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Abstract

:

A better understanding of expected future cyclonic activity, especially in winter in the Mediterranean basin, is essential in developing scientifically based adaptation and mitigation methods to study extreme precipitation and wind anomalies. The aim of this study was to analyze the changes in winter cyclonic activity in the Mediterranean–Black Sea region, as part of the North Atlantic–European sector, at three 15 year periods: the beginning, middle, and end of the 21st century. Our projections were based on an ensemble of seven Coupled Model Intercomparison Project (CMIP), phase 6, models, which showed the best agreement with NCEP/NCAR and ERA5 reanalyses under the intermediate SSP2-4.5 and highest-emission SSP5-8.5 scenarios. The results showed a consistent increase in the frequency of cyclones over Central Europe and the British Isles, which was associated with shifts in cyclone tracks: northward from the western Mediterranean region and southward from the Icelandic Low region. The latter shift led to a decrease in the frequency in the northern Atlantic–European region. At the same time, there was a reduction in the frequency of cyclones over the eastern region of the Mediterranean Sea, consistent with the decrease in cyclogenesis events. Area-averaged cyclone numbers in the western and eastern Mediterranean and Black Sea subregions reduced at the end of the century under the highest-emission scenario, but not constantly. There was a rise in the middle of the 21st century under both scenarios, which may be linked to long-term multidecadal variability or regional features. In general, our study showed that the future winter cyclonic activity in the Mediterranean–Black Sea region will respond unevenly to global climate changes, due to regional and monthly features and long-term quasiperiodic variability.
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1. Introduction


During historical and future periods, cyclonic activity—a form of general atmospheric circulation in the middle latitudes [1]—is one of the main links in the mechanisms of climate variability, including extremes, especially for regional winter precipitation and wind anomalies that are associated with atmospheric circulation processes of synoptic scale (cyclones and anticyclones) in the Mediterranean–Black Sea region [2]. In a warmer atmosphere, cyclones may differ in their dynamic features (for example, the location of their trajectories) and their thermodynamic processes (for example, changes in their intensity) [3,4]. According to [3], cyclones are expected to become more diabatically driven. In a warmer climate, they tend to move more slowly, and their deepening rate increases [4]. All of the above factors can increase the frequency and intensity of adverse cyclone-related hydrometeorological and hydrological events, such as torrential precipitation, wind surges, severe river floods, and landslides [5]. In light of these risks, the Mediterranean basin is particularly vulnerable to climate change [6,7].



The physical processes responsible for changes in cyclonic activity in a warmer climate have opposite effects, favoring both increases and decreases in cyclonic activity. On the one hand, an increase in sea surface temperatures and latent heat fluxes increase convection; therefore, thermodynamical processes become more important [5]. On the other hand, higher temperature rises in the upper troposphere than in the lower troposphere increase atmospheric stability [6]. In addition, a warmer atmosphere can hold more moisture, according to the Clausius–Clapeyron equation [5], which leads to increased water vapor transport [8] and cyclone-related precipitation [9,10], as occurs over the western Atlantic and Mediterranean regions [11]. The aqua-planet simulations in [3], with uniform increases in sea surface temperatures of 4 K, showed a 3.3% decrease in the number of extratropical cyclones, no change in the intensity median, more frequent stronger and weaker storms, and an increase of up to 50% in precipitation associated with the strongest cyclones. Future increases in the frequency of cyclones associated with extreme precipitation over Europe were shown in [12].



The climate of the Mediterranean basin cannot be considered independently of the macrocirculatory processes over the North Atlantic region and the North Atlantic–European sector. The most important of the three remote drivers of regional circulation over Europe are tropical amplification and the strengthening of the stratospheric vortex [13]. Tropical amplification is associated with the broadening of the tropical/subtropical dry zone, as the result of the expansion of the Hadley cell toward the poles [14], which forces the poleward migration of jet streams [15] and storm tracks [16]. This threatens the expansion of drylands and desertification in the Mediterranean region [17]. A strengthened stratospheric vortex is associated with a zonal wind anomaly that closely resembles the positive phase of the North Atlantic Oscillation (NAO) [13]. The expected prevalence of the positive North Atlantic Oscillation phase in the future [14] is accompanied by a northward shift of storm tracks over the northern hemisphere in general [18] and over the North Atlantic in particular, followed by a weakening of the Mediterranean storm track [19]. Polar amplification, which is the third driver of midlatitude atmospheric circulation change, results from Arctic Sea ice loss, and may also affect meridional temperature gradients and the migration of midlatitude cyclone tracks [20].



The influence of the modes of natural variability, such as the North Atlantic Oscillation, the East Atlantic/West Russia (EAWR) pattern, and others, on extratropical cyclones in the Mediterranean basin is recognized in the scientific community (see, e.g., [21,22,23,24]), not only in winter, but also in summer [25]. Before the industrial era, natural variability prevailed in the depth of winter cyclones over the northern hemisphere [5]. In the future, the influence of the simulated positive shift in the NAO index was shown to explain between 10% and 50% of the negative cyclone trends over the western Mediterranean region [26].



Winter climatic anomalies in the Mediterranean–Black Sea region are mostly caused by the regional cyclonic activity that is associated with large-scale global patterns, e.g., as it was shown in [2]. In the terms of large-scale structures of atmospheric circulation, future storm tracks over the North Atlantic are important in understanding the climate in the studied region. Below, we provide an overview of the future projections of cyclonic activity in the 21st century, moving from a global scale to the studied region.



Researchers generally agree about the decrease in the frequency of cyclones at the end of the century over the northern hemisphere [27] and over the North Atlantic active storm track regions [28]. The intensity of cyclones and/or the number of extreme cyclones are projected to increase in winter [29,30] [27]. In addition, cyclone-related heavy precipitation and strong winds are expected to intensify in winter [27,31].



With respect to the spatial pattern of cyclonic activity in the North Atlantic, previous studies [31,32] showed a future strengthening of the storm track around 50° N and a weakening of cyclone track density to the north, over Scandinavia, and to the south of the North Atlantic, reaching the Mediterranean region. The pattern of winter cyclones over Europe is projected to become tripolar, with an increased number of cyclones in Central Europe and a decreased number in the Norwegian and Mediterranean Seas [9].



Despite different identification and tracking methods for cyclones, as well as uncertainties regarding the available models and the large differences among them, most projections for the Mediterranean region show a decrease in the number of winter cyclones at the end of the 21st century [11,14,26,31,33,34]. This reduction will continue the negative trend in the frequency of winter–spring cyclones of the late 20th century [24,35,36,37,38]. In contrast, the number of cyclones in summer is projected to increase in the Mediterranean region, by a factor of nearly 2 [4].



The changes in cyclonic activity and cyclone tracks lead to wetter or drier conditions in the Mediterranean region, as was shown for the eastern part of the region in [39]. While the intensity of each rainy event in a warmer atmosphere is important locally, the reduction in precipitation observed in winter will be driven mainly by a decrease in the number of Mediterranean cyclones [34,40]. This overall reduction will tend to be regionally compensated for or amplified by the average precipitation generated by individual cyclones in winter, which is projected to increase in the northern Mediterranean (primarily due to an increase in the atmospheric moisture content) and to decrease in the eastern Mediterranean area (largely due to a dynamical weakening of cyclones) [34].



Regional climate simulations show wetter winter conditions at the northern boundary [41] and the central part [40] of the Mediterranean region, and drier conditions in the southeast part of the basin, associated with the corresponding changes in winter cyclone activity [40,41]. The strongest increase in aridity in the 21st century is expected for the southeastern part of the Mediterranean region [40,42], associated locally with the weakening of the specific synoptic circulation pattern called the Cyprus Low [14,43]. Precipitation is also projected to reduce over the Iberian Peninsula, due to the poleward shift of moisture corridors and associated atmospheric rivers [8] and to the reduction in cyclone occurrences [11].



Accordingly, the changes in thermodynamic processes and atmospheric circulation under global warming conditions, taking into account internal natural variability, are expected to lead to a reduction in cyclonic activity, changes in current precipitation patterns, and the desertification of the Mediterranean region. Nevertheless, the expected decrease in cyclonic activity in the Mediterranean region will not be uniform in the different parts of region in different months, and it is likely to be associated with the shift in storm tracks. Insufficient attention is paid to the expected changes in cyclonic activity in the region at the middle of the century. The anomalies in the 21st century are mainly estimated in comparison with historical periods of the 20th century, without taking into account new changes in climatic norms. Therefore, we decided to focus on the climate of the 21st century.



The aim of this study is to analyze the changes in winter cyclonic activity (the frequency of cyclones, the number of cyclogenesis events, the number of cyclones, and the average cyclone tracks) in the Mediterranean–Black Sea region, as a part of the North Atlantic–European sector, in three 15 year periods: the beginning, the middle, and the end of the 21st century, using an ensemble of the recent generation, phase 6, of Coupled Model Intercomparison Project (CMIP) models under intermediate (SSP2-4.5) and maximum (SSP5-8.5) emissions scenarios. To a certain degree, we addressed our understanding of the periodicity (i.e., a multidecadal scale) in the response of cyclonic activity to climate change at the middle and end of the 21st century, relative to the reference period, which was secured with an available reanalysis with assimilated observational data.



First, we composed the ensemble of the models that have the best agreement on cyclones with ERA5 and NCEP/NCAR reanalyses (Section 3.1). Then, we analyzed ensemble fields of recent (i.e., at the beginning of the century) and future (i.e., at middle and end of the 21st century) winter cyclone frequency and the number of cyclogenesis events over the North Atlantic–European sector, as well as their differences in absolute anomalies and anomalies in percent (Section 3.2). For the western Mediterranean, eastern Mediterranean, and Black Sea subregions, we compared recent and future area-averaged winter cyclone numbers: the frequency of cyclones, the number of cyclones, and the number of cyclogenesis events (Section 3.3). Finally, to explain the changes in local cyclone numbers over the Mediterranean-Black Sea subregions, we showed the average position of winter cyclone tracks originating from the main cyclogenesis areas over the North Atlantic–European sector (Section 3.4).




2. Data and Methods


The results of cyclonic activity projections are biased by many factors: accuracy and assumptions of the methods for the determination of cyclonic activity, spatial resolution and errors in initial data, uncertainties of the models, and the feasibility of emission scenarios.



The density of tracks can be identified using the Eulerian or Lagrangian approaches. The Eulerian method (or a Laplacian-based method) uses, for example, the root mean square (RMS) filtered baric field (sea level pressure or geopotential height) to evaluate storm tracks (see, e.g., [32]), and the local Laplacian of pressure to measure cyclone intensity [44]. The Lagrangian method, which can provide more details (the dynamic properties of cyclones and cyclogenesis areas) is based on cyclone identification and tracking algorithms that are applied mainly to sea level pressure (SLP), geopotential height, or vorticity fields [29,33,44,45,46,47,48,49,50,51,52,53]. In this study, we used the authors’ cyclone identification and tracking method [54], based on finding a minimum in the SLP field, which was tested in [37] and is briefly described further in Section 2.1 of this article.



To simulate cyclones in a warmer climate in the 21st century, global circulation models (GCMs) are mainly used, either directly or as initial and lateral boundary conditions for downscaling in regional climate models (RCM), which are applied to obtain a robust regional result, according to [14]. Higher-resolution models produce larger numbers of cyclones and storms [55], but this information is not always useful for research purposes; for example, higher-resolution models are not helpful if the subject of a study refers to the manifestations of large-scale atmospheric circulation in storm track changes. In contrast to the consensus on the future reduction of cyclonic activity in the Mediterranean region, it was shown using a 0.5° regional model (REMO) in [56] that the total number of cyclones in the Mediterranean region will increase, but at the expense of shallow, possibly thermal, cyclones. Stronger winter cyclones were projected to decrease without significant changes in track properties and precipitation estimates along the tracks, which could indicate a northward shift in cyclone tracks [56].



Recently, some of the most popular global models are the families of models of the Coupled Model Intercomparison Project, phases 3, 5, 6 (CMIP3, CMIP5, and CMIP6) [57,58,59]. The families of CMIP3, CMIP5, and CMIP6 models reproduce consistent spatial structures of winter storm tracks in the North Atlantic–European region. At the same time, the most recent generation of CMIP6 models [59] is characterized by the lower multimodel mean biases in winter and are more sensitive in terms of larger amplitudes of the climate change and storm track change response [27,32,60]. Despite biases in the estimation of quantitative features, the CMIP6 models show the improved atmospheric circulation over Europe relatively to the CMIP5 models [61], which is likely a result of increased horizontal resolution and improved model physics, according to [60].



There is a substantial spread among models in simulating future climate change. It emerges, on the one side, from the pre-existing mean state errors linked to the ocean state and its influence on large scale atmospheric baroclinicity [27,60]. On the other side, it arises from the differences in the projected atmospheric circulation change [62]. For example, different CMIP5 GCMs are associated with high or low tropical amplification and weak or strong polar stratospheric vortex [62]. The GCM-driven downscaling further amplifies the uncertainties in regional models, which depend also on internal variability, model physics and the domain [40]. According to [63], the GCM boundary forcing is more important than RCM physics (internal RCM model processes), particularly in winter. Still, the spatial pattern of winter North Atlantic cyclones in CMIP5 projections seems to be only weakly affected by the biases of the models [9]. Some of the higher-atmospheric-resolution CMIP5 models (HadGEM2-ES, HadGEM2-CC,1 EC-EARTH, and MRI-CGCM3) have a better representation of both the number (storm-track position and tilt) and the intensity of North Atlantic cyclones than the majority of CMIP5 models, which have a storm track that is too zonal and shifted to the south [62]. The RCM-based projections for the Mediterranean region [40] showed that there are still important uncertainties (in the sign and magnitude) in changes of cyclone characteristics: the area of origin, seasonality, deepening rate of cyclones, associated precipitation and wind speed. Nevertheless, the uncertainties among models can be reduced by using model ensembles or multiple runs in the case of the same model.



We selected for the analysis all available CMIP6 models with a 6 h time resolution, and with the availability of the recent historical period and two scenarios: SSP2-4.5 and SSP5-8.5. Thus, eight CMIP6 models listed in Table 1 were used in the further analysis. Cyclones simulated in the each CMIP6 model were then compared to cyclones identified using NCEP/NCAR and ERA5 reanalyses for a 15 year recent period of the beginning of the century (2000 to 2014).



Simulations for the 21st century are conducted under different scenarios of economic growth. They assume various greenhouse gas concentrations or emission trajectories, which lead to a range of additional incoming radiation per-unit surface areas (radiative forcing) and a range of global temperature increases. The greenhouse gas emissions trajectories were described in the Special Report on Emissions Scenarios (SRES) [71] and used in the Intergovernmental Panel on Climate Change’s (IPCC’s) Third Assessment Report [72] and Fourth Assessment Report [73]. The families of the SRES scenarios (A1, A2, B1, and B2) were replaced by the representative concentration pathways (RCPs) in the IPCC’s Fifth Assessment Report [74] and by the shared socioeconomic pathways (SSPs) in the IPCC’s Sixth Assessment Report [75].



The new generation CMIP6 models use the SSPs as scenarios of projected socio-economic global changes up to 2100 [75]. The most optimistic scenario among them is a SSP1-1.9 scenario with very low greenhouse gases (GHG) emissions (with CO2 emissions cut to net zero around 2050), which is expected to lead to radiative forcing of 1.9 Wm-2 and global warming of 1 °C to 1.8 °C during the period from 2081 to 2100. The most pessimistic SSP5-8.5 scenario, with very high GHG emissions (with CO2 emissions tripling by 2075) is expected to lead to additional 8.5 Wm-2 and 4.4 °C during the period from 2081 to 2100. A moderate SSP2-4.5 scenario assumes intermediate GHG emissions (with CO2 emissions around current levels until 2050, then falling but not reaching net zero by 2100). This scenario is expected to lead to additional 4.5 Wm-2 and 2.7 °C in the period from 2081 to 2100. According to [76], the probability of the SSP2-4.5 scenario is characterized as likely, while more pessimistic and optimistic scenarios are characterized as unlikely. The more optimistic scenarios assume the implementation of international agreements on emission reductions. They are unattainable because of the lack of effective legal regulation of control over anthropogenic emissions (greenhouse gases and aerosols) at the national levels of the main country-emitters [77,78].



In this study, we used two SSPs. One of them was the SSP2-4.5 scenario, which is the “middle-of-the-road” experiment in CMIP6. The other is the SSP5-8.5 scenario, as the highest-emission and the worst (no-policy) case.



2.1. Cyclone Identification and Tracking Method


Cyclones were identified using the 6 hourly sea level pressure fields (SLP) of the eight CMIP6 models, NCEP/NCAR [79], and ERA5 [80] reanalyses over the North Atlantic–European sector (20° W to 5° E, 30° N to 80° N).



The search for the low pressure center in a regular grid was as follows: if the SLP increased in four directions upon sequential consideration of each grid point, then the starting point was identified as a minimum of the pressure field. To estimate the size of a baric formation, the SLP was estimated at each next grid point in four directions. If the SLP began to decrease in one of the directions, then the value of the previous point was considered to be the last closed isobar of a cyclone. The selected models and the reanalyses had different spatial resolution, and therefore it was reasonable to introduce the minimum cyclone size, taking into account the coarsest spatial grid. In this work, cyclones with sizes less than 560 km were not taken into account.



After identifying the centers of low atmospheric pressure, the tracking of cyclones was carried out. The average maximum speed of an extratropical cyclone in the middle latitudes was 80 km/h to 90 km/h [1]. Thus, a cyclone can move more than 2000 km per day. In many studies, daily data were used to identify and track cyclones; however, such a time scale can lead to the error of combining an occluded cyclone with a young cyclone located within a radius of 2000 km.



The use of 6 h data made it possible to reduce the estimated radius of the location of a cyclone at the next time step by a factor of 4 and, therefore, to avoid the problem of an incorrect combination of cyclones. In this study, the two centers were linked if the other low-pressure center was found within a radius of 600 km at the next or a previous 6 h time step. If several such centers were found within the search radius, the nearest low-pressure center was selected.



There was a probability of an occurrence of spurious baric lows associated, for instance, with the influence of the relief on the SLP field. To avoid this problem, we applied kinematic thresholds: minimum cyclone lifetime of 48 h (eight time steps) and minimum propagation of 1000 km, by analogy with [27,62].



The frequency of cyclones was defined as the number of 6 h intervals over a 15 year period, when a cyclone center was observed in the spatial domain. Frequency refers to all cases of localization of cyclone centers in the selected spatial domain, which means that the same cyclone was added to the frequency until it left the spatial domain. Here, the number of cyclones meant that if a cyclone center fell into the selected spatial domain, then this cyclone was counted once and would no more be included in this domain in the following analysis. The number of cyclogenesis events referred to the number of cyclone centers that originated in the selected spatial domain. To calculate average cyclone tracks, all winter cyclones were analyzed if they emerged in the selected cyclogenesis areas during each 15 year period. At each 6 h time step of a cyclone’s lifetime, the latitudes and longitudes were totaled and averaged.



As a result, the datasets of cyclones over the North Atlantic–European sector were obtained for the recent historical period at the beginning of the century (2000 to 2014) using eight CMIP6 models, NCEP/NCAR, and ERA5 reanalyses, as well as for two future 15 year periods at the middle (2043 to 2057) and end (2086 to 2100) of the 21st century, using the selected CMIP6 models under SSP2-4.5 and SSP5-8.5 scenarios.




2.2. Model Scaling and Comparison


All the calculated datasets had different spatial resolution, as no preliminary scaling of the SLP fields was carried out. Due to the use of size and kinematic thresholds, the number of cyclones in models with different spatial resolutions had the same order, and the use of any interpolation procedure on different spatial grids was undesirable. As a result, the number of cyclones (related to isolines) for high-resolution models with smaller spatial cells tended to be less than the number for coarser resolution models with larger spatial cells. To solve this problem, all fields were scaled to the 2.5° × 2.5° grid as follows: the North Atlantic–European sector was divided into 2.5° × 2.5° areal segments. All centers of cyclones were totaled (X) in each segment (i, j). To account for the contribution of a different number of points, each segment was weighted (X′) according to Equation (1):


   X  i , j  ′  =  X  i , j    M  m · N   ,  



(1)




where M is a number of initial resolution points in the region, N is a number of segments of normalized resolution (in our case it was 475 segments in 2.5° × 2.5° resolution), and m is the number of model or reanalysis points within the segment.



The quality of reproduction of cyclones in the CMIP6 models was assessed by comparison with cyclones obtained using NCEP/NCAR and ERA5 reanalyses over the 15 year recent historical period from 2000 to 2014. The analysis was carried out on the basis of the frequency fields of cyclones normalized to a single spatial resolution. The comparison criteria were as follows:




	
The Pearson’s linear correlation coefficient, according to Equation (2):










  r =   c o v  (   x i     y  i      )     σ x   σ y    ,  



(2)




where samples x and y are the spatial fields of the CMIP6 model and reanalysis converted into a vector and σx and σy are the standard deviations of samples x and y;



	
The root mean square error of the model relative to reanalysis (RMSE), according to Equation (3):








  R M S E =       ∑        (   x i  −  y i   )   2   n    ,  



(3)




where n is a number of grid points. The significant correlation was 0.16 at the probability level p = 0.001 (for 567 points of a regular grid).




2.3. Subregions for Boxplots


Area-averaged winter cyclone numbers were calculated and represented as boxplots (in Section 3.3) at the beginning, middle, and end of the 21st century for the three subregions of the Mediterranean basin, as shown in Figure 1. Subregions were bounded in accordance with the main cyclogenesis areas in the Mediterranean basin based on an ensemble of CMIP6 models (see Section 3.1). For each subregion, three cyclone numbers were considered: the frequency of cyclones, the number of cyclones, and the cyclogenesis events (see the definitions in Section 2.1).





3. Results


3.1. Comparison with Reanalyses


Cyclones were calculated over the North Atlantic–European sector for the recent historical period from 2000 to 2014 in the CMIP6 models (see Table 1) and compared with those obtained using NCEP/NCAR and ERA5 reanalyses. The monthly comparison results are shown in Table 2 and Table 3 for the cold period from October to March. For the other months, the comparison results were considerably worse than those shown in these tables. The best agreement was found for the months from November to February. In general, all models showed approximately the same level of correlation and root mean square error (RMSE) for these months, except for the MPI-ESM1-2-HR model. The correlation with ERA5 (NCEP/NCAR) reanalysis was in the range of 0.26 to 0.52 (0.18 to 0.4), and RMSE was in the range of 4.9 to 6.7 (4.6 to 7.8), respectively. Correlation coefficients that were significant at the probability level p = 0.001 started from 0.16. Model MPI-ESM1-2-HR had similar values of the correlation coefficients, but the RMSE values were almost twice as high as those of the rest of the models. The model MPI-ESM1-2-HR was excluded from the ensemble, mainly because of the high RMSEs, especially with NCEP/NCAR reanalysis, and the lower agreement with ERA5 reanalysis. The ensemble included seven remaining models, which were characterized by the best correlation and the lowest root mean square error.



The ensemble values were calculated as the average cyclone numbers in each point of the normalized 2.5° × 2.5° grid and totaled for each 15 year period. The results of the comparison (Table 2 and Table 3) led us to the decision to focus our analysis on the conventional winter season and the winter months from December to February.




3.2. Ensemble Fields


Figure 2 shows the frequency of the winter (DJF) cyclones and the number of cyclogenesis events over the recent historical period from 2000 to 2014 in the North Atlantic–European sector, identified using NCEP/NCAR and ERA5 reanalyses and the CMIP6 ensemble. The spatial patterns of the frequency of cyclones detected using different sources (Figure 2a,c,e) were similar. Their differences in the representation of details and cyclone numbers were attributed to the resolution of the models. As for the number of cyclogenesis events (Figure 2b,d,f), there was slightly less similarity in the spatial patterns, but the location of the main centers was roughly consistent. In general, the fields of the frequency of cyclones and the number of cyclogenesis events for the CMIP6 ensemble were in better agreement with ERA5 reanalysis than with NCEP/NCAR reanalysis, which was also indicated by the quantitative estimates in Table 3, compared with Table 2.



For the CMIP6 ensemble, the maximum winter frequency of cyclones in the Mediterranean basin in the recent historical period (Figure 2e) was over half of the water area along the northeastern coast of the Mediterranean Sea, approximately from Corsica to Cyprus, with an increase to the east. Other maxima were over the northeastern part of the North Atlantic (to the south of Iceland, over the North Sea, off the coast of the Norwegian Sea), and over the continent and inland seas (the Baltic Sea, over the Black Sea, and north of it to the White Sea). The month of the highest winter frequency of cyclones was January, and the lowest frequency was in February (not shown). The main cyclogenesis areas, according to the CMIP6 ensemble (Figure 2f), were located along the northern Mediterranean coast from the Gulf of Lion to the west of the Black Sea, over the Baltic Sea and the North Sea, over Iceland, and partly over the Norwegian Sea. These cyclogenesis areas were consistent with previous studies, e.g., [81].



Figure 3 and Figure 4 show the frequency of the winter cyclones and the number of cyclogenesis events in the North Atlantic–European sector projected for the middle (2043 to 2057) and end (2086 to 2100) of the 21st century in the CMIP6 ensemble under the SSP2-4.5 and SSP5-8.5 scenarios. Almost all areas with maximum cyclone numbers are predicted to shrink and become noticeably weaker at the end of the century, except for the numbers over the northeastern part of the North Atlantic. For the Mediterranean Sea, the largest decrease was in January (not shown). The SSP5-8.5 scenario was characterized by lower values of cyclone numbers than the SSP2-4.5 scenario, which is consistent with future climate change responses in the regions based on global [19] and local [43] scales.



To characterize these differences, Figure 5 shows absolute anomalies (while Figure A1 shows relative anomalies in %) of the frequency of winter cyclones in the middle (from 2043 to 2057) and end (from 2086 to 2100) of the 21st century, relative to the recent historical period of the beginning of the century (from 2000 to 2014). The patterns of anomalies looked very much alike for different scenarios for the same period, but with larger differences for the SSP5-8.5 scenario than for the SSP2-4.5 scenario in the areas of the greatest anomalies. For example, such estimates, but for the zonally averaged storm track over the northern hemisphere at the end of the 21st under the RCP8.5 scenario, were almost twice as large as those projected for the mid-21st century [19].



In the spatial structure of absolute anomalies, there was a consistent increase among the models over Central Europe and the British Isles and a decrease over the eastern part of the Mediterranean Sea and in the north of the region (Iceland, the North Sea, and the White Sea). The relative anomalies in Figure A1 were characterized by the same spatial pattern, but different allocations of maxima and minima. The brightest anomalies (the largest and smallest percentages) were located on the African coast of the Mediterranean Sea: positive anomalies to the west of the Gulf of Sidra, and negative anomalies to the east. In the whole region, moving from the middle of the century under the SSP2-4.5 scenario to the end of the century under the SSP5-8.5 scenario, there was a general decrease in pronounced positive anomalies over Western Europe and Central Europe, as well as an expansion of negative anomalies, especially in the eastern part of the Mediterranean Sea and over the Iberian Peninsula (Figure A1).



This spatial structure was consistent with the results of simulations of cyclonic activity for the 21st century in [9,27,41]. The regional climate model (RegCM) under the IPCC’s A2 and B2 emission scenarios [41] showed higher cyclone frequency at the end of the century under the A2 and B2 scenarios over the North Sea, Central Europe, and to the west of the British Isles, and lower frequency over Cyprus (under the B2 scenario) and eastern Mediterranean (under the A2 scenario). The CMIP5 models under the RCP4.5 emission scenario [9] showed that the winter (DJF) response was characterized by a tripolar pattern over Europe, with an increase in the number of cyclones in Central Europe and a decreased number of cyclones in the Norwegian Sea and the Mediterranean Sea, as a result of the eastward extension of the Atlantic storm track into Europe. The CMIP6 models featured by the SSP2-4.5 and SSP5-8.5 scenarios, [27] also showed an extension of the North Atlantic storm track into Europe, an increase in the track density over northwestern Europe and particularly the British Isles, and a decrease in activity over the Mediterranean region, southwestern Europe, and the Norwegian Sea. This tripolar pattern was consistent with the dipole pattern found in [8], which showed a significant increase in the frequency of dry weather types over the Iberian Peninsula and an opposite signal over the British Isles, associated with a stronger north-to-south dipole in terms of pressure and precipitation distributions, enhancing the water vapor transport toward central Europe rather than to the Iberian Peninsula [8]. An increase, in most models, of the future number of intense cyclones in winter over the British Isles and the northeastern Atlantic was mentioned in a previous review [29], while the total number of extratropical cyclones will be reduced under anthropogenic climate change conditions [29]. A previous review [30] concluded that future scenarios at the end of the 21st century mostly indicated an increase in winter storm intensity over Western Europe.



Figure 6 shows absolute monthly winter anomalies (while Figure A2 shows relative anomalies in %) that are characterized by regional features. The greatest negative absolute anomalies were observed in January for both scenarios, especially in the eastern Mediterranean region, and the greatest positive anomalies were in December at about 50° N to 60° N, including the western shores of Europe, while in February the anomalies were less pronounced. The maps of monthly relative anomalies in percentages (Figure A2) show greater contrasts. For example, in January, at the middle of the century under both scenarios, the greatest positive anomalies (>100%) were in the western Mediterranean region near Gibraltar (Figure A2a,d), in contrast to the negative anomalies in this area in February (Figure A2c,f). At the end of the century, the brightest regional contrasts (negative areas in the eastern and western Mediterranean region versus positive spots over Europe) were in January and February under the SSP5-8.5 scenario (Figure A2k,l).



In addition to the winter season anomalies (Figure 5 and Figure A1), the anomalies for the winter months (Figure 6 and Figure A2) were characterized by a similarity of the spatial patterns under different scenarios in the same period, which were especially noticeable for December and January. At the same time, the SSP5-8.5 scenario was characterized by the prevalence of negative anomalies of the frequency of cyclones over the North Atlantic–European sector in general, but with regional and monthly features. Therefore, under the SSP5-8.5 scenario, compared with the SSP2-4.5 scenario, along with negative anomalies there were brighter positive anomalies in different parts of Europe in December in the middle of the century (Figure 6a,d and Figure A2a,d) and in February at the end of the century (Figure 6i,l and Figure A2i,l). In January, in the middle of the century, negative anomalies in the eastern Mediterranean Sea were less pronounced under the SSP5-8.5 scenario than under the SSP2-4.5 scenario (Figure 6b,e and Figure A2b,e).




3.3. Area-Averaged Cyclone Numbers


Figure 7 shows area-average winter cyclone numbers (the frequency of cyclones, the number of cyclones, and the number of cyclogenesis events) at the beginning, middle, and end of the 21st century for three subregions: the western Mediterranean, the eastern Mediterranean, and the Black Sea. For all subregions under the considered scenarios, there was no continuous reduction in cyclone numbers in the 21st century, as was the case, for example, for the total number of northern hemisphere winter extratropical cyclones in the CMIP6 models in [27] and for the zonally averaged midlatitude storm tracks in the CMIP5 models in [19]. The highest and lowest values of cyclone numbers (measured by the median of the boxplots in Figure 7) were projected under the SSP5-8.5 scenario, at the middle and end of the 21st century, respectively.



Under the SSP2-4.5 scenario, in the western Mediterranean subregion, cyclone numbers (frequency and cyclogenesis events) were projected to increase in the middle of the century and to fall by the end of the century to the level of recent cyclone numbers at the beginning of the century, but not at the expense of cyclogenesis events within this subregion, which were expected to decrease in the middle of the century and not to change (in the boxplot median of the ensemble of CMIP6 models) by the end of the century. An expected increase in cyclone numbers in the western Mediterranean subregion in the middle of the century may be associated with an increase in cyclogenesis events over the Balearic Sea (Figure 4a,b). This result was consistent with the result for strong cyclone systems (<995 hPa) in winter over the northwestern Mediterranean subregion in [56], which showed that cyclone numbers in a regional model (REMO) under the (IPCC SRES) B2 scenario were higher in the mid-century (from 2030 to 2064) and lower in the end of the century (from 2065 to 2099) than in the beginning (from 1995 to 2029) of the period.



In the eastern Mediterranean and the Black Sea subregions, cyclone numbers under the SSP2-4.5 scenario were expected to decrease in the middle of the century (with the largest drop in the frequency of cyclones for the eastern Mediterranean subregion, as shown in Figure 7e), and then stay at the same level till the end of the century. We obtained milder area-averaged responses for the whole eastern Mediterranean subregion than were found using the CMIP5 models in [43] for the local Cyprus low-circulation type, which showed consecutive reduction in its frequencies for the historic period (from 1986 to 2005), the mid-century period (from 2046 to 2065), and the end of the century period (from 2081 to 2100) periods, under the RCP4.5 and RCP8.5 scenarios. In general, at the end of the century under the SSP5-8.5 scenario, our results with the largest reduction in cyclone numbers were consistent with the highest global greenhouse gas radiative forcing among all SSP scenarios [82]. Under the SSP2-4.5 scenario, our results, with similar values of cyclone numbers in the middle and end of the 21st century, did not follow the increase in global greenhouse gas radiative forcing, but were consistent with additional global greenhouse gas (carbon dioxide and methane) emissions, which will slow their growth after 2050 and stabilize by 2100 [82]. Such a proportion of future changes was shown using a CMIP5 multimodel ensemble projection of the zonally averaged midlatitude winter storm tracks over the northern hemisphere [19]. Numbers of storm tracks were shown to be close for the middle and end of 21st century under the RCP4.5 scenario, as well as for the mid-21st century under the RCP8.5 scenario [19]. At the end of the century under the RCP8.5 scenario, the projected changes in storm tracks were almost twice as large as the changes projected for the mid-21st century [19].



Such varying cyclone change responses in the Mediterranean–Black Sea subregions in the middle and end of the 21st century did not correspond with the monotonous global temperature changes projected for the 21st century and associated with greenhouse gas forcing. These fluctuating changes may be linked, on the one hand, to long-term (decadal–multidecadal) variability or, on the other hand, to regional features associated with the averaging procedure; i.e., to what anomalies fall within the selected boundaries of the subregions. Considerable quasiperiodic long-term (interannual and decadal) variability was observed in the projected time series for the 21st century of different climate variables, e.g., in the storm track frequency over the North Atlantic [16,28], Western Europe [83] and the Mediterranean region [26], in water vapor transport from the North Atlantic [8], and in regression coefficients between cyclone-related temperatures and extreme precipitation [5,11]. Our previous studies also showed decadal-multidecal variability in the frequency of winter cyclones in the Mediterranean–Black Sea region in the second part of the 20th century, associated with Atlantic Multidecadal Oscillation and Pacific Decadal Oscillation [22,24,37]. These oscillations can amplify or compensate for regional anomalies of global warming in the 21st century [84,85,86].



However, researchers generally agree that these quasiperiodic anomalies are overwhelmed by the large changes projected for the 21st century [8], and anthropogenic forcing becomes dominant. Rare events, such as the most intense cyclones, do not show a consistent trend and may be attributed to long-term (e.g., decadal) variability rather than to greenhouse gas forcing [26].




3.4. Average Cyclone Tracks


The changes in the local frequencies of cyclones over the North Atlantic–European sector may be associated, in addition to the changes in the number of cyclogenesis events, with the shift of the main North Atlantic storm track from one latitude to another. Figure 8 shows the average position of cyclone tracks originating from the cyclogenesis areas (blue rectangles in Figure 8), according to CMIP6 model simulations (see Figure 2f and Figure 4). To obtain average cyclone tracks during three previously selected 15 year periods, the average values of latitudes and longitudes of the emerging cyclones were calculated at each 6 h time step after their genesis. The average position of the cyclones is indicated in Figure 8 by circles at 0 h, 24 h, and 48 h after their genesis; the arrows mark the last considered position of cyclones at 72 h. Thus, the track length corresponded to 3 days.



As shown in Figure 8, the average cyclone tracks from the Icelandic cyclogenesis area and the most southern area among three North Atlantic cyclogenesis areas shifted southward under SSP2-4.5 and SSP5-8.5 scenarios in the periods of the middle and end of the century. Such southward shifts are consistent with the higher cyclone numbers projected for the British Isles, the North Sea, and the Baltic Sea. At the same time, cyclone tracks from the North Sea and the Baltic Sea cyclogenesis areas were characterized by the comparable northward shift at the end of the 21st century under both scenarios. Over the Mediterranean Sea, the most substantial shift in the average cyclone track was expected under the SSP5-8.5 scenario: northward for the western Mediterranean cyclogenesis area and southward for both the eastern Mediterranean cyclogenesis areas. For the Black Sea cyclogenesis area, the most pronounced shift was northward in the middle of the 21st century under the SSP2-4.5 scenario. The northward shift of the western Mediterranean cyclogenesis area was consistent with the higher frequency of cyclones over Central Europe.



The northward shift in average cyclone tracks in the middle latitudes agreed with the northward shift of the jet stream position [32] and positive anomalies of the 250 hPa meridional wind in the 40° N to 60° N latitudinal band, under different future scenarios of climate change in the 21st century [87]. In addition, in [88], based on the CMIP5 models, there was a decrease in the winter frequency of blockings in central and northwestern Europe, which corresponded to the northward shift in the average cyclone tracks from the western Mediterranean and the Black Sea cyclogenesis areas in this study.





4. Conclusions and Discussion


The following conclusions were reached on the basis of the analysis of winter (DJF) cyclonic activity (the frequency of cyclones, the number of cyclogenesis events, the number of cyclones, and the average cyclone tracks) in the Mediterranean–Black Sea region, as a part of the North Atlantic–European sector, at the beginning (2000 to 2014), middle (2043 to 2057), and end (2086 to 2100) of the 21st century, using the recent-generation CMIP6 multimodel ensemble simulation under the scenarios of the intermediate (SSP2-4.5) and highest (SSP5-8.5) emissions.



In general, for the North Atlantic–European sector, we showed that the recent (2000 to 2014) historical spatial patterns of the winter frequency of cyclones and the number of cyclogenesis events will apparently be maintained in the future, but most areas of maximum cyclonic activity are projected to shrink and become noticeably weaker, especially at the end of the century and under the SSP5-8.5 scenario. Absolute anomalies of the future frequency of winter cyclones, relative to the recent historical period at the beginning of the century, showed that, among the models there was a consistent decrease over the eastern Mediterranean Sea and north of Scandinavia, while there was an increase over Central Europe and British Isles (due mostly to the January and December input), and the value of the anomalies increased from the SSP2-4.5 to the SSP5-8.5 scenario.



This pattern was consistent with the dipole pattern shown in [8] using two domains (the British Isles and Iberia) and with a tripolar pattern over the European region that was mentioned, for example, in [9,27]. The reasons for the detected pattern are likely related to a poleward shift of atmospheric rivers and moisture corridors [8], an extension of the North Atlantic storm track into Europe [27]. The North Atlantic storm track slightly weakens on its northern and southern flanks in association with the North Atlantic jet stream, which strengthens and extends further into Europe under future climate change conditions [9,32]. Generally, this tripolar pattern over the Atlantic–European region is consistent with the broadening of the tropic and polar amplification of global warming in winter [13,14].



The area-averaged winter cyclone numbers (the frequency of cyclones, the number of cyclones, and the number of cyclogenesis events) over the western Mediterranean, the eastern Mediterranean, and the Black Sea subregions are not expected to show continuous reductions, on the one hand, from the beginning to the end of the century and, on the other hand, when moving from the milder (SSP2-4.5) to the more extreme (SSP5-8.5) scenario. Nevertheless, the largest drop of the median of all characteristics is expected for the end of the century under the SSP5-8.5 scenario, while the values in the middle of the 21st century under the same scenario are highest among climate change responses. For the SSP2-4.5 scenario, area-averaged cyclone numbers are projected to decrease in the middle of the century in the eastern Mediterranean (especially in the frequency of cyclones) and the Black Sea subregions. Over the western Mediterranean subregion, there will be an increase in the frequency of cyclones and a decrease in the number of cyclogenesis events. Such varying cyclone change responses in the Mediterranean–Black Sea subregions, which do not correspond to the monotonous global warming trend, may be linked to long-term (decadal–multidecadal) variability or to the choice of the boundaries of the subregions.



The average position of cyclone tracks originating from the cyclogenesis areas, according to CMIP6 multimodel ensemble projection, was found to be consistent with an increase in cyclonic activity in Central Europe, due to a northward shift in the average track of the western Mediterranean cyclogenesis area and a southward shift in the average track of the North Atlantic cyclogenesis areas. The average tracks in the other cyclogenesis areas are characterized by a southward shift in the eastern Mediterranean region and by a northward shift in the Black Sea region.



Such shifts in cyclone tracks were typical during the second part of the 20th century and the beginning of the 21st century [22,37]. They generally occur as a result of a change in the North Atlantic oscillation phase, due to a change in the intensity and position of the Icelandic Low and the Azores High. In the 21st century, the positive NAO phase is expected to prevail [89], characterized by a shift of the North Atlantic storm track to Northern Europe and a decrease of cyclonic activity over the Mediterranean Sea. From this point of view, our results correspond to the strengthening of the NAO (the transition to a positive phase), as under SSP2-4.5 scenario, our results showed an increase in the frequency of cyclones in the winter months over Europe and a decrease in the frequency of cyclones in the winter months in the Mediterranean region. However, the frequency of cyclones is also expected to decrease over Iceland, the Norwegian Sea, and the White Sea. The structure of the anomaly fields of the frequency of cyclones is more similar to the structure of the negative phase of the East Atlantic/West Russia pattern, which, as shown for the historical period in [90,91], corresponds to the circulation pattern opposite to the blocking in the following centers: the British Isles, the Baltic region, the northeastern coast of the Mediterranean region, the Black Sea region, and southwestern part of Eastern Europe.



Accordingly, in comparison with the first assessment of future global changes of objectively identified cyclones in the newest-generation CMIP6 models in [27], we focused on future changes of cyclonic activity in the Mediterranean–Black Sea region for the 21st century, adding the analysis of cyclogenesis events and the shift in cyclone tracks over the North Atlantic–European sector, as well as specifically comparing recent and future area-averaged cyclone numbers over the western and eastern Mediterranean subregions and the Black Sea subregion. In general, our study showed that future winter cyclonic activity in the Mediterranean–Black Sea region will respond unevenly to global climate changes, due to regional and monthly features and long-term quasiperiodic variability. In our future research, we plan to focus on a more detailed study of the quantitative characteristics and causes of future cyclonic activity in the Mediterranean–Black Sea region, using a regional model.
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Figure A1. Anomalies (%) of the frequency of winter cyclones relative to the recent historical period (2000 to 2014) at the beginning of the century: (a,c) at the middle of the 21st century; (b,d) at the end of the 21st century; (a,b) under the SSP2-4.5 scenario; (c,d) under the SSP5-8.5 scenario. Stippling indicates where 70% of the models agree on the sign of change. 
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Figure A2. Anomalies (%) of the frequency of cyclones relative to the recent historical period (2000 to 2014) at the beginning of the century in December (left column), January (central column), and February (right column): (a–f) at the middle of the 21st century; (g–l) at the end of the 21st century; (a–c,g–i) under the SSP2-4.5 scenario; (d–f,j–l) under the SSP5-8.5 scenario. Stippling indicates where 70% of the models agree on the sign of change. 
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Figure 1. Boundaries of the subregions for calculating area-averaged numbers: WM—western Mediterranean (green rectangle, 1° W to 21° E, 41° N to 47° N); EM—eastern Mediterranean (blue rectangle, 21° W to 36° E, 33° N to 37° N); and BS—Black Sea (red rectangle, 27° W to 42° E, 41° N to 47° N). 
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Figure 2. Winter cyclone numbers (total for 15 seasons) in the recent historical period (HIS, from 2000 to 2014): (a,c,e) frequency; (b,d,f) cyclogenesis events; based on: (a,b) NCEP/NCAR reanalysis; (c,d) ERA5 reanalysis; and (e,f) CMIP6 ensemble. 
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Figure 3. Frequency (total number for 15 seasons) of winter cyclones in the ensemble of the CMIP6 models: (a,c) at the middle of the 21st century; (b,d) at the end of the 21st century; (a,b) under the SSP2-4.5 scenario; and (c,d) under the SSP5-8.5 scenario. 
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Figure 4. Number of winter cyclogenesis events (total for 15 seasons) according to the ensemble of the CMIP6 models: (a,c) at the middle of the 21st century; (b,d) at the end of the 21st century; (a,b) under the SSP2-4.5 scenario; and (c,d) under the SSP5-8.5 scenario. 
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Figure 5. Absolute anomalies of the frequency of winter cyclones (difference in totals for 15 seasons) relative to the recent historical period (from 2000 to 2014) of the beginning of the century: (a,c) at the middle of the 21st century; (b,d) at the end of the 21st century; (a,b) under the SSP2-4.5 scenario; and (c,d) under the SSP5-8.5 scenario. Stippling indicates where 70% of the models agree on the sign of change. 
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Figure 6. Absolute anomalies of the frequency of cyclones (difference in totals for 15 months) relative to the recent historical period (from 2000 to 2014) at the beginning of the century in December (left column), January (central column) and February (right column): (a–f) at the middle of the 21st century; (g–l) at the end of the 21st century; (a–c, g–i) under the SSP2-4.5 scenario; and (d–f, j–l) under the SSP5-8.5 scenario. Stippling indicates where 70% of the models agree on the sign of change. 
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Figure 7. Boxplots of the area-averaged winter cyclone numbers (total for 15 seasons): (a–c) frequency of cyclones; (d–f) number of cyclones; (g–i) number of cyclogenesis events. Cyclone numbers are averaged over the following subregions (see Figure 1): (a,d,g) western Mediterranean; (b,e,h) eastern Mediterranean; (c,f,i) Black Sea. The averaging periods are the recent historical period (blue), middle of the century under the SSP2-4.5 scenario (light green), end of the century under the SSP2-4.5 scenario (green), middle of the century under the SSP5-8.5 scenario (orange), and end of the century under the SSP5-8.5 scenario (red). The black line in the boxes is the median, the boxes’ range is from the 25th percentile to the 75th percentile, the whiskers’ range is from the 5th percentile to the 95th percentile, and the white dots mark the outliers. 
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Figure 8. The average position of cyclone tracks originating from the cyclogenesis areas marked by blue rectangles. The blue track is for the period of the beginning of the century, the light green track is for the mid-21st century under the SSP2-4.5 scenario, the green track is for the end of the century under the SSP2-4.5 scenario, the orange track is for the mid-21st century under the SSP5-8.5 scenario, and the red track is for the end of the century under the SSP5-8.5 scenario. 
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Table 1. CMIP6 models analyzed in this study.
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Model

	
Developer, Country

	
Resolution






	
CMCC-CM2-SR5 [64]

	
Euro-Mediterranean Center on Climate Change, Italy

	
1.25 × 0.94




	
CMCC-ESM2 [65]

	
1.25 × 0.94




	
IPSL-CM6A-LR [66]

	
Institut Pierre Simon Laplace, France

	
2.5 × 1.27




	
MPI-ESM1-2-HR [67]

	
Max Planck Institute for Meteorology, Germany

	
0.94 × 0.93




	
MPI-ESM1-2-LR [68]

	
1.88 × 1.85




	
NorESM2-LM [69]

	
Norwegian Climate Centre, Norway

	
2.5 × 1.89




	
NorESM2-MM [69]

	
1.25 × 0.94




	
TaiESM1 [70]

	
Research Center for Environmental Changes, Academia Sinica, Taiwan

	
1.25 × 0.94
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Table 2. Spatial linear correlation coefficient (r) and root mean square error (RMSE) between the frequency of cyclones over the North Atlantic–European sector in the CMIP6 models and NCEP/NCAR reanalysis in the period from 2000 to 2014. The highest (for r) and lowest (for RMSE) 30% values of the entire range of the comparison parameters (for both reanalyses and all 12 months) are marked in bold.
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CMIP6 Model

	
Parameter

	
October

	
November

	
December

	
January

	
February

	
March






	
CMCC-CM2-SR5

	
r

	
0.14

	
0.34

	
0.26

	
0.38

	
0.32

	
0.21




	
RMSE

	
7.03

	
6.36

	
6.52

	
6.76

	
5.75

	
6.39




	
CMCC-ESM2

	
r

	
0.19

	
0.24

	
0.31

	
0.38

	
0.21

	
0.21




	
RMSE

	
7.2

	
7.02

	
6.19

	
6.21

	
6.23

	
6.51




	
IPSL-CM6A-LR

	
r

	
0.28

	
0.14

	
0.32

	
0.26

	
0.28

	
0.33




	
RMSE

	
5.48

	
6.18

	
5.44

	
6.08

	
4.97

	
6.02




	
MPI-ESM1-2-HR

	
r

	
0.04

	
0.21

	
0.29

	
0.44

	
0.29

	
0.2




	
RMSE

	
14.71

	
9.19

	
10.04

	
9.55

	
11.28

	
13.08




	
MPI-ESM1-2-LR

	
r

	
0.32

	
0.34

	
0.4

	
0.37

	
0.45

	
0.33




	
RMSE

	
4.61

	
5.93

	
5.6

	
5.82

	
4.57

	
5.18




	
NorESM2-LM

	
r

	
0.34

	
0.27

	
0.22

	
0.18

	
0.34

	
0.2




	
RMSE

	
4.42

	
5.01

	
5.46

	
6.11

	
4.72

	
4.9




	
NorESM2-LM

	
r

	
0.22

	
0.19

	
0.31

	
0.35

	
0.31

	
0.18




	
RMSE

	
7.74

	
8.23

	
7.81

	
8.38

	
7.48

	
8.09




	
TaiESM1

	
r

	
0.18

	
0.3

	
0.33

	
0.35

	
0.17

	
0.16




	
RMSE

	
7.57

	
6.46

	
6.02

	
7.01

	
6.54

	
7.22
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Table 3. Spatial linear correlation coefficient (r) and root mean square error (RMSE) between the frequency of cyclones over the North Atlantic–European sector in the CMIP6 models and ERA5 reanalysis in the period from 2000 to 2014. The highest (for r) and lowest (for RMSE) 30% values of the entire range of the comparison parameters (for both reanalyses and all 12 months) are marked in bold.
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CMIP6 Model

	
Parameter

	
October

	
November

	
December

	
January

	
February

	
March






	
CMCC-CM2-SR5

	
r

	
0.19

	
0.44

	
0.45

	
0.41

	
0.35

	
0.2




	
RMSE

	
6.95

	
5.79

	
5.51

	
6.09

	
5.8

	
6.88




	
CMCC-ESM2

	
r

	
0.26

	
0.39

	
0.47

	
0.46

	
0.36

	
0.29




	
RMSE

	
6.78

	
6.08

	
5.28

	
5.41

	
5.7

	
6.13




	
IPSL-CM6A-LR

	
r

	
0.33

	
0.27

	
0.44

	
0.37

	
0.28

	
0.35




	
RMSE

	
5.58

	
5.88

	
4.94

	
5.33

	
5.54

	
5.93




	
MPI-ESM1-2-HR

	
r

	
0.1

	
0.23

	
0.23

	
0.35

	
0.19

	
0.11




	
RMSE

	
14.71

	
9.19

	
10.04

	
9.55

	
11.28

	
13.08




	
MPI-ESM1-2-LR

	
r

	
0.31

	
0.22

	
0.33

	
0.32

	
0.26

	
0.31




	
RMSE

	
5.62

	
6.57

	
5.81

	
6.01

	
6.01

	
5.9




	
NorESM2-LM

	
r

	
0.36

	
0.42

	
0.41

	
0.38

	
0.34

	
0.29




	
RMSE

	
5.6

	
5.24

	
5.01

	
5.53

	
5.68

	
5.89




	
NorESM2-LM

	
r

	
0.32

	
0.39

	
0.51

	
0.52

	
0.42

	
0.27




	
RMSE

	
6.81

	
6.83

	
6.28

	
6.72

	
6.41

	
7.41




	
TaiESM1

	
r

	
0.21

	
0.42

	
0.46

	
0.47

	
0.36

	
0.21




	
RMSE

	
7.3

	
5.74

	
5.17

	
5.8

	
5.82

	
6.99
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