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Abstract

:

In this work, we discuss the results of numerical simulations performed with the regional model COSMO-CLM over the Mediterranean area at a spatial resolution of 14 km, employing an optimized model configuration. An assessment of model capabilities to reproduce the main features of the recent and past climate has been performed, using two different simulations: The first simulation is driven by the ERA40 Reanalysis and the second, by the CMCC-MED global model. Validation is performed through a comparison with the E-OBS dataset. Climate projections, according to the SRES A1B emission scenario, have been further analyzed in terms of change of 2-m temperature and precipitation, and have shown a significant warming expected at the end of the 21st Century, along with a general reduction in precipitation, particularly evident in spring and summer.
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1. Introduction


The Mediterranean area is situated between northern Europe and Africa; two quite different regions, in climate terms, so its unique position determines a complex set of conditions and features, making it a worthy area to be analyzed.



The eastern part of the Mediterranean is connected to the Black Sea through the Bosporus channel. It is through the Strait of Gibraltar that the comparatively fresher Atlantic water flows into the Mediterranean Sea, to replace both the evaporated water and the denser, saltier Mediterranean water flowing out deep into the Atlantic. Inter-annual variability is also observed and is directly related to the one of the atmospheric forcing [1]. Such physical processes are characterized by two critical features: They derive from a strong air–sea coupling and occur at fine spatial scales. Any minor change occurring in this circulation system may trigger considerable alterations of the Mediterranean climate [2]. For these reasons, increasing concentrations of greenhouse gases deserve particular attention, turning the Mediterranean area into a significant point of interest for future climate projections [3]. Given its semi-enclosed nature, as well as its smaller thermal inertia compared to large oceans, this sea is more sensitive to the variations of the atmosphere–ocean interactions. As it remains uncertain how projected climate change will cause further modifications within the marine ecosystem, by breaking existing food chains, by modifying ecological balances, and ocean productivity, the first step towards understanding the observed changes in ecosystems is the evaluation of the environmental status of the basin. The need for information on climate change is one of the central issues within the global change debate. This is mainly due to the requirements of the policy and decision makers to design or set up reliable and adequate strategies, plans and adaptation actions. In fact, as reported in the last Special Report of the Intergovernmental Panel on Climate Change [4], nowadays, there is a necessity to manage the specific risks expected in the different world regions, as consequences of the climate change. In order to be able to respond to the growing demand for climate information, the scientific community is strongly devoted to implement accurate numerical models. Two types of modeling tools can be used to simulate climate changes in response to increasing Greenhouse Gas (GHG) concentrations: General Circulation Models (GCM) and Regional Climate Models (RCM). The resolution adopted by GCM (about 100 km) is not sufficient to adequately capture the orographic features of this complex area. However, RCMs provide an increase of the resolution and are able to capture physical processes and feedbacks occurring at regional or local scales [5]. A number of RCM systems have been developed during the last years in order to downscale the output of large-scale GCM simulations and produce fine scale regional climate change information. Today multi-decadal-to-centennial simulations at grid spacing of a few tens of km or even less have become feasible, in particular under the framework of the CORDEX initiative [6]. The high resolution allows the possibility to obtain detailed climate analysis, which can be useful in different applications, particularly as an input for the impact models [7]. Such models have a resolution of hundreds of meters, making it possible to bridge the gap between climate and impact models, creating a more realistic coupling, especially in regions with complex topography.



The capabilities of ten RCMs were assessed over Europe including Mediterranean in the framework of the PRUDENCE project [8]. The ENSEMBLES project [9] generated a set of RCM simulations (about 25-km resolution) to analyze climate change in Europe, which have been evaluated in many works. An excellent assessment of climate projections over the Mediterranean area is reported in [2], where a large set of global climate simulations, under different GHG emission scenarios (spanning almost the entire IPCC scenario range), was analyzed. The model ensemble (considering the A1B scenario) projects a general reduction in precipitation (up to −40%), mainly evident in summer, over the eastern and western Mediterranean. The only exception is an increase of precipitation during winter over some areas of the northern Mediterranean basin, especially on the Alps. Concerning temperature, a maximum warming is expected in summer, up to 5 °C, over Spain, being the mitigating effects of the Mediterranean Sea and the reduced warming over the sea areas is present in all seasons. The mentioned work [2] contains also an assessment of regional climate projections developed in the frame of the PRUDENCE project.



It is worth noting that RCMs are computationally demanding, and that, although RCMs are able to capture the basic climatic features, some biases still exist, especially concerning precipitation. The reason for such biases includes systematic model errors caused by imperfect conceptualization, discretization and spatial averaging within the grid cells. This makes the use of RCM simulations as direct input data for hydrological impact studies more complicated.



In this work, regional climate simulations are performed with the model COSMO-CLM [10] in the Mediterranean area, at a spatial resolution of 14 km. The non-hydrostatic modeling allows providing a good description of the convective phenomena, which are generated by vertical movement (through transport and turbulent mixing) of the properties of the fluid as energy (heat), water vapor and momentum. The first aim of this work is to investigate the capabilities of COSMO-CLM at high resolution to describe the climatology and mean climate of the Mediterranean region in the recent and past period. Although high resolution is expected to provide benefits on the representation of climate features, an evaluation of RCMs capabilities in reproducing average properties over such a wide area at resolution of about 15 km is still challenging. The second aim is the analysis of climate projections over the 21st Century, considering 100-year period between 1971–2000 and 2071–2100 according to the A1B emission scenario [11]. It was defined by IPCC in the Special Report on Emissions Scenarios (SRES) and describes a future world of very rapid economic growth, population that peaks in mid-century and declines thereafter, with a balance between fossil and non-fossil energy sources. Actually, high resolution allows obtaining detailed future scenarios, which can be used in different applications, in particular as input for impact models, creating a more realistic numerical chain especially in regions with complex topography. Moreover, even if the domain considered in the present work is larger, the present results could be useful in the frame of the MED-CORDEX initiative [12].




2. Model and Data


2.1. The Regional Climate Model COSMO-CLM


The regional model COSMO-CLM [13] has been used to perform climate simulations: It is the climate version of the COSMO LM model [14]. This model is the operational non-hydrostatic mesoscale weather forecast model developed initially by the German Weather Service (DWD) and then by the European Consortium COSMO. Successively, the model has been updated by the CLM-Community, in order to also develop a version for climate applications. The development of the COSMO-CLM has been driven by two main reasons: The first was the idea of developing a model for both weather and climate applications, while the second was the need of introducing a non-hydrostatic formulation, in order to have a convection resolving weather simulation. This is a very important topic, due to the difficulty in predicting the effects of convection, such as sudden high intensity rainfall. COSMO-CLM can be used with a spatial resolution between 1 km and 50 km even when the non-hydrostatic formulation of the dynamical equations made it suitable especially for the use at horizontal grid resolution lower than 20 km [15]. These values of resolution are usually close to those requested by the impact modelers, allowing to describe the terrain orography better than global models, where there is an over and underestimation of valley and mountain heights, leading to errors in precipitation estimation, closely related to terrain height. Moreover, the non-hydrostatic modeling provides a good description of convective phenomena, which are generated by vertical movement (through transport and turbulent mixing) of the properties of the fluid as energy (heat), water vapor and momentum. Convection can redistribute significant amounts of moisture, heat and mass on small temporal and spatial scales. Furthermore, convection can cause severe precipitation events (such as a thunderstorm or a cluster of thunderstorms). The mathematical formulation of COSMO-CLM consists of the Navier–Stokes equations for a compressible flow. Atmosphere is treated as a multicomponent fluid (made of dry air, water vapor, liquid, and solid water) for which the perfect gas equation holds and subjects to gravity and to Coriolis forces. The model includes several parameterizations, in order to keep into account, at least in a statistical manner, several phenomena that take place on unresolved scales, but that have significant effects on the meteorological interest scales (for example, interaction with orography). The main features of COSMO CLM are the following:




	
Non hydrostatic, full compressible hydro-thermodynamical equations in advection form;



	
base state: Hydrostatic, at rest;



	
prognostic variables: Horizontal and vertical Cartesian wind components, pressure perturbation, temperature, specific humidity, cloud water content. Optional: Cloud ice content, turbulent kinetic energy, specific water content of rain, snow and graupel;



	
coordinate system: Generalized terrain following height coordinate with rotated geographical coordinates and user defined grid stretching in the vertical direction. Options for (i) base-state pressure based height coordinate; (ii) Gal Chen height coordinate; and (iii) exponential height coordinate (SLEVE) according to [16];



	
grid structure—Arakawa C-grid, Lorenz vertical grid staggering;



	
time integration: Time splitting between fast and slow modes (Leapfrog, Runge-Kutta);



	
spatial discretization: 2° order accurate Finite Difference technique;



	
parallelization: Domain Decomposition (MPI as message passing S/W);



	
parameterizations: Subgrid-Scale Turbulence; Surface Layer Parameterization; Grid-Scale Clouds and Precipitation; Subgrid-Scale Clouds; Moist Convection; Shallow Convection; Radiation; Soil Model; Terrain and Surface Data.








The simulation setup is briefly summarized in Table 1. The model version used to run the simulation is 4.8 CLM13 and the interpolator INT2LM model version 1.10 CLM2. A horizontal resolution of 0.125° (about 14 km) has been adopted. Two simulations have been carried out over the domain −10°–40°E/29°–57°N, shown in Figure 1. The first one driven by the ERA40 Reanalysis [17], characterized by a horizontal resolution of 1.125° (about 128 km) for the time period 1971–2000, in order to assess the capabilities of the model to reproduce the recent past climate of the area considered under “near-perfect boundary conditions”. The second one driven by the global model CMCC-MED [18] for the period 1971–2100 considering the IPCC SRES-A1B emission scenario. CMCC-MED is a coupled atmosphere–ocean general circulation model, whose atmospheric model component is ECHAM5 with a T159 horizontal resolution, corresponding to a Gaussian grid of about 0.75° × 0.75°. This configuration has 31 hybrid sigma-pressure levels in the vertical and top at 10 hPa. The parameterization of convection is based on the Tiedtke scheme; moist processes are treated using a mass-conserving algorithm for the transport of the different water species and potential chemical tracers. The transport is resolved on the Gaussian grid.




2.2. Observational Dataset


The E-OBS dataset [19] has been used for 2-m temperature and precipitation evaluation. It is a European daily high-resolution (0.25° × 0.25°) gridded data set over land points for precipitation, minimum, maximum, and mean surface temperature and for sea level pressure covering the period 1950–2010. It was obtained by using data from 2316 stations, and it has been designed to provide the best estimate of grid box averages rather than point values to enable direct comparison with RCMs.



Gridded datasets, where each grid value is the best average estimate of observations available in the area of the grid box, are the most appropriate ones for the validation of model output, since they are indicative of processes at the same spatial scale. However, gridded datasets derived through interpolation of station data have a number of potential inaccuracies and errors, as they suffer both from measurement errors in the underlying station data and from interpolation errors. In general, interpolation accuracy decreases as the network density decreases, resulting less accurate for variables with more variable spatial characteristics (e.g., precipitation) degrading in complex terrain areas.



Concerning the total cloud cover validation, the ERA-Interim Reanalysis of the global atmosphere [20] has been used instead: They are characterized by a resolution of 0.703° (about 79 km), covering the period since 1979 and continuously updated in real time.





3. Validation


The evaluation of the accuracy of the simulation is performed considering the daily values of a 2-m mean temperature and daily total precipitation, for the period 1971–2000. The validation process involves the analysis of annual cycle, Probability Density Functions (PDF) and time series, obtained considering daily values of the variables of interest, spatially averaged over the Mediterranean area defined as −5°–37° E/29°–47° N, shown in Figure 1. Moreover, model outputs of both ERA40, CMCC-MED driven simulations have been compared in each grid-point of the computational domain, using seasonal means and their differences are displayed in bias maps over the entire domain, in order to quantify the error induced by the global model.



An interesting question, regarding uncertainties of the climate projections with respect to the biases, is whether climate change signals (found by using numerical models) can be influenced by the presence of biases in the model simulations. In our opinion, biases in the base and in the projected years are consistent, implying that projection changes provide a reasonable bias removal. In any case, the use of RCM simulations, as direct input data for impact studies is quite complicated. Therefore, since the impact of climate changes is usually assessed at a local scale, the common state of art approach is to post-process the RCM simulation output to produce reliable estimates of local scale climate. Different bias correction methods may be used to solve the various problems present in the raw RCM model results.



3.1. Temperature


The annual cycle (Figure 2a) shows a good match between model and dataset, with a general overestimation, which is more evident in the ERA40 driven simulation. Concerning the statistical characterization, the daily temperature PDF distributions (Figure 2b) of model and observations show a good agreement, with peaks reached at about 10 °C and 30 °C. Model output registers a higher number of hot extreme values, while E-OBS dataset is characterized by greater density in the middle range. The time series (Figure 3) shows a general increase over the years, by both modeled and observed data, even if with different absolute values. More specifically, E-OBS is characterized by a numerical trend of 0.56 °C per decade, while trends for ERA40 and GCM driven simulations are 0.31 and 0.36 respectively. In this last case, the trend is evaluated over the whole 21st century. It is worth noting that, over the past period, the GCM driven simulation does not indicate a warming trend.



The mean temperature bias maps over the whole area are shown in Figure 4, the ERA40 driven simulation is characterized by an average cold bias of about 2.2 °C in DJF, with highest bias occurring in the Alpine region. In JJA, a strong warm bias up to 4 °C in the eastern part is registered, along with a cold bias of about 2 °C over Alps and northern Spain. These lasts feature could be motivated by the low number of stations available on mountains area for the E-OBS dataset. The shortcoming of COSMO-CLM, leading to underestimation of the winter temperature at high altitudes, has already been highlighted in several works (e.g., [21]). A possible explanation of the summer positive bias is the deficiency of the model in reproducing atmospheric dynamics typical of some areas considered: In fact, many RCM and general circulation models overestimate summer temperature in semiarid regions (e.g., Iberian Peninsula, North Africa) [22].



With the exception of the eastern part in summer, the temperature is quite well reproduced in the ERA40 driven simulation, being the bias lower than the one characterizing most of the typical RCM simulations available on this area. An analysis of PRUDENCE simulations over the whole European area provided in [23] revealed a warm bias for RCMs with respect to the CRU dataset in extreme seasons and a tendency to cold biases in transition seasons. EURO-CORDEX models over the Mediterranean subdomain show non-negligible temperature biases [24]. The CMCC-MED driven simulation is characterized by a cold bias over the whole domain in DJF and in the western part in JJA, while the eastern part in JJA is characterized by a hot bias.




3.2. Precipitation


The annual cycle obtained with model data is similar to the observed one, but with an underestimation from March to December (Figure 5a). Looking at mean daily precipitation PDF (Figure 5b), we note that the number of occurrence of low precipitation days (1–2 mm/day) is overestimated by the model. Simulated data have a more rapid decrease and slower decay in distribution compared to E-OBS, but model results proved to have a lower variance than observations. The annual time series (Figure 6) provided by the GCM driven simulation shows a slightly decreasing trend of model data over the future period (−14 mm/year per decade), while over the past period it shows an increasing trend. This is not in agreement with E-OBS time series, which shows a large reduction (−46 mm/year per decade). ERA40-driven model output is generally close to the dataset (−31 mm/year per decade).



Precipitation mostly occurs in DJF, with highest values in mountain areas (up to 8 mm/day) while in JJA, the only worth-to-notice element is a peak on the Alpine region. The precipitation bias maps (Figure 7) reveal no significant differences between the two simulations. The model tends to overestimate in high orography areas (e.g., Alps and Pyrenees), with large differences in DJF (4 mm/day). A large underestimation is observed in Portugal, whereas a better match is registered elsewhere. In JJA, the agreement is better, with a null bias in the southern part where precipitation is close to zero in this season. Over Europe precipitation is slightly underestimated (lesser than 1 mm/day), with the exception of the Alpine area (strong overestimation). The winter overestimation over mountain areas is very likely due to an underestimation of the orographic effects: In presence of a mountainous terrain, the airflow experiences a forced lifting, causing an adiabatic cooling and condensation. This effect can be underestimated, if the resolution of the orography is not fine enough, so an overestimation of the precipitation on the lee side of the mountains may occur [25]. Since summer precipitation is mainly due to convection, the observed bias proves that the model resolution is not fine enough to capture phenomena such as localized convection. An analysis of the ENSEMBLES RCMs shows a tendency to over-predict precipitation, resulting in a total bias of about 20% in winter and less than 10% in summer [26]. The EURO-CORDEX models show generally high precipitation overestimation over Mediterranean, up to 120% in summer [24].




3.3. Total Cloud Cover


Since total cloud cover is not available in the E-OBS dataset, ERA-Interim Reanalysis have been used as a reference for the validation of this variable. Moreover, being the analyzed simulation driven by ERA40 Reanalysis, it is also of interest to compare the total cloud cover of COSMO-CLM output with the ERA40 themselves.



Several authors have already performed a comparison between the results of regional climate models respectively driven by ERA-Interim or ERA40. Cardoso et al. [27], calculated error statistics on the precipitation in the Iberian Peninsula, while Roesch et al. [28] focused on the 2-m mean temperature and Jaeger et al. [29] used the ERA15 and ERA40 data as observational dataset.



According to the ERA-Interim availability, the time period considered is 1979–2000. RCM output has been interpolated onto ERA-Interim grid, whereas for what concerns the comparison be­tween ERA40 and COSMO-CLM, and between ERA40 and ERA-Interim, all the data have been interpolated onto the ERA40 grid (1.125°, about 125 km).



Analyzing the difference between COSMO-CLM and ERA-Interim (Figure 8a,d), a general overestimation of the total cloud cover is observed, especially evident in summer, with a peak of about 20% in the northwest Africa. An opposite trend is found only in the northeast Europe in the winter and in the north coast of Turkey and Israel in the summer. In both winter and autumn, a good agreement is shown, especially in northern Europe. During wintertime, the overestimation in the Mediterranean Sea is especially due to the forcing data. In fact, ERA40 Reanalysis overestimates the total cloud cover with respect to ERA-Interim (Figure 8c,f). This trend is evident also in autumn, when an overestimation in the northern Africa is found due to the regional model.



In spring and summer, COSMO-CLM tends to exacerbate the overestimation already present in the ERA40 data, as shown by the comparison between ERA40 and ERA-Interim (Figure 8, third column), simulating higher cloud cover with respect to its forcing (Figure 8, second column). This explains the higher over-estimation, displayed in the first column of Figure 8. The summer underestimation in Turkey and in Israel can be totally attributed to the regional model, since this pattern is not present in the comparison between ERA40 and ERA-Interim, but it is only present in the comparison between model and its forcing.



In conclusion, COSMO-CLM generally tends to overestimate the total cloud cover especially in summer, but this over-estimation can be partly attributed to the forcing, especially in some seasons and regions.





4. Climate Projections


Climate projections over the 21st Century have been performed using the SRES-A1B emission scenario [11] including long term, global emissions of greenhouse gases, short-lived species, and land-use-land-cover in a global economic framework. It is a stabilization scenario and assumes that climate policies, in this instance the introduction of a set of global greenhouse gas emissions prices, are invoked to achieve the goal of limiting emissions and radiative forcing (CO2 concentration of about 700 ppm by 2100). Compared with the most recent Representative Concentration Pathways (RCPs) [30], A1B places itself between RCP4.5 and RCP8.5 in terms of CO2 mole fraction in the air at the end of 21st century. Moreover, as reported in [31] the global average projected warming under A1B is located between the values of the RCP6 and RCP8.5 scenarios.



In the present work, climate projections were analyzed comparing the average values of 2-m temperature and precipitation for the period 2071–2100 with respect to the period 1971–2000. Figure 9 shows the change of the 2-m temperature distribution, related to DJF (left) and JJA (right). A general increase of temperature is expected in all the examined area, which is consistent with results reported in [2], but provides a greater level of details due to the very high spatial resolution here adopted. In DJF, the strongest increase occurs in the eastern part of the domain, while in Portugal and western France it is moderate. In JJA, an opposite behavior occurs, since Spain and North Africa will experience the largest increase of temperature. It is worth noting that in both DJF and JJA seasons, Italy will be affected by a significant warming (about 4 °C), and this is consistent with the analyses provided in [32].



Figure 10 shows the change of total precipitation distribution, related to DJF (left) and JJA (right). In DJF, a precipitation increase in Portugal and on the Alps (up to 270 mm/season, 200%) occurs, while a decrease in North Africa and south Turkey is observed. In JJA a general decrease is observed (up to 185 mm/season, −70%), especially in the northwestern part of the domain. Overall, the general precipitation trends reported in [2] are confirmed by the present results. Concerning Italy, it is affected by a moderate increase in the northwestern part in DJF, while no significant changes are expected in southern Italy in DJF and in the whole domain in JJA. These results confirm only partially the findings reported in [32], so a deeper analysis at higher resolution over Italy was needed and described in [33].



Temperature changes over specific areas are related to precipitation changes and land atmosphere interactions [34,35]. The decreased winter warming over the Alps and the western Iberian Peninsula can be attributed to the projected increase of precipitation over the aforementioned regions. Vice versa, the strong winter drying over the Moroccan highlands can be contributing to the strong temperature increase, which is also the case for Greece and southern Turkey. Similar feedbacks can be found for the summer season over the Alps.




5. Conclusions


An analysis of RCM simulations with COSMO-CLM over the Mediterranean region at the spatial resolution of 0.125° has been presented. The model response has been analyzed in terms of 2-m temperature, precipitation and total cloud cover, making a comparison with the available observations. Results obtained in this process prove that, even if wide areas are affected by non-negligible biases COSMO-CLM is basically able to simulate the main features of the observed climate over the wide area of the Mediterranean Sea. The bias is generally larger on high orography zones, since the model gives colder temperatures and more intense rainfalls in these points. It is worth noting that part of the bias against E-OBS is related to observation inaccuracy, as assessed in [36]. When driven by the GCM, COSMO-CLM shows a deficiency in reproducing the positive temperature trend and the negative precipitation trend over the past period, which are well captured when the model is driven by reanalysis. This shortcoming might be overcome by using different data forcing, also in order to quantify the uncertainty associated with boundary conditions.



The good capabilities of the model in reproducing PDFs observed in the present work, combined with the finding of several literature works (e.g., [33,37]) confirm that, especially in some complex areas, high-resolution simulations could provide good improvements in the data quality. Indeed, there is no ideal resolution appropriate for every geographical area, since it depends on the climate variability of the context considered. Each of the three components of the modeling chain (emission scenario, GCM, RCM) is a potential source of uncertainty that needs to be quantified. GCMs and RCMs are affected by a systematic bias, caused by imperfect conceptualization, discretization and physical parameterization. The model biases make impracticable the use of RCM simulations as direct input data for hydrological impact studies, so a “bias correction” technique is often required.



Climate projections highlight a substantial warming of the Mediterranean region at the end of 21st century, combined with a reduction of precipitation in the warm season, and an increase of precipitation over Alpine space in winter. These results are generally consistent with the findings of other literature works [2], obtained with both global and regional models, also for different emission scenarios, especially for what concerns temperature, while future projected precipitation changes are beset by larger uncertainties. In this context, as assessed in the IPCC report [38], a multi-model ensemble could improve their reliability, especially if single elements are weighted with a measure of the model skill. A possible approach is the Reliability Ensemble Averaging (REA). For this reason, multi-model ensembles must use a common framework to obtain useful conclusions in projecting future climate changes, as addressed for example in the CORDEX project [6] and more specifically in the MED-CORDEX initiative [12].



The present analysis concentrated only on average climate variables, but it is well known that climate extremes have more impacts on society than average values [39]. Hence, in a future work the present simulations will be analyzed in order to provide climate projections of extreme events indicators. For example, the heat waves, unusual in the present climate, are expected to become very common due to the increasing mean temperature, and could occur in any country of the Mediterranean area. Additional trends in extreme temperature may play a significant role in the tendency of heat waves, as documented e.g., in [40]. Since the resilience measures have already reached their limits, especially over northern Africa [41], climate projections of extreme events could be useful to address sustainable solutions for local adaptation.
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Figure 1. Orography of the domain. The black line defines the “Mediterranean area” used for the analysis. 
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Figure 2. Annual cycle (a) and PDF (b) of 2-m temperature, period 1971–2000, averaged over the Mediterranean area. 
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Figure 3. Time series of 2-m temperature and trend lines, period 1971–2100, averaged over the Mediterranean area. 
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Figure 4. Seasonal mean bias of 2-meter temperature (over land) with respect to E-OBS dataset, period 1971–2000. ERA-40 driven simulation (a,c): DJF (a,b), JJA (c,d). CMCC-MED driven simulation (b,d): DJF (a,b), JJA (c,d). 
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Figure 5. Annual cycle (a) and PDF (b) of total precipitation, period 1971–2000, averaged over the Mediterranean area. 
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Figure 6. Time series of total precipitation and trend lines, period 1971–2100, averaged over the Mediterranean area. 
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Figure 7. Seasonal mean bias of total precipitation (over land) with respect to E-OBS dataset, time period 1971–2000. ERA-40 driven simulation (a,c): DJF (a,b), JJA (c,d). CMCC-MED driven simulation (b,d): DJF (a,c), JJA (b,d). 
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Figure 8. Seasonal mean bias of total cloud cover, period 1979–2000: COSMO-CLM vs. Era-Interim (a,d), COSMO-CLM vs. ERA-40 (b,e), ERA40 vs. ERA-Interim (c,f). 
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Figure 9. Climate projections of 2-m temperature over land: Difference between the average values over 2071–2100 and 1971–2000, DJF (a) and JJA (b). 
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Figure 10. Climate projections of total precipitation over land: Difference between the average values over 2071–2100 and 1971–2000, DJF (a) and JJA (b). 
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Table 1. Main features of COSMO-CLM setup.
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	Driving Data
	ERA40 and CMCC-MED





	Horizontal resolution
	0.125° (about 14 km)



	Num. of grid points
	385 × 265



	Num. of vertical levels
	40



	Soil Scheme
	TERRA-ML



	Time step
	150 s



	Melting processes
	Yes



	Convection Scheme
	Tiedke



	Freq. Radiation comput.
	1 h



	Time integration
	Runge-Kutta 3rd order



	Freq. update B.C.
	6 h
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