant over the last third of the century.

The frequency and the intensity of warm events have the same distribution during this period.
In the first third of the century, there is an irregular distribution similar to that presented by the
durations. As time passes, the trends increase dramatically in the eastern half of the Peninsula. This is
consistent with the results obtained for the comparison period, in which the frequency and intensity of
warm events remained unchanged. After the first third of the 21st century, temperatures will exceed
the 75th percentile with greater frequency and intensity. With respect to duration, the trend already
noted in the comparison period increases even further in the future period, with ever longer-lasting
warm events appearing as time goes on.
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triangles represent significance at 10%.

Figure 15 shows the average characteristics of the warm events considering varying threshold for
all the sub-periods considered. The northern sectors of the Peninsula (1, 2 and 3) suffer most frequently
from warm events. The warm events with the longest average duration appear in the southwest
quadrant (sectors 4, 5, 7 and 8) and the most intense warm events appear in the northwest region
(sectors 1, 2 and 4).

The results with constant threshold for warm events trends (figures are also omitted) for the whole
future period are as follows. The frequency does not show significant trends in any part of the region
over the whole future period. This occurs because as the temperature increases in the future most
days will be above the 75th percentile resulting in a decrease in frequency and an increase in duration.
The duration of the warm events shows significant positive trends throughout the territory, which is
increasing throughout the whole future period, especially in the extreme south-east of the Peninsula
and the eastern Cantabrian coast. Trends in the intensity for warm events show a similar behaviour
than the trend in duration increasing from 2011–2040 to 2041–2070 but remain constant from this last
period to 2071–2099.
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Figure 15. (a) Average frequency, (b) duration and (c) intensity of warm events of the MPI model using
varying threshold.

Figure 16 shows the evolution of the warm events characteristics considering as constant threshold
the corresponding of the comparison period for the rest of future periods. It can be seen how the
frequency of warm events decreases throughout the future period. The regions with the highest
frequency of these events are the Cantabrian coast and the Atlantic coast of the Peninsula (sectors 1, 2,
4 and 7). It can be seen that the duration increases exponentially for the whole territory, being greater
for the southeast quadrant of the IP (sectors 5, 6, 8 and 9). The intensity increases uniformly until the
second third of the 21st century. From this period onwards, the average intensity of sectors 5, 6 and 9
remains uniform until the end of the century, while the rest of the sectors continue to increase to the
same extent as during the previous period.
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4.2.4. Trends in Future Heat Waves Characteristics

The results for the trend in heat waves characteristics considering a varying threshold are disparate
between the two models. Again, figures for the trend characteristics have been omitted, but main
results are highlighted in this subsection. The C4I model presents positive, mostly significant, trends for
duration that are irregularly distributed throughout the Peninsula, especially in Portugal. This situation
remains stable throughout the rest of the 21st century. For frequency and intensity, the same irregular
distribution of trends can be observed, but with much lower values.

For the MPI model, an almost null trend map is observed for the three characteristics of heat
waves during the first third of the century. From the second third of the century onwards, significant
positive trends begin to appear in the northwestern quadrant of the region, which are accentuated
during the last part of the century. Trend values for frequency and intensity are very small compared
to those for duration and compared to those of the C4I.

These results indicate that the frequency of heat waves increases progressively during the 21st
century, with the 95th percentile being surpassed ever more often. Since there is no agreement between
the two models in their results for the duration and intensity of heat waves, and since the values of the
trends are very low, conclusive results cannot be presented for these two magnitudes.

However, considering the 95th percentile of the comparison period as constant threshold for
the future periods the results are different. Figure 17 shows that trends in heat wave characteristics
using varying threshold (Figure 17a) are not meaningful compared to constant threshold (Figure 17b).
There is an increase in frequency that persists uniformly until the end of the second third of the 21st
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century, and is unevenly distributed throughout the territory. During the last third, this increase
disappears giving rise to a decrease in the southeast quadrant of the region. For duration and intensity
of heat waves the results are similar, a large increase throughout the territory. This increase is becoming
greater and greater throughout the century and is slightly stronger in the Mediterranean area of the
Peninsula (sectors 3, 6 and 9).
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5. Discussion

We divided the results into two blocks. The first block corresponds to the comparison period and
the second to the future period. The results for the comparison period are related to the comparison
criteria when choosing the models for this work. The first criterion for comparison we use is to
compare the distribution of temperatures across the region. Of the 14 dynamic projections, seven fit the
orographic distribution of the IP. These are the C4I, CNMR, DMI, ICTP, KNMI, MPI and SMHI models.
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The second criterion for comparison has been to study the spatial dependence of the projections
by calculating the extremal coefficient. This criterion has been the key to choose the projections because
it gives the study an extra layer of depth. Of the seven dynamic projections that passed the first
criterion, only two have met this criterion. This implies a number of problems such as working with
only two individual long-term simulations does not ensure that the results are not affected by the
effects of internal variability [66]. There are several possible solutions to this problem. Within the
climate domain, it can be solved by using average maximum temperatures over larger areas or by
removing the noise generated by internal variability [53]. Larger scale simulation sets [66] can also
be used. However, that solution can make us lose focus about studying extreme temperature events
by differentiating the distinct different regions of the IP. Since the criterion that leaves us with only
two dynamic projections has been the calculation of spatial dependence, an improvement to relax this
criterion would be to improve the fit of the data to the max-stable process using different approaches
made by different algorithms [67]. A temporal variable can also be added to the max-stable process
along with the spatial variable [68]. This can make the data adjustable in the case of using longer time
periods and can be a good point to develop in further work.

The two models chosen were the C4I model and the MPI model. Both of them, use different global
and regional climate models. The results for both models are very similar, however it can be observed
that in the calculation of trends the same distributions can be seen for the C4I and MPI models, but the
values of the trends are uniformly lower for the MPI model. This is caused by the f the equilibrium
climate sensitivity (Table 1) that is greater for the C4I model than for the MPI model.

We also analyzed the evolution of T95, T75 and T25, and the characteristics of extreme temperature
events for the comparison period. The results for the thresholds indicate that during this period T95
shows a significant positive trend for the whole territory. This trend is increasing in the Mediterranean
sectors of the Peninsula. T75 and T25 present similar trends. Thus, maximum temperatures increased
uniformly during the period 1961–2000. Furthermore, these trends also appear in the observed data,
which gives us confidence in the choice of these two models.

For the characteristics of warm events the results are as follows: The intensity and duration of the
warm events show no trend for the comparison period. However, the frequency of warm events does
show a significant positive trend. This increase is greater in the central area of the Peninsula and in the
Mediterranean coast. The trend analysis for heat waves during the comparison period does not show
any significant trend. This implies that the characteristics of heat waves have not evolved during the
period 1961–2000.

The results for the future period differ from those of the comparison period. The spatial distribution
of the trends in T95, T75 and T25 suggest a positive trend in these percentiles throughout the 21st
century for the entire IP. However, if we compare the evolution of T95 and T25, these two percentiles
do not increase uniformly throughout the region. T25 increases faster than T95 on the Atlantic coast of
the Peninsula, which includes the entire Portugal and the most western regions of Spain. This implies
that the variability of maximum temperatures decreases in accordance with previous works [14,54].
On the other hand, in the Mediterranean regions of the Peninsula the maximum temperatures increase
their variability. These results would be in agreement with previous studies which have been carried
out on the southwest region of Spain [14], as well as with other studies that connect the increase of
maximum temperatures in a non-uniform way [17]. Comparing the evolution of these thresholds
during the comparison period with the trends for the future period are much higher. This implies a
much more abrupt increase in maximum temperatures.

We have studied extreme temperature events from two different points of view. The first one
consists of varying the threshold of these events for each study period. This methodology is more in
accordance with the definition of extreme temperature events [53]. The second approaches the study
by keeping the threshold constant, which is the threshold of the comparison period, in order to analyze
future changes in extreme events characteristics.
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For warm events, the results for varying thresholds show only a positive trend in duration in
the central and northwestern area of the Peninsula, as well as a positive trend in frequency for the
eastern half of the region. Both trends increase during the first half of the century and remain stable for
the second half. But the results differ if the constant threshold is considered. The frequency of warm
events does not show significant trends over the entire future period, but the duration and intensity
have uniform positive trends for all the region. In the case of duration, this trend increases throughout
the century, while the intensity of warm events remains stable from the second half onwards for the
southern part of the Mediterranean coast. This decrease in frequency and increase in duration of
warm events means that from 2041 onwards, summer maximum temperatures over the IP will be
characterized by temperatures over the 75th percentile of the registered in the comparison period.

Heat waves also present distinct results for the two different thresholds. By keeping the threshold
constant, the frequency of heat waves presents a uniform positive trend for the whole region. This trend
remains constant until the end of the second third of the century and becomes negative during the end
of the century for the southwestern corner of the region. The duration and intensity present positive
trends over the whole territory. These trends increase during the entire future period, with a higher
increase in the Mediterranean coast of Spain. Positive trends for the duration of heat waves appears
at the moment of studying the trends with varying threshold, however, this trend is insignificant
compared to the trend in duration for the constant threshold. There is no consistent trend in either
frequency or intensity.

Figure 17 shows the heat wave characteristics using both, a varying threshold for each study
period (left panels) and the heat wave threshold for 1961–2000 as constant for future periods (right
panels). The results are different, there are no changes in the characteristics for a varying threshold but
they increase remarkably if it is used a constant threshold. Therefore, future heatwaves will be much
more intense, frequent and long-lasting than the registered in 1961–2000.

Finally, analyzing the evolution of extreme temperature events for the different sectors of the
region, sectors 7 and 8 reach the highest temperature values. Sectors 5, 6 and 9 reach maximum
temperatures slightly lower than these. These sectors correspond to the southern half of the IP.
The maximum temperatures increase a lot during the whole 21st century, being this increase of more
than 5 ◦C for the whole Peninsula.

Warm events increase in frequency at the beginning of the 21st century, but peak at the end of
the first third. From this time until the end of the future period the frequency decreases. However,
the duration of these events increases exponentially, from an average duration of 5 days for the
comparison period to an average duration of more than 20 days by the end of the century. The intensity
also increases over the future period. This increase rises from the middle of the century onwards.
At the end of the century we can distinguish two regions with different behaviours. Regions 6, 7 and 9
(southeast Spain) keep the intensity of warm events constant, while in the rest of the sectors the intensity
continues to increase. The average intensity at the end of the century exceeds 21 ◦C. The southwestern
sectors have higher temperature peaks and greater variability, so the duration increases but not the
intensity. The other sectors have less variability of peak temperatures, so the intensity continues to
increase at the end of the century. The behaviour of these three variables is explained by the enormous
increase in maximum temperatures above the constant threshold. This transforms warm events from
many warm events per year of short duration during the near future period to few events per year of
very long duration and high intensity during the last decades of the 21st century.

For heat waves, the frequency will increase uniformly throughout the century. At the end of
the century the frequency of heat waves is five times higher than during the comparison period.
The duration also increases throughout the territory. However, this increase is more pronounced in
sectors 3, 5, 6, 8 and 9 (Mediterranean coast and center of the peninsula). This behaviour can also be
observed in the intensity of heat waves. This is in accordance with the previously mentioned change in
the variability of the maximum temperatures that the different regions of the Peninsula will suffer.
This increased variability also appears in other parts of Europe [69–71].
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6. Conclusions

The first stage of this work is to consider different dynamic projections that can be used to analyse
the evolution of temperatures in a future period (2011–2099). This was achieved by comparing the
temperature data of the models and of extreme temperature events with the observed maximum
temperature data for summer months between 1961 and 2000. These observed data come from the
SPAIN02 grid of interpolated temperature data registered at 250 stations distributed throughout Spain.

There are two criteria for choosing climate projections that resemble their behaviour to the
observed data. First, to study their spatial distribution for three chosen temperature thresholds (T95,
T75 and T25). The second criterion is to study the spatial dependence of the models and the observed
data by fitting them to a max-stable process. With this criterion of comparison, the are only two models
that present a similar behaviour the C4I model and the MPI model.

The results for the evolution of maximum temperatures for the 21st century show a pessimistic
outlook. T95 increases over the whole period in the whole IP. This increase becomes more pronounced
from the middle of the century onwards, with temperatures reaching more than 45 ◦C in the
southwest corner. Two regions can be distinguished with different amplitude behaviour of the
maximum temperatures. The western half of the Peninsula shows a decrease in amplitude, while the
Mediterranean half shows an increase in amplitude. This implies that the western half of the Peninsula
will have a higher increase in its maximum temperatures with less variability.

With respect to extreme temperature events, we study them using two different points of view.
With the variable threshold, the duration of warm events increases. This increase is accentuated from
the second third of the century. For the frequency and intensity of warm events, a trend appears during
the second third of the century and increases by the end of the period. Heat waves show a positive
trend for their duration.

Results using the constant threshold show a very abrupt increase in the duration and intensity of
warm events. This trend is increasing over the course of the century. However, the frequency does not
show a trend throughout the century. For heat waves, the frequency presents a positive trend that
remains constant throughout the century. The duration and intensity presents similar trends to those
of warm events.

The difference between results appears due to the use of the varying threshold presents the trends
of T95 and T25 in relation to the average maximum temperatures during the concurrent period. Using
this threshold is more useful to studying changes in higher maximum temperatures compared to
changes in moderate or lower maximum temperatures.

On the other hand, using the constant threshold is easier to appreciate the absolute change in the
characteristics of extreme temperature events. This allows a simpler reading in order to relate it to the
effects of climate change, so this is considered a more suitable approach to show results to politicians
or non-experts in general.

The effect of extreme temperature events for the different areas of the IP are the following.It can
be observed that the southwestern corner of the Peninsula (Beja and Faro, in Portugal, and southern
Extremadura and western Andalusia, in Spain) will reach the highest temperatures, often exceeding
temperatures of over 45 ◦C at the end of the 21st century. Warm events will also be more frequent in
this region, although it is in the southeast corner of the Peninsula (southern Valencia, Murcia, eastern
Andalusia and Castile-La Mancha) where these events will last more. Overall, the average duration
of warm events for the entire region increases from 5 days (comparison period) to almost 24 days
(2071-2099). As for heat waves, they will be almost as frequent throughout the territory, although they
will be more lasting and more frequent along the entire Mediterranean coast.
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