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Abstract Extreme climate events have recently attracted the
attention of a growing number of researchers because these
events impose a large cost on agriculture and associated insur-
ance planning. This study focuses on extreme temperature
events and proposes a new method for their evaluation based
on statistical process control tools, which are unusual in cli-
mate studies. A series of minimum and maximum daily tem-
peratures for 12 geographical areas of a Spanish region be-
tween 1931 and 2009 were evaluated by applying statistical
process control charts to statistically test whether evidence
existed for an increase or a decrease of extreme temperature
events. Specification limits were determined for each geo-
graphical area and used to define four types of extreme anom-
alies: lower and upper extremes for the minimum and maxi-
mum anomalies. A new binomial Markov extended process
that considers the autocorrelation between extreme tempera-
ture events was generated for each geographical area and ex-
treme anomaly type to establish the attribute control charts for
the annual fraction of extreme days and to monitor the occur-
rence of annual extreme days. This method was used to assess
the significance of changes and trends of extreme temperature
events in the analysed region. The results demonstrate the
effectiveness of an attribute control chart for evaluating ex-
treme temperature events. For example, the evaluation of

extreme maximum temperature events using the proposed sta-
tistical process control charts was consistent with the evidence
of an increase in maximum temperatures during the last de-
cades of the last century.

1 Introduction

The sustainability of an agricultural system depends on many
factors, but climate is one of the most critical (Saá et al.
2011b). The evaluation of extreme temperature events is im-
portant to the agricultural sector and associated insurance
planning because extreme climate events in general, and ex-
treme temperature episodes in particular, have high costs
(Gobin 2012). Temperature observations are the primary data
set used in climate variability research because they provide
both temporal and spatial coverage, unlike other climate pa-
rameters (Linkosalo et al. 2009; Moratiel et al. 2011). This has
led to a great deal of research on this topic in recent decades,
such as the famous IPCC report (IPCC 2007).

Several methodologies have been used for studies of ex-
treme climate events (Coles 2001; Tarquis et al. 2010; Saá
et al. 2011a; Valencia et al. 2012; Gobin et al. 2013; García-
Cueto et al. 2014; Fioravanti et al. 2015). For example, in the
Extreme Value Theory (EVT), it is difficult to accurately esti-
mate the parameters of the Generalized Pareto Distribution
(GPD) and the Generalized Extreme Value Distribution
(GEVD). Small deviations in these estimates cause major
changes in the estimated values of the climate variables
(Zea-Bermudez and Kotz 2010a, b; Holešovský et al. 2015).
On the other hand, the analysis of extreme quantiles of interest
is a simplified technique, which is not sufficient by itself for
modelling the changes in the extreme values’ distribution.
Therefore, a search for new techniques that serve as a com-
plementary alternative and model extreme temperature events
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with greater reliability is useful, as is the methodology pro-
posed in this study.

Statistical process control (SPC) methods, and specifically
statistical process control charts (Montgomery 2013), are not
commonly used in climate studies. Several authors have ap-
plied control charts of variables, mainly the cumulative sum or
an exponentially weighted moving average, to detect changes
in climate parameters. For example, Smadi (2006) applied
cumulative sum control charts to the mean, minimum and
maximum temperatures from a meteorological station in
Jordan between 1923 and 2003 to detect change points in
annual and seasonal temperature oscillations. Cumulative
sum control charts were also employed by Smadi and
Zghoul (2006) to study the occurrence of rapid changes in
the total rainfall and the number of rainy days at a station in
Jordan between 1922 and 2003, and they detected an abrupt
change in 1957. Chirima et al. (2012) applied cumulative sum
charts and exponentially weighted moving average control
charts to the mean annual temperatures from a station in
Zimbabwe between 1952 and 2001 and demonstrated the
effectiveness of both control charts in detecting climate

change. Rainfall patterns have also been analysed with
cumulative sum charts, for example, by Chu et al. (2012) in
southern Taiwan, who concluded that they are an effective
tool to detect changes in extreme precipitation. Ramirez-
Beltran and Julca (2006) used exponentially weighted moving
average charts to detect climate change in the Caribbean since
1995. Other authors have demonstrated the efficiency of mean
control charts for evaluating temperature variations in climate
studies. For example, Ganguly and Iyer (2009) applied such
process control charts to the monthly mean maximum temper-
atures from March to June in 1901 to 2003 for several Indian
regions, and Vuĉijak et al. (2013) applied them to tempera-
tures in Sarajevo, Bosnia and Herzegovina for 1961–1990 and
2000–2010. Vuĉijak et al. (Vučijak et al. 2014) recently dem-
onstrated the applicability of control charts for individual
values to detect changes in rainfall patterns based on a study
of several cities in Bosnia and Herzegovina for the same
period of time. However, the use of attribute control charts
in studies of climate events is unusual. Cuellar (2012) applied
conventional attribute control charts to the nonconforming
fraction of daily temperatures observed at four meteorological

Fig. 1 Location of the Basque
Country (Spain)

Fig. 2 The 25 km × 25 km grid
over the Basque Country (Spain)
that defined the 12 studied
geographical areas. Each square
geographical area has its own
identification number

1324 M. Villeta et al.



stations in central Soria, Spain, between 1931 and 2009. He
concluded that the proportion of days with extreme maximum
temperatures has increased since the last quarter of the last
century.

This study focuses on evaluating the occurrence of extreme
temperature events as a discrete process using attribute control
charts. Furthermore, because extreme temperature events ex-
hibit autocorrelation (Mearns et al. 1984), this parameter was
taken into account in the control chart to prevent a possible
increase in false positives (Montgomery 2013). Conventional
attribute control charts assume the independence of the obser-
vations, so this type of control chart must not be used when
autocorrelation exists in the process. For this reason, several
authors have attempted to model autocorrelated processes
with Markov chains.

Most authors have considered the use of a binomial
correlated model to obtain control charts based on the
number of conforming units between a certain number
of nonconforming units. Lai et al. (1998) established the
basis of this type of model with charts of cumulative
counts of conforming items (CCC) to detect situations in
which the number of conforming units between two
nonconforming units is unusually low. Lai et al. (2000)
and Shepherd et al. (2007) proposed considering as a
variable the number of conforming units until k
nonconforming units are produced; where k is a function
of the process correlation. Similarly, Shepherd et al.
(2012) reduced the number of false positives by establish-
ing additional rules for runs that conclude that the Markov
chain of the process is no longer stable. Using a Markov
chain with two states, Omey et al. (2008) established the
distribution of the count of nonconforming units using an
approximation of a normal distribution based on the limit
central theorem. Weib (2009) proposed analysing discrete
autocorrelated data using a binomial model AR(1). He

also proposed an alternative process with binomial mar-
ginals, called the BARMA model that was based on the
concept of hypergeometric thinning. Minkova and Omey
(2014) generated a new binomial distribution related to an
interrupted Markov chain.

In contrast, several authors have focused on determining
the probability distribution of the count of nonconforming
units in a process. Broadbent (1958) suggested the use of
conforming and nonconforming states to model the Markov
chain of a process. Bhat and Lal (1990) modelled a process
with an augmented Markov chain, including the count of
nonconforming units that were just produced.

Based on these previous studies and considering that the
level of autocorrelation in extreme temperature events is actu-
ally quite large, the attribute control chart for the evaluation of
such a process must be based on a determination of the prob-
ability distribution of the number of extreme temperature days
that occurred in a year (the count of nonconforming units in
the process). Furthermore, a more accurate model than that
proposed by Bhat and Lal (1990) should be used because
the persistence of consecutive days with extreme temperatures
is actually higher than was stated in their model, as shown in
the methodology section. Thus, their Markov chain model
was extended to five states.

The aim of this study was to evaluate extreme temperature
events using statistical process control charts and determine
the probability distribution of the number of extreme days in a
year using a more accurate model of this climate process with
a Markov chain. To determine the efficiency of the proposed
evaluation method, it was applied to a geographical region. To
achieve these objectives, a procedure that combines the im-
plementation method of attribute control charts, the autocor-
relation between extreme temperature events, a new Markov
binomial extended distribution, and big data processing was
designed and applied to a region of northern Spain.

Table 1 Identification of the 12 studied geographical areas

Identification number Geographical area

1606 Gran Bilbao

1607 Mungía

1608 Ondarroa

1609 Urola

1610 Bidasoa Donostialdea

1558 Cantábrica Alavesa

1559 Nervión

1560 Alto Deba

1561 Goierri

1510 Valles Alaveses

1511 Llanada Alavesa

1512 Montaña Alavesa

Fig. 3 Daily temperature anomalies: upper extremes and lower extremes
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2 Data set and methods

The proposed methodology was applied to Basque Country, a
region located in northern Spain adjacent to the Pyrenees and
the Cantabrian Sea (Fig. 1). The northern part of this region is
part of Green Spain, where the climate is predominantly oce-
anic with a constant humidity and moderate temperatures in
both winter and summer. The central and southern areas in the
Basque Country have aMediterranean-continental climate but
are still influenced by the oceanic climate of the north, which
results in warm dry summers and cold and snowywinters. The
annual average rainfall is 1200 mm, and autumn is the rainiest
season.

2.1 Climate data

The climate data that was used in this study consisted of 12
complete series of daily average minimum and maximum
temperatures. Each series was obtained by a kriging interpo-
lation of a 25 km × 25 km grid by the Servicio de Desarrollos
Climatológicos of the Meteorological Spanish State Agency
(Sotillo et al. 2006; Luna and Almarza 2007; Luna et al. 2008;
Valero et al. 2009). The series spans a period of 79 years from
1931 to 2009 and covers approximately all of Basque
Country. The locations of the 12 square geographical areas
are shown in Fig. 2. Table 1 identifies these geographical
areas, and the associated identification numbers of the grid
are in Fig. 2, which describes the region from west to east
and from north to south.

2.2 Novel methodology

The procedure used to evaluate the occurrence of extreme
temperature events via control charts is based on similar pro-
cesses that distinguish between chance and assignable causes
of variation (Shewhart 1931). Climate processes are assumed
to have inherent, natural or common causes of variation (a
process in statistical control), but assignable or special causes
that impact the climate process occasionally occur, causing
unusual levels of variability and are responsible for process
shifts (an out of control process). The control charts aim to
detect the occurrence of these assignable causes, so to under-
stand the climate model of a chance or natural variable pattern,
a reference time period is selected (Phase I of the control
charts) and is used to estimate the variability model (an in-
control process). The control chart is then established based on
this model. The control chart and decision rules that are de-
fined for the process allow the climate process of extreme
temperature events to be monitored for a period of time, which
is called the monitoring period (Phase II of the control charts).
In the case where assignable causes for process variations of
extreme events during the monitoring period are not detected,

the observed variability is statistically expected to be related to
the model that was determined in the reference period. If as-
signable causes for process shifts of extreme events are detect-
ed during the monitoring period, it is concluded that the ob-
served variability changed with respect to the model that was
determined in the reference period.

The proposed methodology is summarized as follows.
First, to remove the stationarity of the daily temperature series,
daily maximum andminimum temperature anomalies for each
day (i) and each year (j) are defined for each of the 12 geo-
graphical areas as described in Eq. (1):

AnomalTmax;i; j ¼
Tmaxi; j−Tmaxi

� �

eσTmaxi

AnomalTmin;i; j ¼
Tmini; j−Tmini

� �

eσTmini

ð1Þ

where Tmaxi , j and Tmini , j represent the maximum tempera-
ture and minimum temperature, respectively, for each day and

each year, Tmaxi and Tmini represent the maximum and min-
imum temperature averages, respectively, for each day
smoothed by the 5 previous and 5 following days, andeσTmaxi eσTmini represent the maximum temperature and mini-
mum temperature standard deviations, respectively, for each
day smoothed in the same way.

The reference period was fixed as 1931–1960, which cor-
responds to Phase I of the control charts. The reference period
should extend for at least 30 years because the classical period
of climate is 30 years (EEA 2008). For each of the geograph-
ical areas and considering the anomalies of the reference pe-
riod, the upper specification limit (USL) and the lower spec-
ification limit (LSL) are determined by the 99 and 1 percen-
tiles, respectively, of the distribution of the anomalies to dis-
criminate between extreme days (upper or lower) and non-
extreme days (see Fig. 3). These specification limits are used
to define four types of extreme anomalies for temperature
series: the lower and upper extremes for the minimum anom-
alies and the lower and upper extremes for the maximum
anomalies (Fig. 4).

When fixing the limits of the control charts for the extreme
temperature events, the number of extreme temperature days
might not follow a normal distribution and such climate pro-
cesses exhibit autocorrelation. Thus, to model the occurrence
of extreme temperature days, a binomial Markov process was
generated for each geographical area and extreme anomaly
type. In general, runs of extremely high temperature days or
extremely low temperature days have been observed. This
implies that the probability of the occurrence of an extreme
day if the last 2 days were extreme days increases relative to
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the probability of the occurrence of an extreme day if only the
day before was extreme. Specifically, in the Spanish region of
the Basque Country, this probability increases from 0.25 to
0.33, which represents an increase above 30% if the previous
2 days are considered instead of just the day before. Therefore,
because important differences exist when considering the
events of the previous day due to autocorrelation and also
when considering the events of the days before two sequential
non-extreme days, a new binomial Markov extended process
with five states was generated to enlarge the model proposed
by Bhat and Lal (1990). The state space is as follows:

– State 1: 000. Two non-extreme sequential days and non-
extreme days in the neighbourhood of four previous days

– State 2: A00. Two non-extreme sequential days and at least
one extreme day in the neighbourhood of 4 previous days

– State 3: 10. An extreme day and a non-extreme day in the
last two sequential days

– State 4: 01. A non-extreme day and an extreme day in the
last two sequential days

– State 5: 11. Two extreme days in the last two sequential
days

in contrast to the state space proposed by Bhat and Lal (1990):
0, 1, which model only considers the probability of occurring
extreme day or not extreme day just conditioned by what
happened the previous day.

The transition matrix,M, that corresponds to the new bino-
mial Markov extended process with five states is represented
by Eq. (2). The stationary probabilities for each state may be
found from the transition matrix M (see Eq. (3)).

(2)

Pr X 0 ¼ state jð Þ ¼ π j ð3Þ

To obtain the probability distribution of the number of ex-
treme days, the transition matrix M must be expanded to the
cumulative number of extreme days. An augmented Markov

chain P (a square matrix of dimension 1830) was created,
where the cumulative number of extreme days is noted in
brackets (see Eq. (4)).

(4)
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The augmented Markov chain P must then be raised to the
power of 365, and the first 5 rows of the matrix P(365) must be
selected by considering columns from 1 to 5, from 6 to 10, ...
and from 1826 to 1830, to determine the probabilities of
obtaining r extreme days in a year. These probabilities are
presented in Eq. (5):

Pr number of extremes ¼ rð Þ

¼ ∑
5

i¼1
∑
5

j¼1
P 365ð Þ i; 5r þ jð Þ

 !
� πi ð5Þ

The limits of the control chart for the annual proportion of
extreme days can then be obtained based on the probability
distribution found in Eq. (5). The limits of probability

α/2 = 0.00135 were established to fix the control limits to be
equivalent to the usual 3-sigma Shewhart control limits under
the hypothesis of a normal distribution (Montgomery 2013).
The 0.00135 probability limits can be established by using
Eq. (5) with Eq. (6):

Pr number of extremes > UCLð Þ ¼ 0:00135 and
Pr number of extremes < LCLð Þ ¼ 0:00135

ð6Þ

where UCL is the upper control limit and LCL is the lower
control limit. These control limits provide a novel fraction
nonconforming control chart that is associated with the new
binomial Markov extended process.

The decision rules that were used to determine whether the
extreme temperature events changed during the monitoring
period (1961–2009, which corresponds to Phase II of the con-
trol charts) compared to the reference period (1931–1960)
based on the control charts established for the annual fraction
of extreme days are as follows:

– Test 1: One point outside of the control limits
– Test 2: Run up of length 10
– Test 3: Run down of length 10
– Test 4: Run of 20 consecutive points on one side of the

centre line

Only 3 types of runs were selected (test 2 to test 4) because
the probability α of false positives increases as more runs are
applied (Montgomery 2013).

Finally, the occurrence of annual extreme days over the
monitoring period in each geographical area for each type of
extreme temperature event was monitored with its assigned
fraction nonconforming control chart and the established de-
cision rules.

Fig. 4 Extreme temperature anomalies: a lower extremes and upper
extremes for minimum anomalies and b lower extremes and upper
extremes for maximum anomalies

Table 2 Upper Control Limits
(UCL) established for the control
charts of the annual fraction of
extreme temperature days for
each of the 4 extreme event types
in the 12 analysed geographical
areas

Geographical area Upper Control Limits (UCL)

Minimum anom.

lower extremes

Minimum anom.

upper extremes

Maximum anom.

lower extremes

Maximum anom.

upper extremes

Gran Bilbao 0.049 0.041 0.055 0.055

Mungía 0.047 0.044 0.052 0.049

Ondarroa 0.047 0.047 0.055 0.047

Urola 0.055 0.041 0.055 0.044

Bidasoa Donostialdea 0.055 0.047 0.052 0.055

Cantábrica Alavesa 0.052 0.044 0.060 0.052

Nervión 0.049 0.044 0.060 0.049

Alto Deba 0.044 0.047 0.055 0.047

Goierri 0.055 0.047 0.052 0.047

Valles Alaveses 0.049 0.041 0.055 0.055

Llanada Alavesa 0.049 0.041 0.058 0.047

Montaña Alavesa 0.049 0.044 0.058 0.049
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The data series of the daily average minimum and maxi-
mum temperatures from 1931 to 2009 for the 12 geographical

areas in the Basque Country (Fig. 2) were analysed with the
proposed methodology using SAS® software (SAS® 2011).

3 Results and discussion

Four attribute control charts were obtained using the proposed
methodology for each geographical area: a control chart for
the lower extreme temperature events and a control chart for
the upper extreme temperature events from the data series of
the daily minimum anomalies and a control chart for the lower
extreme temperature events and a control chart for the upper
extreme temperature events from the data series of the daily
maximum anomalies in the area. The UCL limits established
for these control charts are shown in Table 2. The LCL limits
and the centre lines p0 have the same values (0.010 and 0,
respectively) in all of the control charts for the selected region,
so these values are not shown in Table 2.

The description of the results and the discussion are fo-
cused on a statistical analysis of the lower extreme tempera-
ture events of the minimum anomalies or the extremely low
minimum temperatures because they are of greatest interest to
the agricultural sector in this region. Figure 5 shows 3 of the
12 control charts obtained for the annual fraction of extreme
low minimum temperature days, which distinguish between
the reference period and the monitoring period. This figure
illustrates some of the various situations that can occur when
the method of evaluating extreme temperature events based on
process control charts is applied to climate processes. The 3
control charts obtained from the reference period show the
natural variability of the annual fraction of extreme days be-
tween 1931 and 1960, displaying such a process in the statis-
tical control state. Furthermore, the control charts in the 3
areas detect changes during the 1961–2009 monitoring period
because some of the tests that are associated with the decision
rules of change that were considered for the evaluation of the
extreme event processes (tests 1 to 4) occurred. The changes
detected are not always the same. For example, the control
chart shown in Fig. 5a, which corresponds to the Nervión
geographical area (number 1559 in Fig. 2), shows evidence
of an increase in extreme temperature events over the moni-
toring period (1961–2009); 9 points are out of control (test 1)
in the first half of the monitoring period compared to the
reference period (1931–1960), which appears to be under sta-
tistical control. From the aspect of statistical significance, the
probability that a point corresponding to the monitoring peri-
od exceeds the upper limit of the control chart, conditional on
an occurrence of events of extreme temperature that keep on
the climate reference period model, is 0.00135 (see Eq. (6)),
therefore, the observation of a point that exceeds the limits of
the control chart allows the conclusion that the variability of
the process of occurrence of annual extreme days has changed
with regard to the reference period model in a statistically

Fig. 5 Control charts for the annual fraction of extreme days that
correspond to the lower extreme events of minimum temperatures,
which distinguish between the graph for the reference period (1931–
1960) and the graph for the monitoring period (1961–2009). a Control
chart for the Nervión geographical area, b control chart for the Llanada
Alavesa geographical area, c control chart for the Urola geographical area
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significant manner. Because 9 points in Fig. 5a exceeded the
upper control limit, an increase in lower extreme temperature
events of the minimum anomalies in the Nervión area could be
said to have occurred with a significance level <0.0001 in the
first half of the monitoring period. The analysis of the temper-
ature data of Llanada Alavesa (number 1511) resulted in the
control chart shown in Fig. 5b, in which the evidence of an
increase in lower extreme minimum anomalies in the first half
of the monitoring period was reinforced by the presence of
runs of 20 consecutive points above the centre line (test 4,
represented by a red box). The probability of the occurrence
of a point above the centre line of the control chart can be
obtained from the matrix P(365) that corresponds to the tem-
perature data of Llanada Alavesa, using Eq. (5) with r ≥ 4. The
value of that probability is 0.4336; therefore, the probability of
the occurrence with a run of length 22, as observed in Fig. 5b,
assuming the reference period model is (0.4336)22 < 0.0001.
Thus, evidence for an increase in the lower extreme minimum
anomalies in the first half of the monitoring period was ob-
tained at a significance level <0.0001. However, in the control

chart for Urola (number 1609), which is shown in Fig. 5c, runs
of 20 consecutive points below the centre line (test 4, depicted
by a red box) indicate a decrease in the annual fraction of
extreme days during the second half of the monitoring period.
In this case, the occurrence of a run of 23 consecutive points
below the centre line of the control chart indicates a decrease
in the annual fraction of extreme days at a significance level of
(0.5715)23 < 0.0001.

In contrast, the control charts could show no evidence of a
change in the proportion of annual extreme days over the
monitoring period compared to the expected values from the
reference period. This was the case for the areas of Mungía
(1607), Cantábrica Alavesa (1558), Alto-Deba (1560) and
Montaña Alavesa (1512), as is shown in Fig. 6. This figure
shows the control charts that were obtained for the 12 areas, in
which vertical lines separate the reference period from the
monitoring period. None of the decision rule identifiers of
change in the model of extreme temperature events (test 1 to
test 4) were present during the monitoring period in these 4
areas. This indicates that in Mungía, Cantábrica Alavesa, Alto

Fig. 6 Control charts for the Basque Country (Spain) of the annual fraction of extreme days that correspond to the lower extreme events of minimum
temperatures, which distinguish between the graph for the reference period (1931–1960) and the graph for the monitoring period (1961–2009)
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Deba and Montaña Alavesa, the annual fraction of lower ex-
treme days with minimum anomalies remained stable during
the entire study period of 1931–2009. That is, the variability
of these extreme events was only due to natural or chance
causes, and during the second period (1961–2009), this vari-
ability is as statistically expected from the pattern observed
during the previous period (1931–1960).

An analysis of the control charts for the entire region
(Fig. 6) shows that a general behaviour for the lower extreme
temperature events of the minimum anomalies over the mon-
itoring period was not observed. Five areas showed an in-
crease in the proportion of annual extreme days during the
second period, including Ondarroa (1608), Bidasoa
Donostialdea (1610), Nervión (1559), Valles Alaveses
(1510) and Llanada Alavesa (1511), and 3 areas showed a
decrease, including Gran Bilbao (1606), Urola (1609) and
Goierri (1561). The remaining 4 areas, Mungía (1607),
Cantábrica Alavesa (1558), Alto Deba (1560) and Montaña
Alavesa (1512), did not show any statistically significant
changes in the proportion of extreme temperature events.

However, when an increase or decrease in the fraction of ex-
treme days was observed, the time intervals in which such
changes were detected were similar in the different areas. In
the 5 areas that exhibited an increase, the increases mainly
occurred between 1961 and 1980, except for Llanada
Alavesa (1511), for which an increase signal was detected at
the end of the monitoring period. Furthermore, in the 3 areas
that showed a decrease, the decreases all occurred between
1980 and 2009. This global behaviour is consistent with the
accepted evolution of temperature in Europe, which includes a
slight decrease of temperatures in 1960–1980 and a tempera-
ture increase at the end of the last century (IPCC 2007).

The control charts obtained for the upper extreme temper-
ature events of the minimum anomalies (i.e., the extremely
high minimum temperatures) are summarized in Fig. 7. The
results show that, as with the lower extreme temperature
events of the minimum anomalies, no general behaviour of
the upper extreme temperature events of the minimum anom-
alies during the monitoring period (1961–2009) compared to
the reference period (1931–1960) in the 12 geographical areas

Fig. 7 Control charts for the Basque Country (Spain) of the annual fraction of extreme days that correspond to the upper extreme events of minimum
temperatures, which distinguish between the graph for the reference period (1931–1960) and the graph for the monitoring period (1961–2009)
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was apparent. Five areas showed an increase in the proportion
of annual extreme days during the second period, including
Gran Bilbao (1606), Urola (1609), Cantábrica Alavesa (1558),
Alto Deba (1560) and Goierri (1561), and 2 areas showed a
decrease: Nervión (1559) and Llanada Alavesa (1511). The
remaining 5 areas did not show any changes in the model of
occurrence of extreme temperature events, including Mungía
(1607), Ondarroa (1608) and Bidasoa Donostialdea (1610) in
the north and Valles Alaveses (1510) and Montaña Alavesa
(1512) in the south. However, when a type of change in the
fraction of extreme days was detected, the time interval for
which the change was observed were similar in all of the
affected geographic areas. The increases in the 5 areas oc-
curredmainly during the second half of the monitoring period,
and the decreases in the 2 areas occurred during the 2 middle
decades of the monitoring period. An analysis of the upper
extreme temperature events of the minimum anomalies has
also been carried out by other researchers, such as García-
Cueto et al. (2014). That group analysed 4 weather stations
in Baja California, Mexico, between 1950 and 2010, finding
an increase of such extremes for most stations. Their result
was consistent with the present research, in which most areas
that showed a change in the upper extreme of the minimum
temperature in the monitoring period showed that change in
the same direction.

If evidence of a change in both the lower and upper ex-
treme temperature events of minimum anomalies in an area is

present, the changes are opposite. The graphs on the left side
of Fig. 8, which correspond to extreme temperature events of
the minimum anomalies, show this characteristic. This result
suggests that no evidence exists for the variation in the ampli-
tude of the extreme events of minimum temperatures.

Figure 8 summarizes the evaluation of the four types of
extreme temperature events in Basque Country based on the
proposed control charts. The graphs on the right side of Fig. 8
show the results for the lower extremes (top) and for the upper
extremes (bottom) of the maximum temperature anomalies.
The lower extremes of the maximum anomalies show a de-
crease in the proportion of annual extreme days during the
second period with respect to the expected values from the
previous period in 8 areas mainly in the northwest part of
the region. The remaining 4 areas did not show any changes.
Most of the control charts did not show evidence of changes in
the upper extreme temperature events of the maximum anom-
alies, and only 4 areas showed increases. This result is consis-
tent with the noted increase in the maximum temperatures in
Europe during the last decades of the last century (IPCC
2007). The increase observed in the number of upper extreme
days of the maximum temperatures (especially at the end of
the monitoring period) is in line with the results obtained by
Ramos et al. (2011) for 23 weather stations from Portugal that
were analysed for the period between 1941 and 2006.
Furthermore, Fioravanti et al. (2015) analysed 12 indices of
extreme temperatures from 50 meteorological stations in Italy

Fig. 8 Evaluation of extreme
temperature events for the Basque
Country based on the control
charts that were established for
the annual fraction of extreme
days for the four types of extreme
events: lower extreme
temperature events of the
minimum anomalies, upper
extreme temperature events of the
minimum anomalies, lower
extreme temperature events of the
maximum anomalies and upper
extreme temperature events of the
maximum anomalies
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during the period 1961 to 2011. They also found that the
distribution of extreme days with higher maximum tempera-
tures had increased during the last period, mostly in summer.
These results also show that when evidence of changes in both
the lower and upper extreme anomalies was present, and oc-
curred in 3 areas, the changes were opposite. Therefore, no
evidence exists for a variation in the amplitude of extreme
events of maximum temperatures.

The application of the proposed method of evaluating ex-
treme temperature events based on process control charts for
the Spanish Basque Country region offers interesting informa-
tion for the agriculture sector and associated insurance plan-
ning in some areas. The lower extreme temperature events of
the minimum anomalies are of special interest because an
important wine industry exists in the southern part of the study
region. In this context, it is important to note that the increase
in the proportion of extreme days in the area of Rioja Alavesa
could affect the vineyards, creating an imbalance in the ripen-
ing grapes with respect to sugar and acidity content (Odó and
Ramos 2012). In the same areas south of the analysed region,
quite a lot of sugar beets are also produced, and their produc-
tion can be damaged by an increase in extreme days with
lower night temperatures (Jones et al. 2003). For wheat, which
is the other product with a high volume of cultivated land in
the three southern areas of the Basque Country, no evidence of
change was observed in the upper extremes of the maximum
temperatures, allowing the conclusion that, from a climatic
point of view, it is still advisable to grow wheat in that zone
(Tao et al. 2015).

The great variability of meteorological phenomena makes
it difficult to detect statistically significant changes in temper-
ature patterns. The proposed approach is interesting for cli-
mate studies because it considers the autocorrelation between
extreme temperature events, as well as a new Markov bino-
mial extended distribution to model the occurrence of extreme
temperature events more accurately. By considering this prob-
ability distribution, the approach introduces a novel fraction
nonconforming control chart. Therefore, the proposed moni-
toring of the extreme temperature events based on such pro-
cess control charts allows the reliable determination of wheth-
er the variability observed in extreme temperatures is as sta-
tistically expected or is different from that of the reference
period model. As a result, this easily implemented novel ap-
proach will be useful for finding geographical regions where
climate change is more critical.

4 Conclusions

This paper proposed a novel approach for the evaluation of
extreme temperature events based on attribute process control
charts, which was applied to a daily maximum and minimum
temperature series from the Basque Country of northern

Spain. The analytical results led to the following conclusions,
which are based on the control charts for each of the 12 geo-
graphical areas and four types of extreme temperature events:

(1) Evidence exists for an increase in the proportion of an-
nual days of extremely low minimum temperatures dur-
ing the monitoring period compared to the expected
values for the reference period in 5 areas. These increases
were mainly observed during the first half of the moni-
toring period. Evidence also exists for a decrease in this
proportion in 3 areas during the last two decades of the
monitoring period, and no evidence of change was found
in the remaining 4 areas.

(2) The control charts obtained for the upper extreme events
of the minimum temperatures indicate that an increase in
the proportion of annual extreme minimum temperature
days occurred during the monitoring period with respect
to the expected values for the reference period in 5 areas,
and these increases were mainly detected during the sec-
ond half of the monitoring period. Evidence was also
found for a decrease in this proportion in 2 areas, and
the other 5 areas remained stable during the entire study
period.

(3) For the upper extreme events of maximum temperatures,
evidence for an increase in the proportion of annual ex-
treme days over the monitoring period was detected in 4
areas, while evidence for a decrease in the lower extreme
events of maximum temperatures was observed in 8
areas. For both types of extreme events, no evidence of
change was found in the remaining areas. Therefore, the
evaluation of extreme maximum temperature events
using the proposed attribute control charts was consistent
with the evidence for an increase in the maximum tem-
perature over the last decades of the last century.

(4) If evidence of changes in both upper and lower extreme
events of the minimum and maximum temperatures was
found, the changes were opposite. This behaviour sug-
gests that no evidence exists for a change in the ampli-
tude of extreme events for either the minimum or maxi-
mum temperatures.

(5) In Rioja Alavesa (in the southern part of the study re-
gion), the increase in the proportion of annual days of
extremely low minimum temperatures over the monitor-
ing period could affect vineyards with a consequent loss
of wine quality and could affect sugar beets as well.
Moreover, because no evidence of change was detected
in the upper extremes of the maximum temperatures,
wheat production is still recommended for that area.

The novel approach is of interest to climate studies because
it considers, among other contributions, the autocorrelation
between extreme temperature events, which is always present
in such climate processes, and a new Markov binomial
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extended distribution tomore accuratelymodel the occurrence
of extreme temperature events. Further research on the selec-
tion of the specification limits is required to study the effect of
the number of extreme events collected in a data series of daily
temperatures on the proposed control charts. An increase in
the number of extreme observations would allow a higher
precision to be achieved when obtaining the transition matrix
of the Markov process of the occurrence of extreme tempera-
ture days. Future research will focus on the trade-off between
the number of observed extreme events and the consideration
of each extreme event. In this regard, it would be greatly
beneficial if the scientific community could reach a consensus
on a universal definition of a day with an extreme temperature
anomaly. The next step in future research will be the develop-
ment of evaluation procedures based on other types of control
charts and a comparison with the approach proposed in this
study to optimize the efficiency of monitoring the occurrence
of extreme temperature events.
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