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A B S T R A C T   

This work analyses the effects of global warming in the upper extremes of daily temperature series over Spain. 
This objective implies specific analysis, since time evolution of mean temperature is not always parallel to 
evolution of the extremes. We propose the use of several record tests to study the behavior of the extreme and 
record-breaking events in different temperature signals, at different time and spatial scales. The underlying idea 
of the tests is to compare the occurrence of the extreme events in the observed series and the occurrence in a 
stationary climate. Given that under global warming, an increasing trend, or an increasing variability, can be 
expected, the alternative is that the probability of the extremes is higher than in a stationary climate. Some of the 
tests, based on a permutation approach, can be applied to sets of correlated series and this allows the analysis of 
short periods of time and regional analysis, where series are measured in close days and/or locations. Using these 
tests, we evaluate and compare the effects of climate change in temperature extreme and record-breaking events 
using 36 series of daily maximum temperature from 1960 to 2021, all over peninsular Spain. We also compare 
the behavior in different Spanish regions, in different periods of the year, and in different signals such as the 
annual maximum temperature. Significant evidences of the effect of an increasing trend in the occurrence of 
upper extremes are found in most of Spain. The effects are heterogeneous within the year, being autumn the 
season where the effects are weaker and summer where they are stronger. Concerning the spatial variability, the 
Mediterranean and the North Atlantic region are the areas where the effects are more and less clear, respectively.   

1. Introduction 

In the framework of climate change, there are many works that 
analyze the evolution of mean temperature over time, and the existence 
of an increasing trend is generally accepted; see Sánchez-Lugo et al. 
(2019) for a review and Peña-Angulo et al. (2021) for a study on the 
Spanish mainland. However, changes in variability and extremes of 
temperature are also relevant (Schär et al., 2004). The interest of 
analyzing whether the occurrence of extreme and record-breaking 
temperatures is affected by climate change is clear (Kysely, 2010; Cou-
mou et al., 2013; Saddique et al., 2020; Om et al., 2022). The reason is 
that some of the most serious consequences of global warming on human 
health and other fields, such as agriculture or energy consumption, are 
often related to the occurrence of increasingly intense extremes (Tan 
et al., 2007; Coumou and Rahmstorf, 2012). The Mediterranean region 
has been referenced as a hot spot of climate change, this is, a region 
whose climate is especially responsive to global warming (Diffenbaugh 
and Giorgi, 2012; Lionello and Scarascia, 2018; Tuel and Eltahir, 2020). 

In fact, this region has suffered warming 20% faster than the rest of the 
globe (MedECC, 2020). This makes the study of temperature extremes in 
the Spanish mainland of special interest (Cos et al., 2022). 

The numerous studies to analyze the evolution of mean temperature 
have been favored by the availability of simple distribution-free statis-
tical tests, such as Mann–Kendall (MK) test (Mann, 1945; Kendall and 
Gibbons, 1990) and easy-to-use software to compute them. Extreme- 
and record-event type statistics exist since the 70s (Feller, 1991; Arnold 
et al., 1998; Bunge and Goldie, 2001) but they have not been widely 
applied within the climate community. The existing analysis of record- 
breaking temperatures usually aim to describe observed records and to 
identify the role of different factors in their occurrence (Xu et al., 2021; 
Zhang et al., 2021). Other works analyze the projected behavior of 
extreme records under different emission scenarios (Xu and Wu, 2019; 
Fischer et al., 2021; Yu et al., 2023). 

Specific tools are required to analyze the tails of temperature dis-
tribution since their evolution may not be parallel to the evolution of the 
mean. In addition, if the magnitude of a trend in the mean is small in 

* Corresponding author. 
E-mail addresses: jorgecm@unizar.es (J. Castillo-Mateo), acebrian@unizar.es (A.C. Cebrián), jasin@unizar.es (J. Asín).  

Contents lists available at ScienceDirect 

Atmospheric Research 

journal homepage: www.elsevier.com/locate/atmosres 

https://doi.org/10.1016/j.atmosres.2023.106934 
Received 31 March 2023; Received in revised form 1 June 2023; Accepted 19 July 2023   

mailto:jorgecm@unizar.es
mailto:acebrian@unizar.es
mailto:jasin@unizar.es
www.sciencedirect.com/science/journal/01698095
https://www.elsevier.com/locate/atmosres
https://doi.org/10.1016/j.atmosres.2023.106934
https://doi.org/10.1016/j.atmosres.2023.106934
https://doi.org/10.1016/j.atmosres.2023.106934
http://crossmark.crossref.org/dialog/?doi=10.1016/j.atmosres.2023.106934&domain=pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/


Atmospheric Research 293 (2023) 106934

2

terms of the variability of the series, the effect on the extremes of that 
trend may be difficult to detect. This is the case of global warming trends 
in daily temperatures. On the other hand, in aggregated data like global 
mean temperatures, the natural variability is smaller and the effect of 
the climate change is easier to detect. For this reason, the studies to 
quantify the effects of global warming in the extremes have focused on 
the analysis of annual or monthly summaries of temperatures (Zorita 
et al., 2008; Coumou et al., 2013; van der Wiel and Bintanja, 2021; 
Salameh et al., 2019), although in this context the study of the effect in 
daily temperatures is more important because averaged or summarized 
data can under-represent warm or cool periods with a persistence of only 
a few days (Yosef et al., 2021). 

Some works to analyze the effects of climate change on record- 
breaking temperatures use probabilistic properties of the occurrence 
of records in independent and identically distributed (i.i.d.) series to 
quantify their evolution (Redner and Petersen, 2006; Coumou et al., 
2013; Wergen et al., 2014). Gouet et al. (2020) characterize the prob-
abilities of record in sequences of variables with a linear trend in loca-
tion, but they require restrictive assumptions about the distribution of 
temperature. In this context, it is of great interest to use the probabilistic 
properties of records to develop formal statistical tools, however, only a 
few works try to provide hypothesis tests to objectively establish the 
effects of climate change in the extreme and record-breaking tempera-
tures. In this line, Benestad (2003), Benestad (2004) proposed record- 
statistic tests to detect non-stationarities based on records in forward 
and backward series and Monte Carlo integration, and applied them to 
analyze spatially aggregated monthly mean temperatures. Benestad 
(2008) underscored the utility of these tests in terms of evaluating trends 
in extremes. Meehl et al. (2009) and Anderson and Kostinski (2011) 
studied the ratio of daily and monthly record high maximum tempera-
tures to record low minimum temperatures averaged across the US and 
compared it with the expected ratio under stationary conditions. 
Cebrián et al. (2022) and Castillo-Mateo (2022) provide a wide family of 
distribution-free record tests which can be applied without any 
assumption about the temperature distribution. Another important 
advantage of these tests is their high power even when the underling 
trend is small compared to the variability of data, what makes them 
useful to the analysis of any type of temperature signals, including daily 
signals. They can be applied both locally and regionally. Given that the 
effects of climate change show important differences depending on the 
climate and region, these tests are useful tools to assess and evaluate 
those differences. The analysis using these tools is highly facilitated by 
the R package (R Core Team, 2022) RecordTest (Castillo-Mateo, 2023; 
Castillo-Mateo et al., 2023). All the tests and graphical tools used in this 
work, as well as other tools based on records (Foster and Stuart, 1954; 
Diersen and Trenkler, 1996; Benestad, 2003; Benestad, 2004), are 
implemented in this package. 

The contribution of this work is the use of the statistical tools 
developed by Cebrián et al. (2022) and Castillo-Mateo (2022) to assess 
and analyze the effect of global warming in the extreme and record- 
breaking events in different signals of 36 daily maximum temperature 
series in peninsular Spain over 1960–2021. In addition, a modification 
of the tests based on a permutation approach is proposed. This new 
approach can be used with correlated series, which allows the applica-
tion of the tests in smaller regions and shorter periods of time. Using 
these tests, we evaluate and compare the effects of climate change in the 
extremes over different Spanish regions, globally and in different pe-
riods of the year. 

The outline of the paper is as follows. Section 2 presents the time 
series of observed temperature data in 36 Spanish stations and an 
exploratory data analysis. Subsequently, the section introduces the 
methodology to detect non-stationarity in the occurrence of extreme and 
record-breaking events. Section 3 shows the analysis of the evolution 
over time of extreme and record-breaking temperatures in different 
daily temperature signals using Spanish series. It also shows relation-
ships between records in the observed series and in temperature series at 

geopotential levels from ERA5 reanalysis. Section 4 concludes the paper 
with a discussion and conclusions. 

2. Data and methods 

2.1. Data 

The database in this study has been extracted from the European 
Climate Assessment & Dataset (ECA&D; Klein Tank et al., 2002). It in-
cludes surface observations of daily maximum temperature (Tx) in ◦C in 
36 stations located in the Spanish territory within the Iberian Peninsula, 
in the period 1960–2021, see Fig. 1. The Iberian Peninsula includes 
areas with very different climates (Chazarra-Bernabé et al., 2022). To a 
great extent, climate in inland Spain is temperate with a dry summer (Cs, 
Köppen classification), but some areas in the Central Plateau, Southeast 
of Andalusia and Ebro valley have a semi-arid climate (BS). North coast 
and Atlantic North coast show a temperate climate with no dry season 
(Cf). Mediterranean coast has a Cs climate in the North and BS in the 
Southeast. Our database includes series representing the different 
climate zones and also different elevation, 13 stations are over 500 m a. 
s.l., 5 stations over 800 m a.s.l. and one in the Central Mountains reaches 
1894 m a.s.l. Climate summary measures of the locations are shown in 
TableS1 from Supplementary material. 

All the series in the database have less than 100 missing observations 
in the considered period, this is, less than 0.5% of data are missing. 
Missing data are not removed from the series since the statistical tools 
applied in the analysis are weakly affected by a small percentage of 
missing data. Observations corresponding to February 29 are removed 
from the dataset for convenience. Furthermore, observed temperature 
data was rounded to the nearest tenth of a ◦C, resulting in a small 
probability of ties. Our analysis only considers strong records, this is, 
values strictly higher than the existing record. This means that the re-
sults are conservative in the sense that the number of records without 
the rounding effect could be around a 3% higher. 

2.1.1. Exploratory data analysis 
This sections shows some exploratory analysis to describe how the 

distribution of Tx has changed in time over the observed period 
1960–2021. In particular, we compare the evolution over time of the 
median and the 5th and 95th percentiles of daily temperature. The aim 
of this analysis is to study if the effects of climate change are similar in 
the center and in the tails (extremes) of temperature distribution. If 
there exist relevant differences, the conclusions about the effects of 
global warming in the mean would not be valid for the tails, revealing 
the need of a specific analysis for the evolution of extreme and record- 
breaking temperatures. 

To compare the evolution of the distribution of Tx, we plot a kernel 
density estimation of Tx for July 15, in two reference periods 1961–1990 
and 1991–2020, and the corresponding 5th, 50th and 95th empirical 
percentiles. The densities are estimated using data in a centered window 
of 21 days. Fig. 2 shows the plots for Sevilla and Barcelona-Fabra, as an 
illustration of two different climates. Same plots for San Sebastián and 
Zaragoza, and plots for January 15 are shown in Figs.S1 and S2 from 
Supplementary material, respectively. In Sevilla, a clear positive shift of 
the entire distribution is observed in the last period. However, 
Barcelona-Fabra shows a different evolution in the center of the distri-
bution and in the extremes, since the increase of the median is higher 
than in the 5th and 95th percentiles. Figs.S3 and S4 from Supplementary 
material show the difference between both 30-year periods in the mean 
value and the standard deviation across days within year for Sevilla, 
Barcelona-Fabra, Zaragoza, and San Sebastián. 

Fig. 3 represents the difference between the period 1991–2020 
minus the period 1961–1990 of the median and the 95th percentile of 
Tx. The percentiles are computed daily using a centered window of 31 
days. The different evolution of the differences between the two periods 
reveals that the long-term trend in the center of the distribution is 
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different to the trend in the extremes. In Barcelona-Fabra, the difference 
between the two periods is always positive in both the median and the 
95th percentile. In Sevilla, the difference is also positive except for the 
95th percentile in the early autumn. In Sevilla, the difference in the 
mean is primarily higher or equal than the difference in the 95th 
percentile throughout the year. This effect is observed in Barcelona- 
Fabra only during the summer. 

To analyze spatially the different evolution of the median and the 
95th percentile, we estimate a linear trend over time (◦C/decade) of the 
median and the 95th percentile of Tx in each location and month using 
quantile regression. We calculate the difference between those trends 
and we plot, for each location, the mean of those differences in the 12 
months versus elevation (m a.s.l.) at the location, see left plot in Fig. 4. 
Positive values indicating trends of the median higher than trends in the 

95th percentile are observed in 29 locations, in particular in all locations 
over 500 m a.s.l. Negative values are observed only in 7 locations near 
the coast: San Sebastián, Bilbao and Santiago (Cantabrian coast), and 
Tortosa, Barcelona-Fabra, Barcelona-Airport and Almería (Mediterra-
nean coast). This suggests that, in some areas near the coast, the increase 
of the extremes tends to be stronger than the increase in the mean. More 
details for Sevilla, Barcelona-Fabra, Zaragoza, and San Sebastián are 
shown in Fig.S5 from Supplementary material. 

To study if the behavior of the trends is different within the year, the 
right plot in Fig. 4 summarizes, for each month, the differences between 
trends in the 36 locations using a boxplot. It shows that positive dif-
ferences are observed in most of the locations (positive boxplot-median) 
in all the months except, January, April and November. That means in 
particular that, in most locations, trend in the median is higher than in 

Fig. 1. Map of the 36 Spanish stations, with different climate regions: North Atlantic (green square), Continental (red dot), and Mediterranean (blue triangle).  

Fig. 2. Kernel density estimation of Tx in Sevilla and Barcelona-Fabra on July 15 in the periods 1961–1990 (blue dashed) and 1991–2020 (red solid). Vertical lines 
show the 5th, 50th and 95th empirical percentiles. 
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the 95th percentile in the extended summer period from May to October. 
To sum up, the exploratory analysis shows that the time evolution of 

the central part of the distribution of Tx is not always parallel to the 
evolution of the tails. Consequently, the estimated effect of global 
warming in the mean should not be used to describe the effects in re-
cords and extreme temperatures. Due to the characteristics of extremes, 
which are rare by definition, specific statistical tools are needed to 
analyze their evolution. Another important feature of the series to be 
considered in their analysis is the spatial and temporal dependence 
between them. 

2.2. Methods 

Given a series (Xt), an observation Xi is called an upper record if it 
has a higher value than the previous observations, this is, if 
Xi > maxt<i{Xt}. Analogously, Xi is called a lower record if 
Xi < mint<i{Xt}. All the properties for upper records are valid for lower 
records because mint<i{Xt} = − maxt<i{ − Xt}. The sequence of record 
indicator binary variables (It), with It taking value 1 if a record is 
observed at time t and 0 otherwise, characterizes the occurrence of re-
cords in a series. From this sequence, the number of records up to time t 
is defined by Nt =

∑t
i=1Ii. 

There are some probabilistic results that characterize the occurrence 
of records in a series (Xt) of i.i.d. continuous random variables. The first 
result states that the variables (It) are mutually independent with It 
following a Bernoulli(pt) distribution, where the probability of record at 
time t is 

pt = P(It = 1) = 1/t, t = 1, 2,….

This means that in a stationary climate, the probability of observing a 
record decreases over time but there is always a positive probability of 
occurrence. Concerning the behavior of the number of records in i.i.d. 
series, the variables Nt have an asymptotic normal distribution where 
the expected number of records is E[Nt ] =

∑t
i=1pi =

∑t
i=11/i and the 

variance Var[Nt ] =
∑t

i=2pi(1 − pi). 

2.2.1. Record tests for non-stationarity detection 
The null hypothesis H0 of the tests used in this work is that the 

probability of record at each time t in a series of length T is the proba-
bility of record under the stationary condition characterized by i.i.d. 
series, this is, 1/t. Under climate change, it is expected that temperatures 
show an increasing trend and/or an increasing variability. Under those 
conditions, the probabilities of upper record are higher than in i.i.d. 
series. Consequently, the following one-sided alternative hypothesis is 

Fig. 3. Differences of the median (blue) and the 95th percentile (red) between the periods 1961–1990 and 1991–2020 of Tx in Sevilla (left) and Barcelona- 
Fabra (right). 

Fig. 4. Mean over the 12 months of the differences between the time trend of the median and the 95th percentile of Tx for each location versus elevation; positive 
values in red (left). Boxplots by month of the previous differences between trends in the 36 locations; months with positive medians of the differences in red (right). 
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considered, 

H0 : pt = 1/t, t = 2,…, T.
H1 : pt > 1/t, for  at  least  one t = 2,…,T. (1) 

The details of the tests can be found in Cebrián et al. (2022). They 
proposed a family of distribution-free tests to detect deviations from i.i. 
d. series in the tails of the distribution using the probabilistic properties 
of the occurrence of records. The underlying idea of these tests is to 
compare the expected behavior of the occurrence of records in i.i.d. 
series with the behavior over time of the observed records. Although the 
tests detect any deviation from i.i.d. series, if the analyzed series is 
formed by independent observations with no seasonal behavior, de-
viations from the i.i.d. hypothesis suggest the existence of trends or 
changing variability, which are the usual features expected under 
climate change. 

The tests assume the availability of M⩾1 mutually independent series 
of length T. These series can be series measured at different spatial 
points or series obtained from splitting the original data. It is noteworthy 
that the tests do not require that the M series have the same distribution. 
From these M series, the series of binary variables (It1),(It2),…,(ItM), and 
the series of number of records (Nt1), (Nt2),…, (NtM) are obtained. 

Record tests based onNT. The most basic statistic is the total number of 
records in the observed period of length T in the M series: 

N =
∑M

m=1
NTm =

∑M

m=1

∑T

t=1
Itm.

Under the null hypothesis H0,NT is asymptotically normal when T and/ 
or M tend to ∞. The power of N is improved by weighting the record 
indicators according to their position in the series, this is, 

N =
∑M

m=1

∑T

t=1
wtItm.

The idea is to use weights which are increasing functions of t since, given 
that records become less likely for increasing time, the occurrence of a 
record at a high t gives more evidence against the null hypothesis H0. 
Although different weights can be used, Cebrián et al. (2022) shows that 
the weights wt = t2/(t − 1) (w1 = 0) give the locally most powerful un-
biased score test. Under the null hypothesis H0,N is still asymptotically 
normal in M. Using this asymptotic distribution, the p-value of the test to 
study the previous hypothesis is P(Z > (N 0 − 0.5 − μ)/σ) where μ and σ2 

are the mean and variance of the statistic under the null hypothesis H0,

N 0 is the observed statistic, Z is a standard normal variable and 0.5 is a 
continuity correction. These tests are implemented with the function N. 
test in Recordtest. 

Further, the asymptotic normal distribution of the statistics N and N 

can be used to compute reference intervals (RI’s) of the number of re-
cords and of the weighted number of records up to time t. This is useful 
to implement plots to analyze the evolution of the number of records 
over time. These graphical tools are implemented with the function N. 
plot (Castillo-Mateo et al., 2023). 

Joining information from different types of records. It is noteworthy that 
four different types of records can be obtained from one series. The 
upper and lower records in the forward series, X1,X2,…,XT, and in the 
backward series obtained when the order of the variables is reversed, XT,

…,X2,X1. Fig. 5 illustrates the times of occurrence of the four types of 
records in Tx series for June 30 in Barcelona-Fabra. The advantage of 
considering four types of records is that many different hypotheses can 
be studied combining them adequately. Further, the power of the tests 
based on different types of records is higher than those using only one 
type (Foster and Stuart, 1954; Diersen and Trenkler, 1996; Cebrián 
et al., 2022). Herein, the superscripts L and B indicate lower records and 
records in backward series. For example, IL

t denotes the binary variables 
for lower records, and IBL

t for lower records in the backward series. 
Under the null hypothesis of i.i.d. series, all variables It , IL

t , I
B
t , I

BL
t 

follow a Bernoulli(1/t) distribution. Using this property, it is easy to 
combine the information provided by them in different statistics that 
allow the study of different alternative hypotheses. It is noteworthy that 
by considering different types of records in different subseries and in the 
forward and the backward series, we obtain information from the tails of 
temperature distribution, not only from the observed record events. 
Similarly to other approaches to study the extremes of a distribution, 
such as annual maxima or peak over threshold methods, this informa-
tion can be used to characterize the behavior of the upper tail, or even 
both tails, of temperature distribution. 

In particular, we can define statistics to analyze:  

• The effect of an increasing trend in the upper tail, by considering the 
upper records in the forward and also in the backward subseries, 
N upp = N − N B.  

• The effect of an increasing trend in the lower tail, by considering now 
the lower records, N low = N BL − N L.  

• The effect of an increasing trend in both tails, by considering both the 
lower and the upper records in both the forward and the backward 
subseries, N both = N − N L − N B + N BL. 

Note that the sign of the statistic for each type of record is positive or 
negative according to whether a higher or lower number of records is 
expected under the considered alternative hypothesis H1. The effect of 
an increasing trend in the lower tail implies that the probability of lower 
record is smaller than 1/t. In the backward series an increasing trend 
becomes a decreasing trend so the probabilities of upper and lower re-

Fig. 5. Tx series for June 30 in Barcelona-Fabra and occurrence times of upper records (red) and lower records (blue) in the forward (left) and backward 
(right) series. 
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cords under H1 are respectively lower and higher than 1/t; see Fig. 5 as 
illustration. 

We can also analyze the effect of an increasing variability in the tails, 
taking into account that the increase will lead to a higher number of 
lower and upper records in the forward series and lower in the back-
ward, 

N var = N +N L − N B − N BL.

Under H0, all these statistics have an asymptotic normal distribution 
with zero mean, and the corresponding p-values can be obtained as 
usual. The function foster.test in RecordTest implements these 
tests. The power of these tests with M > 12 and T > 50 is high even with 
trends in location around 1% of the standard deviation but it decreases 
with lower M (Cebrián et al., 2022). 

2.2.2. Record tests for change-point detection 
Castillo-Mateo (2022) proposed three distribution-free statistics to 

detect a change-point if the record occurrence stops being stationary. 
The statistics test the null hypothesis H0 in (1) against the two-sided 
alternative hypothesis 

H1 : pt = 1/t, t = 1,…, t0, and pt ∕= 1/t, t = t0 + 1,…, T,

where t0 is the change-point. The test statistic for change-point detection 
in the record occurrence is K = max1⩽t⩽T |KT(t)|, where 

KT(t) =
Nt − E(Nt)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(NT)

√ −
Var(Nt)

Var(NT)

NT − E(NT)
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Var(NT)

√ .

The change-point t̂0 is defined as t̂0 = arg max1⩽t⩽T |KT(t)|. Under the 
null hypothesis H0, the distribution of K is Kolmogorov in the limit as 
T→∞. Thus in a two-sided test for a change-point in the record occur-
rence, the null hypothesis H0 is rejected if K > kα/2, where kα/2 is the 
upper α/2th quantile of the Kolmogorov distribution and α is the sig-
nificance level for the test; and a significant change-point occurs at time 
t̂0 if the null hypothesis H0 is rejected. 

Henceforth, according to Castillo-Mateo (2022), the change-point 
statistic also considers M series and weights for the record indicators 
with wt =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
t2/(t − 1)

√
(w1 = 0). The statistic does not follow the Kol-

mogorov distribution, but the p-value can be estimated using Monte 
Carlo simulations. Castillo-Mateo (2022) also includes a detailed Monte 
Carlo analysis of the power and ability of this statistic to detect the 
actual change-point. The estimator is right-sided biased, which can be 
usefully interpreted as the time when the underlying process that drives 
the temperature distribution truly affects the records in the observed 
data. In other words, the change-point is determined by the occurrence 
of a record; if no records are observed, there is no change-point. This 
bias decreases significantly when the number of series M is increased or 
when the effect of the change becomes greater under the alternative 
hypothesis H1. This test is implemented with the function change. 
point in RecordTest. 

2.2.3. Applying the tests to temperature series 
Temperatures, as most environmental time series, measured in an 

intra-annual temporal scale show seasonal behavior and often serial 
correlation. Since the previous record tests detect any deviation from i.i. 
d. series, when the aim is to detect deviations provoked by climate 
change (increasing trend or changing variability), we need to remove 
first seasonality and serial correlation from the series. Another practical 
limitation of the previous tests is that they require M independent series, 
and independence is a quite restrictive assumption in climate series. This 
section shows how to prepare the data and a modification of the tests to 
solve these limitations. 

Seasonal and serially correlated series. A common approach in envi-
ronmental studies to deal with seasonality and serial correlation is to 
split the series of daily observations into 365 series, so that each series 

contains the observations from one calendar day across T years: 

The series in each column consists of independent observations with no 
seasonal behavior and no serial correlation. The resulting 365 series do 
not necessarily have the same distribution because the distribution in 
December is probably different from the distribution in August. How-
ever, this is not an assumption of the tests, since the probability of record 
under the null hypothesis H0 does not depend on the distribution of the 
series. 

The transformation of one series into M = 365 subseries is also useful 
to obtain a high number M of series to apply the tests, and consequently 
to increase their power. The problem is that, given that the series are 
measured in consecutive times (days in this case), they will probably 
show a strong dependence between them, and the tests require inde-
pendent series. If the number of dependent series is high enough, the 
simplest option is to extract among them a subset of M independent 
series. This can be done, selecting series separated by a fixed distance 
(for example, 10 days) or applying an approach based on Pearson cor-
relation tests (Castillo-Mateo et al., 2023). A second option is to use tests 
that allow dependent series, as described below. 

Tests for a set of M dependent series. The asymptotic distribution of the 
record statistics relies on the assumption that the M studied series are 
independent. To avoid this restriction, we propose an alternative 
approach where the p-values of the statistics defined in Section 2.2.1 are 
computed using permutation techniques. 

Permutation tests only rely on the assumption of exchangeability 
under the null hypothesis (Welch, 1990). A sample is exchangeable if 
any permutation of it has the same joint probability distribution. In the 
record tests, there is a sample of t = 1,…,T observations of a vector of M 
variables (Xt1,Xt2,…,XtM). Under the null hypothesis, the T observations 
of the vector (Xt1,Xt2,…,XtM) are independent with the same multi-
variate distribution, so that permutations of rows, see the data structure 
in (2), are exchangeable. Note that the M variables in the vector may be 
correlated between them or may have different marginal distributions, 
the only required assumption is that the multivariate distribution of the 
vector is the same over the T years. 

If observations are exchangeable under H0, and all the possible 
permutations are considered to compute the p-value, the resulting test 
yields the exact significance level. In general, a random sample of 
possible permutations must be used because the total number of 
different permutations is too high. The p-value is computed as the pro-
portion of samples whose statistic value is greater or equal than the 
observed statistic. A number of 10,000 permutations gives a good 
approximation to the p-value. 

3. Results 

3.1. Analysis of daily temperature series in one location 

This section aims to show how the record tests previously defined 
work, and the different hypotheses that can be analyzed with them. To 
that end, a detailed analysis is presented using the longest series avail-
able, the daily maximum temperature series in Barcelona-Fabra from 
1914 to 2021. 

The observed number of upper and lower records in the period 
2001–2021 in the 365 daily series is 224 and 23, respectively. The 
number of upper records is 10 times the number of lower records while, 
in a stationary climate, the expected number of records in both cases is 
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the same and equal to 78.5. In this case, where the observed period is 
T = 108 years long, even this simple exploratory analysis suggests the 
effects of an increasing trend, but in many series, the observed period is 
shorter and more formal inference tools are needed to evaluate the effect 
of global warming. 

Before applying the record tests, given the seasonal behavior and 
serial correlation of daily temperature in Barcelona-Fabra, the process-
ing tools described in Section 2.2 have to be used. The resulting final 
data is a subset of M = 46 uncorrelated series of length T = 108 with no 
seasonal behavior and no serial correlation. 

We start by analyzing graphically the evolution of the number of 
records over time, to detect possible deviations from the stationary 
behavior and to identify when they appear. To that end, the mean, in M 
series, of the number of records up to time t,Nt =

∑M
m=1

∑t
i=1Iim/M, for 

t = 1,…,T, is plotted versus t together with RI’s for the number of re-
cords in i.i.d. series. An analogous plot is obtained for the weighted 
number of records N t =

∑M
m=1

∑t
i=1wiIim/M. Fig. 6 summarizes the 

evolution of the four types of records, in both cases. In the four types of 
records there is a significant evidence of a non-stationary behavior in the 
upper tail (forward and backward upper records), and even earlier in the 
lower tail (forward and backward lower records). The evidence is 
clearer, and consequently it is detected earlier, in the backward series 
and using weights. 

To obtain more formal conclusions about the effect of global 
warming in extreme temperature, we can apply the record tests and 
study different hypotheses. To analyze the behavior of the upper re-
cords, we apply the test N with the alternative that the probabilities of 
the upper records are higher than in i.i.d. series. The p-value is 1.8e − 05, 
so that the null hypothesis is rejected at any usual significance level. To 
analyze the behavior of the upper extreme temperatures, not only the 
records, we apply the test N upp; the null hypothesis is also rejected with 
a p-value 8.4e − 7. To study the lower tail and both tails simultaneously, 
we have to use the statistics N low, and N both, respectively, they yield p- 
values equal to 7.5e − 7, and 8.8e − 12. We conclude that there is evi-
dence of the effect of an increasing trend in both the upper and the lower 
tail and this evidence is stronger when information of both tails is joined. 
Since effects of an increasing trend are detected in both tails, it can be 
expected that the variability is not increasing; this is confirmed with the 
p-value of N var test, 0.5066, that leads to not reject the null hypothesis. 
Finally, the change-point test detects a significant change-point at time 
t̂0 = 64 (1977) with a p-value 0.0029. 

3.2. Spatial analysis of temperatures 

Climate change is a spatial phenomenon, so the interest lies in the 
analysis of the behavior of the temperature records and extremes over 
the peninsular Spain. To make fair comparisons of the behavior across 
different locations, the same period of time should be analyzed in all of 

them, so that the set of 36 series from 1960 to 2021 introduced in 
Section 2.1 is considered. 

It is noteworthy that since 36 series are analyzed, corrections for 
multiple comparisons should be applied. Given that the test statistics 
from nearby locations will be possibly dependent, and although this 
dependence may become negligible between the farthest locations, we 
opted for applying the conservative Benjamini-Yekutieli method (Ben-
jamini and Yekutieli, 2005). This method controls the expected pro-
portion of false rejections and can be applied to p-values from dependent 
statistics. 

3.2.1. Analysis of daily temperature series 
The first hypotheses that we study are the effect of an increasing 

trend in the upper records and in the upper tail using statistics N and 
N upp, respectively. Fig. 7 shows the maps summarizing the results. 
These maps show with points in a red color scale the locations where the 
p-value is lower than α = 0.1, and in a blue color scale, higher values. 
For the upper tail there are 29, 25, and 22 series with significant p-values 
at level α = 0.10,0.05 and 0.01 respectively, and for the upper records, 
23, the same 23, and 18. There are evidences of the effect of an 
increasing trend in both upper records and upper tail in most of the 
studied locations; as expected, there are more evidences in the upper 
tail, where more information is available. Only in the North area, and 
specially in the Cantabrian coast, there is no significant evidence of the 
effects of an increasing trend. The effects are weaker also in other lo-
cations in the coast, for example Huelva, in the South, and Castellón and 
nearby locations in the Levante coast. 

Analysis within the year. It is known that effects of climate change may 
not be homogeneous over the year, so that it is necessary to analyze the 
potential effects of a trend in shorter periods of time within the year, 
seasons or even months. In those cases, M, the number of independent 
series available is usually small, so that the power of the asymptotic tests 
is low with weak trends. Then, it is preferable to apply the tests based on 
permutations described in Section 2.2.1, using all the daily series 
available in the considered period. Observations from subsequent days 
are dependent, but permutation tests allow for the analysis of dependent 
columns in matrices like (2). Fig. 8 shows the p-values from the tests to 
study the effect in the upper tail of the daily maximum temperature in 
each season: winter (DJF), spring (MAM), summer (JJA) and autumn 
(SON). It is clear that the effects are not homogeneous over the year: 
autumn is the season where the effects are weaker, being clearly sig-
nificant only in the North part of the Mediterranean coast. On the other 
hand, in summer, significant evidences are found all over Spain except in 
Cantabrian coast and some nearby locations. Note that in this area, only 
in winter, there are some weak evidences of the effect of the trend in the 
extremes. The analysis of the upper records shows a similar pattern to 
the upper extremes, although the p-values tend to be slightly higher. In 
particular, in autumn, significant evidences at a α = 0.05 significance 

Fig. 6. Mean (left) and mean weighted (right) number of records up to time t versus t, in daily maximum temperature in Barcelona-Fabra (1914–2021).  
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level are found only in some areas in the Mediterranean coast, see right 
plot in the last row in Fig. 8. 

Even within seasons, the behavior may not be homogeneous, so that 
the same tests are applied by month (maps not shown). Concerning the 
upper extremes, no significant effect of a positive trend is found in any 
location, in February, March and November, and in September only in 
two Mediterranean locations (Barcelona-Fabra and Tortosa). On the 
other hand, June, July and August are the months with largest areas of 
Spain with evidences of the effects of a trend, both in the upper tail and 
the upper records. As an example, the p-values from the upper tail in 
June are shown in Fig. 8. 

Regional analysis. Since global warming is a spatial phenomenon, it is 
of interest to analyze its effects at a regional scale, by joining informa-
tion from all the series available in a region. The proposed tests can be 
used to study this type of hypothesis, using the permutation approach if 
it cannot be assumed that the series available in a region are indepen-
dent, as it is often the case. Note that the regional analysis will be more 
powerful since joining series from different locations, more information 
is provided to the tests. 

Here, we consider three regions with different climate characteris-
tics: the North Atlantic, the Continental and the Mediterranean areas. 
See in Fig. 1 the locations by color in each region. The effect of a positive 
trend in the upper tail and in the upper records is significant at a sig-
nificance level α = 0.05 in all the regions in the four seasons. Table 1 
shows the years identified by the change-point test to detect when the 
upper record occurrence is significantly different from the occurrence in 
i.i.d. series, in each season and in the whole year. The behavior is quite 
homogeneous all over Spain, with slight differences between the three 
regions, but relevant differences appear between seasons. Winter is the 
season where the evidences of non-stationarity in the upper records 
appear first, around 1975, while in autumn the change-points occur 30 
year later. In spring and summer the non-stationarity is detected from 
around 1985. 

The regional analysis is also developed by month, and the resulting 
p-values are summarized in Fig. 9. Again, the different p-values are 
shown in a red–blue scale according to their significance. In this case, in 
each region, the 12 p-values corresponding to one month are corrected 
using the Benjamini-Yekutieli approach. The results show that February, 
September and November are the months where the upper extremes and 
upper records are less affected by global warming, with no significant 
effect in any of the climate regions. In contrast, April and October are the 
months where a significant behavior is observed all over Spain. The 
Mediterranean region is the area where the number of months with 
strong evidences is higher, in all the year except the three months pre-
viously mentioned, while the North Atlantic region is the area where less 
evidences of non-stationarity occur; only in April and October a 

significant behavior is detected. Concerning the upper records, the same 
pattern is observed, although the effects are slightly weaker. 

3.2.2. Analysis of annual maximum and annual minimum of Tx 
In this section, the behavior of the records and both tails of the 

annual maxima and the annual minima of Tx, the daily maximum 
temperature, are analyzed. Unlike the case of daily series, only one series 
per location is available for this analysis. Given that with M = 1, the 
power of the test is low for weak trends, only the regional analysis is 
carried out. Table 2 summarizes the p-values of the tests to assess the 
effect of an increasing trend in the upper tail, the upper records, the 
lower tail and the lower records in the annual maximum and in the 
annual minimum of Tx, in the three climate regions. The effect in the 
tails, both in upper and lower, is significant at a significance level α =

0.05 in all the regions. In the records, the effect is slightly weaker, 
specially in the lower records of the annual maxima, where the p-values 
are not significant at a α = 0.05 level in any region. This implies that 
there are not enough evidence to state that the occurrence of lower re-
cords is not lower than 1/t in that signal, and could suggest an increase 
of variability. However, the tests to detect variability, based on statistic 
N var, are not significant at any usual significance level, with p-values 
0.16, 0.53 and 0.74; this means that there is no significant evidence of an 
increase of variability in annual maximum temperature in any of the 
three considered regions. 

3.3. Records in Tx and daily temperatures at geopotential levels 

The aim of this section is to analyze the occurrence of records in 
temperatures at geopotential levels, 850, 700, 500 and 300 hPa, to 
identify whether it is related to the occurrence of records in the surface 
temperature. 

3.3.1. Data and exploratory analysis 
The considered database includes the daily temperature series at 

850, 700, 500 and 300 hPa levels, measured at 12:00 from 1960 to 2021, 
in the 176 points from the 1◦ × 1◦ grid 35◦N–45◦N and 10◦W–5◦E that 
covers the Iberian Peninsula. This database is obtained from the 5th 
generation ECMWF reanalysis database ERA5 available in Climate Data 
Store (CDS) of Copernicus Climate Change Service (C3S) (Hersbach 
et al., 2023), see map in Fig.S6 from Supplementary material. 

As in surface temperature signals, the effects of global warming are 
clear in the mean evolution of air temperature at 850, 700, 500 and 300 
hPa geopotential levels. The mean temperature at the four levels shows 
an increase in the period 1960–2021, but the magnitude of that increase 
and the spatial variability are different. The effect of relief on the spatial 
behavior is more clear on temperature at 850 hPa level, where the 

Fig. 7. P-values from the analysis of the effect of a trend in the upper records (left) and in the upper tail (right) in daily Tx series during the entire year in 
Spanish locations. 

J. Castillo-Mateo et al.                                                                                                                                                                                                                         



Atmospheric Research 293 (2023) 106934

9

increasing trend over time of temperature varies from 0.20 in the North- 
West to 0.35◦C/decade in the center of the Iberian Peninsula. At upper 
levels, the spatial variability is lower with trends from around 0.20 to 
0.26◦C/decade, with the highest increases in the South-West. Maps of 
the estimated trend at each geopotential level are shown in Fig.S7 from 
Supplementary material. 

Working with the original time series, an absolute record is defined 

to be a value that exceeds all previous values in the series. Considering 
the 704 daily series of temperatures, one associated to each of the four 
geopotential levels in each of the 176 grid-points, the median number of 
absolute records since 1962 is 6. Given that four air temperature series 
are available at each grid-point we identify simultaneous records, based 
on the idea of compound events (Zscheischler et al., 2020), that repre-
sent the occurrence of a highly extreme situation in the geopotential 
temperature series. A “compound record” at a grid-point in a day is 
defined when simultaneous absolute records occur in at least 2 geo-
potential level series. Table 3 on the left summarizes dates since 1971 
with compound records in at least 6 points of the grid. It shows on the 
right dates when the absolute record occurs simultaneously in more than 
two Tx series. Simultaneous compound records are temporally close to 
simultaneous absolute records in Tx series, for example, the episode 
13–16 August 1987, or the unprecedented heatwave in 26–29 June 
2019, that caused record-breaking high temperatures in about one-third 
areas of Europe (Sousa et al., 2019; Xu et al., 2021). An exploratory 
analysis of these compound records is shown in TablesS2 and S3 in the 

Fig. 8. P-values from the analysis of the effect of an increasing trend in the upper extremes in Tx by season in 36 Spanish locations (first and second row). Same map 
only for June (left plot last row) and for the upper records in autumn (right plot last row). 

Table 1 
Time points identified by the change-point test to detect when the upper record 
occurrence is significantly different from the occurrence in i.i.d. series, in each 
season and in the whole year.  

Region Series  

Year winter spring summer autumn 

North Atlantic 1976 1976 1980 1988 2010 
Continental 1986 1973 1988 1986 2003 
Mediterranean 1979 1973 1986 1986 2008  
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Supplementary material. 

3.3.2. Time evolution of records in daily temperature at geopotential levels 
Our aim in this section is to compare the time evolution of the 

number of records and the time where non-stationary behavior is 
detected in surface and geopotential level temperature series. To that 
end, the weighted cumulative number of records, N t , in the observed 
temperature series Tx in a location and in temperature series at a given 
geopotential level in the four grid-points around that location, are 
plotted in the same graph. In the same plot, we show the years where the 
estimated change-point occurs in each of the five series. Fig. 10 shows, 
as an illustration, the graph for Barcelona-Fabra in July for the four 
geopotential levels. At 850 and 500 levels, the time evolution of the 
records and the estimated change-points are very similar in Tx and in the 
four grid-points and, at 700 hPa, in two of the grid-points. However, the 
estimated change-point at 300 hPa occurs later, around 1998. The same 
plots for Barcelona-Fabra in January and Sevilla in July are shown in 
Figs.S8 and S9, respectively; and a similar plots based on the 36 series is 
shown in Fig.S10 in the Supplementary material. 

4. Discussion and conclusions 

This work aims to analyze and evaluate the effects of global warming 
in the upper tail (extreme and record-breaking events) of daily 
maximum temperature series over peninsular Spain. Since, an 

exploratory analysis shows that the time evolution of the central part of 
the distribution of daily maximum temperature is not parallel to the 
evolution of the tails, it is necessary to perform a specific analysis of 
records and extreme temperatures. Here, we propose the use of statis-
tical tools and record tests described in Cebrián et al. (2022) and Cas-
tillo-Mateo (2022) to assess the effect of global warming in the upper tail 
in different temperature signals in Spain, at different time and spatial 
scales. The analysis of short periods of time, for example months, and 
regional analysis imply the study of series measured in close days and/or 
in close locations, which are correlated. Given that the previous tests 
require independent series, we propose a modification based on a per-
mutation approach to compute the p-values, which can be used with 
correlated series. Using these tests, we evaluate and compare the effects 
of climate change in the extremes and the record-breaking events all 
over Spain, in different Spanish regions, and in different periods of the 
year. All the record tests and statistical tools used in the analysis are 
freely available in the R package RecordTest. The proposed tests can 
be applied to analyze the evolution of extremes and records in observed 
series and also in gridded data obtained from reanalysis or Earth System 
Models, taking into account the spatial dependence between them. 

As far as we know, this is the first study of temperature records 
developed in Spain that does not focus on a particular event. Sousa et al. 
(2019) described the intense heatwaves striking the Iberian Peninsula in 
early August 2018 and late June 2019. They found the Saharan air in-
trusions as a relevant mechanism for Iberian heatwaves. Their results are 
in agreement with the compound events and absolute records on late 
June 2019 observed in our work. Also there are some analyses about 
extremes, for example, Serrano-Notivoli et al. (2022) studied the heat-
waves in Spain with a high-resolution gridded daily temperature dataset 
1940–2014. They found a tipping point in the early 1980s from which 
heatwaves became more frequent, this is compatible with our results in 
Table 1 for summer. In other regions of the world, some authors found 
similar results about temperature records. McBride et al. (2022) studied 
the record-breaking frequencies of the highest daily maximum temper-
ature in South Africa for the 1951–2019 period. As in this work, they 
found that the number of records is higher than the theoretically ex-
pected in a stationary climate. They also found that mainland stations 

Fig. 9. P-values from the analysis of the effect of a positive trend in the upper tails (top) and upper records (bottom) in Tx by month in the three climate regions.  

Table 2 
P-values of the effect of an increasing trend in the upper tails (UT), the upper records (UR), the lower tail (LT) and the lower records (LR) in annual maximum and 
minimum of Tx.   

Annual max. Annual min. 

Region UT UR LT LR UT UR LT LR 

North Atlantic 0.000 0.002 0.023 0.104 0.007 0.009 0.013 0.013 
Continental 0.000 0.000 0.021 0.121 0.041 0.067 0.005 0.002 
Mediterranean 0.011 0.007 0.012 0.056 0.008 0.013 0.039 0.013  

Table 3 
Dates from 1971 with compound records in at least 6 points of the grid. Right 
column shows next dates with absolute record simultaneously in more than two 
Tx series.  

Compound event Absolute record in more than 2 stations 

1980–8–2  
1983–7–30  
1987–8–13, 1987–8–16 1987–8–12, 1987–8–13 
2019–6–26, 2019–6–27 2019–6–29 
2021–7–10   
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are more affected by the increasing number of records than stations 
close to the coast. 

Our results yield the following conclusions about the evolution of 
extreme temperatures over Spain:  

• Significant evidences of the effect of an increasing trend in the 
occurrence of upper extreme and record-breaking events in daily 
maximum temperature have been found in most of Spain, when the 
whole year is studied. Only in the North and the Cantabrian Coast 
areas the effects are not significant.  

• The effects are heterogeneous within the year. Autumn is the season 
where the effects are weaker; only on the coast of Catalonia, the 
evidences are significant. On the other hand, summer is the season 
where the effects are stronger: in all the locations, except 5 locations 
in the North coast area, significant effects are found.  

• Concerning the spatial variability, the Mediterranean region is the 
area where the number of months with strong evidences is higher, 
while the North Atlantic region is the area where less evidences of 
non-stationarity occur. 

• No evidence of an increase of variability in daily maximum tem-
perature has been found. 

Many of these results are in agreement with those found in other 
areas. In Romania, Busuioc et al. (2015) detected significant increasing 
trends for the temperature extremes in all seasons, except for autumn; 
they found the highest increasing rate in summer, and that it is possibly 
associated with the the Atlantic multidecadal oscillation. Tošić et al. 
(2023) also found that, in Serbia, there are significant changes in tem-
perature extremes consistent with warming, specially in summer, and 
that they have a highly positive correlation with the East Atlantic 
pattern. Sánchez-Benítez et al. (2020) summarized the connection be-
tween Iberian heat waves, and atmospheric circulation patterns in four 
weather regimes, and found that those heatwaves are associated with 
ridge conditions in western Europe. 

The results from this work suggest that more analyses in a spatio- 
temporal framework about the occurrence of records and extreme 
temperature events in Spain are needed, and they can open new research 
lines. In particular, more research to study the relation between records 
and the atmospheric situation expressed by air temperature at different 
geopotential levels is of interest, and also with teleconnection patterns 
to find plausible physical mechanisms. It is also of interest to develop 
space–time models for the occurrence of records. These models should 
include long-term trends, space–time dependence in the tails and 
random effects, so that Bayesian models can provide an adequate 
framework. Models including atmospheric variables as covariates would 
be also useful as statistical downscaling models, and they could be used 
to obtain future projections of the behavior of records under different 
climate scenarios. 
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