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Abstract
Climate change in the European region during the twentieth and twenty-first centuries is analyzed
according to Feddema’s method. Precipitation and air temperature data from the twentieth century
are taken from the Climatic Research Unit, while data for the twenty-first century are taken from the
ENSEMBLES climate change project. The latter were bias-corrected to ensure homogeneity across
the twentieth and twenty-first centuries. Climate classes based on monthly and annual values of
potential evapotranspiration, precipitation and their ratio, are defined for 30-year averages, from
which trend and spatial agreement analysis are calculated. There are separate classes for annual
values and for intra-annual variation. The results indicate that the change of annual climate
characteristics will be much more intense in the twenty-first than it was in the twentieth century.
The dominant process in the projections is warming, mostly via cold to cool (about 45% of grid
points) in north Europe and cool to warm (about 8% of grid points) transformations. The second
most important process is the drying of moderately moist classes affecting about 10% of the grid
points in south Europe. Changes in intra-annual variability classes are more common than changes
in the annual ones during the twentieth century. The chance of increase in intra-annual temperature
variation from high to extreme is about 5% during the course of the twentieth century, and about
10% in the following century.
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1 Introduction

The climate change process can be treated either strictly physically using, for instance, the time
series analysis of selected climatic elements (e.g., Diaz and Bradley 1997; Beniston and Jungo
2002) or biogeographically by using generic climate classification methods (e.g., Lohmann
et al. 1993). In this study, the latter method will be used, since it is able to represent climate
(e.g., Holdridge 1947; Köppen 1936; Feddema 2005) and climate change (e.g., Emanuel et al.
1985; Fraedrich et al. 2001; Beck et al. 2005; Elguindi et al. 2014) as comprehensively as
possible (Rohli et al. 2015). Among generic classification methods, Köppen’s method (e.g.,
Geiger 1954) is the most popular. Köppen’s method is widespread because of its extreme
simplicity and since it can be successfully applied on both the global (e.g., Rubel and Kottek
2010; Chen and Chen 2013) and regional (e.g., Wang and Overland 2004; Engelbrecht and
Engelbrecht 2016; Jylhä et al. 2010; Ying et al. 2012; Rubel et al. 2017) scales. In all of these
studies, the focus was on the annual characteristics of climate; seasonal characteristics are
usually not considered. At local scales, its application could be less efficient (e.g., Fábián and
Matyasovszky 2010), since the categorization is constructed for global scale analysis. Because
of this limitation, Feddema’s (2005) method was constructed and promoted as a rival method
for Köppen’s (Thornthwaite 1948; Thornthwaite and Mather 1955; Willmott and Feddema
1992). This classification system is more successful on local scales (e.g., Breuer et al. 2017),
its regional (e.g., Grundstein 2008; Skarbit et al. 2018) and/or global (e.g., Elguindi et al. 2014)
scale applications are rarer. In these studies, both the annual and seasonality climate
characteristics are considered, but more attention is paid to the annual characteristics. The
Holdridge (1947) life zone system is also popular; it is applied to study the potential effects of
climate change on vegetation. Its application ranges from global (e.g., Emanuel et al. 1985) to
regional (e.g., Szelepcsényi et al. 2018) analysis.

It should be mentioned that Köppen’s method was more frequently applied for assessing
future climatic conditions (e.g., Lohmann et al. 1993) than Feddema’s (e.g., Elguindi et al.
2014). More and more frequently ensemble model simulation results (e.g., Castro et al. 2007;
Hewitt and Griggs 2004) are used for analyses using different SRES (Special Report on
Emissions Scenarios) scenarios (Nakićenović et al. 2000). Castro et al. (2007) showed that,
depending on the chosen regional climate model (RCM), the agreement of Köppen classes
range from 72 to 83% when comparing the 1961–1990 climate to the 2071–2100. EURO-
CORDEX (Jacob et al. 2014) ensemble runs provide the newest such dataset but it is generally
used for local analysis, e.g., Rubel et al. (2017). These model results translated to Köppen
climates can be used for validation purposes (Gallardo et al. 2013). To date Feddema’s (2005)
method has not been applied to Europe for climate change analysis purposes.

The aim of this study is to apply Feddema’s (2005) method for analyzing the European region’s
climate change during the twentieth and twenty-first centuries, focusing equally on both annual and
seasonality climate characteristics. Using Feddema’s (2005) method, the climate change process can
be objectively defined instead of qualitative descriptions of the shifts of the climate types (e.g., Rubel
and Kottek 2010) furthermore the complex process of climate change can be comprehensively
described in terms of annual and seasonality climate characteristics. The observed, twentieth-century
data are taken from the Climatic Research Unit (CRU) data center (CRU TS 1.2 database, Mitchell
et al. 2004). For the twenty-first century projections, RCM outputs made in the scope of the
ENSEMBLES climate change project (van der Linden and Mitchell 2009) are taken. For the
observed data, the periods between 1901–1930 and 1971–2000, and for the projected data, the
periods between 1971–2000 and 2071–2100, are used.
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2 Data

2.1 CRU TS 1.2 dataset

For the twentieth century, the CRU TS 1.2 database (Mitchell et al. 2004) is used as the source
of monthly air temperature and precipitation data. The database is a product of the Climatic
Research Unit of the University of East Anglia. The data possess a spatial resolution of
0.166° × 0.166° and are located in the region between 11 °W–32 °E/34 °N–72 °N, covering
the period 1901–2000. The European region contains a total of 31,143 grid points.

2.2 E-OBS dataset

The used E-OBS (v5) database (Haylock et al. 2008) contains daily air temperature (minimum,
maximum, and mean), precipitation in a spatial resolution of 0.22° × 0.22° referring to the
period 1950–2011. The measured, quality-controlled, and homogenized data in Europe ob-
tained from observation stations then were interpolated to the predefined grid resolution. The
interpolation is organized in three steps: first, the thin-plate spline method is applied on
monthly means. Then, daily anomaly values were determined by using kriging, and lastly,
daily anomalies were combined by monthly means in order to obtain the final data.

2.3 ENSEMBLES project simulations

For the twenty-first century, RCM simulation results obtained in the scope of the ENSEM-
BLES project (van der Linden and Mitchell 2009) are used as the data source. The spatial
resolution is 0.22° × 0.22°, covering the region located between 11 °W–40.75 °E/36.5 °N–74
°N. In the scope of the project, 11 transient (1951–2100) RCM simulations of 9 different
RCMs were performed. A detailed reference for the models can be found in the supplementary
materials. The models were run assuming the A1B emission scenario (Nakićenović et al.
2000), which hypothesizes that global decisions and solutions, are reached by convergence
among regions. In this hypothetical world, population and economic growth is reasonably
rapid, using all energy sources in a balanced way. Ensemble mean of the precipitation and
temperature fields of all nine RCMs are used; separate analysis for the models that showed the
most extreme behavior are not considered here.

2.4 Climate signal

When considering changes in climate, one usually refers to temperature and precipitation
change as climate indicators. According to the CRU dataset, through the twentieth century, the
temperature increase affected most of the continent, but mostly in France, the Iberian Penin-
sula, central Scandinavia, and east Europe. The highest changes are around 1 °C. In the case of
the ENSEMBLES dataset through 1971 to 2100, the temperature is expected to increase
significantly in all RCMs. On average, the highest increase is assumed in north Europe (>
4.5 °C) and in the mountainous areas of central and southern Europe (> 3.5 °C).

Regarding the annual precipitation sum change, the only regularity in the twentieth century
is that the coastal regions of Iberia and Scandinavia should experience an increase over
150 mm, while in the Alps the same amount of decrease was found. The RCMs present a
different perspective. All models show a significant increase in precipitation north of 57 °N
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and a decrease south of 45 °N (with the exception of northern Italy). The Bhinge^ latitude
between positive and negative change is 47 °N. Between 45 °N and 57 °N at least five RCMs
show a significant change in precipitation. On average, a more than 150 mm decrease in
annual precipitation is predicted over 100 years in the mountains of southern Europe and in
north Portugal. North of 57 °N the increase is over 100 mm, and the highest (> 200 mm)
increases are found on the Atlantic coast of Scandinavia (Online Resource 1–5).

3 Methods

3.1 Bias correction

Bias correction of daily precipitation and temperature data obtained by RCMs was performed
separately for each month and grid point according to the method of Formayer and Haas
(2009). Ratio distribution functions of RCM outputs and E-OBS data for the period 1961–
1990 were compared to determine correction factors for RCM distribution functions for each
percentile in 1% steps. Additive and multiplicative correction factors were used for tempera-
ture and precipitation, respectively.

3.2 Feddema’s climate classification

Feddema’s (2005) classification is based on Thornthwaite’s (1948) classification, but with
intent to simplify the categories while maintaining the concept of annual and intra-annual heat
and moisture availability. The classes are determined by the annual value and intra-annual
changes of Thornthwaite’s PET (potential evapotranspiration) and Willmott-Feddema’s
(Willmott and Feddema 1992) unit less moisture index (Im):

Im ¼
1−

PET
P

; if P > PET

0; if P ¼ PET
P

PET
−1; if P≤PET

8
>><

>>:

ð1Þ

where P is the precipitation [mm]. The moisture index varies between −1 and 1; starting from
−1 with 0.33 intervals, moisture classes are defined from the driest, in increasing moisture
availability order: arid, semiarid, dry, moist, wet, and saturated. The thermal classes are defined
with equal interval classes based on the annual PET amount, starting from 0 mm with 300 mm
intervals, the six thermal classes in order are: frost, cold, cool, warm, hot, and torrid. To put it
into perspective, in Europe, according to the E-OBS database, the spread of the Cf and Cs
Köppen (1936) classes is 435–830 mm and 467–1098 mm respectively. The range of the Im in
a given year is used to measure the amplitude of seasonality. The seasonality is classified as
low, medium, high, or extreme, where the step between the classes is 0.5. For deciding which
climatic variable (temperature, precipitation or both of them) is the driving factor of season-
ality, the ratio of the annual P and PET ranges is calculated. If this ratio is higher than 2, then
the precipitation, if it is lower than 0.5, then the temperature is the cause of seasonal variability.
In between 0.5 and 2, a combined temperature-precipitation seasonality exists; in this article,
this will be referred to as mixed type.
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One of the main differences between Feddema’s and Köppen’s method is the calculation of
PET. The other is the approach of the determination of categories. For Feddema, the method is
physical, the categories are determined based on the range of annual PET, the inter-annual
variability of meteorological variables and their relationship without the consideration of
biome types. While for Köppen, the method is biogeographical as each category is related
to the geographical distribution of main vegetation types to which temperature and precipita-
tion values are paired.

3.3 Kappa statistic

Cohen’s (1960) kappa coefficient is used for evaluating the agreement between different
climate maps. Kappa statistic is a common tool for comparing different climate maps (e.g.,
Monserud and Leemans 1992; Heikkinen et al. 2006; Seo et al. 2009; Wang et al. 2017). The
coefficient is defined as

κ ¼ P Að Þ−P Eð Þ
1−P Eð Þ ð2Þ

where P(A) is the probability of the agreement between different climate types or features and
P(E) is the hypothetical probability of the chance of agreement between different climate types
or features. The empirically calculated probabilities can be organized into a so-called contin-
gency table, as is done, for instance, by Monserud and Leemans (1992). The contents of the
table provide the probabilities of correspondence between the different categories of the
individual maps. In this work, the calculation of these probabilities was performed using the
most frequent classes of the annual (thermal and moisture type) and the combined seasonality
characteristics. The number of grid points of each category in the two examined periods was
calculated and divided by the number of grid points of all examined categories. The κ
coefficient can also be calculated on the basis of this table. For κ = 0, there is no agreement
between climate features or types, and, for κ = 1, the agreement is full. The categorization of
agreements according to their goodness is also made after Monserud and Leemans (1992).

3.4 The treatment of climate change

Climate change is investigated by analyzing the trend of annual and seasonality climate type
characteristics based on 30-year averages of climatic parameters from 1901–1930 to 1971–
2000 for the twentieth, and from 1971–2000 to 2071–2100 for the twenty-first century.
Different time periods can be used for averaging, e.g., 15-year, 30-year, or 50-year intervals.
Previous sensitivity tests showed that these data organizational effects changed the main
outputs little, and only changed the insight into the dynamics of the processes (e.g.,
Fraedrich et al. 2001; Breuer et al. 2017). Since the classification of Feddema is built on equal
size classes, the shift of classes can also be treated as continuous probability variables and a
trend can be calculated. Maximum absolute class change was always one class. The climate
class of the last period of each century is given as the initial period’s class of that century, plus
the direction of the trend, if any significant trend is found. The discussion of annual and
seasonality type characteristics is performed separately because of the high abundance of
climate combinations and to provide a clear as possible analysis. In treating annual character-
istics, the thermal and moisture types and the corresponding changes are also discussed
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separately. For instance, possible thermal type characteristics and the corresponding changes
referring to the twentieth century are presented in Table 1. Cooling can happen via, e.g., warm
to cool or warm to cold thermal type transformations. It should be noted that warming/cooling
that occurs as part of so-called Bdouble^ changes, such as warming and drying via (cold, wet)
to (cool, moist) transformation, is not treated separately.

Table 1, presented for analyzing thermal type changes, is almost identical to the contin-
gency tables used by Monserud and Leemans (1992) for calculating the κ statistic. Conse-
quently, the appropriate contingency tables will be used in the subsequent analysis.

4 Results

The climate change process is represented by the spatial distribution of climate type and
statistically by using the kappa statistic. The analysis is presented separately for the twentieth
and twenty-first centuries. The contingency tables needed for the kappa statistic are discussed
only for those cases for which the changes are the greatest.

It has to be emphasized that a significant temperature or precipitation change does not
necessary mean a change in the climate class. If the seasonality of precipitation will not
change, a Mediterranean climate could remain the same even with a 3 °C increase in annual
temperature. Conversely at climatic borders, a shift in class can occur without significant
change in meteorological variables.

4.1 Twentieth century

The spatial distribution of annual thermal and moisture type changes in the European region
during the twentieth century obtained by Feddema is presented in Fig. 1. Figure 1 reveals that
at most places there is no thermal or moisture type change. The relative frequency of the
thermal types Bcool^ and Bcold^ is 99.4% and 98.5%, respectively, in the two periods; 91%
remained unchanged. The dominant thermal type transformation is warming. Warming tran-
sitions caused changes in relative frequency of ≈ 4% and ≈ 3% for cold and cool types, and less
than 1% for the warm and hot types. The thermal type Bwarm^ is rare (0.7%) in the first
period, but its coverage doubled by the end of the century.

Relative frequency change for all moisture types is below 0.7%. In Fig. 1, areas without
class change are marked white. These areas can be equally found in the northern (55 °N–72
°N) and middle (42 °N–55 °N) European zones and, to a lesser extent, in the southern (35 °N–
42 °N) European zone, without regularity in the spatial distribution. Similar results are
obtained by Jylhä et al. (2010) using Köppen’s method and A1B emission scenario for the
periods 1950–1978 and 1979–2006.

Table 1 Example of thermal type characteristics and the possible thermal type changes according to Feddema

Thermal type 1971–2000

Warm Cool Cold

1901–1930 Warm No change Cooling Cooling
Cool Warming No change Cooling
Cold Warming Warming No change
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Warming can occur either as a Bsingle^ class change (warming only) or as a Bdouble^ class
change (e.g., warming and drying). Among these changes, the Bdouble^ warming transforma-
tion Bwarming and wetting^ is the rarest, but it is present to the north of Moldavia in central
Ukraine. Otherwise, warming is the dominant process in central Ukraine, happening in the
frame of both Bsingle^ and Bdouble^ changes. Single warming transformations are mostly
located in the middle European zone (e.g., areas in Cantabrian Mountains, Swiss Midlands,
Bavaria, Harz Mountains, North European Plain, East European Plain, and Carpathian Moun-
tains) though some areas are found around 55–57 °N in, e.g., the Jutland Peninsula, Scotland’s
eastern coast, and in the Iberian Peninsula (e.g., Guadalquivir river valley). Cooling also exists
with a relatively low frequency (1.3%) in Europe, mostly occurring as transformation from
cool to cold.

Among moisture type transformations wetting is dominant in the northern zone
(regions close to the Gulf of Bothnia and in the Russian Lapland), while drying is
prominent in the southern zone (southern Spain, Island of Sardinia, central Italy, Pelo-
ponnese Peninsula, central Macedonia region of Greece, and Crete). In the middle zone,
areas characterized by wetting can be found in France near the English Channel and the
Bay of Biscay, in some areas of the Italian Alps, and in some regions close to the Black
Sea. Drying can be observed not only in plains (North European Plain and Carpathian
Basin) but also in alpine regions (e.g., Austrian Alps). Wetting occurs with a relative
frequency of about 8% over Europe, mostly (4.6%) via dry to moist transformation. The
next two most abundant transformations are moist to wet and semiarid to dry. The
relative frequency of drying is also about 7%, where the moist to dry transformation is
the most typical (4.1%) followed by wet to moist and dry to semiarid. Even though the

Fig. 1 Thermal and moisture type changes in the European region during the twentieth century (1901–1930 and
1971–2000) according to Feddema
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class change probability for both thermal and moisture types reaches 5%, according to the
kappa statistics, for the three most abundant classes, the agreement is very good (κthermal =
0.84, κmoisture = 0.78).

The main features related to seasonal type change characteristics are presented in Fig. 2 and
Table 2.

Seasonality characteristics show (Fig. 2, Table 2) the same amount of change as the annual
characteristics during the twentieth century. In Table 2 about 95% of the available grid points
are represented, but all together 39 combinations exist. The extreme- and high-temperature
seasonality classes are the most frequent. The percentage of extreme- and high-temperature
seasonality in the first period is 38% and 31%, respectively but the chance agreement is only
31% and 22%, respectively. The mixed-seasonality classes are even more prone to change.
The proportion percentage of high-mixed seasonality class was 17% initially, but only 9%
remained unchanged. This results in a κ coefficient of 0.59, found near the lower bound of
good agreement interpretation.

The rarest seasonality type transformations are those changing between mixed and precip-
itation seasonality (Fig. 2). These areas are found, e.g., in Galicia, Spain, Scottish Highlands,
and southwestern Norway. The dominant seasonality type transformations (Table 2) are high-
mixed to high-temperature seasonality, extreme- to high-temperature seasonality and high- to
extreme-temperature seasonality (6.6%, 6.1%, and 4.9% respectively). The first can be equally
observed in the northern (Norwegian Alps, middle Sweden, Grampian Mountains in Scotland,
and East European Plain), middle (North European Plain, Bavaria, Moravia, Lake Geneva,
Dinaric Alps, Cantabrian Mountains, central Italy, and Balkan Mountains) and southern
(Iberian Mountains, Baetic System, and Thrace) European zones. Some of these are related
to the windward side of mountainous areas indicating a change in orographic precipitation
formation. The opposite process, the high-temperature to high-mixed seasonality transforma-
tion is less probable (≈ 4%), and are found in the Norwegian Alps, the western Carpathians,
southern Poland, central Ukraine, the Pyrenees, and central Italy.

Fig. 2 Seasonality type changes in the European region during the twentieth century (the periods 1901–1930 and
1971–2000) according to Feddema
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4.2 Twenty-first century

As mentioned, among the ENSEMBLES project results, only the results obtained by ensemble
averaging will be considered. The spatial distribution of thermal and moisture type changes in
the European region during the twenty-first century obtained by Feddema is presented in Fig.
3. The contingency table for thermal types is presented in Table 3.

Both Fig. 3 and Table 3 show that warming is foreseen to be the dominant climate class
change in extensive areas of the northern European zone. About 55% of the grid points have
warming class change, of which the cold to cool transformation is the dominant. In the
twentieth century analysis, the chance agreement was higher than the probability of change.
In the first period, the marginal-frequency of the cold class is 56.4%, which is expected to

Table 2 The contingency table for calculating the κ coefficient to estimate the goodness of agreement between
different seasonality classes during the twentieth century (time interval 1901–1930 and 1971–2000)

Categories of seasonality 1971–2000

Extreme
temperature

High
temperature

Extreme
mixed

High
mixed

Total (1901–
1930)

1901–1930 Extreme temperature 30.7 6.1 0.5 0.7 38
High temperature 4.9 22.2 0.3 3.9 31.3
Extreme mixed 3.2 0.6 9.5 0.7 14

High mixed 0.8 6.6 0.2 9.1 16.7
Total (1971–2000) 39.6 35.5 10.5 14.4 100

The values represent the probability (%) of category changes between the periods

Fig. 3 Thermal and moisture type changes in the European region during the twenty-first century (periods 1971–
2000 and 2071–2100) according to Feddema
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decrease to 7.4% by the end of the twenty-first century because of cold to cool class
transformations. The percentage of cool to warm transformation (8.4%) is also high. Warming
occurs mostly (44% of grid points) as a Bsingle^ change (warming only), but there are also
extensive areas with Bdouble^ changes, warming and drying (10.6%), or warming and wetting
(0.4%). The Bsingle^ change process is typical not only for the Jutland Peninsula, southern
Sweden, Finland, central Europe, and the East European Plain, but also for Great Britain.
Warming and wetting can be found only in middle and northern Sweden, central Finland, and
Lapland. Areas of Bwarming and drying^ appear around Europe (e.g., East European Plain,
central Ukraine, Carpathian Mountains, Bavaria, Dinaric Alps, Iberian Peninsula, Sicily, and
Macedonia). The kappa statistic for the three most abundant classes shows a complete
disassociation between the first and second period (κthermal = 0.03).

The foreseen moisture type transformations are also pronounced with respect to the
twentieth century (Fig. 1). The drying climate of south Europe is the most extensive. The
moist to dry and the dry to semiarid transformations are almost equally probable, 13% and
14%. The former is obviously more likely in the northern and middle zones, while the latter in
the southern zone. It could happen either as a Bsingle^ (only drying) or as a Bdouble^ change
process (drying and warming together). Figure 3 shows that drying alone is most pronounced
in the southern zone. Note that drying is also registered in England. Even though not
presented, the kappa statistics are performed for semiarid, dry, and moist classes with κmoisture =
0.51 showing a fair agreement.
Even though there is about a 2.5–3.5 °C change over 100 years in central and south Europe,

these areas are mostly characterized by change in the moisture but not the thermal type. For
example, for the coordinates 20.125 °E/44.875 °N, the 30-year average annual temperature
increased from 12.21 °C to 14.8 °C. In terms of PET, this means a significant change from
726 mm/year to 831 mm/year, but both PET values are found in the same climate class. A few
degrees of variation in annual temperature are expected to be present in any climate class, so if
an area is in a lower/mid-class, it is possible that the class, i.e., the type of climate, will not
change. Similarly, moisture type changes are expected in regions where the climate charac-
teristics define a class near the boundary of a class. This usually refers to regions that already
have low moisture availability, where a change in either seasonality or a decrease in precip-
itation amount have serious consequences, e.g., in agriculture. Considering the RCM projec-
tions, in central Europe, a decrease of 40 mm in annual precipitation is enough for annual
moisture class change.

The change of main seasonality climate characteristics is presented in Fig. 4. There are
extensive areas (17% of grid points) where only the magnitude of seasonal variability changes.
Regarding temperature seasonality, the percentage of the high- to extreme-seasonality

Table 3 The contingency table for calculating the κ coefficient to estimate the goodness of agreement between
different thermal types during the twenty-first century (1971–2000 and 2071–2100)

Thermal types 2071–2100 Total (1971–2000)

Warm Cool Cold

1971–2000 Warm 0.3 0 0 0.3
Cool 8.4 34.8 0 43.2
Cold 0 49 7.4 56.4

Total (2071–2100) 8.7 83.8 7.4 100

The values represent the probability (%) of category changes between the periods
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transformation is ≈ 10%, while for the opposite transformation it is 8.5%. Increase of seasonal
variability is foreseen to be found in France, Belarus, central Ukraine, Russia, and the Dinaric
Alps. In some areas (4% of grid points) temperature seasonality class transforms into the
mixed seasonality class (e.g., on the Scandinavian Peninsula, British Isles, and France).
Changes from the mixed to temperature seasonality class affect ≈ 8% of the grid points, out
of which the extreme intra-annual variability possesses the highest (4% of grid points)
coverage. Such areas can be mostly found in the middle (e.g., in Bavaria, Alps, Carpathian
Mountains, Moravia, and central Ukraine) and southern (e.g., Andalusia, Sardinia, Sicily, and
Calabria) zones of Europe. There are also extremely rare cases of mixed to precipitation
seasonality (southwestern Norway and Scottish Highlands) and its reverse (northern Portugal)
transformations. These geographical locations are characterized as: they are in the far west,
where the direct influence of the Atlantic Ocean on the state of the atmosphere is high. The
kappa coefficient is 0.44, showing a fair agreement.

5 Concluding remarks

The climate change process in the European region during the twentieth and twenty-first
centuries is analyzed using Feddema’s (2005) method. The climate change process is analyzed
using a trend analysis of 30-year of periods and using Cohen’s kappa statistic. Based on the
CRU TS 1.2 database, the beginning and end periods of the twentieth century are defined as
1901–1930 and 1971–2000, respectively. For the analysis based on the ENSEMBLES project
simulations the boundaries are 1971–2000 and 2071–2100. Only ensemble mean precipitation
and temperature fields are considered here, after a bias correction of daily data.

The main outcomes are as follows:
In the twentieth century, the European climate remained mostly unchanged based on

Feddema’s classification, similar result was concluded based on Köppen’s climate

Fig. 4 Seasonality type changes in the European region during the twenty-first century (periods 1971–2000 and
2071–2100) according to Feddema
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classification in Rubel and Kottek’s (2010) work. Regarding changes, seasonality character-
istic changes possessed the highest percentage of occurring (maximum of ≈ 7%). The two
dominant seasonality class transformations are the high-mixed to high-temperature seasonality
and the extreme- to high-temperature seasonality transformations. Moisture type class changes
(drying and wetting) are slightly more probable than the annual thermal type changes
(warming and cooling). The dominant moisture and thermal type transformations are the dry
to moist, moist to dry and the cold to cool transformations, affecting 4.6%, 4.1% and 5.4% of
the grid points respectively. These wetting and warming processes are not coupled, they do not
appear on the same territory. Area distribution is irregular.

In the twenty-first century, the most dominant climate change process is found to be
warming. This occurred mostly via cold to cool (about 46% of grid points) and cool to warm
(about 8% of grid points) transformations, with a frequency of 49% and 8.4%, respectively.
Warming appeared mostly as a Bsingle^ change process, especially in the northern European
regions. Also, twenty-first century Europe is foreseen to be drier than twentieth century
Europe. Drying is predicted to happen via dry to semiarid and moist to dry transformations,
both changes have about the same frequency (14% and 13%). Especially intense drying is
foreseen for southwestern parts of the Iberian Peninsula, where drying and warming are to
appear together over extensive areas. Regarding seasonality characteristic changes, the in-
crease of intra-annual variability is foreseen for vast areas. The most frequent are the changes
in intra-annual variability of temperature: the increase is 10.1%, the decrease is 8.5%. The
transformation of mixed to temperature seasonality is almost twice as frequent as its reverse
(8.1% and 4.8% respectively).

The twenty-first century is foreseen to be a century of intense climate change, at least in
comparison to the twentieth century. It is also shown that applications based on Feddema’s
method directly describe climate type changes instead of describing shifts between climate
types (e.g., Rubel and Kottek 2010) and can provide a great deal of new information,
especially regarding seasonality type changes. These features are unequivocal advantages in
analyzing the climate change process with respect to other commonly used generic climate
classification methods (e.g., Köppen 1936; Holdridge 1947). They also greatly contribute to
the reproduction of heterogeneity of the European climate change process.
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