
R E S E A R CH AR T I C L E

Variability of maximum andminimummonthlymean air
temperatures overmainland Spain and their relationship with
low-variability atmospheric patterns for period 1916–2015

José Carlos Gonz�alez-Hidalgo1,2 | Santiago Beguería3 | Dhais Peña-Angulo4 |

Leire Sandonis1,2

1Departamento de Geografía, Universidad
de Zaragoza, Zaragoza, 50009, Spain
2Instituto Universitario Ciencias
Ambientales (IUCA), Universidad
Zaragoza, Zaragoza, Spain
3Estaci�on Experimental de Aula Dei,
Consejo Superior de Investigaciones
Científicas (EEAD-CSIC), Zaragoza, Spain
4Instituto Pirenaico de Ecología, Consejo
Superior de Investigaciones Científicas
(IPE-CSIC), Zaragoza, Spain

Correspondence
José Carlos Gonz�alez-Hidalgo,
Departamento de Geografía, Unizar,
Zaragoza, Spain.
Email: jcgh@unizar.es

Funding information
Regional Government of Aragon, Geo-
environmental and Global Climate Change
Research Group, Grant/Award Number:
E02-17R; Spanish Govermment, Ministry of
Economy and Competitiveness, Grant/
Award Numbers: CGL2017-83866-C3-1-R,
CGL2017-83866-C3-3-R; Spanish
Governemment Ministry of Economy and
Competitiveness, MEC, Grant/Award
Number: FJCI-2017-33652; Spanish
Government, Ministry of Science and
Innovation, EXE project, Grant/Award
Number: PID2020-116860RB-C22

[Correction added on 29 September 2021,
after first online publication: The second
author's name has been corrected in this
updated version of the article. As have
affiliations three and four.]

Abstract

The analysis of monthly air temperature trends over mainland Spain during

1916–2015 shows that warming has not been constant over time nor general-

ized among different months; it has not been synchronous for maximum and

minimum air temperatures; and it has been heterogeneous in space. Tempera-

ture rose during two characteristic pulses separated by a pause around the

middle of the 20th century in some months. In other months, only the second

rising period is identified, or no warming can be found. In all months, and

both for maximum and minimum air temperatures, a stagnation of the

increasing trend is observed in the last two decades of the study period. High

spatial variability exists in trend signal and significance, and two contrasting

temporal patterns of advance over the study area are identified for maximum

and minimum air temperatures. These patterns can be related to prevalent

flow directions and relief disposition with respect to the flows associated with

low-variability meteorological patterns North Atlantic Oscillation (NAO) and

Western Mediterranean Oscillation (WEMO). The results show that warming

is a complex phenomenon at regional and sub-regional scales that can only be

analysed using high-spatial-resolution data and considering global and local

factors.
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1 | INTRODUCTION

Regional and local-scale climate research requires informa-
tion of high spatial density. Notwithstanding, climate
datasets often face problems related to the quality and
homogeneity of the observational series and the low
and varying spatial density of the observations (Janis
et al., 2004). Jones et al. (2012) and Jones (2016) indicated
that the increase in the number of observatories would only
increase redundancy in the data sets. Still, an opposite opin-
ion has been raised by Folland et al. (2018), Thorne
et al. (2005, 2017a, 2017b) and Rao et al. (2018). It has been
demonstrated that substantial differences exist among global
datasets that can be related to differences in the spatial den-
sity of information and the interpolating models (Beguería
et al., 2016). In any case, as a general rule, the results of these
database analyses tend to disagree among regional and local
scales (Vose et al., 2005; Menne et al., 2010; Hartmann
et al., 2013; Thorne et al., 2016; Rao et al., 2018). Remote
sensing improved surface station networks' deficiencies,
mainly because they cover the Earth's whole surface, but
they still require surface records for their validation.

The number of surface stations in global datasets has
decreased since the 1980s (Hansen et al., 2010). This reduc-
tion has been most remarkable in rural areas and high alti-
tudes (highland and mountain areas), and latitudes
(Peterson and Voose, 1997; Menne and Williams, 2009).
Furthermore, station location is biased towards specific land
uses consistently over-represented in the regional and
global datasets (Duveiller et al., 2018). The effects of these
biases must be evaluated (see Montandon et al., 2011).
These considerations are relevant at detailed spatial scales
where the long-term context of warming is unknown
because information from the early 20th century decades is
scarce (Sun et al., 2018). Thus, the rescue of climate data
that has not been previously considered is precious (Thorne
et al., 2017a, 2017b; Folland et al., 2018) and even required
to understand air temperature behaviour at detailed spatial
scales (Fern�andez-Montes and Rodrigo, 2015).

The spatial and temporal variations of air tempera-
ture in Europe during the 20th century have been related
to atmospheric-ocean coupling (Arguez et al., 2009;
G�amiz-Fortis et al., 2011) and modes of atmospheric vari-
ability (Beranov�a and Huth, 2008). Trigo et al. (2002)
described the advection of moist and warm air masses to
the continent under positive North Atlantic Oscillation
conditions (NAO+; http://www.cru.uea.ac.uk/data) due
to a generalized westerly advection to the southern areas.
In the Iberian Peninsula latitude, this advection increases
diurnal air temperature (Tmax) because of sunny condi-
tions, while night air temperatures (Tmin) tend to
decrease. On the contrary, under NAO-, south-west
advection causes increased Tmin air temperatures over

the Iberian Peninsula due to prevalent cloudy conditions.
Beranov�a and Huth (2008), on the other hand, found
temporal changes in the correlation between NAO and
Tmax in the Iberian Peninsula during the second half of
the 20th century, showing that this relationship is
dynamic. Recently, Lüdecke et al. (2020) studied the
interannual variability of monthly mean air temperature
(1901–2015). They found an effect of the atmospheric
non-forced variability by the NAO pattern during the
cold months (particularly February) and the Atlantic
Ocean temperature (expressed by the Atlantic Mul-
tidecadal Oscillation [AMO] pattern between March and
November, but especially during summer). They also
observed that the intensity of the relationship between
NAO and air temperature decreases at low latitudes,
suggesting that in southern Europe, the relationship
between NAO and the air temperature was highly com-
plex because of spatial variation of the centre of actions
of NAO dipole according to previous research (Castro-
Díaz et al., 2002; Esteban-Parra et al., 2003).

The western Mediterranean basin is a nice example of
the high spatial variability of air temperature evolution, and
the case of the Iberian Peninsula is particularly well known
(Brunet et al., 2007; del Río et al., 2011, 2012; Guijarro, 2013;
Gonzalez-Hidalgo et al., 2015). This variability has been
related to atmospheric circulation patterns as described by
weather types defined from surface pressure fields (see
Fern�andez-Montes et al., 2012, 2013; Peña-Angulo et
al., 2016), and also as described by atmospheric circulation
indices as indicators of modes of atmospheric variability
(as NAO, among others). Remarkably, the relationship
between the NAO and air temperature over the Iberian Pen-
insula has been the subject of several studies, with non-
concluding results. S�aenz et al. (2001a, 2001b) and
Rodríguez-Puebla et al. (2010) did not find any significant
relationships, while other authors found the opposite
(Fern�andez-Montes and Rodrigo, 2012; Espírito Santo
et al., 2014; Ríos-Cornejo et al., 2015; Rodrigo, 2016). Gener-
ally speaking, it is accepted that the relationship between
NAO and air temperature decreases from west to east and is
higher in colder months. However, significant associations
have also been found in summer for Tmax (Favà et al., 2016).
It has been suggested that, at the seasonal scale, the influence
of NAO is stronger in Tmin than in Tmax in winter (Trigo
et al., 2002; Rodrigo, 2016), while in Portugal, Espírito Santo
et al. (2014) found the opposite. To our knowledge, no
detailed study has been conducted on amonthly scale.

A second prominent atmospheric pattern that affects
the Iberian Peninsula's climate is the Western Mediterra-
nean Oscillation (WEMO; http://www.ub.edu/gc/wemo/),
defined by Martin-Vide and Lopez-Bustins (2006). This pat-
tern shows a strong correlation with precipitation, although
its relationship with air temperature has not been explored
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in detail. Until now, we are only aware of the study by Ríos-
Cornejo et al. (2015) using monthly mean values, which
mainly found negative relationships with WEMO in north-
ern and western areas of the Iberian Peninsula and positive
ones to the east, although there were differences among
months. El Kenawy et al. (2012) found positive correlations
with WEMO for winter mean air temperature and negative
ones in spring, summer and autumn in the northeastern
regions. As a general rule, the WEMO strongly influences
air temperatures from April to September. No research has
been conducted on the relationship between Tmax and
Tmin with WEMO on a monthly scale.

In the global frame of the generalized increase of air
temperature during the 20th century, four periods are usu-
ally identified between circa 1910–1940 (rise), 1941–1975
(pause), 1976–1997 (rise), and 1997–2013 (final pause)
(Folland et al., 2018). This study describes the evolution of
monthly mean values of Tmax and Tmin over mainland
Spain for 100 years (1916–2015). For that, we use the
high-resolution air temperature grids from the new
MOTEDAS_century dataset (Gonzalez-Hidalgo et al., 2020).
Previous studies have indicated that substantial spatial and
temporal variability exists in Tmax and Tmin at the annual
and seasonal scales (Peña-Angulo et al., 2021; Sandonis
et al., 2021), but no detailed monthly analyses have been
performed yet. The principal objectives of this study are:
(a) to describe the evolution and trends of monthly maxi-
mum and minimum mean air temperature over the period
1916–2015 and their spatio-temporal variability; and (b) to
analyse the relationship between the evolution of air tem-
perature and other regional factors, and particularly the
NAO and WEMO patterns.

2 | DATA AND METHODS

The new MOTEDAS_century dataset combines informa-
tion retrieved from two sources: the national climate data-
base (Banco Nacional de Datos del Clima, BNDC)
maintained by the Spanish national weather agency
(AEMET), and data digitized from the Annual Summaries
Books (Libros Resúmenes Anuales, LRA), published until
1950 by the former meteorological services. The informa-
tion available varies from a minimum of 228 observatories
in 1939, and a maximum of 2,030 in 1994. Figure 1 shows
the database's main characteristics: the spatial distribution
of the observatories at different years, the frequency distri-
bution of observatories according to the number of years
with data, and the number of observatories per year.
Detailed information on the MOTEDAS_century dataset is
presented in Gonzalez-Hidalgo et al. (2020).

The MOTEDAS_century grid was developed with the
following objectives: (a) maximizing the available

information (avoiding the need to discard short-length
series, especially from the LRA books); and (b) avoiding sta-
tistical gambling and data redundancy by not needing to
perform data reconstruction to have continuous time series.
Therefore, the grid was interpolated independently for each
month, using all the available information without series
reconstruction after checking anomalous data, similar to
that described in the Reanalyses project (Slivinski
et al., 2019). The grid resolution was 10 × 10 km. Detailed
information can be found in Gonzalez-Hidalgo et al. (2020).

Monthly mean maximum and minimum air tempera-
tures were taken from the MOTEDAS_century dataset
(Gonzalez-Hidalgo et al., 2020). Month by month, and for
each grid cell, the trend's sign (positive/negative), and signifi-
cance were analysed by the Mann-Kendal test with a correc-
tion for temporal autocorrelation. Spatial and temporal
variations of trends were analysed using 30-year moving win-
dows. Also, we analysed the data set with rolling windows of
increasing and decreasing temporal span. Under increasing
temporal windows, the analysis informs about up-to-date
effects, while under decreasing temporal windows the analy-
sis informs about the most recent behaviour of trends. The
results of trend analyses using periods of different lengths
must be taken with care, as the test's power or sensitivity
(i.e. the likelihood to detect a trend when there is actually
one) varies according to the sample size. In particular, testing
in shorter time series has a lower sensitivity than testing
in longer time series, so the test is less prone to yield signifi-
cant results. In other terms, a trend needs to be stronger to
be labelled as significant in shorter series. The minimum
time span used was 20 years, as different authors suggested,
to avoid an excessive noise over signal ratio (Loehle, 2009;
Liebmann et al., 2010; Santer et al., 2011; McKitrick, 2014).

The spatial analyses of change in trends were done
calculating, for each temporal window, the percentage of
land according to the trend's sign and significance. Their
spatial projection was made using sequential maps. The
resulting grid is available at the CLICES Project website
(https://clices.unizar.es) as anomalies.

Finally, the relationship between monthly Tmax and
Tmin and monthly NAO and WEMO indices was
analysed at the grid-cell level using correlation analyses
over 30-year moving windows and increasing and
decreasing temporal windows.

3 | RESULTS

3.1 | Trends of monthly mean maximum
and minimum air temperatures

The evolution of the percentage of monthly mean Tmax and
Tmin trends classified according to their sign and

GONZ�ALEZ-HIDALGO ET AL. 1725
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significance along the 30-year moving windows is shown in
Figure 2. The percentage of land classified by trend sign
(positive/negative) in Tmax and Tmin shows the well-

known global sequence of rise, then pause, then rise and
final pause. The last rising period since circa 1970 is pro-
duced later in Tmin than Tmax, and more consistent

FIGURE 1 From top to bottom: (a) study area; (b) spatial distribution of meteorological stations (different years); (c) frequency

distribution of stations according to years of records; (d) number of stations available per year [Colour figure can be viewed at

wileyonlinelibrary.com]
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behaviour is found in Tmin than Tmax. In short, warming
has not been constant, it has not been homogeneous in all
months, and it has not been synchronous between Tmax
and Tmin.

The first rising period is absent in the winter months
(December, January and February). During the second
rising period, the areas affected by significant positive
trends are more extended in Tmax than Tmin, and more
so in December than in January (when they are practi-
cally inexistent) and February. During these 3 months,
trends are not significant in the last decades of the study

period in Tmax and Tmin, and December even shows sig-
nificant Tmax cooling.

In the spring months (March, April and May), the first
rising period appears in Tmax in March and April and later
in May. The second rising period affected an extended area
in March, while it seemed later and had a lesser extent in
April and May. On the contrary, in Tmin, the first rising
period is detected over the whole territory in April, later
affecting a smaller area in May and practically absent in
March. The second rising period is more homogeneous and
extended in the 3 months in Tmin than Tmax. The first

FIGURE 2 Temporal evolution of the percentage of land affected by trends using 30-year temporal windows between 1916 and 2015.

The dark shades indicate significance. Data from MOTEDAS_century grid [Colour figure can be viewed at wileyonlinelibrary.com]

GONZ�ALEZ-HIDALGO ET AL. 1727
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pause is detected clearly in the spring months, most notably
in Tmin, with significant negative trends over a high per-
centage of land. Finally, air temperature trends are not sig-
nificant in the spring months in the last decades in Tmax,
and more recently in Tmin in March and May.

Trends of Tmax and Tmin differ during the summer
months (June, July and August). The first rising period is
detected only in a small fraction of the study area in
Tmax during June and July, in a larger area during the
second rising period in June, and to a lesser extent in
August. In Tmin, the first rising period is practically
absent except in June, while the second rising period is
generalized in June, July and August. In general, the sur-
face with significant positive trends is higher in Tmin
than Tmax. Also, the first pause is detected in Tmin and
in June Tmax, while the surface affected by significant
negative trends is smaller than in the spring months.
Trends are not significant in the last decades practically
in the whole land except in Tmin in June.

Spatial and temporal variability of trends can be
observed again in autumn months (September, October and
November). Tmin increased in October and November dur-
ing the second rising, although the surface affected did not

reach 90% of the land. During the first rising period, except
November, significant positive trends did not reach 25% of
the land. The evolution of Tmax trend is different, and only
November shows a rise during the first pulse. A non-
significant trend in recent decades characterizes the autumn
months in recent decades.

According to trend sign and significance in 30-year
moving windows, the spatial evolution of areas is pres-
ented in Figure 3 in selected 10-year intervals (complete
sequence in Figure S1). In general, variations in time
reflect expansion and contraction of areas along a longi-
tudinal gradient both in Tmax and Tmin (see as example
December 1956–1985/1966–1995), although some latitu-
dinal patterns also exist as is the case of Tmin (July and
August in between 1966 and 2015 time span). The
sequence of maps shows that no significant trend domi-
nates in the most recent decades, except for some months
and areas to the east along the Mediterranean coast.
Interestingly, the first pause around the middle of the
20th century (ca. 1946–1975/1956–1985) shows an oppo-
site spatial gradient between Tmax (West–East) and
Tmin (East–West) during March, April and May, which
are the most affected months.

FIGURE 3 Selected sequences of 30-year time windows showing the spatial distribution of trends [Colour figure can be viewed at

wileyonlinelibrary.com]
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3.2 | The up-to-date effects on trends
(increasing temporal windows)

The time evolution of the percentage of land according to
the trend sign and significance using temporal windows
of increasing length is presented in Figure 4. Figure 5
shows the sequence of maps for selected time windows
(complete sequence in Figure S2). As mentioned previ-
ously, this analysis mimics the process of progressive
updating of the dataset. It must be considered that each
time window includes a different number of years, and
this could affect the trend's significance. In particular,
significant trends are more difficult to discriminate in
shorter series. In Figure 4, the cumulative effect of the

updating processes is evident and shows the two positive
pulses and the pause in the middle of the 20th century.
This figure demonstrates: (a) that monthly mean air tem-
perature, both Tmax and Tmin, had a general increase in
the whole territory (significantly or not); (b) that the total
land affected by air temperature rise differs between
Tmax and Tmin; and (c) that there has not been synchro-
nicity between Tmax and Tmin rise at the monthly scale.

The percentage of land affected by a significant
increase in Tmax and Tmin during 1916–2015 is shown
in Table 1. These results suggest that, in the whole area,
the evolution of Tmax and Tmin has not been homoge-
neous in space, neither synchronous between Tmax
and Tmin.

FIGURE 4 Temporal evolution of the percentage of land affected by trends using temporal windows of increasing length. The dark

shades fulfil the confidence of significance. Data from MOTEDAS_century grid [Colour figure can be viewed at wileyonlinelibrary.com]

GONZ�ALEZ-HIDALGO ET AL. 1729
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Generalized Tmax increase (more than 90% of the
land affected) is restricted to March and December.
June and July also have a large fraction of the territory
with significant trends (>75%) and, to a lesser extent,
January and November (>50%). Generalized Tmin
increase (>90% of total land), on the other hand, is
restricted to the summer months (June, July and
August) and October, and to a lesser extent April, May
and November (>50%). Consequently, we can assume
that the increase of air temperature in the Spanish con-
terminous land has been originated by a combination
of Tmax rise in the coldest and warmest months, com-
bined with Tmin rise in the warmest months. There are
months in which almost no significant trends are found
(February); in which the percentage of land with a sig-
nificant trend is small (<50%) in both Tmax and Tmin

(May and September); and months in which Tmax and
Tmin differ noticeably as March and December (per-
centage of land under significant positive trend in Tmax
is two times Tmin), or August and October (opposite
effect).

The maps' sequences in Figure 5 show that two spatial
gradients exist of expansion–contraction of areas under
significant positive trends. In Tmax, significant positive
trend areas expand and contract from the Mediterranean
coast to the inland area (East–West–East). This gradient
is identified in the first and second positive pulses of
Tmax rise; during the first one in March, April, June, July
and November; and during the second in January, March,
April, June, July, August, September, November and
December. In Tmin, the spatial gradient is the opposite,
with expansion and contraction of the positive significant

FIGURE 5 A selection of map sequences showing the spatial distribution of trends using time windows of increasing length [Colour

figure can be viewed at wileyonlinelibrary.com]

TABLE 1 Per cent surface with a significant and positive trend during the period 1916–2015

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Tmax 62.4 2.2 96.5 44.6 32.5 84.7 78.2 47.6 10.9 14.2 54.2 90.5

Tmin 27.6 2.6 45.4 57.5 57.8 97.7 96.3 95.3 47.3 98.0 84.1 35.8

Note: Bold font indicates values higher than 90%.

1730 GONZ�ALEZ-HIDALGO ET AL.

 10970088, 2022, 3, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/joc.7331 by U
niversidad D

e Z
aragoza, W

iley O
nline L

ibrary on [09/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://wileyonlinelibrary.com


trend areas from the West to the inland in March, April,
June, July, September and November during the first ris-
ing period, and from the South to the inland and the

North in December, March, June and September during
the second pulse. Spatially the contiguity of areas is
higher in Tmax than Tmin during the first period.

FIGURE 6 Temporal evolution of the percentage of land affected by trends using temporal windows of decreasing length. The dark

shades fulfil the confidence of significance. Data from MOTEDAS_century grid [Colour figure can be viewed at wileyonlinelibrary.com]

TABLE 2 Detection of final stagnation by using rolling decreasing temporal windows

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Tmax 1954 1973 1990* 1982* 1986 1976* 1975 1998* 1992* 1956* 1963

Tmin 1947 1978* 1996* 1986 1992 1983 1994* 1992* 1976* 1937*

Note: The year indicates the beginning of the temporal windows (e.g. Tmax January: 1954–2015, March 1973–2015, etc.) in which the trend is not significant.

The asterisk (*) indicates that there are other previous temporal windows with no significant trends.

GONZ�ALEZ-HIDALGO ET AL. 1731
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3.3 | The effect of the start of the records
(decreasing temporal windows)

The time evolution of the percentage of land according to
the trend sign and significance using temporal windows
of decreasing length is presented in Figure 6. The area
affected by positive significant trends decreases in all
months in the recent decades for both Tmax and Tmin,
except for April's Tmin. The decrease of land affected by
significant positive trends could be monotonic from the
beginning and influence the entire period (July or
August); had been started after an abrupt change
(December, March, May and June); or occur at different
pulses (April). In Tmin, the decrease of the percentage of
land under a significant positive trend is usually preceded
by an abrupt change in the most recent decades, espe-
cially March, April, May and June, and to a lesser extent
in July, August and October.

Table 2 shows the first year of the decreasing time
windows in which less than 20% of the territory has

significant trends. As can be seen, Tmax trends are not
significant from more than 30 years in most of the
months. For Tmin, the results are similar. In January,
March, May, July, November and December, trends are
not significant for more than 30 years.

Spatial evolution of trend under decreasing temporal
Windows is presented in Figure 7 at decadal intervals;
the sequence includes the entire period windows 1916–
2015 (left), until the most recent 1996–2015 considered
(right). Complete analyses are included in Figure S3.

As expected, the figure shows a progressive reduction
of the areas affected by significant positive trends. This
reduction is towards the Mediterranean coast and the
southern region. Also, the figure shows that trends of
Tmax and Tmin are not significant during at least the last
30 years in most of the study areas. In February, even a
negative significant Tmax trend is detected over a large
part of the area.

This analysis indicates that the monthly mean values
of Tmax and Tmin have not increased significantly

FIGURE 7 A selection of map sequences showing the spatial distribution of trends using time windows of decreasing length [Colour

figure can be viewed at wileyonlinelibrary.com]
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during the last three decades until 2015 and, in many
cases, since the middle of the 20th century. The exception
is found in the eastern areas in Tmin in April and June
and the extreme south-east in July and August. We notice
that in cold months (December, January and February)
negative non-significant trend is detected in Tmin in the
last 20 years, and in February and March in Tmax, in
the whole area. To conclude, this analysis suggests again
the extreme dependence of trend analyses of the period
selected.

3.4 | Relationship of air temperature
with atmospheric low variability patterns

3.4.1 | Relationship with the NAO

The spatial distribution of the correlation between
NAO and air temperature according to 30-year moving
windows is presented in Figure 8 (complete sequence in
Figure S4). The correlation is mostly positive with Tmax
and shows a generalized West-to-East spatial gradient.
The summer months show the lowest correlation and

sometimes even negative relations (not significant) in
some areas.

Interestingly, the relationship between NAO and
Tmax experienced some changes in time, and significant
correlation areas expand and contract along a west-to-
east gradient. The most persistent and spatially signifi-
cant associations are found in February and May. In
March, April and October, the area with significant corre-
lation shrink to the west, while in January, September
and November, the area grows from the west to the east.
No clear relationship between NAO and Tmax was found
in December. In the summer months, practically no sig-
nificant relationship exists since the 1960s. The sequence
of windows suggests that the relationship between NAO
and Tmax has declined along the study period in the cold
months (December–January), in April and the summer
months. However, it has been reinforced in February–
May (except April) and September–November.

The relationship between NAO and Tmin is a little
bit more complicated. Three spatial patterns can be
identified: west-to-east from March to August; north-to-
south from September to February except October,
when a south-to-north pattern emerges during 1951–

FIGURE 8 Spatial distribution of the correlation between the NAO and maximum (Tmax) and minimum (Tmin) air temperatures,

according to 30-year time windows [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Spatial distribution of the correlation NAO and Tmax, Tmin, according to decreasing selected temporal windows [Colour

figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Spatial distribution of the correlation between the WEMO and maximum (Tmax) and minimum (Tmin) air temperatures,

according to 30-year time windows [Colour figure can be viewed at wileyonlinelibrary.com]
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1980/1966–1995 time spam. Generally, the area with sig-
nificant correlation in Tmin is less extended than in
Tmax, and negative significant relationships are
detected to the south in cold months and to the east in
summer (significant in July). The area significantly cor-
related changed in time. In April, May and August, posi-
tive significant correlations occupied extended areas to
the west that mostly disappeared during recent decades.
Interestingly, a positive relationship is detected along
the northern coast in February and September along the
whole study period and in the initial decades in
November. A negative correlation seems to advance
from the south to the inland in recent decades in the
cold months (November–January).

Additional information related to the stability of the
relationship can be explored by using decreasing temporal
windows. Figure 9 shows at decadal intervals the evolution
of the spatial correlation (complete sequence in Figure S5).
Generally, the area with significant correlations decreases
in the most recent decades, except in February. In the last
30 years (1986–2015), the significant correlations are located
in the central-western area, particularly in January,
February, March, May and September. During October and
November in the last 20 years, these areas were reduced. In

summer, July and August show a progressive reduction of
the areas significantly correlated.

The results for Tmin are contrasting. The monthly
mean air temperature evolution shows the west–east
gradient that changes to north–south in the cold
months. No months reveals a significant relationship
over 50% of the land in the last 30 years. The areas sig-
nificant positive correlated in recent decades are
February (northern coastland), September (northeast-
ern region), May (south-western) and the south-
western areas with negative relation in December and
January. Significant correlated areas also are reduced
in the most recent 20 years.

3.4.2 | Relationship with the WEMO

The spatial distribution of the correlation between WEMO
and air temperature along 30-year windows is presented in
Figure 10 (complete sequence in Figure S6). A general
south-east-to-north-west spatial gradient can be detected.
Significant positive correlations in the south-east appear at
different temporal windows: in February from the 1930s,
in the most recent decades in January and March, and in

FIGURE 11 Spatial distribution of the correlation WEMO and Tmax, Tmin, according to decreasing selected temporal windows

[Colour figure can be viewed at wileyonlinelibrary.com]
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December, April and September in different decades. The
area with positive correlations is reduced, changed to non-
significant, or disappeared in the rest of the months. In
these months, the correlation is mostly negative (and sig-
nificant) in the mid-northern areas, from where it extends
to cover the whole area in specific months and temporal
windows. During the last 30 years, the relationship
between WEMO and Tmax seems to be stronger from
April to September in the mid-northern area and to the
west. There are spatial variations between consecutive
temporal windows, April and September being the months
with the more substantial variation.

The correlation between WEMO and Tmin shows dif-
ferent characteristics, which differ among cold and warm
months. During the warmest months, the same
southeast-to-north-west spatial gradient found for Tmax
can be seen. Occasionally, the area with significant corre-
lation covered the whole study area between April and
September. On the other hand, from November to March,
the spatial gradient of correlation changes to north-west-
to-south-east or even north-to-south, albeit the area with
significant correlations is smaller than in the warmest
months. This change of the correlation sign suggests that
the results of similar advection on temperature could
vary along the year. Generally, the correlation between
WEMO and Tmin shows smaller spatial variation found
with Tmax and a larger area with significant correlations.
This suggests that WEMO has a higher effect on night-
time temperatures (Tmin is representative) than diurnal
ones (Tmax). During the last 30 years (1986–2015), the
relationship between WEMO and Tmin has been general-
ized and significant in April, May, June, July and
September, with more than 50% of the area showing sig-
nificant correlations.

The temporal evolution of the correlation between
WEMO and Tmax and Tmin using decreasing temporal
windows is shown in Figure 11 (complete sequence in
Figure S7). The series of maps shows the two spatial gra-
dients and particularly in the winter months.

4 | DISCUSSION

4.1 | One hundred years of temperature
over the Spanish mainland (1916–2015)

In the Iberian Peninsula, particularly in the Spanish main-
land, the analysis of monthly means of maximum and mini-
mum temperatures over 1916–2015 shows that warming
has been neither generalized among months nor monotonic
in time. It has been different between diurnal (Tmax) and
night-time (Tmin) temperature and has noticeable spatial
variation. In time, two main periods of temperature rise can

be identified in the first and the second half of the 20th cen-
tury. Still, there are essential differences in the timing and
even significance between months and between variables
(Tmax and Tmin). Our analysis shows two main gradients
of expansion and contraction of areas affected by significant
trends. These results confirm previous results based on
annual and seasonal mean data (Peña-Angulo et al., 2021;
Sandonis et al., 2021) but also show that these temporal
scales hide the great heterogeneity of results found at the
monthly scale.

This spatial variability of temperatures has been
described previously at the seasonal and annual scales.
Brunet et al. (2007) identified three spatial patterns of
temperature evolution over 1905–2005 at the seasonal
scale: north-to-south, south-east-to-south, and south-
west-to-south. These patterns persisted in the different
subperiods considered in their analysis: 1905–1949, 1950–
1972 and 1973–2005, and roughly coincided with the
regionalisation of monthly mean temperatures according
to different teleconnection patterns presented by Rios
et al. (2012). In those spatial patterns, the correlation
with atmospheric modes of variability was clear: NAO
with south-west-to-south, while WEMO with south-east-
to-south and north-to-south.

The spatial gradients of expansion and contraction of
the areas with significant trends were already detected
over 1951–2010 in the first version of the MOTEDAS data
set. They were related to warm and cold months
(Gonzalez-Hidalgo et al., 2016). They were also identified
at the seasonal scale in the MOTEDAS_century dataset,
although it was suggested that the strongest relationship
was with Tmax or Tmin instead of with warm or cold
months (Peña-Angulo et al., 2021). These findings are
corroborated at the monthly scale in the present research,
confirming that they are highly variable throughout the
year. In brief, the east-to-west gradient is characteristic of
Tmax trends, while the opposite (and, for some months,
north-to-south) works for Tmin. The Tmin gradient
shows lower spatial continuity than the Tmax one, per-
haps due to a stronger effect of local factors such as relief
configuration or land use on Tmin than Tmax.

Climate warming is a complex phenomenon in which
global and local factors interact in ways that are not
always straightforward. A well-known quote attributed to
Albert Einstein says, “everything should be made as sim-
ple as possible, but not simpler” (Calaprice, 2000). In the
case of temperature variability, the generalized warming
trend detected in the mean annual temperature record
results from a complex combination of processes that act
at finer scales and differently for Tmax and Tmin. Our
results suggest that the analysis of seasonal or annual
mean temperature data is not enough for capturing the
rich spatial and temporal variability of temperature
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trends that is only revealed once the analysis is done at
the monthly level and considering Tmax and Tmin sepa-
rately. Consequently, high spatial and temporal resolu-
tion data sets are of paramount importance to
understand climate warming. Here, we have shown the
value of such a dataset, which included rescuing ancillary
data of the first half of the 20th century.

In the Iberian Peninsula (Spanish conterminous land),
the spatial and temporal differences (between months)
found between Tmax and Tmin trends are not justified by
global factors such as human emissions, solar activity, vol-
canic eruptions and so on. Therefore, to understand
warming processes in the study area, we should consider
other elements capable of acting at regional or local scales.
An attempt to understand the pause during the recent
decades suggests that it could be related to a decrease in
atmospheric moisture transport from the Atlantic Ocean
added to massive land-use change, mainly affecting Tmax
and Tmin, respectively (Gonzalez-Hidalgo et al., 2016).
These factors, however, do not seem to explain temperature
trends during the first decades of the 20th century, when
Tmax and Tmin increased in some months. No massive
land-use change occurred during this period, as the most
extensive changes happened after the Spanish Civil War
(see Gonzalez-Hidalgo et al., 2015). Also, an increase in
cloud cover has been documented in the pre-war period
(Sanchez-Lorenzo et al., 2012). In summary, no single factor
explains the sequence of rise-pause periods in temperature
trends or the spatial differences observed in the study area.

4.2 | A general overview

In the Iberian Peninsula, the leading mountain chains
adopt a west-to-east and a north-to-south alignment to
the east (Figure 1). Considering this general distribution
of relief, Peña-Angulo et al. (2021) suggested that the spa-
tial distribution of seasonal temperature trends should be
understood as the consequence of the relationship
between the main atmospheric flows and relief. This
hypothesis has been explored in greater detail and at the
monthly scale in the present research, focusing on two of
the most prominent low-variability atmospheric patterns
affecting the climate of the Iberian Peninsula: the NAO
and the WEMO, representing the Atlantic and Mediterra-
nean influences, respectively, the primary sources of vari-
ation of temperature over the Spanish mainland as
suggested by G�amiz-Fortis et al. (2011). Furthermore, the
spatial changes along time of the areas with significant
trends would show that this would be a dynamic relation-
ship. Other factors such as cloudiness, land-use change
or soil moisture could produce additional local effects
(Fern�andez-Montes and Rodrigo, 2015).

The positive correlation between NAO and Tmax in
the central and western areas is found mainly in the cold
months. It can be understood under the classical inter-
pretation of positive NAO conditions related to high pres-
sures over the Iberian Peninsula, clear-sky conditions,
and increasing incoming solar radiation. Under negative
NAO, the opposite conditions prevail, with increasing
cloudiness. The low significance between NAO and Tmax
during the coldest months could result from generalized
fogs that are frequent under anticyclonic conditions in a
large part of the study area except in the coastland (Peña-
Angulo et al., 2015). The same relationship between
NAO and Tmax has been noticed in different seasons
(Fern�andez-Montes et al., 2012, 2013).

On the other hand, cloudiness and relief have been
suggested as the main factors explaining the significant
correlation between NAO and Tmax in summer along a
north-west-to-south-east gradient over which the sign of
the correlation even changes (Favà et al., 2016). Never-
theless, the exact relationship between NAO and Tmax is
far from being wholly understood. During the first
decades of the study period, we found no coherence
between the increase of the area with significant correla-
tion NAO-Tmax and the increase in cloudiness, as shown
by Sanchez-Lorenzo et al. (2012).

According to Fern�andez-Montes et al. (2012), the con-
figuration of negative NAO conditions can be diverse.
This could explain the non-stationary character of the
relationships between NAO and temperature found in
our analysis, as the spatial location of the pressure
dipoles has also changed (Esteban-Parra et al., 2003).
Two spatial gradients are found in the correlation
between NAO and Tmin. From September to February,
NAO and Tmin correlate along a north-to-south gradient.
Particularly noticeable are the extended negative correla-
tions to the south, that have been associated with the
effect of increased water vapour and cloudiness caused
by maritime advection under negative NAO from the
south-west on the infrared night-time energy balance
(Trigo et al., 2002; Esteban-Parra et al., 2003; Rodrigo,
2016). From April to August, the predominant gradient is
west-to-south with negative and significant correlations
in the extreme south-east, suggesting that clear sky dur-
ing positive NAO conditions supports a negative radiative
balance of Tmin during the night.

Finally, another interesting result refers to the posi-
tive significant correlation in the northern area along the
coast in February, September and November. This could
imply that southerly flows adiabatically affect Tmin
under negative NAO in these areas, in agreement with
some of the seasonal atmospheric circulation types
described by Fern�andez-Montes et al. (2012, 2013). In
short, the results suggest that the effect of NAO is higher
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in Tmax than Tmin, in apparent discrepancy with the
results of Rodrigo (2016) for Spain and Trigo et al. (2002)
for Europe.

The spatial correlation between WEMO and tempera-
ture follows a general south-east-to-north-west spatial
gradient in Tmax that changes to north-to-south in Win-
ter Tmin. Again, this pattern suggests a close relationship
between advection of northerly maritime air masses and
relief, with slightly changing effects among months. Simi-
lar results were shown by Ríos-Cornejo et al. (2015), ana-
lysing monthly mean temperatures.

The spatial correlation gradient changed in the winter
months, with positive values to the north and negative to
the south, notably extending the area with significant
correlations in the south. It means that south and south-
easterly flows under negative WEMO are characterized
by high vapour content and high cloudiness, producing
an increase of Tmin, similar to negative NAO effects. On
the contrary, during the warmest months under positive
WEMO, the north-west (Atlantic Ocean) advection would
be able to reduce Tmin values following a north-west-to-
south-east gradient.

These results suggest that the effects of Mediterra-
nean and southerly flows during the coldest months
under negative WEMO can smooth the night-time tem-
peratures, while the same is true under Atlantic advec-
tion effects during the positive WEMO, mainly during
the warmest months, but with a cooling effect.

The relationship between NAO and WEMO correla-
tions (Figures 8 and 10) and the observed temperature
trends of Tmax and Tmin (Figure 3) is far from direct,
and it cannot be understood as a simple cause–effect rela-
tionship. Also, it must be considered that temperature
evolution is not affected by a single atmospheric pattern.
For example, the expansion–contraction gradients of pos-
itive significant Tmax trends from the Mediterranean
coast in the east to the west-inland area are opposed to
the area where we found a significant correlation with
NAO. That is, in areas where NAO correlates positively
with Tmax, the trend is not significant. On the other
hand, the same areas are usually affected by significant
positive trends in Tmin, although the correlation with
NAO and WEMO is less intense.

In brief, the areas where we detected a higher
increase of temperatures over the 1916–2015 period are
located to the east and the central-southern regions. In
time, we found that spatial variations seem to be con-
trolled by the relief. All these arguments suggest that
temperature evolution over the Spanish mainland dur-
ing the last century does not reflect a single cause and
seems to be related to a dynamic combination of local,
regional and global factors. These results suggest the
need for detailed spatial analyses of warming processes

to identify at the greatest detail the triggering factors
and, consequently, the areas affected. Annual and sea-
sonal values do not seem to be the most relevant infor-
mation to analyse, independently of the underlying
causes.

5 | CONCLUSIONS

The analysis of monthly mean Tmax and Tmin over
mainland Spain during 1916–2015 using the new high-
resolution MOTEDAS_century grid shows that warming
in this region is a complex phenomenon character-
ized by:

1. not being homogeneous across months, but specific to
certain months: March, December and to a lesser
extent June and July in Tmax, and June, July, August
and October in Tmin;

2. not being a monotonic process, but showing two main
rising periods that affected specific months;

3. showing a stagnation period with almost no signifi-
cant rise in both Tmax and Tmin and all months dur-
ing the last decades;

4. being asynchronous between Tmax and Tmin, which
show an independent behaviour from each other;

5. having a large spatial variability and differences
between months, with two predominating gradients of
expansion–contraction: east–west for Tmax and west–
east for Tmin.

We found relationships between low-variability atmo-
spheric modes (NAO and WEMO), combined with relief,
and temperature trends on the monthly scale. Neverthe-
less, caution must be taken regarding this result as this
relationship proved to be dynamic in time.
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