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Abstract― The purpose of our research is to simulate the influence of the thermal 
properties of land surface on the Central European climate in the 21st century. The 
simulation is carried out with calculation of Gorczynsky and Conrad continentality 
indexes, respectively, as a function of annual temperature range. Seven different 
ENSEMBLES models (ARPÈGE, CNRM, DMI, ITCP, KNMI, MPI, and SMHI) with 
various resolutions perform the space difference of continentality between seven 
European regions with IPCC A1B emission scenario for two time slices: 2021–2050 and 
2071–2100. Beside these models, ALADIN-Climate/CZ simulation is implemented in 
finer resolution and smaller CECILIA domain taking into consideration only the central 
European area. The bias correction of models is implemented using the European Climate 
Assessment and Dataset (ECA&D). The largest influence to the spread among the 
simulation results is due to the chosen global climate models (GCMs). The resolution 
differences do not play dominant role in the variance of the results against the domain 
size. There are not significant differences between the Gorczynsky and Conrad index 
values. The largest change in the climate type tendency is simulated in the Scandinavian 
region by the Gorczynsky approach. In central Europe, the climate becomes continental 
only according to CNRM result which correlates with its underestimation of precipitation 
and overestimation of temperature. The simulated continentality indexes and the 
predicted changes are presented here. 

 
Key-words: continentality, Gorczynsky index, Conrad index, ENSEMBLES, climate 
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1. Introduction 

Continentality is a basic indicator of climate change. In the climate of central 
Europe, oceanic and continental climate effects are combined. The continental 
climate areas have great annual temperature range and moderate precipitation 
(McBoyle and Steiner, 1972), whilst the oceanic climate is more balanced. The 
reason of this basic difference comes from the different thermal properties of ocean 
and land surface. The oceans have larger heat capacity, whilst the inland has larger 
heat conduction, which depends on surface properties (Nikiforova et al., 2013). The 
combination of heat capacity and thermal conductivity determines three important 
physical properties underlying climate: (i) the proportion of heat shared by the 
interface substances; (ii) the depth (soil, water) or height (atmosphere) to which 
heat flows or transported; (iii) the range of temperatures over diurnal and annual 
cycles (Dirscoll and Yee Fong, 1992). This phenomenon has an effect on several 
climatic elements like distribution of cloudiness, precipitation, etc., which impact 
the temperature anomaly. Different approaches are used to quantify continentality 
(Gorczynsky, 1922; Johansson, 1926; Conrad and Pollak, 1950; Currey, 1974; 
Holmlund and Schneider, 1997; Sládek, 2005; Mikolaskova, 2009). 

The purpose of our work is to investigate the formation of the spatial 
differences of continentality in Central Europe using ENSEMBLES based on 
A1B SRES scenario in the 21th century. The A1B estimates the future world in 
perspective of technical change in energy system with the assumption that 
similar improvement rates apply to all energy supply and end use technologies 
(Nakićenovíc, 2000, Solomon, 2007).  

The EU 6th Framework Programme project ENSEMBLES applies a 
probabilistic approach to climate changes at a regional scale (Hewit and Griggs, 
2004) with downscaling global circulation models (GCM) to higher resolution 
regional climate models (van der Linden and Mitchell, 2009).  

The sources of uncertainties in the ENSEMBLES predictions are the 
chosen GCM, RCM, downscaling technique, and natural variability. The choice 
of GCM significantly determines the initial and boundary conditions of RCMs.  
The source of differences in RCMs comes from the difference of the applied 
physical parameterizations to represent sub-grid effects. There are two basic 
downscaling techniques: dynamical and statistical. The dynamical downscaling 
is not able to improve the simulation skills of large-scale fields over those 
simulated by the GCM (Dosio and Paruolo, 2011), while the statistical 
relationship is developed for present day climate by statistical downscaling is 
assumed to be valid for future climate under different forcing condition (Wilby 
et al., 1998). The natural variability, such as seasonal cycle of insolation, non-
linear interplay of feedbacks, and random fluctuations in physical or chemical 
factors also has an effect on the uncertainties. Déqué et al. (2012) found that the 
natural variability produces significantly larger mean interannual spread in a 
given model than running an ensemble of the same size without considering 
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perturbing the parameters. According to Kjellström et al. (2011), the lower 
natural variability in ECHAM5 and smaller large-scale circulation changes in 
HadCM3 (ECHAM5-r2 and HadCM3-low) show larger warming in much of 
Europe than the larger one (ECHAM5-r3 and HadCM3-high).  

2. Data and method 

The calculations were implemented in the variable resolution ARPÈGE 4. 
atmospheric global climate model (AGCM), and in six different 25 km 
resolution regional climate models (RCMs) for the European area using 
Gorzynsky and Conrad indexes, respectively. The resolution of ARPÈGE is 
50 km over Central Europe and decreases to 300 km at the antipodes. The 
ENSEMBLES models chosen for our study are shown in Table 1. They are 
representative selection of models with respect to GCMs/RCMs combination. 
The temperature anomaly and continentality were predicted for 2021–2050 and 
2071–2100.  
 

Table 1. The institute, reference, GCM, RCM, and resolution of chosen ENSEMBLES 
simulations 

 INSTITUTE/ 
REFERENCE GCM RCM RESOULTION 

1 ARPÈGE  
Gibelin and Déqué, (2003) 

ARPÈGE - 50 km 

2 CNRM/ 
Déqué (2007) 

ARPÈGE ALADIN 25 km 

3 DMI/ 
Christensen et al. (1996) 

ARPÈGE HIRHAM 25 km 

4 KNMI/ 
Lenderink et al. (2003) 

ECHAM5-r3 RACMO 25 km 

5 SMHI/ 
Kjellström et al. (2005) 

ECHAM5-r3 RCA 25 km 

6 MPI/ 
Jacob (2001) 

ECHAM5-r3 REMO 25 km 

7 ICTP/ 
Giorgi et al. (2004) 

ECHAM5-r3 RegCM 25 km 

8 CHMI/ 
Farda et al. (2007) 

ARPÈGE ALADIN/CZ 10 km 

 
 

Since the models contain bias, it is necessary to correct their outputs. An 
important point in the correction is the availability of suitable reference data, 
e.g., observations or re-analyses. On the European level, the biggest database of 
daily meteorological station observations is the European Climate Assessment 
and Dataset (ECA&D). The ECA&D project (Klein Tank et al., 2002) was 
initiated by the European Climate Support Network of EUMETNET in 2002, 
and it was coordinated by the Royal Netherlands Meteorological Institute 
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(KNMI). ECA&D daily database contains more than 31k quality controlled 
series of 12 climate variables at more than 7000 meteorological stations in 
62 countries, from which about half of them are public (Fig. 1). Using the 
ECA&D blended daily station data, the E-OBS daily high-resolution gridded 
observational dataset was produced. The E-OBS (Haylock et. al., 2008) is 
currently perhaps the best pan-European gridded dataset with the spatial 
resolution of 0.25º in longitude and latitude (or 0.22º on the rotated pole grid 
typical for many RCMs) covering the period from 1950.  

 
 
 

 
Fig. 1. Meteorological stations of ECA&D database. 
 
 
The RCMs were corrected on the monthly scale. In the first step for each 

RCM grid point, the nearest E-OBS grid points were found. The differences of 
control run of RCM models and E-OBS database (applying reference period 
1961–2000) were calculated for each month individually. Found differences 
were used for correcting the RCM outputs. It has been calculated for more than 
14,000 grid points.  

Considering the Central European area (Czech Republic (CR), Slovakia 
(SK), North-East Austria (AT)), the calculations were carried out with the 10 km 
resolution ALADIN/CZ RCM (Fig. 2). The regional climate model ALADIN - 
Climate/CZ is an adaptation of ALADIN numerical weather prediction model, 
version CY28T3. Within the EU FP6 project CECILIA, it was coupled with the 
GCM ARPEGE to provide a projection of future climate in two time slices, 2021–
2050 and 2071–2100, according to the IPCC A1B emission scenario. Its 
description can be found, e.g., in Farda et al. (2007) or Farda et al. (2010). 
Before the analysis of the future climate, the model data were corrected, in daily 
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step, according to validation results carried out for the period 1961-2000. For this 
purpose (comparison with “truth”), the so-called technical series were 
recalculated from station data in the positions of grid points of the model 
(ALADIN-Climate/CZ grid at 10 km horizontal resolution, for the details about 
the method see, e.g., Štěpánek et al., 2011a). All input station observations were 
quality controlled, homogenized in daily scale, and gaps in data were filled (for 
more information about the preprocessing of station data please refer to Štěpánek 
et al., 2011b, 2013). According to the relationship between the RCM outputs and 
the recalculated station data (technical series for the grid points), outputs of A1B 
scenario integrations of the future climate were corrected applying an approach of 
Déqué et al. (2007) that is based on a variable correction using individual 
percentiles. The model outputs are fully compatible with the station (measured) 
data. As mentioned above, these data were processed at daily scale, from which 
final monthly values were then calculated. All data processing was performed by 
ProClimDB database software for processing of climatology datasets (free 
download is possible from www.climahom.eu). 

 
 

 
Fig. 2. Integration area with orography and used grid points details of model ALADIN-
Climate/CZ as used in EC FP6 CECILIA project. 
 
 
Owing to the higher density station network used for the correction, this 

dataset is expected to be subject of smaller interpolation error than E-OBS 
(Hofstra et al., 2010).  

The continentality index is calculated as a function of annual temperature 
anomaly divided by the sine of latitude to compensate for seasonal differences in 
radiation.  The Gorzynsky index is most commonly used in Europe. It is 
computed by the equation: 
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where A is the mean annual anomaly of temperature in °C, and θ is the latitude in 
degree. According to Gorczynsky (1922), the expression of A=12sinθ corresponds 
well with observation over the ocean. The 1.7 constant is calculated from the 
assumption that Verchojansk, in eastern Siberia, is representative of 100% 
continentality (Mikolaskova, 2009). Based on the equation, the continentality can 
be divided into three categories: transitional maritime (k = 0 to 33%), continental 
(k = 33 to 66%), and extreme continental (k = 67 to 100%) Gorczynsky (1922). 

Conrad and Pollak (1950) found that the Gorczynsky approach gives 
negative values, which does not have physical meaning in some particular 
locations (e.g., Thorshvan at Faeroe Islands), hence they modified the equation 
with taking into account boundary conditions. The Conrad continentality index 
can be calculated by the equation: 
 

 ( ) 14
10sin

7.1 −
+

=
θ
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If the index value is 0, the climate is no longer influenced by continental 

surface, and if the value is 100, the climate is no longer influenced by maritime 
air masses (Mikolaskova, 2009). This index reaches better results in lower 
latitudes (e.g., 0), but its results are invalid in latitudes higher than 80. 

The Pan-European domain originally designed for the ENSEMBLES project 
(van der Linden and Mitchell, 2009) is divided into seven regions for 
investigating the spatial differences of ENSEMBLES predicted annual 
temperature anomaly and continentality. The chosen regions are Southern Europe 
(1), Western Europe (2), Great Britain (3), Scandinavia (4), Central Europe (5), 
South-Eastern Europe (6), and Eastern Europe (7) represented in Fig. 3.  

 

 
Fig. 3. Regions of ENSEMBLES domain: 1. South Europe, 2. Western Europe, 3. Great 
Britain, 4. Scandinavia, 5. Central Europe, 6. South-East Europe, and 7. East-Europe. 
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3. Results 

3.1. Temperature anomaly 

Table 2 shows the predicted mean annual temperature anomaly in the different 
regions in the 2021–2050 and 2071–2100 periods. The mean values denote that 
the temperature range increases eastward and toward the center of South Europe 
in both time periods. Increasing the distance from the Atlantic Ocean increases 
the temperature anomaly toward the east direction. The larger anomaly in South 
Europe can be explained with the topography, which modifies the intensity and 
depth of penetration of maritime influences. This block of wet maritime airmass 
is combined with rise of aridity which increases the temperature anomaly 
(Dirscoll and Yee Fong, 1992).  
 
 

 
 

 
Table 2. Predicted mean annual temperature amplitudes Tmean in 2021–2050 (top) and 
2071–2100 (bottom) for the defined regions: South Europe (1), Western Europe (2), Great 
Britain (3), Scandinavia (4), Central Europe (5), South-East Europe (6), East-Europe (7) 

 Temperature amplitude in 2021–2050 

Region ARPÈGE 
Tmean 

CNRM  
Tmean 

DMI 
Tmean 

ICTP 
Tmean 

KNMI 
Tmean 

MPI 
Tmean 

SMHCI 
Tmean 

1 18.8 18.8 18.3 19.0 19.0 19.1 19.4 
2 18.3 18.5 18.0 17.9 18.0 18.0 17.8 
3 13.0 13.2 12.7 13.0 12.9 12.8 12.6 
4 22.6 22.9 22.7 23.1 23.1 22.6 22.7 
5 22.0 21.9 21.8 21.3 21.4 21.2 21.0 
6 22.7 22.6 21.5 21.4 21.4 21.4 21.3 
7 26.4 26.2 25.5 24.7 24.9 24.5 24.4 
 Temperature amplitude in 2071–2100 

Region ARPÈGE 
Tmean 

CNRM  
Tmean 

DMI 
Tmean 

ICTP 
Tmean 

KNMI 
Tmean 

MPI 
Tmean 

SMHCI 
Tmean 

1 20.4 20.5 20.0 20.7 20.8 21.0 21.1 
2 20.0 20.9 19.4 18.3 18.7 18.1 18.1 
3 13.1 13.8 13.0 12.9 12.9 12.6 12.4 
4 21.2 21.7 21.2 21.5 21.5 21.2 20.5 
5 23.3 24.6 22.6 21.0 21.6 20.6 20.7 
6 24.7 24.9 23.1 22.2 22.5 22.4 22.5 
7 27.4 27.7 25.8 24.7 25.1 24.1 24.2 
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In 2021–2050, the spread among the predicted mean annual temperature 
anomalies are smaller than 0.3 in the Western Europe, Great-Britain, and 
Scandinavia regions (Table 3a). In the other regions, differences appear between 
ARPÈGE and ECHAM5-r3 driven RCMs results, respectively. The temperature 
range values are higher for RCMs forced by ARPÈGE except in South Europe. 
The ECHAM5 driver is coupled ocean-atmosphere GCM, while ARPÈGE is 
forced by the SST and sea-ice conditions of ERA40 (Déqué personal discussion) 
with added delta monthly anomaly from HadCM3 GCM (Déqué, 2007). The 
sea-ice extension is overestimated by HadCM3_ref, while it is underestimated 
by ECHAM5. Large-scale circulation in ECHAM5 is too zonal which transports 
the cool and moist air from the North Atlantic in summer (Kjellström et al., 
2011), and warm air is advected from the North Atlantic into the Baltic Sea 
region in winter combined with reduction of sea-ice albedo (Meier et al., 2011). 
This too strong influence of the Atlantic Ocean on the surface temperature also 
contributes to the climate of the Central European regions, where it reduces the 
continental influences (Plavcová and Kyselý, 2011). The variability of the 
models is the largest in Scandinavia, which can also contribute to the SST and 
sea-ice condition caused natural variability.  

The predicted change values are calculated by differences between the 
model predicted future (TM) and E-OBS measured present (TE) mean 
temperature anomalies. These values are negative in both RCMs in Scandinavia 
and in the ECHAM5 driven RCMs in Central and East Europe too, respectively. 
These negative values mean that the climate will be more balanced in the future 
than in the present. ARPÈGE has the largest positive differences in South-East 
Europe due to the increasing drought resulted from underestimating the 
precipitation in summer (Gibelin and Déqué, 2003; Déqué, 2007).  

Compared with the 2021–2050 term, the mean annual temperature spread 
among the models increases in each regions in the 2071–2100 time period. Its 
largest value is 1.5 in Central Europe and the smallest is in Scandinavia region 
(Table 3b). In Central Europe, the mean annual temperature range increases in 
ARPÈGE driven RCMs and diminishes in ECHAM5 forced ones except KNMI 
compared with the 2021–2050 period. Moreover, the boundaries of the anomaly 
become slantwise to south-west north-east direction (not shown). 

The mean annual temperature anomalies are also larger in RCMs forced with 
ARPÈGE except in South Europe. CNRM has the largest mean annual 
temperature anomalies and the highest predicted change in Central, South-East, 
and East Europe. SMHCI results the smallest mean annual temperature anomaly 
except in South Europe and Scandinavia. The variability of the models increases 
in each region in time with exception of Scandinavia area (not shown). Its value is 
higher in both time period due to the higher natural variability of the ECHAM5 
forced RCMs (denoted by -r3). Because SSTs and sea-ice conditions are 
significant 'red noise' components (Hasselmann, 1976; Rowell and Zwiers, 1999), 
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the reduction of model variability in time refers to the fact that the signal (global 
warming) to noise (natural variability) is greater than in the former period.  

In the most regions, the predicted change values increase with time (not 
shown). CNRM has the largest change values except in the Scandinavia area.  

 
 
 
 
Table 3a. The spread of the simulated temperature amplitude of the models in 2021–2050 
for the regions defined in Table 2 

Spread of simulated temperature amplitude 2025-2050 

 1 2 3 4 5 6 7 

ARPÈGE 18.8 18.3 13 22.6 22 22.7 26.4 
CNRM 18.8 18.5 13.2 22.9 21.9 22.6 26.2 
DMI 18.3 18 12.7 22.7 21.8 21.5 25.5 
ICTP 19 17.9 13 23.1 21.3 21.4 24.7 
KNMI 19 18 12.9 23.1 21.4 21.4 24.9 
MPI 19.1 18 12.8 22.6 21.2 21.4 24.5 
SMHCI 19.4 17.8 12.6 22.7 21 21.3 24.4 
mean 18.91 18.07 12.88 22.81 21.51 21.75 25.22 
spread 0.33 0.24 0.20 0.21 0.38 0.61 0.81 

 

 
 
 

Table 3b. The spread of the simulated temperature amplitude of the models in 2071–2100 
for the regions defined in Table 2 

Spread of simulated temperature amplitude 2070–2100 

 1 2 3 4 5 6 7 

ARPÈGE 20.4 20 13.1 21.2 23.3 24.7 27.4 
CNRM 20.5 20.9 13.8 21.7 24.6 24.9 27.7 
DMI 20 19.4 13 21.2 22.6 23.1 25.8 
ICTP 20.7 18.3 12.9 21.5 21 22.2 24.7 
KNMI 20.8 18.7 12.9 21.5 21.6 22.5 25.1 
MPI 21 18.1 12.6 21.2 20.6 22.4 24.1 
SMHCI 21.1 18.1 12.4 20.5 20.7 22.5 24.2 
mean 20.64 19.07 12.95 21.25 22.05 23.18 25.57 
spread 0.37 1.07 0.44 0.38 1.50 1.13 1.46 
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3.2. Gorczynsky index 

The predicted mean Gorczynsky continentality indexes (Eq. (1)) in the 2021–
2051 and 2071–2100 time slices are demonstrated in Table 4. According to the 
Gorczynsky index, the boundary of transitional maritime and continental climate 
is 33%. This boundary is near meridional in East Europe and against with 
Mikolaskova, 2009 results. Its direction is eastward in South-East and South 
Europe, respectively, in the 2021–2050 time slice (Fig. 4). The differences 
between the ARPÈGE and ECHAM5 driven model predicted indexes are 
analogous with the temperature amplitude ones. 

In the 2021–2050 period, the climate is continental in South East and East 
Europe according to each model. The spread among the model results is smaller 
than 0.5 in Great Britain and Scandinavia, while it is greater than 1.0 in South 
East and East Europe (Table 5a).  

The predicted change values are also negative in Scandinavia in case of 
each model and in Central and East Europe, respectively, in case of ECHAM5 
forced RCMs (Fig. 4). The SMCHI has negative difference value in each region 
except for South- and South-East Europe, respectively, which relates with its 
smallest temperature anomaly values.  

Correlating with temperature anomaly change, the Gorczynsky index 
depicts a sharp changing in the 2071–2100 period, where the continental 
climate slopes toward the north-east south-west direction. The continental 
climate recedes toward the southern direction in Scandinavia area, but 
increases in South and South-East Europe in both model cases. With 
exception of the Scandinavia area, index value increases in RCMs which are 
forced with ARPÈGE compared to the former period. In case of ECHAM5 
driven RCMs, it decreases in more regions. The continentality rises in Central 
Europe only according to KNMI among ECHAM5 driven RCMs. In Central 
Europe, the continental climate predominates according to CNRM only where 
the index mean value is 34.5. CNRM has the largest mean annual temperature 
anomaly and the largest predicted change value in Central Europe in this 
period. Christensen et al, (2008) found that CNRM ALADIN has the largest 
positive temperature and negative precipitation biases from E-OBS observed 
data in Central European region compared with DMI, ICTP, KNMI, MPI, and 
SMHCI, when the RCMs were forced with ERA40. The spread among the 
model results is also the smallest in Scandinavia and Great Britain and the 
largest in South East and East Europe (Table 5b). The predicted change 
tendency is also analogous with the change of temperature range.  
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Table 4. Space differences of the predicted mean Gorczynsky index Gmean in 2021–2050 
(top) and 2071–2100 (bottom) for the regions defined in Table 2 

 Gorczynsky index in 2021–2050 

Region ARPÈGE 
Gmean 

CNRM  
Gmean 

DMI 
Gmean 

ICTP 
Gmean 

KNMI 
Gmean 

MPI 
Gmean 

SMHCI 
Gmean 

1 28.4 28.5 27.1 29.1 29.1 29.2 29.9 
2 21.5 21.8 20.8 20.6 20.6 20.6 20.2 
3   7.1   7.5   6.6   7.0   7.0   6.7   6.4 
4 22.8 23.2 22.9 23.6 23.7 22.8 22.8 
5 28.7 28.4 28.1 27.2 27.2 26.9 26.3 
6 37.2 36.7 34.0 33.8 33.8 33.7 33.6 
7 39.2 38.8 37.2 35.3 35.7 34.9 34.6 

 Gorczynsky index in 2071–2100 

Region ARPÈGE 
Gmean 

CNRM  
Gmean 

DMI 
Gmean 

ICTP 
Gmean 

KNMI 
Gmean 

MPI 
Gmean 

SMHCI 
Gmean 

1 32.6 32.7 31.6 33.3 33.8 34.1 34.6 
2 25.5 27.3 24.0 21.3 22.3 21.1 21.0 
3   7.5   8.9   7.1   6.8   6.8    6.3   5.9 
4 20.1 21.0 20.0 20.4 20.6 20.0 18.7 
5 31.5 34.5 30.1 26.2 27.8 25.5 25.7 
6 42.0 42.5 38.1 35.8 36.5 36.3 36.7 
7 41.6 42.2 38.0 35.3 36.3 34.0 34.3 
 

 

 
Fig. 4. Predicted changes of Gorczynsky indexes (a) CNRM, (b) DMI, (c) KNMI, (d) 
MPI, (e) SMHIRCA, (f) ICTP, and (g) ARPÈGE. 
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Table 5a. The spread of the simulated Gorczynsky index of the models in 2021–2050 for 
the regions defined in Table 2 

Spread of simulated Gorczynsky index 2025-2050 

 1 2 3 4 5 6 7 

ARPÈGE 28.4 21.5 7.1 22.8 28.7 37.2 39.2 
CNRM 28.5 21.8 7.5 23.2 28.4 36.7 38.8 
DMI 27.1 20.8 6.6 22.9 28.1 34 37.2 
ICTP 29.1 20.6 7 23.6 27.2 33.8 35.3 
KNMI 29.1 20.6 7 23.7 27.2 33.8 35.7 
MPI 29.2 20.6 6.7 22.8 26.9 33.7 34.9 
SMHCI 29.9 20.2 6.4 22.8 26.3 33.6 34.6 
mean 28.75 20.87 6.9 23.11 27.54 34.68 36.52 
spread 0.88 0.56 0.36 0.39 0.87 1.55 1.88 

 

Table 5b. The spread of the simulated Gorczynsky index of the models in 2071–2100 for 
the regions defined in Table 2 

Spread of simulated Gorczynsky index 2070-2100 

 1 2 3 4 5 6 7 

ARPÈGE 32.6 25.5 7.5 20.1 31.5 42 41.6 
CNRM 32.7 27.3 8.9 21 34.5 42.5 42.2 
DMI 31.6 24 7.1 20 30.1 38.1 38 
ICTP 33.3 21.3 6.8 20.4 26.2 35.8 35.3 
KNMI 33.8 22.3 6.8 20.6 27.8 36.5 36.3 
MPI 34.1 21.1 6.3 20 25.5 36.3 34 
SMHCI 34.6 21 5.9 18.7 25.7 36.7 34.3 
mean 33.24 23.21 7.04 20.11 28.75 38.27 37.38 
spread 1.02 2.46 0.96 0.72 3.04 2.81 3.36 

 
 
 
 

3.3. Conrad index 

The mean Conrad index value is smaller than the Gorczynsky one in South, 
South-East, and East-Europe, respectively, according to each model (Table 6). 
The difference between the two indexes is the largest in Great-Britain due to the 
denominator and the smallest in East-Europe in the 2021–2050 period. In the 
2071–2100 period, larger continental influence is predicted by the Conrad index 
than by the Gorczynsky in Scandinavia area, while the difference between the 
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two index is the smallest in Central Europe according to ARPÈGE driven and in 
East-Europe according to ECHAM5 driven RCMs, respectively. The predicted 
change of the Gorczynsky index is larger than the predicted change of the 
Conrad index in almost each region in both time periods (Fig. 5).  

The distinction among the different GCM driven model results is analogous 
with the differences in the case of the temperature anomaly. The change of the 
Conrad index value in time is the same than in the case of the Gorczynsky index. 
Similarly to the Gorczynsky index, the largest Conrad index values are predicted 
by CNRM in Central, South-East and East Europe, respectively, in 2071–2100. 
The change of the modeled and measured difference values in time and the 
spread of the model results (Table 7) are also analogous with the Gorczynsky 
index ones. 
 
 
 

 
Table 6. Space differences of the predicted mean Conrad index Cmean in 2021–2050 (top) 
and 2071–2100 (bottom) for the regions defined in Table 2 

 Conrad index in 2021–2050 

Region ARPÈGE 
Cmean 

CNRM  
Cmean 

DMI 
Cmean 

ICTP 
Cmean 

KNMI 
Cmean 

MPI 
Cmean 

SMHCI 
Cmean 

1 27.2 27.2 26.1 27.7 27.8 27.8 28.4 
2 22.7 23.0 22.1 21.9 22.0 22.0 21.6 
3 10.7 11.0 10.2 10.6 10.6 10.3 10.0 
4 26.3 26.7 26.4 27.1 27.1 26.3 26.3 
5 29.4 29.1 28.9 28.0 28.1 27.8 27.3 
6 34.9 34.6 32.3 32.1 32.1 32.0 31.9 
7 38.4 38.1 36.7 35.0 35.4 34.7 34.4 

 Conrad index in 2071–2100 

Region ARPÈGE 
Cmean 

CNRM  
Cmean 

DMI 
Cmean 

ICTP 
Cmean 

KNMI 
Cmean 

MPI 
Cmean 

SMHCI 
Cmean 

1 30.7 30.8 29.8 31.3 31.7 32.0 32.3 
2 26.2 27.9 24.9 22.5 23.5 22.4 22.3 
3 11.0 12.3 10.7 10.4 10.5   9.9   9.6 
4 23.8 24.6 23.7 24.0 24.2 23.7 22.4 
5 31.9 34.5 30.6 27.2 28.6 26.5 26.7 
6 39.1 39.5 35.7 33.7 34.4 34.2 34.5 
7 40.6 41.1 37.4 35.0 35.9 33.8 34.14 
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Fig. 5. Predicted changes of the Conrad indexes (a) CNRM, (b) DMI, (c) KNMI, (d) MPI, 
(e) SMHIRCA, (f) ICTP, and (g) ARPÈGE. 
 

 

 

3.4. Central Europe 

The continentality in Central Europe is detailed by the ALADIN-Climate/CZ 
(hereinafter referred to as CHMI) model with higher (10 km) horizontal 
resolution. The model has same dynamical core as CNRM, but they differ 
significantly in their physical package (Skalak et al., 2008). Its physical package 
is detailed in Farda et al. (2010). CHMI is run in CECILIA domain which 
focuses on the Czech Republic and its vicinity. The results of simulated and 
observed Gorczynsky and Conrad indexes are presented in Figs. 6 and 7, 
respectively. Table 8 shows the mean value and predicted change value of 
temperature amplitude, Gorczynsky index, and Conrad index, respectively in the 
2021–2050 and 2071–2100 periods.  
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Table 7. The spread of the simulated Conrad index of the models in 2021–2050 (top) and 
in 2071–2100 (bottom) for the regions defined in Table 2 

Spread of simulated Conrad index 2025–2050 

 1 2 3 4 5 6 7 

ARPÈGE 27.2 22.7 10.7 26.3 29.4 34.9 38.4 
CNRM 27.2 23 11 26.7 29.1 34.6 38.1 
DMI 26.1 22.1 10.2 26.4 28.9 32.3 36.7 
ICTP 27.7 21.9 10.6 27.1 28 32.1 35 
KNMI 27.8 22 10.6 27.1 28.1 32.1 35.4 
MPI 27.8 22 10.3 26.3 27.8 32 34.7 
SMHCI 28.4 21.6 10 26.3 27.3 31.9 34.4 
mean 27.45 22.18 10.48 26.6 28.37 32.84 36.1 
spread 0.72 0.48 0.33 0.36 0.76 1.31 1.64 

Spread of simulated Conrad index 2070–2100 

 1 2 3 4 5 6 7 

ARPÈGE 30.7 26.2 11 23.8 31.9 39.1 40.6 
CNRM 30.8 27.9 12.3 24.6 34.5 39.5 41.1 
DMI 29.8 24.9 10.7 23.7 30.6 35.7 37.4 
ICTP 31.3 22.5 10.4 24 27.2 33.7 35 
KNMI 31.7 23.5 10.5 24.2 28.6 34.4 35.9 
MPI 32 22.4 9.9 23.7 26.5 34.2 33.8 
SMHCI 32.3 22.3 9.6 22.4 26.7 34.5 34.14 

mean 31.22 24.24 10.62 23.77 29.42 35.87 36.84 
spread 0.86 2.17 0.87 0.68 3.02 2.42 2.98 

 

 
Fig. 6. ALADIN/CZ simulated and higher resolution observed Gorczynsky index in 
CECILIA domain. 
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Fig. 7. ALADIN/CZ simulated and higher resolution observed Conrad index in CECILIA 
domain. 

 

 

 

 

Table 8. The mean value and predicted changes of annual temperature amplitude, 
Gorczynsky and Conrad continentality indexes, respectively, predicted by the ALADIN-
Climate/CZ model for the near and far future time slices, respectively  

 
ALADIN-CLIMATE/CZ 

2021–2050 2071–2100 
TMEAN TM–TE TMEAN TM–TE 

Temperature amplitude 21.3 –0.3 22.8 1.2 
Gorczynsky index 27.6 –0.7 31.1 2.7 
Conrad index 28.3 –0.6 31.4 2.4 

 
 

 
 

Comparing the CHMI and ENSEMBLES model results, the differences are 
the smallest between CHMI and ICTP or KNMI values in 2021–2050, while in 
the further period the distinction is the smallest between the ARPÈGE and 
CHMI predicted continentality indexes. The predicted change value is negative 
in the near and positive in the far future, respectively, like in the DMI case. 
Based on the mean Gorczynsky index, the climate will be transitional maritime 
according to CHMI in Central Europe, which agrees with the other 
ENSEMBLES model results with the exception of the CNRM prediction to the 
2071–2100 time slice.  
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The differences between the CNRM and CHMI predicted mean 
continentality values is 0.8 in the case of both indexes in the near future time 
slice, while the differences between the Gorczynsky and Conrad indexes are 3.4 
and 3.1, respectively, in the far future period. Some factors which could be 
responsible for these differences are the large/small integrated area, higher/lower 
resolution, and the differences between the models. CHMI results positive 
precipitation bias due to high accumulation of snow in Central Europe during 
late winter and early spring in both of the 50 km and 10 km resolution cases 
(Farda et al., 2007; Skalak et al., 2008). This wetter feature of precipitation field 
corresponds well to the negative bias in winter and spring mean temperature. 
Furthermore, Farda et al. (2007) found that the smaller domain size enhances 
the precipitation due to the unrealistic generation of vertical velocity in the 
coupling zone of the model which affects directly even the interior of the rather 
limited domain.  

4. Discussion 

4.1. Effect of drivers 

We found that the drivers have a significant effect on the spread of results. 
According to the ECHAM5 driven RCMs, the Atlantic Ocean has a strong 
influence on the surface temperature due to the too zonal large-scale circulation 
and underestimated sea-ice condition of the ECHAM5-r3 GCM. Thanks to this 
phenomenon, smaller continentality indexes were predicted by the ECHAM5 
driven RCMs than the ARPÈGE forced ones in each regions except in South-
Europe in both time periods.  

4.2. Effect of model resolution  

The higher resolution model provided finer details of the simulated field, but the 
resolution differences did not play dominant role in the difference from other 
RCM results. Small differences were found between the results of ARPÈGE 
50 km and CNRM 25 km resolution models. The finer resolution ALADIN-
Climate/CZ resulted similar results like ITCP or KNMI in the nearer future, 
while its results were closer to the ARPÈGE simulation in the far future case. 
The CHMI simulated mean continentality indexes decreased compared to the 
observed values in the 2021–2050 time period, while increased in the far future 
slice. The differences between the CNRM and CHMI results probably come 
from the positive wet bias of CHMI, which is persistent when smaller domain is 
used. 
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4.3. Impacts on continentality  

Two different continentality indexes (Gorczynsky and Conrad, respectively) 
were calculated in function of annual temperature anomaly and sinus function of 
latitude. The mean annual temperature range rises with increasing distance from 
the ocean and with increasing aridity. Both continentality indexes strongly 
depend on the annual temperature range, and their spatial differences are well 
correlated with the space differences of temperature anomaly. The largest 
continental effect in South-Europe came from the block of maritime airmass 
caused by the Pyrenees. The continentality indexes decreased with time only in 
Scandinavia region. This phenomenon can be explained with the assumption of 
the melting of sea-ice which causes larger SST. Despite the fact that the 
maximum internal variability of RCMs is in the South-East European region 
(Sanchez-Gomez, E. et al., 2009), the largest model variability was in the 
Scandinavia region in each model case. This maximum variability affected by 
the natural variability is caused by SST and sea-ice condition. 

5. Conclusion 

The future continental climate is simulated by applying two different 
continentality indexes: the Gorczynsky and Conrad, respectively. Both of them 
indicate the continentality as a function of the annual mean temperature anomaly 
and a sinus function of the latitude angle. The largest difference between their 
index values is caused by the boundary condition which is applied in the Conrad 
approach to avoid the insensible negative continentality values in lower 
latitudes. In our simulation, the isoline flows near meridionally only in East-
Europe, and it flows to eastward direction in South-East and South Europe, 
respectively. The greatest change with time slice in isoline direction is in 
Scandinavia, where the climate becomes more balanced maritime despite the 
resulted larger model variability. 

The core message of our research is whether Central Europe becomes more 
continental or maritime according to the A1B RCM scenarios in the 21st 
century? 

The climate of Central Europe is predicted to be transitional maritime 
according to the mean Gorczynsky index of RCMs with exception of CNRM in 
the further time slice. This result might be explained by the experience that 
CNRM overestimates the monthly maximum temperature and underestimates 
the precipitation in Central Europe. The simulated continental influence will 
diminish compared to the observed state according to the ECHAM5 driven 
RCMs in Central Europe in both time slices. Although the boundary of maritime 
and continental climate run along east Austria, south-east Czech Republic, and 
mid-Slovakia according to the CHMI detailed Gorczynsky index, its mean value 
is below the continental boundary. 
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