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capture the small-scale wind systems. Finally, we show that 
the simulations frequently yield the accurate angle of local 
wind regimes, such as for the Bora flow, but overestimate the 
associated wind magnitude. Finally, spectral analysis shows 
good agreement between measurements and simulations, 
indicating the correct temporal variability of the wind speed.

Keywords  Adriatic region · CORDEX · Regional climate 
models · Convection-resolving models

1  Introduction

The CORDEX initiative is the latest effort in multi-model 
regional downscaling in a common experimental framework. 
This initiative aims to improve the understanding of regional 
and local climate phenomena, as well as their variability 
and changes. The CORDEX initiative started in 2009 and 
provides simulations at horizontal grid spacing of 0.44° 
(approximately 50 km) on various computational domains 
(Giorgi and Gutowski Jr. 2015). For the European (EURO-) 
and Mediterranean (MED-) CORDEX domains, additional 
simulations with grid spacing up to 0.11° (approximately 
12.5 km) are provided for evaluation, historical periods, and 
climate scenarios. Recently, there has been a progression 
toward climate simulations with horizontal grid spacing up 
to 0.02° (approximately 2.2 km) (Prein et al. 2015), at which 
the parametrization of deep convection can be switched off 
(Weisman et al. 1997). The refined horizontal grid spacing 
allows two important questions regarding the added value 
of high-resolution RCM simulations to be addressed (Kot-
larski et al. 2014; Rummukainen 2016). First, it is still not 
fully clear to what extent RCMs provide improved simula-
tions (e.g. in terms of reducing systematic errors and/or pro-
viding more realistic details in simulating extreme events) 
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compared to global reanalysis or global climate models 
(GCMs). Second, how and where do the 0.11° simulations 
provide additional information to the 0.44° simulations?

For a range of regional and local flow phenomena, global 
reanalyses are not completely adequate tools because of 
their limited horizontal resolution (Sotillo et al. 2005; Feser 
et al. 2011; Menendez et al. 2014). Although global rea-
nalyses (e.g., NCEP/NCAR reanalysis at a grid spacing of 
approximately 210 km or ERA-Interim reanalysis at approxi-
mately 80 km) and GCMs can effectively reproduce many 
large-scale climate features, they often fail in reproducing 
regional or local climate aspects (Rummukainen 2010). The 
improvement introduced by employing dynamical downs-
caling depends on various geographical factors, such as the 
complexity of the coastline and the representation of orog-
raphy. For example, Sotillo et al. (2005) compared RCM 
to NCEP/NCAR reanalysis for several near-surface param-
eters and found larger improvements over the Mediterranean 
basin than over the Atlantic Ocean and for coastal buoys 
rather than open-ocean buoys. In a study comparing several 
RCMs and ERA-Interim reanalysis with QuikSCAT data, 
Herrmann et al. (2011) found that the shortcomings due to 
the low spatial reanalysis resolution are corrected in RCMs, 
but the temporal correlation with observations is to some 
extent smaller.

High-resolution simulations do not always offer a clear 
improvement compared to coarser-resolution simulations. 
For example, improvements in representing large-scale cir-
culations (Di Luca et al. 2015) and seasonal means (Vautard 
et al. 2013) are not consistent and averaging over regional 
scales tends to cancel out the added value (e.g., in precipi-
tation over the Alps, Torma et al. 2015). Nevertheless, the 
added value is pronounced on local scales where the capabil-
ity to reliably represent small-scale events, such as extremes, 
increases with resolution (Herrmann et al. 2011; Giorgi et al. 
2016). Furthermore, the increased resolution leads to a better 
representation of spatial distribution and intensities of local 
characteristics in daily precipitation and temperature ampli-
tudes (Mayer et al. 2015; Torma et al. 2015), which depend 
on the interaction between fine-scale orography and atmos-
pheric circulation. Similar improvements have been found 
for the representation of precipitation in the European Alps. 
As Torma et al. (2015) show, upscaling 0.11° simulations 
to a coarser grid spacing (0.44°) yielded added value, while 
the dissaggregation of 0.44° simulations to a higher grid 
spacing (0.11°) did not show consistent improvements in the 
spatial pattern. This result implies that the added value has 
a physical basis, enabled by the finer topography obtained 
in the high-resolution simulations.

The improvements of the refined resolution are par-
ticularly pronounced in coastal (Vautard et al. 2013; Güt-
tler et al. 2015) and mountainous (Ban et al. 2014; Prein 
et al. 2016; Rummukainen 2016) regions. Ban et al. (2014, 

2015) validated COSMO simulations at 0.11° and 0.02° in 
terms of temperature and precipitation. They found that for 
daily statistics, both simulations perform rather well. How-
ever for hourly precipitation substantial differences can be 
found between the two simulations. While the simulation 
at 0.11° underestimates heavy and overestimates weak pre-
cipitation, the 0.02° simulation shows good agreement with 
observations and improves the timing of the diurnal cycle 
of precipitation.

Previous studies on dynamically downscaled climate 
simulations mostly focus on present-day temperature and 
precipitation, as well as their extremes and future changes 
(Branković et al. 2013; Ban et al. 2015). Near-surface wind 
has so far typically been assessed for seasonal offshore wind 
patterns and for area-averaged values (e.g., over the Mediter-
ranean region in Herrmann et al. 2011). The Mediterranean 
region represents a significant challenge to state-of-the-art 
RCMs in realistically simulating local wind flows, due to the 
complex topography and the intertwined coastlines. A few 
studies that compared RCM wind fields to reanalysis data 
suggest that RCMs show lower biases and root-mean-square 
errors (RMSE) in comparison to reanalysis, particularly for 
coastal buoys (Sotillo et al. 2005; Winterfeldt and Weisse 
2009). Furthermore Menendez et al. (2014) showed that 
higher resolution simulations provide a better fit in terms 
of a higher temporal correlation coefficient and a smaller 
RMSE in regions influenced by the nearby land. However, 
Herrmann et al. (2011) found that, when considering basin-
averaged metrics, the differences between 50 and 10 km 
grid spacing simulations are not significant (less than 1%). 
They argue that large differences occur locally in regions 
of intense winds. In regions where wind channelling and 
influence of the topography is strong (e.g., Pyrenees, Alps, 
Greek mountains, Aegean islands), the spatial variability of 
wind speed and the spatial correlation of intense winds are 
significantly improved (up to 15%).

Since, in recent studies, analysis are often presented in 
terms of domain-averaged metrics (Vautard et al. 2013), the 
local geographically induced flows are smoothed out and 
neglected. An exception is the recent study by Obermann 
et al. (2016), which focuses on intense local phenomena, 
Mistral and Tramontane winds, that occur over southern 
France and the northwestern Mediterranean Sea. They show 
that the applied RCMs are able to correctly simulate Mis-
tral and Tramontane situations, provided that the large-scale 
forcing is well represented in the driving model. However, 
during these events, most simulations underestimate wind 
speed over the Mediterranean Sea, but show smaller biases 
than coarse-resolution simulations and ERA-Interim.

In this study, we focus on the broader Adriatic region 
(Fig. 1), where the majority of the region is characterized 
by complex topography and steep terrain slopes. Particu-
larly characteristic topographic features are the Dinarides, 
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which span from northwest to southeast and separate the 
narrow eastern coastal region from the inland lowlands. 
Along the Adriatic coast, the most typical winds are Bora 
(experiencing strong influence of the terrain and usually per-
pendicular to the Dinarides; Grisogono and Belušić 2009), 
Sirocco (usually parallel to the coastline and mostly during 
the wintertime; Horvath et al. 2008), Etesian and sea/land 
breezes (dominantly in the warm part of the year; Prtenjak 
et al. 2010a, b). So far, the wind field characteristics over 
the Adriatic have mainly been investigated in studies focus-
ing on numerical weather prediction simulations (Cavaleri 
et al. 1996; Horvath et al. 2011), on statistical downscaling 
of reanalysis (Heimann 2001), on global climate models 
(Pasarić and Orlić 2004) and on future wind power poten-
tial (Pašičko et al. 2012). However, to our knowledge, there 
are no climate studies that evaluate wind fields in RCMs on 
time scales longer than 10 years. To complement the existing 
studies, we assess the near-surface wind over the broader 
Adriatic region, evaluating the offshore and onshore near-
surface wind climatology in RCM simulations with land-
based observations and satellite data.

2 � Data and methods

2.1 � Climate model data

Seven EURO-CORDEX (Jacob et al. 2013), three MED-
CORDEX (Somot et al. 2011; Ruti et al. 2016) and two 
additional simulations, provided by ETH Zürich, were con-
sidered (Table 1), all fully covering the analysis domain 
(Fig. 1). For the EURO-CORDEX simulations, the mean 
daily climate model data of the two 10 m wind components 
(u, v) and of the 10 m wind magnitude are used. For SMHI-
RCA4 and DHMZ-RegCM42, sub-daily snapshots are avail-
able every 3 h. The MED-CORDEX dataset currently only 
has 10 m wind magnitude data for all three models. Depend-
ing on the model chosen, the simulations are 20–30 years 
long, but they all extend to 2008. The simulations employ a 
horizontal grid spacing of 0.11° (or 12.5 km), and they all 
have a corresponding coarser partner simulation at 0.44° 
(or 50 km). For initial conditions, lateral boundary condi-
tions and sea surface temperatures ERA-Interim reanalysis 
(Dee et al. 2011) is used, since it is considered to be of very 
high quality (Brands et al. 2013). To complete the ensem-
ble, we have acquired two simulations performed at ETH 
Zürich (ETHZ): ETHZ-CCLM-11 (COSMO convection-par-
ametrizing model at 0.11°) and ETHZ-CCLM-02 (COSMO 
convection-resolving model at 0.02°), with snapshots avail-
able every hour. These simulations are 10 years long, extend-
ing from 1999 to 2008, and are performed using a two-step 
one-way nesting technique, dynamically downscaling ERA-
Interim to 0.11° and then further to 0.02°.

Following the CORDEX protocol, none of the models 
presented use spectral nudging (Table 1). Throughout this 
study, the individual simulations will be identified by the 
abbreviation of the institution performing the simulation 
(see Table 1), plus the model name and horizontal grid spac-
ing (02 for 0.02°, 11 for 0.11° and 44 for 0.44°).

2.2 � Station observations

The broader Adriatic domain fully covers Croatia, Slove-
nia, Bosnia and Herzegovina, Montenegro, part of Italy and 
parts of other neighbouring countries (Fig. 1). Since for the 
selected domain no high quality gridded wind product over 
land is available, observed station-based wind magnitude 
and wind direction were utilized. Wind observations at 10 m 
above ground level from 1996/2001 to 2008 were obtained 
from NCDC-NOAA land-based stations (Smith et al. 2011), 
from the DHMZ database and from the Crocontrol (HKZP) 
database in SYNOP format. The NCDC-NOAA database 
performed a quality check before the data were released 
(https://www.ncdc.noaa.gov/isd) and wind data from Croa-
tian institutions were controlled by the responsible persons 
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Fig. 1   Adriatic domain: spatial distribution of 47 stations selected 
from NCDC-NOAA database, DHMZ database and Crocontrol 
(HKZP) database. The stations were selected in order to be represent-
ative at the daily scale (5 out of 8 records per day have to exist) and 
representative of the period 1996/2001–2008 (at least 70% of daily 
data have to exist in the period of interest). The stations covering the 
period 1996–2008 are denoted by black cross symbol, those covering 
the period 2001–2008 by red circle and QuikSCAT data covering the 
period 2000–2008 are denoted by blue plus symbol. If there are two 
symbols at the same location, the time series was available from dif-
ferent sources with different lengths. Names appear for stations that 
will be discussed later in text

https://www.ncdc.noaa.gov/isd
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from the mentioned institutions. Afterwards, only a simple 
quality check was performed on daily data.

A station’s daily mean value was used only if at least 5 
out of 8 daily SYNOP snapshots were available for a specific 
day, and only for those stations that afterwards have daily 
means available for more than 70% of days in the period of 
interest. A small change in these criteria thresholds does 
not affect the spatial structure of the selected stations. Ulti-
mately, a subset of 43 stations satisfied the criteria for both 
wind magnitude and direction. In this study, we consider 
stations less than 20 km from the coast as coastal stations, 
and the rest of the stations as inland stations (21 coastal and 
22 inland stations).

2.3 � QuikSCAT satellite observations

To obtain wind observations over the sea/ocean, we used 
gridded products of SeaWinds instruments measurements 
from the QuikSCAT satellite (hereafter, QuikSCAT), with a 
horizontal resolution of 25 km (Perry 2001; Ruti et al. 2008). 
Although available for the entire period of 2001–2008, 
the availability is limited by the cloud cover and by the 
daily passage frequency of the satellite over the Adriatic. 
Therefore, the daily mean was calculated from at most 

two available raw data. As Herrmann et al. (2011) noted, 
QuikSCAT slightly underestimates weak and overestimates 
strong daily wind speeds when compared with buoy data. 
Furthermore, QuikSCAT measurements are of reduced qual-
ity for low wind speeds (<3 m/s) and close to the coastlines 
(Tang et al. 2004; Prtenjak et al. 2010b). Despite these short-
comings, QuikSCAT data correctly represents daily wind 
speed variability and have proven to be effective compared 
with offshore wind observations (Accadia et al. 2007). For 
the comparison with RCMs, we select four open-sea loca-
tions over the Adriatic with the largest number of available 
QuikSCAT daily data in the period of interest.

2.4 � ERA‑Interim reanalysis data

We have chosen to take two types of reanalysis products: 
the analysis product at time step 0 (ERA-Interim) and the 
prognostic product at time step 6 and 12 (ERA-Interim6). 
For example, on any specific day, the wind speed at 06:00 
UTC is the analysis product at 06:00 UTC (time step 0; here-
after, ERA-Interim) or alternatively, is the result of the 00:00 
UTC ERA-Interim simulation 6 h into the future (time step 
6; hereafter, ERA-Interim6). In other words, ERA-Interim6 
refers to a 6 and 12 h forecasts, initialized by the 00:00 and 

Table 1   Overview of the analysed models

Model Institution (abbreviation) 1st vertical 
level height 
(m)

Spectral nudging Analysed period

EURO-CORDEX
 CCLM4 (Rockel et al. 2008) Climate Limited-area Modelling Com-

munity (CLMcom)
20 No 1996–2008

 HIRHAM5 (Christensen et al. 2006) Danish Meteorological Institute (DMI) 34 No 1996–2008
 WRF331F (Skamarock et al. 2008) Institute Pierre Simon Laplace/Institut 

National del’ Environnement Industriel 
et des Risques (IPSL/INERIS)

40 – 1996–2008

 RACMO22E (Van Meijgaard et al. 
2008)

Royal Netherlands Meteorological Insti-
tute (KNMI)

10 No 1996–2008

 RCA4 (Samuelsson et al. 2011) Swedish Meteorological and Hydrologi-
cal Institute (SMHI)

30 No (in buffer zone only) 1996–2008

 ALADIN53 (Colin et al. 2010) Centre National de Recherches Meteor-
ologiques (CNRM)

30 No 1996–2008

 RegCM42 (Giorgi et al. 2012) Meteorological and Hydrological Service 
of Croatia (DHMZ)

40 No (in buffer zone only) 1996–2008

MED-CORDEX
 ALADIN52 (Colin et al. 2010) Centre National de Recherches Meteor-

ologiques (CNRM)
30 No 1996–2008

 RegCM43 (Giorgi et al. 2012) International Centre for Theoretical 
Physics (ICTP)

40 No 1996–2008

 PROMES (Domínguez et al. 2010) Universidad de Castilla-La Mancha 
(UCLM)

10 No 1996–2008

ETHZ
 CCLM (Leutwyler et al. 2016; 2017) Swiss Federal Institute of Technology 

(ETHZ)
20 No 2001–2008
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12:00 ERA-Interim analysis. This approach allows testing 
of the robustness of our results to the underlying reference 
dataset and enables us to explore the impact of the initial 
conditions used in the ERA-Interim. It is important to note 
that ERA-Interim reanalysis does not assimilate wind data 
from land-based stations but assimilates the QuikSCAT data 
over oceans (from 2000, Dee et al. 2011).

2.5 � Methods

The evaluation for the present-day climate simulations is 
performed from the daily data for most of the validation 
methods. There are numerous spatial interpolation methods 
available, and using some interpolation schemes may lead 
to spurious results. To avoid misleading results and to test 
for robustness, we employed two interpolation techniques, 
similar to Di Luca et al. (2015). To evaluate the wind cli-
matology, first, the nearest neighbour (NN) approach was 
used. In this approach, the daily climatology at the nearest 
model grid point was linked to the daily time series of the 
land-based station. The second approach was bilinear inter-
polation (BI), where the weighted mean of the four closest 
grid points was calculated and compared to the observed 
time series.

Following Pryor et al. (2012), we perform upscaling of 
the 0.11° simulations to the 0.44° grid. The approach allows 
added value to be attributed to a better representation of 
physical processes (i.e., orographically induced wind flows; 
Torma et al. 2015). The upscaled simulations will be identi-
fied by the abbreviation “UPS”, along with the institution’s 
abbreviation and the model name.

The following standard skill scores were estimated: bias 
(simulations-measurements), standard deviation, root mean-
square deviation (RMSD) and temporal correlation between 
observed and simulated series. In the resulting analysis a 
simulation is more successful when (i) the RMSD is smaller 
than the observed standard deviation and (ii) the simulation-
based and measured standard deviations are comparable 
(Pielke 2002). Subsequently, RMSD, standard deviations 
and temporal correlation coefficients are summarized with 
Taylor diagrams (Taylor 2001) and are complemented by 
probability density estimates (PDEs), quantile–quantile 
(QQ) plots and wind roses.

We performed two statistical tests, namely, the Wilcoxon 
rank sum test and the 2D Kolmogorov–Smirnov test. The 
Wilcoxon rank sum test (WRS, Gibbons and Chakraborti 
2011) is designed to test whether observed and simulated 
data series, here wind components and magnitude, are 
samples from continuous distributions with equal medians 
(null hypothesis) against the alternative hypothesis that they 
are not. The test assumes that the observed and simulated 
samples are independent. The 2D Kolmogorov–Smirnov 
test (Peacock 1983; Gibbons and Chakraborti 2011) is a 

statistical test used to determine whether two 2D sets of 
data (e.g., u and v wind components) arise from the same or 
from different distributions. Here the null hypothesis is that 
simulated and observed wind components were drawn from 
the same 2D continuous distribution.

Additionally, the measure-oriented Brier skill score 
(BSS) and a distribution-oriented Perkins skill score (PSS) 
are used. BSS is utilized to test to what extent the RCM 
wind gives a better representation of measured wind than the 
ERA-Interim reanalysis. Here, we use the modified BSS fol-
lowing Winterfeldt et al. (2011) and Menendez et al. (2014): 

where �2

D
 and �2

R
 represent the error variances of the dynami-

cally downscaled RCM (D) and reanalysis (R) respectively. 
The error variances are computed relative to the observa-
tions. Following this definition, the modified BSS can vary 
between −1 (reanalysis exactly matches the observations) 
and 1 (RCM exactly matches the observations). Negative 
values indicate a better reanalysis performance, while posi-
tive values indicate added value of the RCM in comparison 
to ERA-Interim reanalysis.

PSS, as defined by Perkins et al. (2007), measures a simi-
larity between two PDEs. This metric calculates the cumu-
lative minimum value of two distributions in each bin by 
measuring the common area between two PDEs. The bin 
centres are defined from observations. If a model simulates 
the observed conditions perfectly, the PSS is 1, which equals 
the total sum of the probability in a given PDE. Following 
Perkins et al. (2007), PSS is given by 

where N is the number of bins used to calculate the PDE, Zd 
is the frequency of values in a given bin from the RCM dis-
tribution, and Zo is the frequency of values in a correspond-
ing bin from the observed wind distribution (the bin width 
is variable, but the number of bins is the same, independent 
of the analysed location).

In addition, the skill scores are complemented by Empiri-
cal Orthogonal Function (EOF) analysis (Ludwig et  al. 
2004) and spectral analysis (Žagar et al. 2006; Horvath et al. 
2011). The power spectra are calculated only for the simula-
tions that have sub-daily data available and only for stations 
where less than 10% of the SYNOP data are missing for 
the period 2001–2008. After applying these criteria, 6 out 
of 47 stations are left for spectral analysis. Since spectral 
analysis requires a continuous time series, the gaps from the 
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remaining missing data were filled with linear interpolation. 
The filled data samples are sporadic and random, do not 
appear in groups and therefore do not corrupt the time series. 
Also, due to the short length of the time series, we assume 
that the temporal variability is not substantially affected by 
the gap filling. After removing linear trends, power spectral 
density estimates of the 10 m wind magnitude were calcu-
lated using Welch’s averaged modified periodogram method 
(Belušić and Güttler 2010; Večenaj et al. 2010). In this pro-
cedure, the half-overlapping window length was equal to 256 
data points, and the sampling rate was 3 h.

3 � Results and discussion

3.1 � Spatial wind characteristics

Figure 2 displays the seasonal-mean (winter season-DJF and 
summer season-JJA) wind vectors, scalar wind speeds and 
wind steadiness over the Adriatic for ERA-Interim reanalysis 
(Fig. 2 first column, the lowest resolution available) and for 
the ETHZ-CCLM-02 simulation (Fig. 2 second column, the 
highest resolution available). The wind steadiness is a non-
dimensional parameter defined here as the non-linearized 
ratio of the mean vector and scalar wind speed (Halpren 
1979; Powell et al. 1995; Dunion et al. 2003) ranging from 0 
(low wind direction persistency) to 100% (fixed wind direc-
tion in time), which allows the detection of dominant per-
sistent wind regimes. The added value of dynamical down-
scaling to finer grid spacing can immediately be recognised 
from the much more detailed structures in the spatial wind 
patterns (Fig. 2).

In DJF and over the Croatian lowlands, the relatively 
weak northwesterly (NW) wind in ERA-Interim (Fig. 2a) 
does not deviate significantly from the prevailing westerly 
wind in ETHZ-CCLM-02 (Fig. 2b). Still, improvements can 
be seen in much finer wind structures (taking into account 
more variable wind intensity, direction and steadiness). 
They are evident over the entire mountainous ranges and 
in the vicinity of the isolated mountains in the lowlands. 
Regardless of the horizontal grid spacing, coastal and open-
sea areas are characterized by northeasterly (NE) wind of 

greater intensity and wind steadiness (>40%; Fig. 2a–d). In 
contrast to the relatively uniform wind field in the ERA-
Interim reanalysis (Fig. 2a, c), ETHZ-CCLM-02 (Fig. 2b, 
d) simulates much more complex wind structures. Regions 
of the NE wind with greater speeds (Fig. 2b) overlap with 
regions of wind steadiness exceeding 60% (Fig. 2d) along 
the eastern Adriatic coast. They reveal the Bora jets, which 
are associated with coastal mountain passes, as observed in 
measurements and case-study simulations (Grisogono and 
Belušić 2009; Stiperski et al. 2012; Prtenjak et al. 2015). 
Opposite to the Bora wind, the Sirocco is not easily identifi-
able in the 10 m wind climatology (over the open sea). An 
indication is the low wind steadiness over the open-sea area 
(particularly southward from the Middle South Adriatic).

In the JJA season, which is less windy than the DJF sea-
son, the wind intensity differs less between land and open 
sea (Fig. 2e, f). Still, the wind speed over the sea is greater, 
revealing two dominant wind regimes. NE-E flow occurs in 
the northern part of domain and NW flow in the southern 
part (Etesian; with steadiness >60%), which strengthens 
towards the south. In the ETHZ-CCLM-02 simulation, larger 
variations in the coastal wind directions (Fig. 2f) as well as 
mostly low wind steadiness (<30%; Fig. 2h) indicate the 
presence of thermally-induced winds (sea/land breezes and 
slope winds) that alternate in wind direction within 24 h.

The seasonal wind climatology, especially from ETHZ-
CCLM-02, corresponds well to the 10 m wind distribution 
obtained by the ALADIN model at 2 km grid spacing made 
by dynamical adaptation in Horvath et al. (2011) (see their 
Fig. 2) and QuikSCAT analysis in Accadia et al. (2007) (see 
their Fig. 3).

3.2 � Model evaluation

Throughout this paper, improvements introduced by fine-
resolution simulations will be quantified using various 
validation techniques. A detailed validation of the surface 
wind values against available observations was performed 
in time and space. First, a basic overview of all 47 stations is 
provided. According to Herrmann et al. (2011) and Menen-
dez et al. (2014), the variability of the wind field over land 
is largely influenced by fine-scale topography, while the 
wind field over the open-sea is mostly affected by large-
scale atmospheric circulations. Following their hypothesis, 
the wind field in the Adriatic experiences the influence of 
various terrain types, from the open-sea region, where the 
driving processes are mainly under the influence of large-
scale motions and where the wind field is more uniform, 
to the coastal transition region, where topography plays a 
significant role in the wind field modifications, and to the 
inland region, where the wind field is again more homoge-
neous (see Fig. 2). Consistent with these studies, and with 
the wind characteristics discussed in Sect. 3.1, the stations 

Fig. 2   (Top panels) winter season (DJF) and (bottom panels) summer 
season (JJA) wind field and persistence in the Adriatic domain for 
ERA-Interim (left column) and ETHZ-CCLM-02 (right column). The 
wind field is presented as mean vectors (vectors) and the mean scalar 
wind speeds (colours) for the periods shown in Table 1. Arrows are 
normalized and denote only the wind direction. The wind steadiness 
is a non-dimensional parameter defined as the ratio between mean 
vector and scalar wind speed ranging from 0 (low wind direction per-
sistency) to 100% (fixed wind direction in time) which allows detec-
tion of dominant persistent wind regimes. The white symbols denote 4 
region representatives

◂
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are categorised into four main groups: open-sea locations, 
inland stations, coastal stations in relatively flat terrain and 
coastal stations in complex terrain with steep hinterland.

3.2.1 � Conventional statistics in time and space

In Fig. 3, distributions of bias, RMSD and correlation coef-
ficients for all 47 stations are presented by regions for a 
chosen set of simulations (i.e., ERA-Interim, 0.44°, 0.11° 
and 0.02° grid spacing). Therefore, each topographic group 
is presented separately and each station depicts a sample 
in the distribution. The biases over the open-sea region 
(Fig. 3a) are mostly negative, with the spread ranging from 
−2.5 to 2 m/s, depending on the particular location. This 

means that the wind speeds are underestimated in the simu-
lations. In contrast, most of the biases over the inland sta-
tions are approximately zero or positive (in the range of −3 
to 4 m/s, Fig. 3b), indicating overestimated wind speed in 
the simulations. Furthermore, while the biases for coastal 
stations in relatively flat terrain show similar characteristics 
(Fig. 3c) as further inland, the maximum biases in the com-
plex coastal region (Fig. 3d) are two times larger than the 
other maximum biases. In the coastal terrain with steep hin-
terland, the values range from −2 to 8 m/s, indicating a large 
spread of biases among stations. This implies that refining 
the grid spacing to a few km is needed if we want to cap-
ture the small-scale low speed wind features and overcome 
well-known model limitations (e.g., insufficient discernment 
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Fig. 3   Bias (red), RMSD (green) and correlation coefficient (blue) 
summarized for all 47 locations analysed. Each box represents a dis-
tribution where all the stations are integrated. The results are divided 
in three groups, namely a open-sea locations, b inland locations and c 

locations in flat coastal terrain and d locations in complex coastal ter-
rain. Numbers from 1 to 11 represent NN 0.11° simulations, number 
12 is 0.02° NN simulation, as seen from the legend in the bottom 
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by horizontal and vertical grids, too coarse topography and 
land-use representations, switching on/off of certain model 
parameterizations). The presented results also agree with 
Obermann et al. (2016) (see their Fig. 9), where the biases 
range from −3 to 2 m/s at open-sea and from −1 to 5 m/s 
over land.

The RMSDs are larger above sea and along the com-
plex coastline  (~2–3  m/s), where the wind intensity is 
high and smaller over the flat coastline and in the lowlands 
(1.5–2 m/s) (Figs. 2, 3). The correlation coefficients vary 
from region to region and between models, showing higher 
values above the open-sea region and steep coastline where 
the wind is more intense and, in some seasons, largely 
persistent.

Comparing only models, the biases and the spread 
in biases are lowest for ETHZ simulations and CNRM-
ALADIN52, while they are largest for DHMZ-RegCM42 
and ICTP-RegCM43 for all station locations. In terms of 
temporal correlation coefficients, the ETHZ simulations 
and ERA-Interim are close to each other, while the RegCM 
simulations show the smallest values. ERA-Interim and 
ERA-Interim6 show similar behaviour. Although the impact 
of the differences in these two ERA-Interim products may be 
relevant when analysing specific weather events, the simi-
larities on the climatological time scale support the use of 
ERA-Interim only.

In the following section, the analysis will only be per-
formed on stations representing the four main terrain types 
(see Sect. 3.2): the Middle South Adriatic (open-sea loca-
tion), Zagreb airport (inland station), Zadar airport (sta-
tion in the flat coastal terrain), and Senj (station in com-
plex coastal terrain with steep hinterland). The Zadar and 
Senj areas are interesting because they are well-known 
Bora minimum (Stiperski et al. 2012) and Bora maximum 
(Prtenjak et al. 2015) sites, respectively (see also Fig. 2). 
The main criterion for the open-sea and inland stations was 
data availability.

Taylor diagrams in Fig. 4 are shown for all available sim-
ulations at 0.11° and 0.44° grid spacing for the four chosen 
locations. Since no substantial changes were found after 
upscaling, these results are not shown here. We present the 
open-sea location (Fig. 4a), the inland station (Fig. 4b), the 
station in the flat coastal terrain (Fig. 4c) and the station in 
the complex coastal terrain with steep hinterland (Fig. 4d). 
The largest RMSD can be found for the Zadar airport and 
Senj stations which are located in the coastal area, while the 
smallest can be found at the Zagreb airport station, located 
in the region without large terrain gradients.

The higher-resolution simulations have smaller errors 
compared to their coarser resolution partners. Smaller errors 
in fine grid spacing simulations over open-sea locations were 
also found by Herrmann et al. (2011). For the same terrain 
type, Obermann et al. (2016) found a better representation 

of Mistral and Tramontane conditions in the western Medi-
terranean Sea when the grid spacing was refined. They also 
argued that the highest biases occur in the coastal area, an 
aspect we have also found for our locations depicted in 
Fig. 3.

The ERA-Interim reanalysis has the largest temporal cor-
relation coefficient at all stations analysed, but it usually 
overestimates the measured standard deviation. Moreover, 
all four ERA-Interim time series show very similar behav-
iour, but the results are more sensitive to the horizontal 
interpolation technique chosen (NN or BI, see Sect. 2.5) 
than to the selection of ERA-Interim time series (based on 
the analysis or forecast for specific hours). Moreover, the 
differences between the interpolation approaches (NN or 
BI) in RCMs are negligible, which is particularly important 
for stations in complex terrain with steep hinterland. These 
results imply that the choice of RCM affects the final results 
much more than the choice of interpolation technique. From 
the CORDEX ensemble, CNRM-ALADIN53 appears to 
best fit the observations, being the closest to the normalized 
standard deviation line 1 at all stations and having the great-
est temporal correlation coefficient. Still, for consecutive 
day-to-day events, all 0.11° CORDEX simulations exhibit 
similar results, having generally lower temporal correlation 
coefficient than ERA-Interim, but some simulations locally 
reduce the RMSD (i.e., for Zadar airport where the wind field 
throughout the year is very variable; see also Fig. 11). The 
lower temporal correlation may partly be explained by not 
using spectral nudging; allowing the model to more freely 
evolve in the inner domain. However, while spectral nudging 
can improve the correlation, it typically also decreases the 
variability (von Storch et al. 2000).

ETHZ-CCLM-11 and -02 show good performance, very 
close to that of ERA-Interim. The temporal correlation coef-
ficient obtained from the ETHZ simulations is similar to 
ERA-Interim. Even if the temporal correlation coefficients 
are similar, the reasons for this feature may be different. 
First, the refinement in grid spacing may not lead to linear 
improvement in statistical parameters (seen also when refin-
ing from 50 to 12.5 km) (Ranjha et al. 2016). Second, while 
ERA-Interim assimilates the measurements, it has very 
coarse grid spacing, which does not permit the evolution of 
small-scale events (large RMSD for coastal stations). In con-
trast, the ETHZ-CCLM-02 simulation, with very fine spatial 
resolution, coherently resolves day-to-day events.

The DHMZ-RegCM42 simulation has the lowest tem-
poral correlation coefficient for all stations (as in Fig. 3), 
but its RMSD does not deviate from those of other simula-
tions. It is interesting to note that other studies (Turuncoglu 
and Sannino (2016) over the Mediterranean basin) found 
similar results. Turuncoglu and Sannino (2016) analysed the 
RegCM42 at 0.44° grid spacing coupled with the Regional 
Ocean Modeling System (ROMS) (called REGESM). They 
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found that RegCM standalone and REGESM can reproduce 
quite well the wind direction when averaged over large area, 
but they have problems in reproducing wind field when com-
pared to buoys. They argued that the reason lies in the coarse 
resolution, but our results showed that the 0.11° grid spacing 
simulation did not introduce any improvement. In our study, 
due to relatively poorer statistical indicators, additional sen-
sitivity tests of DHMZ-RegCM42 were performed. The pre-
liminary results showed a sensitivity of the temporal correla-
tion to the choice of the model’s parametrization schemes of 
the planetary boundary layer and deep convection (as shown 
also in Gómez-Navarro et al. 2015). However, further inves-
tigations are still needed to confirm these results.

In addition, Taylor diagrams for DJF and JJA are shown 
in Fig. 5 for the Zadar airport station (a coastal station) and 
for 0.11° simulations with NN interpolation only. Similar 
behaviour is found for the other three group representatives 
(not shown). The overestimation of the measured standard 
deviation is larger and the correlation coefficient is smaller 
in the summer (JJA) season (Fig. 5b) than in the winter 
(DJF) season (Fig. 5a), although the wind magnitude is 
larger in DJF than in JJA (Fig. 2). The seasonal pattern likely 
arises from day-to-day wind speed analysis, due to persistent 
large-scale flows typically found during DJF (Fig. 2), and 
more convective events and smaller-scale variability during 
JJA. The summer conditions are more difficult to reproduce 

ba

0

0.5

0

1

0

1.5

0

2

0

2.5

1

0.99

0.95

0.9

0.8

0.6

0.4
0.20

N
or

m
al

iz
ed

 s
ta

nd
ar

d 
de

vi
at

io
n Co r r .  Coe

f f .

RM
SD

Middle South Adriatic

0

0.5

0

1

0

1.5

0

2

0

2.5

1

0.99

0.95

0.9

0.8

0.6

0.4
0.20

N
or

m
al

iz
ed

 s
ta

nd
ar

d 
de

vi
at

io
n Co r r .  Coe

f f .

RM
SD

Zagreb airport

dc

0

0.5

0

1

0

1.5

0

2

0

2.5

1

0.99

0.95

0.9

0.8

0.6

0.4
0.20

N
or

m
al

iz
ed

 s
ta

nd
ar

d 
de

vi
at

io
n Co r r .  Coe

f f .

RM
SD

Zadar airport

0

0.5

0

1

0

1.5

0

2

0

2.5

1

0.99

0.95

0.9

0.8

0.6

0.4
0.20

N
or

m
al

iz
ed

 s
ta

nd
ar

d 
de

vi
at

io
n Co r r .  Coe

f f .

RM
SD

Senj

Fig. 4   Taylor diagrams exploring the model performance respect 
to the observed wind magnitude for: a an open-sea location (Mid-
dle South Adriatic), b inland location (Zagreb airport), c station in 
the flat coastal terrain (Zadar airport) and d station in the complex 
coastal terrain (Senj). The corresponding legend is to the right. Non 
filled symbols: NN (n), filled symbols: BI (b), black symbols EURO-
CORDEX, blue symbols MED-CORDEX, red symbols ETHZ simu-

lations, red stars ERA-Interim, blue stars ERA-Interim6 prognostic, 
grey symbols 0.44° CORDEX simulations. The diagrams are normal-
ized, so the distance from observations (1, 0 location) corresponds 
to normalized and centred root-mean-square difference, expressed as 
multiple of the observed standard deviation. The period studied: a, c 
2001–2008, b, d 1996–2008
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in RCMs and especially by ERA-Interim. This result is in 
line with previous studies, where it has been shown that 
numerical models typically reproduce weak flow conditions 
(<1.5 m/s) less accurately, particularly over the complex 
coastal terrain (Baklanov and Grisogono 2007; Prtenjak 
et al. 2010b).

Wind magnitude boxplots are presented for the same four 
representative locations (Fig. 6), showing how wind field 
characteristics vary with distance from the coast. In general, 
the differences between inland and coastline locations are 
quite well simulated. The maximum wind speed is higher 
near the Adriatic coast and drops moving inland. A larger 
simulation ensemble spread is found for the coastal station 
(as in Fig. 3), while the simulations at the inland station and 
open-sea location agree within the wind speed range. Both 
the inland station and open-sea location have small ensem-
ble spread, but the inland station has its maximum magni-
tude at approximately 10 m/s and the open-sea location at 
approximately 25 m/s. The boxplots support the hypothesis 
that wind field characteristics exhibit more diverse features 
in complex topography.

The analysis in Fig. 6 demonstrates substantial added 
value for the 0.11° simulations. Comparing both simula-
tions from the same model (default and upscaled simula-
tions), the median usually draws closer to the observations 
in the upscaled results of the 0.11° simulations, shifting the 
whole distribution closer to the observations. Actually the 
simulations with 0.11° grid spacing would be closest to the 
observed boxplots, but they are not show here, since we want 

to focus on the comparison between the upscaled and default 
0.44° grid spacing.

Two statistical tests, 2D Kolmogorov–Smirnov and 
WRS, at the 10% significance level are almost always nega-
tive, rejecting the hypotheses that (a) the two independent 
samples (observations and simulation) arise from the same 
distributions and that (b) the two samples have the same 
median. In fact, none of the four region representatives used 
above (with NN interpolation) satisfy the null hypothesis of 
the 2D Kolmogorov–Smirnov test (not shown), and only at 
Senj is the WRS test positive for the ERA-Interim reanaly-
sis. This finding is rather surprising and indicates that RCMs 
face difficulties in reproducing the observed 10 m wind com-
ponents. We will come back to these results further below, 
when discussing an EOF analysis. Furthermore, we noticed 
that the median wind components are better simulated than 
the wind magnitude. Also, the WRS test showed that the 
median is to some extent better simulated for the DJF and 
JJA time series than it is for the entire period (not shown).

The benefits of dynamical downscaling, compared to 
ERA-Interim reanalysis, are further examined by wind 
magnitude QQ plots (Fig. 7). The results are shown only 
for the NN approach, since the conclusions are the same 
for BI. The results of the QQ analysis confirm the benefits 
of the dynamical downscaling approach in the coastal area, 
especially in the region with complex topography (Senj) 
and for extreme wind events (as in Sotillo et al. 2005; Her-
rman et al. 2011). Similar to the analysis discussed above, 
the open-sea location and the inland station have a smaller 
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Fig. 5   Taylor diagrams exploring the seasonal pattern for wind magnitude at the Zadar airport station (Croatia, coastal station, 2001–2008) for a 
DJF and b JJA. The legend is the same as in Fig. 4, but only for NN interpolation
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ensemble spread but display a systematic underestimation of 
small wind speeds for the open-sea location (as in Herrman 
et al. 2011) and a systematic overestimation for the inland 
station. For the flat coastal stations, on the other hand, all 
simulations overestimate wind magnitude for all ranges of 
wind speed. However, for Senj, no clear grouping (underes-
timation or overestimation) dominates in the ensemble. The 
largest discrepancies in the coarse-resolution simulations 
are found in coastal areas for strong winds associated with 
regional wind patterns (i.e., Bora and Sirocco). Here the 
added value of the high-resolution dynamical downscaling 
is the most evident (see also Fig. 2).

The improvements at 0.11° grid spacing at the open-
sea location and for the inland station are not visible, and 

already the ERA-Interim time series (denoted with blue 
stars) shows a good agreement with observations. For the 
two coastal stations, the added value of the dynamical down-
scaling becomes more evident, and the differences among 
coarser-resolution reanalysis, 0.44° simulations and 0.11° 
grid spacing simulations become larger. Overall, the ETHZ 
simulations (denoted in red) are the closest to the diago-
nal line, and it seems that upscaling the 0.11° simulation to 
0.44° (second column) yields a small improvement.

3.2.2 � Skill scores

For further assessment of the added value with respect to 
ERA-Interim, the modified BSS of ERA-Interim and of the 

Fig. 6   Wind magnitude boxplot 
comparison at 0.44° resolu-
tion for the NN approach at 
a open-sea location (Middle 
South Adriatic), b inland station 
(Zagreb airport), c station in 
the flat coastal terrain (Zadar 
airport) and d station in the 
complex coastal terrain (Senj). 
The box represents the range 
from 25th (P25) to 75th (P75) 
percentile, the red line is the 
median, the red crosses are the 
outliers defined as higher than 
P75 + 1.5 (P75–P25) or smaller 
than P25 − 1.5 (P75–P25). The 
period studied: a, c 2001–2008, 
b, d 1996–2008

a b

0 10 20

CLM−CCLM4−44   
CLM−CCLM4−UPS

DMI−HIRHAM5−44   
DMI−HIRHAM5−UPS

IPSL−WRF331F−44   
IPSL−WRF331F−UPS

KNMI−RACMO22E−44   
KNMI−RACMO22E−UPS

SMHI−RCA4−44   
SMHI−RCA4−UPS

DHMZ−RegCM42−44   
DHMZ−RegCM42−UPS
CNRM−ALADIN53−44   
CNRM−ALADIN53−UPS

ICTP−RegCM−44   
ICTP−RegCM−UPS

UCLM−PROMES−44   
UCLM−PROMES−UPS

ERA−Interim  
ERA−Interim6

Obs

Magnitude (m/s)

Middle South Adriatic

0 10 20
Magnitude (m/s)

Zagreb airport

c d

0 10 20

CLM−CCLM4−44   
CLM−CCLM4−UPS

DMI−HIRHAM5−44   
DMI−HIRHAM5−UPS

IPSL−WRF331F−44   
IPSL−WRF331F−UPS

KNMI−RACMO22E−44   
KNMI−RACMO22E−UPS

SMHI−RCA4−44   
SMHI−RCA4−UPS

DHMZ−RegCM42−44   
DHMZ−RegCM42−UPS
CNRM−ALADIN53−44   
CNRM−ALADIN53−UPS

ICTP−RegCM−44   
ICTP−RegCM−UPS

UCLM−PROMES−44   
UCLM−PROMES−UPS

ERA−Interim  
ERA−Interim6

Obs

Magnitude (m/s)

Zadar airport

0 10 20
Magnitude (m/s)

Senj



4467Near-surface wind variability over the broader Adriatic region: insights from an ensemble…

1 3

RCM simulations are computed (Figs. 8, 9). Since the Tay-
lor diagram (Fig. 4) already showed that the ERA-Interim 
results are affected by the interpolation technique, the results 
for both the NN and BI approaches are displayed. A sensi-
tivity to the chosen interpolation approach can be also seen, 
e.g., in Fig. 8c for the ETHZ-CCLM-11 and -02 simula-
tions. For these simulations, the NN approach shows a 30% 
larger modified BSS than the BI approach. The comparison 
between the upscaled 0.11° and 0.44° simulations is not con-
sistent in the case of the modified BSS.

Over the open-sea (Fig. 8a) and over the inland region 
(Fig. 8b), where ERA-Interim can capture the sea-land mask 
and topography well, the vast majority of RCMs still cannot 
outperform the modified BSS of the reanalysis. The modi-
fied BSS is very high and negative, which is consistent with 
Menendez et al. (2014). Over the open-sea location (Fig. 8a), 
the CNRM-ALADIN53 and ETHZ simulations have a posi-
tive modified BSS. For the coastal stations (Zadar airport 
and Senj), the modified BSS does not indicate consistent 
added value for the RCMs. Although the modified BSS has 
more positive values for higher-resolution RCMs in the case 
of Zadar airport, negative values dominate in Senj. Several 
factors contribute to this result. First, for the Senj location, 
the corresponding model point is classified as a land point 
in the ERA-Interim land-sea mask. This is not the case for 
the Zadar airport location, where the corresponding model 
point is considered a sea point. This misrepresentation leads 
to, e.g., higher-than-observed wind speeds in ERA-Interim 
(Fig. 6c). In addition, the wind above Senj station has very 
high persistence (Fig. 2) due to the NE wind (Bora) during 
the whole year, which was indicated by Poje (1992). Several 
factors influence the Bora formation, including the position 
of the large-scale pressure systems and the height of the sur-
rounding orography. Since ERA-Interim can reproduce the 
large-scale motions correctly and because the topography 
is reasonably well captured for this feature, the persistent 
NE flow at Senj station is successfully captured (see also 
Fig. 12). Thus, there is no possibility for the RCMs to out-
perform the reanalysis. Winterfeldt and Weisse (2009) also 
did not find evident added value when computing the modi-
fied BSS for RCM at a 0.44° grid spacing and NCEP/NCAR 
reanalysis over the northeast Atlantic and North Sea. How-
ever, they find a statistically significant improvement in com-
plex coastal areas and in frequency distribution. In contrast, 
the wind is more variable during the year at the Zadar airport 
station (Fig. 2), and the added value of RCMs, in terms of 
modified BSS, is pronounced. For open-sea locations, we 
find that the majority of 0.11° and 0.44° simulations (except 
the ETHZ simulations and CNRM-ALADIN53) did not add 
any value to the ERA-Interim simulations. It could be argued 
that this is due to the assimilation of QuikSCAT data in 
ERA-Interim reanalysis. Still, Feser et al. (2011) noted that 
the modified BSS at the open-ocean is independent of the 

assimilation of near-surface wind observations, although the 
reanalysis assimilates near-surface winds.

The modified BSS has also a clear seasonal dependence, 
having larger values during DJF than JJA, as illustrated for 
two stations for 0.11° and the NN technique in Fig. 9. The 
same applies for other stations (not shown). From this analy-
sis we conclude that the added value of dynamical downscal-
ing in coastal terrain (Fig. 9a, Zadar airport, Croatia) is fairly 
effective, particularly for the DJF season.

The evaluation based on the skill scores discussed above 
appears to be contradictory. The modified BSS is dependent 
on the daily temporal coherence. Hence we find that the 
added value in terms of temporal correlation is not suffi-
ciently pronounced for all simulations. To preserve the cor-
relation in time, e.g., re-initializations for each simulated 
day, or several times per day, would be needed. We can note 
that the distribution-dependent PSS (Fig. 10) gives more 
consistent results. RCMs are intended to simulate the statis-
tics correctly, and the PSS quantifies how well RCMs fulfil 
this aim. Consequently, we expect RCMs to have a higher 
PSS than ERA-Interim. Since PSS only slightly depends on 
the interpolation technique used, the BI result will be omit-
ted here. The PSS for the 0.11° (and 0.02°) grid spacing 
simulations using the NN approach is analysed in Fig. 10.

In contrast to the results found for the modified BSS, the 
PSS results (Fig. 10) lead to the conclusion that all simula-
tions are quite successful in simulating the PDE. We do not 
find any substantial differences between inland and coastal 
regions. The two ETHZ simulations no longer stand out 
from the CORDEX group, but they still have larger PSS 
values than the ERA-Interim reanalysis (both ERA-Interim 
and ERA-Interim6 time series). In general, the score is the 
highest at the open-sea location, and the spread of the PSS 
range is smaller than for the other two regions, implying 
that they are the easiest to represent, since the motions are 
mostly affected by the large-scale circulation (Winterfeldt 
and Weisse 2009). However, it is surprising that the same 
result also applies for the Adriatic Sea, which is a quite nar-
row semi-open sea that is highly influenced by the surround-
ing mountain ranges. Also consistent is the performance of 
ICTP-RegCM43 and DHMZ-RegCM42 which have the 
lowest PSS at almost all locations. The 0.11° and upscaled 
simulations have a slightly higher PSS than the correspond-
ing 0.44° simulations.

3.2.3 � Wind rose and EOF analysis

Wind roses are used to investigate the wind field’s frequency 
and angular distribution. For coastal stations in the Adriatic 
coast they are particularly insightful, since these stations are 
under the influence of severe winds (i.e., Bora and Sirocco). 
Figure 11 shows the wind rose for the NN approach at the 
Zadar airport station. At this station, all typical winds are 
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equally represented, and the Bora wind speeds are typically 
small. The wind roses contain a CORDEX group mem-
ber representative at 0.11° (Fig. 11d), 0.44° (Fig. 11f), the 
upscaled resolution (Fig. 11e), the ETHZ simulations at 
0.11° (Fig. 11c) and 0.02° (Fig. 11b) and, finally the ERA-
Interim simulation (Fig.  11g). While ETHZ-CCLM-02 
clearly agrees the best in terms of wind direction frequen-
cies, it overestimates the wind magnitude, especially for 
higher wind speeds. However, it captures the Bora direction 
(NE) and Sirocco direction (SE) quite well. The correspond-
ing 0.11° simulation (ETHZ-CCLM-11) also captures the 
Bora wind and while it agrees better on the wind magnitude, 

Fig. 7   QQ plots of wind magnitude for a–c open-sea location (Mid-
dle South Adriatic, 2001–2008), d–f inland station (Zagreb airport, 
1996–2008), g–i station in the flat coastal terrain (Zadar airport, 
2001–2008) and j–l station in the complex coastal terrain (Senj, 
1996–2008) extracted using NN method. First column (a, d, g): 0.11° 
simulations, second column (b, e, h): upscaled 0.11°–0.44° simula-
tions and third column (c, f, i): 0.44°. Diagonal line represents the 
1–1 relationship. EUR-CORDEX simulation are in black, MED-
CORDEX in blue, ETHZ-CCLM-11 in solid red, ETHZ-CCLM-02 
in dashed red, ERA-Interim in solid blue and ERA-Interim6 in 
dashed blue. Symbols are the same as for Fig. 4. QQ lines are plotted 
using every 10-th percentile for values smaller than median and every 
5-th percentile for values larger than median
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Fig. 8   The modified BSS for: a an open-sea location (Middle South 
Adriatic), b inland station (Zagreb airport), two coastal stations c 
Zadar airport and d Senj. BSS shown is the one calculated with ERA-
Interim analysis data series. Each number on x-axis represents a sim-
ulation corresponding to the legend to the right. First bar: BSS for 

0.11° (or 0.02° for ETHZ) simulation, second bar: 0.44° simulations 
and third bar: upscaled 0.11°–0.44° simulations. ETHZ simulations 
(when available) have 0.11° and 0.02° resolution. The period studied: 
a, c 2001–2008, b, d 1996–2008
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it overestimates its frequency. The CLM-CCLM CORDEX 
0.11° representative simulates the wind magnitude very 
well, but it overestimates the number of Bora events as 
well. Similar to ETHZ-CCLM-11, it does not capture the 
NW flow (i.e., Etesian) correctly. The wind rose is the most 
sensitive to the very fine topographic changes that can be 
seen when comparing the CORDEX 0.11° and UPS simula-
tions. The two 0.44° simulations, in principle, both capture 
Bora, but they overestimate the number of events. The wind 
rose features greatly change when upscaling is applied, and 
the discrepancies compared to the observed wind rose are 
greater than in the corresponding 0.11° simulation. The 
upscaled simulation also has a slightly higher wind speed. 
ERA-Interim cannot capture the large variability in the 
wind field (seen also from Fig. 4c) and it performs similar 
to the 0.44° CORDEX simulation. Furthermore, for inland 
stations, no such strong wind events are observed (as seen 
from the ETHZ simulation in Fig. 2), and therefore, the wind 
direction frequencies are more evenly distributed. Thus, the 
coarse-resolution RCMs can, for inland stations, simulate 
the wind rose (in terms of both direction and speed) more 
skilfully. While not shown here we would like to add that 
in other locations greatly influenced by Bora (e.g., Trieste, 
Split, Dubrovnik (Fig. 2); Prtenjak et al. 2010a; Horvath 
et al. 2011), all simulations can capture the Bora flow during 
the period examined.

The strongest Bora events are usually detected in winter 
(DJF season), particularly at the Senj station (Fig. 2). Here, 
the observations agree quite well with the RCM simula-
tions [0.11° representative (Fig. 12 b), 0.44° representative 
(Fig. 12d) and upscaled resolution representative (Fig. 12c)]. 
The maximum Bora wind speed observed at Senj station 
is 17 m/s, while the 0.11° simulation gives a maximum of 
19 m/s, 0.44° gives 16.5 m/s and the upscaled resolution 
12.5 m/s. The NE direction of the Bora wind is captured best 
by the 0.11° simulation, but overall it shows a low frequency 
of SE winds not present in the observations. The upscaled 
simulations and those with 0.44° grid spacing show simi-
lar results, underestimating the magnitude and the number 
of Bora events at Senj. ERA-Interim agrees well with the 
observations, in terms of both wind direction and magni-
tude. This is because the wind at this location is persistent 
during the year (see Sect. 3.1). If the large-scale circulation 
is captured well, the wind field at this location will also be 
well represented.

To confirm the results of the wind rose analysis and those 
of the 2D Kolmogorov–Smirnov test, the study has been 
complemented by an EOF analysis. In Fig. 13, we present 
the major axis ratio and major axis angle differences. The 
simulations that perform well have a simulation/measure-
ment major axis variance ratio close to 1. At open-ocean 
(Fig. 13a) the observed major axis (which indicates the 
direction with the most variable wind magnitude) tilt is 158°, 
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Fig. 9   The modified BSS calculated based on ERA-Interim analysis 
time series for DJF and JJA seasons 0.11° (or 0.02° for ETHZ) simu-
lations using NN technique. a coastal station (Zadar airport, 2001–

2008), b inland station (Zagreb airport, 1996–2008). Each number at 
x-axis denotes one simulation as in Fig. 3
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indicating that the NW-SE axis is the most variable. This is 
because Etesian and Sirocco flows dominate in this region. 
The ETHZ simulations in Fig. 2b successfully reproduce the 
JJA Etesian with large persistence. The SE direction corre-
sponds to Sirocco, but we find that it is mostly missing in the 

simulations. It can be seen that the discrepancies between 
the simulations and the measurement are not large overall 
but are the largest for Zadar airport (Fig. 13c), since this 
station has a very variable wind direction (see Fig. 11). The 
angle of the major axis, however, has a shift. At the stations 
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Fig. 10   PSS based on 0.11° (and 0.02°) simulations using NN 
approach for a open-sea location (Middle South Adriatic), b inland 
station (Zagreb airport), c station in the flat coastal terrain (Zadar air-
port) and d station in the complex coastal terrain (Senj). Each number 
represents one model as in Fig. 3. Three bars are attached to a single 
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Fig. 11   Wind rose obtained by 
NN approach at Zadar airport 
(2001–2008) for a measure-
ments, b ETHZ-CCLM-02, c 
ETHZ-CCLM-11, d CLM-
CCLM4-11, e CLM-CCLM4-
UPS, f CLM-CCLM4-44 and g 
ERA-Interim reanalysis
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in the northern part of our domain, both simulations and 
observations usually have the major axis in the 1st quadrant 
(NE direction), with the simulations having a tilt shift within 
the 1st quadrant. The observed tilt changes from north (Senj, 
where the tilt is 65°) to south (Middle South Adriatic, where 
the tilt is 158°), and it moves from the NE direction (Bora) to 
the NW-SE direction (Etesian and Sirocco). The simulations 
follow that pattern quite well. To corroborate these results 
further, a denser observational network and more stations 
with an uninterrupted series of SYNOP data over the south-
ern Adriatic are needed. Another finding of the EOF analysis 
worth noting is that the RCM simulations can reproduce 
the climatology of the wind direction, simulating Bora in 
the north and the Etesian wind in the south Adriatic. This 
is particularly important because the Bora wind has a large 
spatial variability in magnitude along the eastern Adriatic 
coast (Grisogono and Belušić 2009), also shown in Fig. 2.

3.2.4 � Spectral analysis

A successful RCM should resemble the power spectrum 
density function obtained from measurements for the entire 

frequency range. To cover the relevant frequency range (i.e., 
daily and sub-daily scales), power spectrum analysis is con-
sidered only for the high-resolution simulations that provide 
sub-daily data for our study, namely, SMHI-RCA4, DHMZ-
RegCM42, ETHZ-CCLM-11 and ETHZ-CCLM-02. No sig-
nificant differences between the NN and BI approaches were 
noticed; therefore only the NN time series are shown here. 
The analysis was performed for stations with less than 10% 
of SYNOP data missing (c.f. Sect. 2.5). The group repre-
sentative stations presented above did not fulfil this condi-
tion at the sub-daily timescale, so we take another set of sta-
tions. Available simulations for Daruvar (Croatia, Fig. 14a), 
Gospić (Croatia, Fig. 14b), Varaždin (Croatia, Fig. 14c), 
Zadar airport (Croatia, Fig. 14d), Cervia airport (Italy, 
Fig. 14e) and Zagreb Maksimir (Croatia, Fig. 14f) disclose 
three pronounced peaks at 24, 12 and 8 h periods (Ray and 
Poulose 2005) (Figs. 14, 15), perfectly matching the three 
peaks present in the observational time series. We notice 
larger differences between observations and simulations for 
periods less than 24 h, again implying that the simulations 
represent large-scale circulation quite well, but the 0.11° 
simulations have difficulties in simulating motions on a 
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Fig. 14   Observed versus modelled spectral power distribution for 
wind magnitude at stations: a Daruvar (Croatia), b Gospić (Croa-
tia), c Varaždin (Croatia), d Zadar airport (Croatia), e Cervia airport 
(Italy) and f Zagreb Maksimir (Croatia). Locations of the stations can 

be seen in Fig. 1. The period studied: 2001–2008. Legend in a cor-
responds to all other subfigures; DHMZ-RegCM42-11 in red, SMHI-
RCA4-11 in green, ETHZ-CCLM-11 in blue and ETHZ-CCLM-02 in 
purple 
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sub-diurnal time scale. For periods less than 24 h, the energy 
stored in the simulations is more dispersed. The DHMZ-
RegCM42 simulation has the greatest energy, while ETHZ-
CCLM-02 best fits the observations. Here, we can address 
the sub-daily differences between the ETHZ-CCLM-11 and 
ETHZ-CCLM-02 simulations. Both simulations are very 
close to the observations in the larger-than-diurnal time 
range, but in the sub-daily time range, the 0.02° simula-
tion agrees better with the observations, having more skill 
in reproducing features on shorter time scales. Additionally, 
increasing the horizontal resolution adds more detail, par-
ticularly in the maximum wind speed (Figs. 11, 12), but the 
basic structure remains the same. Consequently, the simu-
lated power is modified, but the positions of the peaks in the 
spectra do not change (Fig. 15). Figure 15 displays a zoomed 
illustration for Varaždin station, where ETHZ-CCLM-02 
agrees best with the observations and DHMZ-RegCM42 has 

the largest discrepancies. Note that the differences between 
the 0.11° and 0.02° ETHZ simulations are clearly visible, 
especially for periods less than 24 h (similar to the precipi-
tation and temperature analysed in Ban et al. 2014, 2015).

The spectral power distribution at different ranges, nor-
malized by total power (x-axis) and by the observed power 
in the same frequency range (y-axis) (following Žagar et al. 
2006), is provided in Fig. 16. This figure summarizes infor-
mation about the spectral power distribution at different 
time ranges for all 6 stations. Each station is denoted by one 
symbol, while the colours represent each simulation, as in 
Fig. 14. The ranges are defined to capture the longer-than-
day (LTD, greater than 26 h), diurnal (from 22 to 26 h) and 
sub-diurnal (6–22 h) motions. All simulations close to the 
red line and simultaneously close to the corresponding black 
symbol are considered successful. Looking at the x-axis, 
we notice that all simulations have more power in the LTD 
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colours are associated with specific model as in Fig.  14; DHMZ-
RegCM42-11 in red, SMHI-RCA4-11 in green, ETHZ-CCLM-11 in 
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range than in the diurnal or sub-diurnal ranges (also found 
in Žagar et al. 2006 and Horvath et al. 2011), meaning that 
synoptic and longer timescale perturbations contribute over 
60% of the spectral power. Hence, the diurnal range is not 
significant except in the observations (i.e., all simulations 
have too much power in the LTD range). Looking at the 
y-axis, all simulations in the LTD range have energy close 
to or greater than that observed (red line). For diurnal and 
sub-diurnal motions, there is a large spread under and over 
the red line, respectively. The simulated LTD spectral power 
can be close to the observations, but at the same time, it 
can hold 90% of the total simulated spectral power, which 
implies that only the LTD range is simulated well and the 
diurnal and sub-diurnal parts of the spectrum are lacking 
energy. Let us further investigate the Cervia airport station 
(Italy), denoted by a circle in Fig. 16. For this site, there is 
quite a large percentage (compared to other simulations) of 
sub-diurnal power in ETHZ-CCLM-02; 24% of the simu-
lated power is in the sub-diurnal range, but this represents 
52% of the observed sub-diurnal power at this location. The 
ratio between all simulated and observed power in the LTD 
range at Cervia airport is almost exactly 1, but the respective 
values range in their contribution to the total power, from 
58% for ETHZ-CCLM-02 to 75% for SMHI-RCA4 and 51% 
for the observations (Fig. 14), implying that there is a dif-
ferent energy distribution among the subranges in different 
simulations.

4 � Summary and conclusions

In this study, the wind field from RCM simulations over the 
Adriatic region was extensively evaluated on climate time-
scales. For this purpose, all CORDEX simulations, available 
at the time this study was performed, and two additional 
simulations provided by ETHZ were employed, as well as a 
number of methods of model validation.

Here we summarize the main points addressed in this 
study, and provide an overview of the conclusions.

The simulations with 0.11° and 0.02° grid spacing can 
realistically simulate important structures of the flow not 
present in the coarser grid simulations. There is a possibil-
ity of added value in the upscaled 0.11° simulations when 
compared to the 0.44° partners. This is indicated e.g., by the 
better agreement of the upscaled simulations in terms of the 
median and the interquartile range of the wind magnitude 
seen in the boxplots for the representative locations. How-
ever, for the modified BSS, there is no clear improvement 
when increasing the grid spacing from 0.44° to 0.11°. At the 
same time, the default 0.11° and upscaled 0.11° simulations 
tend to have a slightly higher PSS than the corresponding 
0.44° simulations.

Differences between the ETHZ simulations at 0.11° and 
0.02° can be seen when looking at the sub-daily scale in 
spectral analysis, where the 0.02° simulations lie within the 
observational uncertainties.

More details in the spatial structure of the 10 m wind 
are present as the grid spacing decreases. This is accompa-
nied by more intensive wind in parts of the domain where 
e.g., Bora wind is a dominant type of flow. Although ERA-
Interim has a larger temporal correlation coefficient than 
all CORDEX RCMs, the temporal correlation coefficient 
obtained from the ETHZ simulations is similar to ERA-
Interim. There might be several reasons for this difference. 
First, the refinement in grid spacing may not lead to lin-
ear improvements in statistical parameters. Second, ERA-
Interim assimilates the measurements, but the coarse grid 
spacing does not permit the evolution of the small-scale 
events (large RMSD for coastal stations). On the other hand, 
the ETHZ-CCLM-02 simulation, with very fine spatial and 
temporal resolution, coherently resolves day-to-day events. 
Since the modified BSS is also dependent on the temporal 
coherence of the events, the majority of the RCMs cannot 
outperform ERA-Interim in terms of the modified BSS (e.g., 
Senj, where the wind is persistent and is mainly generated 
by the large-scale circulation).

The results for ERA-Interim are more sensitive to the 
horizontal interpolation technique than to the differences 
between the ERA-Interim pure analysis product and the 
prognostic product. In some cases, (e.g., Taylor diagram), 
the upscaling of the 0.11° simulations to 0.44° does not 
introduce major differences in the results and conclusions, 
while in the QQ plots, the improvements are clearly visible. 
The choice of interpolation method has the secondary effect 
on the QQ plots over the entire range of values. However, 
there are examples where the use of a specific interpolation 
method can improve the results (e.g., a 30% increase in the 
modified BSS when the interpolation changes from the BI 
to NN for the ETHZ models for the Zadar airport station).

We document several results that favour specific models. 
Biases in the wind magnitude are the lowest for the ETHZ 
simulations and for CNRM-ALAIND53, while the largest 
biases are found for DHMZ-RegCM42 and ICTP-RegCM43. 
CNRM-ALADIN53 is generally the best CORDEX model 
in capturing the observed temporal variability. Even greater 
improvements are found for the two non-CORDEX simula-
tions, i.e., ETHZ-CCLM-11 and ETHZ-CCLM-02. Also, 
over the analysed open-sea location, the CNRM-ALADIN53 
and ETHZ simulations are better than the ERA-Interim 
reanalysis, as measured in terms of the modified BSS. It is 
important to keep in mind that discrepancies between simu-
lations and observed data may also be due to inaccuracies 
in both land-based and QuikSCAT data.

Over the open-sea/inland locations, the models typically 
underestimate/overestimate the observed wind speed. The 
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temporal correlation coefficient has a higher value over the 
open-sea and for steep coastline locations. The observed 
differences between inland and coastline stations are well 
captured by the models, with maximum wind speeds over 
the Adriatic coast dropping when moving inland. The open-
sea and inland stations are found to have a smaller ensemble 
spread (and are grouped around the 1–1 diagonal in the QQ 
plots) in comparison with the flat coastal stations, where a 
large ensemble spread and the overestimation of the small 
wind speed prevails. Also, all models perform fairly well in 
reproducing the observed PDE of the wind magnitude, as 
measured by the PSS.

Regions of the NE wind with greater speed in the DJF 
season overlapping with the wind steadiness greater than 
60% along the eastern Adriatic coast are observed in the 
ETHZ-CCLM-02 simulation. They are the part of the well-
known Bora jets, which are associated with mountain passes. 
Opposite to the Bora wind, the Sirocco (SE) wind is not 
easily distinguishable in the 10 m wind climatology. How-
ever, the low wind steadiness over the open-sea area in the 
DJF season (particularly southward from the Middle South 
Adriatic) points to the occurrence of such a wind type. In the 
JJA season, the ETHZ-CCLM-02 simulation can success-
fully reproduce the JJA southern Adriatic Etesian with large 
persistence. In the northern Adriatic and in the JJA season, 
the ETHZ-CCLM-02 simulation indicates the detection of 
thermally induced winds (sea/land breezes and slope winds) 
that alternate in wind direction within 24 h. The dominant 
frequencies of these wind regimes can also be seen in the 
spectral analysis, which discloses three large peaks at 24, 12 
and 8 h periods, also seen in the observational time series.

Based only on this study, no simple recommendation can 
be made concerning the optimal grid spacing when explor-
ing the wind projection for the 21st. However, higher-reso-
lution simulations provide more details, as they reproduce 
local winds that influence the life and tourism in these areas 
and have smaller biases. Since these simulations are quite 
computationally expensive, it may take several years until 
we have a set of climate projections comparable to those in 
the CORDEX project. Thus, our future work will explore 
the wind projections in climate change simulations from the 
CORDEX archive. We will evaluate the projected climate 
change signal in comparison to the inter-ensemble spread 
and the models’ systematic deviations from the observations.
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