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Abstract

:

In the extended winters from December 2017 to April 2021, numerous high-impact storms affected the Iberian Peninsula (IP) with heavy precipitation and/or strong winds. Here, we provide a comprehensive assessment of these events, synoptic conditions, large-scale dynamics associated with storms, and a climatological analysis to improve public awareness and natural disaster prevention. Variability analysis presents that their maximum intensity ranges from 955 hPa to 985 hPa, a two-to-four-day lifetime, and the highest frequency (eight events) occurred in January. At the instant of maximum intensity, anomalies presented low MSLP values (−21.6 hPa), high values of water vapor (327.6 kg m−1s−1) and wind speed at 250 hPa (29.6 m s−1), high values of θe at 850 hPa (19.1 °C), SST (−1 °C), and QE (−150 W m−2), near Iberia. The values obtained during the storm impact days exceeded the 98th percentile values in a high percentage of days for daily accumulated precipitation (34%), instantaneous wind gusts (46%), wind speed at 10 m (47%), and concurrent events of wind/instantaneous wind gusts and precipitation (26% and 29%, respectively). These results allow us to characterize their meteorological impacts on the IP, namely those caused by heavy precipitation and wind.
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1. Introduction


Extratropical cyclones (ECs) are a major cause of damaging winds and heavy precipitation in mid-latitudes. Moreover, the highest-impact weather within them is associated with mesoscale structures such as fronts [1,2]. ECs are a fundamental part of atmospheric circulation in the mid-latitudes due to their ability to transport large amounts of heat and moisture [3,4,5].



More than two-thirds of the climatological precipitation in much of Europe and North America is caused by ECs, and in the main storm track regions, this percentage can reach 90% [6,7], affecting the daily weather conditions in these regions [5,8]. In addition, most large-scale extreme precipitation events in the extratropics are linked to the passage of ECs [8,9,10], and these events, which originate in the North Atlantic and reach Europe, are the main cause of flood events in these regions [11].



Some previously studied high-impact events affecting the Iberian Peninsula (IP) crossed the North Atlantic in the direction of Europe and underwent an explosive development at unusual lower latitudes, reaching the IP with an uncommon intensity [12,13,14,15,16,17]. ECs with explosive development that affect Europe form when baroclinic disturbances over the North Atlantic undergo rapid intensification, which leads to a fall in surface pressure and steep pressure gradients, producing extremely high surface wind speeds over a large footprint region [18,19,20]. Intense cyclones, with very low pressure at the core center, are frequently accompanied by strong winds and heavy precipitation [21,22]. Events that affect the IP often lead to high amounts of precipitation and flooding associated with atmospheric rivers (ARs) [23,24,25,26]. Furthermore, such events have also been observed in France and Western Europe [27].



Studies by Ulbrich et al. [28] and Catto et al. [1] suggest that even if the total number of ECs remains stable, the number of extreme cyclones affecting Western Europe and the eastern North Atlantic in the future may slightly increase in association with an intensified polar jet extended towards Europe. Besides that, the precipitation intensity of the most severe ECs is expected to increase in a warmer climate in the extratropics [8,9,10].



In recent decades, the number and intensity of ECs have increased significantly [29]. These events cause substantial economic damage, including property damage, flash floods, landslides, travel disruptions, and fatalities due to strong winds and extreme precipitation [5,16,18,30]. The frequent occurrence of ECs in quick succession over the same location can also lead to accumulated impacts such as flooding and wind damage [2]. These events often involve simultaneous strong wind and precipitation events along with frontal structures [9,31,32,33], affecting several worldwide regions, such as the IP [34,35,36]. ECs are classified as wind and precipitation storms with widespread impacts and are referred to as compound events (CEs) [37,38,39]. CEs result from the combination of multiple causes and hazards, contributing to societal and environmental risks [40], and their combined occurrence can have significant impacts, even without the individual factors reaching extreme values [41,42]. Many studies have analyzed CEs involving heavy precipitation and extreme wind episodes, e.g., Refs. [13,15,16], in various regions, including the Mediterranean region [31]; Europe, e.g., Refs. [43,44,45,46]; western North America and northern Europe, e.g., Ref. [47]; China, e.g., Ref. [48]; and at a global scale, e.g., Refs. [39,49,50,51,52]. The importance and impact of the ECs in Europe are such that since 1954, the Institute of Meteorology of the Freie Universität Berlin has named all pressure systems in Central Europe [53]. Recent impactful storms demonstrated the need to communicate severe weather clearly and naming storms is proven to help to raise public awareness. Therefore, the need to increase public awareness of extreme ECs and their impacts has meant that since 2017, the names of high-impact storms that may affect Portugal, Spain, and France, which are part of the so-called meteorological Southwest European Group (SW Group), have been assigned by their national meteorological services [54,55,56]. The meteorological services of Belgium [57] and Luxembourg [58] joined the initiative in 2019 and 2021, respectively. The named storms can affect all five SW Group countries, simultaneously or just only one of them. These meteorological services are also in coordination with the Western European Group formed by the United Kingdom, Ireland, and the Netherlands [59,60,61].



Recent works mentioned have proven that the four winters of 2018–2021 have been prone to high-impact storms with different behaviors and development, leading to extensive socioeconomic impacts caused by heavy rainfall, snow, and strong winds in the IP region [17,62,63,64] and other European countries [65,66]. In the IP, the results of Hénin et al. [36] show that 85% of recorded precipitation and wind-extreme events are associated with ECs, and western IP coasts are the areas most exposed to ECs [30]. In addition, the three consecutive ECs named Daniel, Elsa, and Fabien that occurred in the extended winter of 2019–2020 affected the IP, with extreme rainfall that led to flash floods, extensive landslides, and strong winds, which caused numerous socioeconomic impacts, especially in the north and center of Portugal and Spain [17]. Moreover, the study by Ribeiro et al. [67] highlights the heavy damage to the Portuguese forest—in terms of woody material—caused by the winter 2017–2018 events resulting from the strong winds associated with the high-impact storms. EC Filomena was studied by Zschenderlein and Wernli [63], which was responsible for a heavy snowfall event, developed from a precursor low-pressure system over the central North Atlantic, that affected Spain in early January 2021.



In this sense, an important motivation for this study is the high number of high-impact ECs that affected Iberia and caused numerous socioeconomic impacts in the four extended winters (2018–2021), and the fact that there are no studies that systematically analyzed all the events that affected the IP with heavy precipitation and/or strong winds.



The occurrence of a high number of named events (frequency) with societal impact in the IP makes these winters anomalous in terms of climatology. According to the cyclone climatology presented by Sousa et al. [68] (see Figure 7 of Sousa et al. [68]), the IP is affected on average by up to two cyclones per year. Ulbrich et al. [69] (see Figure 1 of Ulbrich et al. [69]) show that according to historical data, Iberia is affected on average by less than five cyclones per winter, and when referring to strong cyclones, it is affected on average by less than one cyclone per winter. Results from Neu et al. [70] (see Figure 1 of Neu et al. [70]), based on fifteen cyclone detection and tracking methods, show that the IP is affected by less than fifteen cyclones per winter lasting twenty-four hours or more. Pinto et al. [71] (see Figures 3 and 4 of Pinto et al. [71]) analyzed the characteristics of cyclones over the North Atlantic and Europe and found that Iberia may be affected by between five to ten cyclone days/winter and by less than one extreme cyclone day/winter. Furthermore, Karremann et al. [72] showed that there is a decal variability of cyclones with extreme winds’ impact on the IP and characterized these events. These and additional studies carried out within the scope of the Stormex and WEx-Atlantic projects demonstrated that there is a need to systematize the extreme events that have occurred in recent winters. So far, only case studies have been published.



Thus, the present study aims to understand, from a synoptic and dynamic point of view, the different conditions of development of the high-impact storms that mainly hit the IP in the four extended winters, 2017–2018 to 2020–2021.



Thus, the goals of this study are:




	(i).

	
To assess the named events that affected the IP with heavy precipitation and/or strong winds and the impacts caused by the studied events;




	(ii).

	
To characterize the variability of the events under study considering the maximum intensity (minimum central pressure), the lifetime of each event, and the number of events per month;




	(iii).

	
To characterize the synoptic and dynamical conditions driving the events through critical meteorological variables;




	(iv).

	
To evaluate the intensity of the selected events considering the precipitation and wind speed values reached for these;




	(v).

	
Finally, to analyze the meteorological variable anomalies for the high-impact storms studied relative to the climatology of the 1991–2020 reference period.









The paper is structured in the following sections: Section 2 presents the data and method used in this study. Section 3 assesses the characteristics and variability of high-impact storms. Section 4 discusses the results of the case study analysis; the intensity of the selected events concerning the precipitation, wind speed, and instantaneous wind gust; the identification of extreme concurrent events of these variables; and the climatology and the respective anomaly analysis of the variables under study. Finally, Section 5 shows the discussion of the results, and the last section presents the conclusions and significance of this work.




2. Materials and Methods


2.1. Identification and Characterization of the High-Impact Events Affecting the IP


ECs that caused high impacts in the IP during the four extended winters (October 2017 to April 2021) are selected from the forty-nine high-impact storms designated by the so-called meteorological Southwest European Group (SW Group) dataset, and each event is analyzed individually.



First, the official reports of the meteorological institutes of the two countries IPMA [54] and AEMET [55] collected the information and meteorological impacts—wind and/or precipitation and/or snow—of each event. These climatological bulletins can be consulted in the respective links [73,74].



Then, weather charts (UK Met Office, available from www.wetter3.de/ (accessed on 7 June 2021) were used for the surface analysis of synoptic development, collecting the position (latitude and longitude) every six hours, and tracing their trajectories. Likewise, the pressure values in each position (six hours) were collected, and the instant of maximum intensity of each event was identified, that is, the instant when the storm reached the minimum core pressure. That said, having identified the high-impact storms that affected the IP, the events and their lifecycle characteristics were characterized.



Moreover, to identify the events with explosive development (explosive cyclogenesis or meteorological “bombs”), the criterion and definition used by Sanders and Gyakum [75] is followed, that is, when the central pressure, geostrophically adjusted to 60° N, decays at least 24 hPa in 24 h, i.e.,


     d p   d t adj     =   d p   d t     sin φ Ref   sin φ   ≤ − 24   hPa / 24   h   



(1)




where φ is the storm latitude, and φRef is 60° N. Thus, when the surface pressure falls in the central MSLP of at least (24 sin φ/sin 60°) hPa in 24 h, the events are characterized as events with explosive cyclogenesis [75,76].



In addition, the events were analyzed according to Bergeron’s rate of deepening (DR) (DR in Bergeron) by Sanders and Gyakum [75] and classified according to Sanders [77]. Thus, an EC is characterized as a cyclone with a central sea level pressure (SLP) that decreases at an average rate of at least 1 Bergeron:


1 Bergeron = (24 hPa/24 h) × sin60°/sinφ,



(2)




where φ is the latitude of the cyclone center and 60° is the adjusted latitude in geostrophically equivalent rate. Furthermore, Sanders [77] categorized ECs into three intensity levels: weak (1.0–1.2 Bergerons), moderate (1.3–1.8 Bergerons), and strong (>1.8 Bergerons).



Zhang et al. [78] revised the definition of EC given by Sanders and Gyakum [75] to be a cyclone where central SLP decrease normalized at 45° N is greater than 12 hPa within 12 h. The 12 h SLP change is used to find an instance of the most rapid deepening in a cyclone’s life.



In this study, the modified EC definition introduced by Zhang et al. [78] was used. The deepening rate (DR in Bergeron) of a cyclone’s SLP (hPa h−1) can be computed using the following equation:


       P  t − 6   −  P  t + 6     12     ×     sin 45 °   sin    φ  t − 6   +  φ  t + 6    2      ,    



(3)




where t represents the analyzed time in hours, P is the central SLP, and φ is the latitude of the cyclone center defined as the position of minimum SLP. The subscripts “t − 6” and “t + 6” denote the time 6 h before and after the time t, respectively. EC is defined as a cyclone with a deepening rate greater than or equal to 1 Bergeron and classified as weak (1.00–1.29), moderate (1.30–1.69), strong (1.70–2.29), and super (≥2.30).



Cyclones were also classified according to their trajectories following the Karremann et al. [72] criteria developed for windstorms. They characterized the large-scale atmospheric conditions and cyclone trajectories associated with the 100 largest potential losses in the IP due to strong wind events (windstorms). The events could be classified as (1) group “Iberia”, those cyclones with tracks crossing over Iberia on the event day; (2) group “North”, cyclone tracks that cross north of Iberia on a zonal track, mainly to the southwest of the British Isles, and influence Iberia mainly due to their extended fronts; (3) group “West”, cyclone tracks that cross from southwest to northeast, but west of Iberia; (4) group “Hybrid”, the synoptic pattern with the juxtaposition of a cyclone and an anticyclone leading to a pronounced mean sea level pressure (MSLP) gradient over Iberia, and thus strong winds. They also found differences between these groups concerning the mean values of the minimum core pressure. The lowest minimum mean value for the ±1 day of the event was found for the West group (966 hPa), followed by the North group (976 hPa), and the Iberia and Hybrid groups (both with 983 hPa).



In the present study, an MSLP composite of the minimum pressure value reached for each event was calculated, and the trajectory of each event was analyzed, to then classify the events into the groups defined for windstorms by Karremann et al. [72]. Thus, it is possible to analyze the behavior and magnitude of the events under study and compare them with the results of Karremann et al. [72], in terms of their trajectories and magnitude.




2.2. Meteorological Data and Synoptic Analysis


To analyze the synoptic conditions and the large-scale dynamics associated with the development of the high-impact storms that affect the IP, meteorological parameters from the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA5 Reanalysis [79] were used. Fields of wind; temperature (T); relative (RH) and specific humidity (q) at 27 pressure levels (from 100 to 1000 hPa); mean sea level pressure (MSLP); integrated vapor transport (IVT); and sea surface temperature (SST) have been used for the Euro-Atlantic region (90° W–25° E; 15° N–65° N). These fields were extracted for the 1991–2021 extended winter months (October to April, ONDJFMA), for the 6-hourly timesteps (00, 06, 12, and 18 UTC), with a horizontal spatial resolution of 0.25° (31 km) on a latitude/longitude grid.



To assess heat exchange between the ocean and atmosphere associated with high-impact storms, heat fluxes were used. The study of Dacre et al. [80] demonstrates that heat and moisture exchanges between the ocean and atmosphere in the cold sector behind the cold front of the ECs can lead to ocean cooling for the strongest cyclones, and Zhang et al. [81] showed the high contribution of latent and sensible heat fluxes in the initial development of super explosive cyclones. The net surface thermal radiation (QLW) refers to the thermal radiation emitted by the atmosphere and clouds reaching the Earth’s surface, minus the amount radiated back from the surface. Surface solar radiation (QSW) is the amount of solar radiation that reaches the surface, considering both direct and diffuse radiation, minus the portion reflected by the surface. Surface latent heat flux (QE) involves the exchange of latent heat with the surface through turbulent diffusion, while surface sensible heat flux (QH) involves the exchange of sensible heat with the surface. The magnitudes of QE and QH are influenced by factors such as wind speed, moisture, and temperature differences between the surface and the lower atmosphere. QN is given by the sum of QSW, QLW, QH, and QE. The ECMWF convention for vertical fluxes considers positive values in the downward direction.



Equivalent potential temperature (θe) signifies the temperature an air parcel would reach if all the contained water vapor condensed, releasing latent heat, and the parcel was compressed adiabatically to a standard reference pressure. So, achieving the equivalent potential value for an air parcel involves lifting it from its initial level until all water vapor condenses and then adiabatically compressing it to 1000 hPa pressure. Since the condensed water is assumed to fall out, the parcel’s temperature increase during compression follows the dry adiabatic rate, leading to a temperature higher than the initial level upon descent. This process is termed pseudoadiabatic ascent, and while not fully adiabatic due to heat carried by falling liquid water, it is a significant concept in atmospheric science [15,82,83]. θe at the 850 hPa was computed using ERA5 reanalysis data (T and RH) following Bolton’s formula [82]. The equivalent potential temperature at 850 hPa is commonly used to identify the approximate position of the surface fronts [84,85].



To analyze the synoptic conditions and the underlying dynamics of the events under study, a case study was chosen (Storm Ana, see Table 1 and Table S1) and the analysis was made for different meteorological variables (MSLP, θe at 850 hPa, IVT, wind speed at 250 hPa, QE, QH, QN, and SST) in different states of their development—the instant of maximum intensity (minimum pressure), as well as 12 h before and 24 before the instant of maximum intensity.



The climatological analysis was carried out for the extended winter months (ONDJFMA) of the 1991–2020 period and the meteorological fields studied. The anomalies of the storm composites—the average of the composites minus the long-term average—were calculated for the variables mentioned above. The composite was calculated for the average of meteorological variables considered at the instant maximum intensity (minimum central pressure) of each event. The analysis is also presented in Supplementary Material (See Table S1 and Figures S1 and S2).



The total precipitation, 10 m wind components (u and v components), and instantaneous 10 m wind gust (i10fg) fields are also obtained from ERA5 reanalysis on an hourly basis for a smaller region shown in Section 4.2 (10° W–4° E; 35° N–45° N). The hourly dataset covers the extended winter period of ONDJFMA for 1991–2020, and the same parameters are extracted for the days of greatest impact of the studied storms in the IP.



Moreover, the daily accumulated precipitation dataset was calculated from the hourly data adding the precipitation between 00 UTC (timestep 01 UTC of day n) and 00 UTC on the next day (timestep 01 UTC of day n + 1). The instantaneous 10 m wind gust used in this study corresponds to the maximum wind gust at the specified time, at a height of ten meters above the surface of the Earth.




2.3. Extreme Precipitation and Wind Associated with the Storms, and Concurrent Events


For a more specific analysis of the IP, high-impact storms are classified here into three types: windstorms (W), storms involving both wind and precipitation (W + P), and precipitation storms (P). These classifications are based on the values exceeding the 98th percentile for each respective variable in at least one ERA5 grid point in the IP domain (10° W–4° E; 35° N–45° N), during the storm days, as outlined in Table 1 and Section 2.3 and Section 4.2.



The days with the greatest impact of each storm are counted considering as a reference the day of maximum intensity (minimum central pressure). Comparative analysis was performed for each storm and then for the set of events. Each variable is analyzed individually to assess the percentage of days in which their values exceed the 98th percentile in at least one grid point in the domain considered during the storm days. In addition, to check if there are concurrent extreme events in terms of precipitation and wind, these shall be considered to reach values higher than the 98th percentile for both wind and precipitation variables at the same time.





3. Results


3.1. Characterization of the High-Impact Storms during Extended Winters 2018–2021


Of the forty-nine high-impact storms named and identified by the meteorological institutes of the Southwest European Group (SW Group), twenty-eight of them caused severe impacts on the IP, due to heavy precipitation and/or strong winds. Table 1 records the names of the storms that caused severe impacts on the IP during the four extended winters of 2018–2021, showing the date, position, and the instant of maximum intensity (defined as the instant when the EC reaches the minimum central pressure). In addition, it is worth noting that ten out of the twenty-eight high-impact storms have explosive cyclogenesis (marked with an asterisk in Table 1).



Concerning meteorological impacts (for details, see Section 2 and Section 4.2), high-impact storms are characterized by windstorms (W), wind and precipitation (W + P) storms, and precipitation storms (P), according to the values being higher than the 98th percentile of each variable (Table 1), in at least one grid point in the domain considered during the storm days. Most of the events (25 storms out of 28) that hit the IP are found to be accompanied by high precipitation values and strong winds (W + P), that is, extreme compound events. Only two of them are W storms, and two events are classified as P storms.



To identify the events with explosive development, the deepening rates of the core pressure for 24 h were analyzed for each storm and then geostrophically adjusted to the reference latitude of 60° N (see Equation (1)) and classified according to Sanders [77] (Equation (2)), and to Zhang et al. [78] (Equation (3)). The results are presented in Table S1 (see Supplementary Material). According to the classification of Sanders and Gyakum [75] and Sanders [77], all events with explosive development are considered “weak”. However, differences were found in the classification according to Zhang et al. [78], which are explained in each extended winter analyzed.



In the extended winter of 2017–2018, out of three events with explosive development, two are considered “strong” (Ana, DR = 1.74; and Hugo, DR = 2.28). In the extended 2018–2019 winter, the only event with explosive development is classified as “moderate” (Gabriel, DR = 1.43). In the extended winter of 2019–2020 in the IP, three storms presented explosive development and two of them are classified “moderate” with a DR of 1.59 (Fabien) and 1.38 (Jorge). During the last extended winter considered, 2020–2021, three storms had explosive development, with one being classified as “strong” (Alex, DR = 2.16) and another as “moderate” (Dora, DR = 1.46).



The definition of EC given by Sanders and Gyakum [75] was revised to be a cyclone whose central SLP decrease normalized at 45ºN is greater than 12 hPa within 12 h, and thus, the 12 h SLP change was used to find an instance of the most rapid deepening in a cyclone’s life. Thus, the results suggest that the modified definition is suitable to describe more detailed processes of the rapid deepening of ECs because the longer period for pressure dropping in Sanders and Gyakum [75] potentially smooths out the rapid development of ECs [78]. This is confirmed by the number of events classified as “moderate” and “strong”, instead of the 10 events classified as “weak” according to Sanders and Gyakum [75] and Sanders [77]. In addition, this analysis was made for the 28 events; however, the 10 events considered with explosive development according to Sanders and Gyakum [75] remain the same according to the classification of Zhang et al. [78].



Figure 1 shows the tracks and evolution of central pressure over the lifetime of the twenty-eight high-impact storms.



In the left panel (tracks), it can be observed that the storms started their development over the North Atlantic Ocean, moving towards Europe, where they mostly affected the north of the IP and the British Islands. The instants of maximum intensity of each storm are marked with an “X”, which allows us to verify the intensity of storms over the IP, British Islands, and northern France. The right panel shows the evolution of central pressure over the lifetime of the storms, where it is possible to easily observe events with explosive development (Table 1 and Table S1—Supplementary Material) through the more accentuated lines, for example, the storm Ana, Emma, Gabriel, Jorge and Gaetan, where the slope is very visible.



In addition, these events were classified according to their trajectories following the Karremann et al. [72] criteria for windstorms (see Section 2.1) as presented in Figure 2. In this way, of the twenty-eight storms, nine were classified as Iberia, thirteen as North, three storms as West, and another three as Hybrid.



Figure 2A presents the position of each storm in the instant of maximum intensity for the different groups, where it is possible to observe that most of the events reach this instant in the region of the IP (over the IP and south of the British Islands). Therefore, the events of the Iberia (Figure 2B) and North (Figure 2C) groups were the most impactful in the IP. Hybrid events (Figure 2E) present a different variety of tracks, and they are not clear as the other groups, because this group is primarily characterized by a strong large-scale pressure gradient over Iberia due to the juxtaposition of a low and a high-pressure center [72]. Some of these events reached the minimum pressure still far from the Iberian coast, over the ocean, as is the case of storm Emma (West group), Beatriz, Gloria, and Lola (Hybrid group), as shown in Figure 2D,E. Moreover, the mean values of minimum core pressure for the groups are as follows: Iberia = 986.56 hPa; North = 967.31 hPa; West = 967.33 hPa; Hybrid = 976 hPa. For the North group, the results show that the considered events are more intense (967.31 hPa) than those (976 ± 13.1 hPa) analyzed by Karreman et al. [72], in which of the thirteen considered in this group, seven presented explosive development. In the same way, the mean minimum pressure value for the Hybrid group (976 hPa) of under-study events is lower than those considered in the mentioned work (983 ± 15.8 hPa). On the other hand, the values obtained for the Iberia (986.56 hPa) and West (967.33 hPa) groups were higher than those obtained by Karreman et al. [72] (Iberia = 983 ± 9.31 hPa and West = 966 ± 13.3 hPa). Although there were few events, it is possible to verify that these presented very low minimum pressure values.



Hence, further study is essential due to the significant number, intensity, and severe impacts of all twenty-eight storms observed during the four consecutive extended winters.




3.2. Lifecycle Characteristics of the High-Impact Storms


Figure 3 presents the statistics of the lifecycle characteristics of high-impact storms: the distributions by intensity (minimum central pressure), lifetime, monthly distribution, and deepening rate classification by Zhang et al. [78] (see Section 2.1).



In general, all identified events (28 high-impact storms) present a wide range of values of minimum pressure reached in the instant of maximum intensity, between 955 hPa and 985 hPa (Figure 3A); in the lowest value ranges (the most intense storms) are those events with explosive development (10 events). Concerning the duration of high-impact storms, 70% of the events had a lifetime of between two to four days (Figure 3B); the same pattern occurred for the events with explosive development. However, four events with a minimum lifetime of one day and four events with a maximum duration of six to eight days were also identified, and one of them underwent explosive development.



Regarding the temporal variability of the events (Figure 3C), the monthly distribution of occurrence shows that January is the month in which the most storms occurred (8 events), followed by December and March (each month with 6 events). For the events with explosive development, the maximum occurred in December (4 events), followed by January and February (2 events, each month).



Figure 3D presents the deepening rate (in Bergeron) classification of the events with explosive development, and three of them are considered weak events (1.00–1.29 Bergeron), four are considered moderate events (1.30–1.69 Bergeron), and the other three are classified as strong events (1.70–2.29 Bergeron). This classification further reinforces the fact that these events were impactful.





4. Synoptic Analysis


4.1. Case Study Analysis


To investigate the synoptic conditions, a case study was chosen (storm Ana, see Table 1 and Table S1) and the analysis was made for different meteorological variables (MSLP, θe at 850 hPa, IVT, wind speed at 250 hPa, QE, QH, QN, and SST) in different states of their development—the instant of maximum intensity (minimum pressure), as well as minus 12 h before and minus 24 h before of the instant of maximum intensity. Storm Ana was the first named high-impact storm in December 2017. This storm formed in the center of the North Atlantic on 10 December 2017, and on 12 December 2017, it moved quickly toward northern Europe until it disappeared [86,87]. It showed explosive development and is classified as “strong” by Zhang et al. [78] (See Table 1 and Table S1, Supplementary Material).



This analysis is shown in Figure 4 (first column (Figure 4A,D,G,J,M,P)—24 h; second column—12 h (Figure 4B,E,H,K,N,Q); third column (Figure 4C,F,I,L,O,R), 0 h—the instant of maximum intensity).



Storm Ana appears as a very intense extratropical and complex system centered on the Bay of Biscay and affecting the northeast Atlantic, British Islands, IP, France, and the Mediterranean Sea. This system reached its maximum intensity at 06 UTC on 11 December 2017, with a minimum pressure of 958 hPa and with its pressure center located on the Bay of Biscay (48° N, −2° E), as shown in Figure 4C by the MSLP field, and the storm track in Figure 1.



The θe at 850 hPa is presented in Figure 4A–C, where the marked latitudinal gradient from 5 °C at northern latitudes is observed, and reaches the highest values over tropical regions (Gulf of Mexico) up to 70 °C. Around the IP, the values range between 25 °C and up to 50 °C at the instants of 24 and 12 h before the instant of maximum intensity. So, this event is accompanied by high values of θe at 850 hPa at unusually high latitudes up to 60° N, corresponding to a warm, moist air mass that travels north and acts as a source of energy, intensifying the storm’s development. These values confirmed the influence of moisture content and latent heat on the development and intensification of the studied storms.



Figure 4D–F show the field of the wind speed at 250 hPa for the three analyzed instants, where the jet stream position is observed, meandering over the North Atlantic and heading towards the IP, with strong winds up to 90 ms−1 at 12 h before the instant of maximum intensity (Figure 4E). IVT values (Figure 4G–I) allow us to identify the water vapor/moisture associated with this high-impact storm. The highest values are centered on the Atlantic Ocean, the Azores region, and the IP coast, where the values reached more than 1200 kg m−1s−1 (Figure 4H), 12 h before the instant of maximum intensity. The high IVT values associated with this event can explain the episodes of heavy precipitation and consequent flooding on the days of the storm passage.



The SST values are presented in Figure 4J–L, where the North Atlantic shows the highest values over tropical regions (Gulf of Mexico and Caribbean Sea) with a maximum of 29.2 °C, and near the IP, the values ranged from 10 °C in northern regions to 20 °C in southern regions.



Heat fluxes (QE, QH, QN) were used to evaluate the heat exchange between the ocean and atmosphere associated with the impactful storms. The QE analysis (Figure 4M–O) strongly presents negative values of up to—680 W m−2 (−12 h; Figure 4N) in the region where the pressure system is located. At the instant of maximum intensity (Figure 4O), the QE values around the system center (the IP and the southwest of the British Islands) are strongly negative (more than −520 W m−2), showing the latent heat exchange between the ocean and the atmosphere (energy supplied by the ocean to the storm).



Also noteworthy are the high QE values over the Atlantic Ocean, particularly in the Caribbean region and the Gulf of Mexico, with maximums reaching −838 W m−2 and 278 W m−2 (−24 h; Figure 4M).



At the same time, the QH field was also analyzed, and we obtained the same pattern with values that reached more than −175 W m−2 in the region of the system pressure (Figure 4Q,R). The maximum values concern the east coast of the United States of America, with −351 W m−2 and 265 W m−2 (Figure 4P). As the QH is related to sensible heat exchanges with the surface, the region of Europe affected by high-impact storms has positive values up to 35 W m−2 (Figure 4Q,R).



Moreover, the QN analysis of the event (shown in Supplementary Material Figure S1) presents the same pattern of QE and QH with negative values of up to −810 W m−2 in the region of the low-pressure system (Figure S1B,C). These results represent the heat fluxes between the ocean and atmosphere at those times when the ocean provided energy to the atmosphere, thus fueling storm development. So, it is verified that in the region where the center of pressure was located, the values of the fluxes (QE, QH, and QN) between the ocean and the atmosphere are higher (more negative), showing heat exchanges and the influence of the ocean on storm development. In addition, these fluxes are also influenced by factors such as wind speed, moisture, and temperature differences between the surface and the lower atmosphere, as was observed in the remaining parameters analyzed.



By analyzing the meteorological fields in these three different instants, it is possible to verify that despite the minimum pressure (instant of maximum intensity) having occurred on 11 December at 06 UTC, the storm presented higher values of wind and humidity to reach the region of Iberia in the 12 h before (12 December 2017 at 18 UTC).



The combination of all the above parameters over the IP region contributed to and allow for the justification of the heavy precipitation and strong winds that caused extensive damage during the passage of these extratropical storms over Iberia.




4.2. Concurrent Extreme Events Analysis


To assess and understand whether the values of moisture/water vapor and wind speed were extreme, the value of the 98th percentiles, at each grid point, of daily accumulated precipitation, wind speed at 10 m, and instantaneous wind gust (i10fg) at 10 m were calculated for the reference period 1991–2020 and the months in analysis (Figure 5), and they were compared with the values obtained from the same variables on the days of greatest impact of storms (Figure 6).



Figure 5A shows the 98th percentile values of daily accumulated precipitation with a maximum value of 53.80 mm day−1 in the northwest region (NW) of the IP. For the i10fg (Figure 5B), the maximum value was reached again in the NW IP (29.40 m s−1), the Pyrenees, and the Mediterranean coast. The wind speed at 10 m (Figure 5C) presents the highest percentile values on the NW and west coast of the IP, as well as the east coast (in the Mediterranean), with a maximum value of 20.05 m s−1.



Out of a total of ninety-four days of storm, the percentage of days in which the variables were greater than the 98th percentile values are shown in Figure 6, with the NW region of the IP presenting the higher percentage, and therefore, it is the area most affected by the storms under study. Figure 6A shows that in the NW of the IP, for 34.1% of the days of storms, the value of daily accumulated precipitation was higher than the 98th percentile, ranging from 30 to 54 mm day−1 (Figure 5A). For the i10fg (Figure 6B), it is verified that 45.7% of the storm days’ values were higher than the 98th percentile in the NW IP. For that region, the values of the 98th percentile range from 22 to 28 m s−1 (Figure 5B). Figure 6C indicates that in 46.8% of the storm days (maximum), the value of wind speed at 10 m was higher than the values of the 98th percentile, on the NW coast of the IP. Figure 5C shows that in this region, the values of the 98th percentile range from 10 m s−1 (onshore) to 22 m s−1 (offshore).



For the concurrent events (W + P)—daily accumulated precipitation and the i10fg (Figure 6D)—it is verified that in 28.7% of the storm days, the obtained values were higher than the 98th percentile values. Figure 6E shows the analysis of concurrent events—daily accumulated precipitation and wind speed at 10 m—in which for 25.5% of storm days, the values were higher than the 98th percentile values.




4.3. Climatological Analysis


This section presents the climatology for MSLP, IVT, ϴe at 850 hPa, wind speed at 250 hPa, and SST for the period of reference 1991–2020 and the respective anomalies of the twenty-eight storms composite. The climatology of MSLP (Figure 7A) presents the typical MSLP pattern, with low pressures in the north and high pressures in the south, including the Azores region and the IP. This observation confirms the known fact that low-pressure systems, such as ECs, commonly occur or reach the northern region of the British Islands. However, when we analyze the anomalies of MSLP for the composites of the twenty-eight events (Figure 7B), it is observed that the IP was under the influence of low-pressure systems centered over the British Isles, with values that range between −4 hPa to −12 hPa. The lowest mean values reached −21.6 hPa (Figure 7B) in the British Isles and the Scandinavia region. On the coast of North America, there is a minimum that is related to the low-pressure systems that are verified in that place on the same days that the northeastern coast of the Atlantic is affected by the studied ECs. The MSLP analysis results confirm the intensity of the four winter events, and those ECs that reached the IP and Southwest Europe in the last four winters were very intense, with a minimum value of pressure reaching too low, as also shown in Figure 1 and Figure 2.



Regarding moisture transport, the IVT climatology (Figure 7C) presents a long strip of the coast of North America, from the region of Florida to the east and the north of the Atlantic, with an inclination to the northeast. Moreover, the highest values are near the east coast of North America (ranging from 80 to 200 kg m−1s−1). The region of the IP and the British Isles has lower values up to 80 kgm−1s−1. When we analyzed the results of the anomalies (Figure 7D), we immediately verified that there was a large transport of water vapor associated with these storms. The storms that occurred in the winters of 2018–2021 show positive anomalies with very high values (up to 320 kg m−1s−1), which appear on the Atlantic Ocean, the Azores Islands, all of the coast of the IP, and northwest of France. In the IP, France, and the Mediterranean region, the values reached up to 240 kg m−1s−1, but with a major impact in Iberia.



Figure 7E displays the climatology of θe at 850 hPa, which is used to analyze its behavior and impact on storm development. The average θe values range from 20 °C to 40 °C across the IP. The high values, in the order of 50 °C to 60 °C, are observed in the region of the Gulf of Mexico and the Caribbean Sea. In Figure 7F, the anomaly values for the composite of all storms show a strong positive anomaly over the Atlantic Ocean, Europe, and northeast of North America, with values up to 19.1 °C, and there is an exception in the Gulf of Mexico and the Caribbean Sea regions, as well as in the North Pole. Moreover, this analysis shows that all events contained high moisture and latent heat during its development which contributed to its intensification [15,88].



Concerning the jet stream, analyzing the climatology for the 250 hPa wind speed (Figure 7G), it is observed that the highest values occur on the east coast of North America (28 to 44 m s−1). The values in southwest Europe, more specifically in the IP, are of the order of 12 to 20 m s−1. When we calculated the anomalies of the wind speed at 250 hPa of the studied storms (Figure 7H), the results showed a very strong positive anomaly at the west and in the IP, with a maximum of 29.6 m s−1. This strong positive anomaly along the Atlantic Ocean between the east coast of North America and the southwestern region of Europe, which includes the IP, the north of France, the south of the British Isles, and the Mediterranean region—confirms that the storms which reached these regions were very intense with very strong winds, i.e., windstorms. It is also possible to confirm that the jet stream, and then the wind speed, became more intense in lower latitudes, justifying the strong winds that hit the Iberian region in the passage of storms.



Figure 7I presents the climatology of SST, and the average values in the eastern North Atlantic Ocean offshore the IP are in the range of 12 °C in the northern regions to 18 °C in the southern regions. The high values (from 24 °C to 28 °C) are observed in the regions of the Gulf of Mexico and the Caribbean Sea. Concerning the anomaly analysis for the SST composite of the storms (Figure 7J), the results highlight the Gulf Stream, with a positive anomaly with values up to 3.5 °C and extending to 40° W. Additionally, the strong positive anomaly of SST is verified in a large part of the North Atlantic Ocean basin, which extends to 20° W (including the Azores and Madeira archipelagos), limited by the parallels between 30° N and approximately 45° N, with values that range from 2 °C to 0.5 °C. Along the North Atlantic Basin, the anomalies of SST are positive (up to 1 °C) between the Gulf Stream region to the Azores and Madeira archipelago. On the other hand, the values of SST anomalies reached −1 °C on the coast of the IP, the British Isles, France, and the African coast.



Figure 7K presents the climatology of QE where the average values vary between −360 W m−2 and 3.6 W m−2 in the same region of the North Atlantic Ocean, that is, in the regions of the Gulf of Mexico and the East Coast of the United States of America. On the other hand, along the coast of the IP, British Islands, and France, the average QE values are relatively low, varying between −95 W m−2 and −25 W m−2. The anomaly analysis for the QE composite of the 28 storms is presented in Figure 7L, and it reveals a strong negative anomaly with values up to −150 W m−2 in the northwest of the IP and France and southwest of the British Islands. The highest values are presented in the Gulf of Mexico and the East Coast of the United States of America, with −223.2 W m−2.



The QH follows the same pattern as QE, but with lower values. Figure 7M presents the climatology of QH, where the values range from −120.5 W m−2 to 33.9 W m−2 along the East Coast of the United States of America. On the other hand, in the IP region, British Islands, and France, the average QH values are lower, varying between −35 W m−2 and 5 W m−2. Figure 7N shows the anomaly values of the composite of the storms, where a negative anomaly up to −40 W m−2 located to the northwest of the IP and France, and southwest of the British Islands, was observed. In addition, a positive anomaly is verified over the IP and France (up to 40 W m−2). The highest and lowest values are found on the east coast of the United States of America and over the Atlantic Ocean, with values of −117.9 W m−2 and 69.3 W m−2, respectively. The climatology of the QN is present in the Supplementary Material (Figure S2A), where the average values vary between −442 W m−2 and 85 W m−2 in the same region of the North Atlantic Ocean, that is, in the regions of the Gulf of Mexico and the East Coast of the United States of America. On the other hand, along the coast of the IP, the British Islands, and France, the average QN values are relatively low, varying between −75 W m−2 and 25 W m−2 (Figure S2A). The anomaly analysis for the QN composite of the 28 storms is presented in Figure S2B (supplementary material), and it reveals a strong negative anomaly with values up to −350 W m−2 in the regions of the Gulf of Mexico and the East Coast of the United States of America. In addition, it is verified that a negative anomaly is located to the northwest of the IP and France, and southwest of the British Islands, with values that range from −40 W m−2 to −160 W m−2. The anomaly values are linked to the composite of the storms that affected the IP, and so reveal the heat fluxes (QE, QH, QN) between the ocean and the atmosphere, which favor the development of these high-impact storms with explosive development.





5. Discussion


Concerning the high-impact storms that affected the Iberian Peninsula (IP), we found that out of the twenty-eight events, ten of them presented explosive development.



The analysis of the trajectories of the events (Figure 1) and subsequent classification into groups (Figure 2) allowed us to understand their behavior and their intensity over the IP. It is observed that the North and Hybrid groups exhibited lower minimum pressure values compared to the findings of Karremann et al. [72]. Specifically, the North group recorded a mean minimum pressure of 967.31 hPa, while the Hybrid group recorded 976 hPa. In contrast, Karremann et al. [72] reported mean minimum pressure values of 976 ± 13.1 hPa for the North group and 983 ± 15.8 hPa for the Hybrid group. Of the thirteen events belonging to the North group, seven present an explosive development, which justifies the low average value of minimum pressure, and thus high intensity. In addition, it was possible to observe that the events of the North group had reached the maximum intensity along the coast of northern Europe or over the British Islands, becoming more impactful. It is also possible to justify this fact by analyzing anomaly values (Figure 7), where high values of wind speed at 250 hPa, IVT, θe at 850 hPa, QE, QH,, and QN are verified over the Atlantic Ocean (Azores), south of the British Islands and along the coast of the IP and from France.



The variability analysis (Figure 3) allows us to understand how the events studied were characterized by their intensity (minimum pressure value), duration (lifetime), distribution over the winter months, and deepening rate classification by Zhang et al. [78]. So, the results show that the values of minimum pressure (Figure 3A) reached by the events in the study range from 955 hPa and 985 hPa, where ten events with explosive development were identified. Concerning the duration of each high-impact storm (Figure 3B), the results demonstrate that the events had a duration of two to four days of lifetime, including nine events with explosive development. The distribution by month of the occurrence of each high-impact storm (Figure 3C) demonstrates that the month of January is the month in which the most storms occurred (eight events), two of them with explosive development. According to the classification by Zhang et al. [78], out of the 10 events with explosive development, 3 are considered weak, 4 as moderate, and 3 events as strong. This classification reinforces the intensity of the events studied.



The analysis of the conditions of the dynamics of the atmosphere (Figure 4 and Figure 7) permits us to justify its behavior and the impacts associated with strong wind and intense precipitation. Thus, by analyzing the meteorological fields for the case study of storm Ana, we obtained values of θe at 850 hPa up to 50 °C in the IP region, wind speeds at 250 hPa that reached 90 m s−1, IVT with values more than 1200 kg m−1s−1, and SST with values between 10 °C and 20 °C on the coast of Iberia. In the region of the IP and the southwest of the British Islands, the QE values reached −680 W m−2, QH presents values of −175 W m−2 and QN with values up to −810 W m−2.



In addition, when we analyze the anomalies related to the climatology of the 1991–2020 period, it is verified that when considering the instants of maximum intensity of the storms, they presented low MSLP values (up to −21.6 hPa), and high values of water vapor (up to 327.6 kg m−1s−1) and wind speed at 250 hPa (up to 29.6 m s−1) close to Iberia. In addition, the θe at 850 hPa presented values up to more than 19.1 °C over the ocean, Iberia, and throughout Europe. The relative positioning of an extratropical storm and the upper-level jet, which can influence the storm’s direction, is widely recognized as another significant factor in its explosive development [15,89]. In this sense, the high values of wind speed at 250 hPa close to Iberia can clarify the intensity of the events, and the strong winds at the surface. On the other hand, the θe of an air parcel increases with increasing temperature and increasing moisture content. Therefore, the gradient of θe at 850 hPa and the high baroclinicity in the region confirms the maximum availability of latent and sensible heat in the lower troposphere at the instant of maximum intensity of the storms, which supports the contribution of moist diabatic processes in the case of intense storms, such as latent heat release by cloud condensation processes, and in the intensification of the windstorm [13,14,15,71,88,90]. Thus, θe at 850 hPa is often used as an indicator to identify and track these warm and humid air masses [71], in addition, during the occurrence of explosive cyclogenesis, particularly during events like Klaus and Xynthia, extensive areas with θe values exceeding 320 K (46.85 °C) were observed [13,14,88]. So, our results are in line with the literature, in which at times of maximum intensity of the storms, the IP region had high θe at 850 hPa values (up to 50 °C).



The analysis of the net surface heat flux (QN) for the case study indicates negative values up to −810 W m−2 (Supplementary Material, Figure S1) in the IP region (northwest of the IP and southwest of the British Islands). At the same time, the QN anomaly analysis (Figure S2B) presents negative values that range from −40 W m−2 to −160 W m−2 in the IP region. So, it is verified that in the region where the center of pressure was located, the values of the heat fluxes between the ocean and the atmosphere are higher (more negative). Additionally, this indicates the transfer of heat between the ocean and the atmosphere during periods when the ocean supplied energy to the atmosphere, thereby supporting the formation and intensification of high-impact storms. These results follow the findings of Dacre et al. [80], in which heat and moisture exchanges between the ocean and atmosphere in the cold sector behind the cold front of the ECs can lead to ocean cooling for the strongest cyclones.



On the other hand, the negative anomalies of SST (up to −1 °C) on the Iberia coast (Figure 7J), and the results presented for QE, QH, and QN (Figure 4, Figure 7 and Figures S1 and S2) suggest that the ocean temperature contributed to the formation and intensification of storms, indicating a contribution of latent heat and energy to the formation and development of these storms [90,91,92]. Additionally, Zhang et al. [81] show that the surface latent heat flux (QE) has some contributions to the initial development of super explosive cyclones.



Furthermore, the SST and QN results also suggest a cooling of the ocean associated with the passage of ECs, which is caused by the heat exchanges between the ocean and atmosphere. Therefore, the strengthening of the SST gradient and associated increased baroclinicity in the central North Atlantic could be a factor that contributes to the storm track intensification [93].



The concurrent extreme events analysis (Figure 5 and Figure 6) revealed that the values on the days of the storms were considered extreme. That is, in the 94 days considered for the study (28 events), more than 34.1% of the days had daily accumulated precipitation values higher than the 98th percentile (Figure 5), 46.8% of the days had wind speed values at 10 m, and 45.7% of the days had instantaneous gusts of wind at 10 m with values above the 98th percentile. Furthermore, when we analyzed the events together, we found that 25.5 to 28.7% of the storm days occurred simultaneously, with daily accumulated precipitation values and wind speed/instantaneous gust at 10 m with values greater than the value of the 98th percentile. Henin et al. [36] studied extreme meteorological events associated with extreme precipitation and wind and analyzed the IP domain and the main Iberian hydrographic basins. In that study, it is concluded that 85% of the studied events with precipitation and wind extremes at the same time are associated with cyclonic characteristics. In addition, the areas most affected by the simultaneous events of precipitation and wind extremes are in the northwestern sector of the IP. In this sense, our results (Figure 6) agree with those obtained by Henin et al. [36], as the areas affected by precipitation and extreme wind events appear in the same regions and with high percentages, even though the number of cases in our study is smaller (28 storms) and associated only with ECs.



Moreover, the study by Owen et al. [45] has identified extreme precipitation and extreme wind events in the ERA5 reanalysis dataset using a definition of extremes of the 99th percentile. The results show that over Europe, high co-occurrence is found over western coasts and low co-occurrence is found over eastern coasts. In addition, the results show that given an extreme co-occurring event, the chance of a cyclone being within 1110 km is more than 70% for much of Europe. Regions with low co-occurrence have extremes caused by different weather systems and regions with large co-occurrence have both extremes caused by the same weather system. Therefore, cyclones linked to extreme events, particularly co-occurring precipitation, and extreme wind, have larger intensity than those not, and for most of Europe, these cyclones also have faster mean speed. Thus, the obtained results agree too with the study of Owen et al. [45] for our study region, where extreme co-occurring events are more associated with cyclones than non-extreme events, and with more intense development and impacts associated.



In this work, data from ERA5 reanalysis [94] are used, and as such, these have associated errors. Thus, it is considered that the ERA5 reanalysis data have errors in the wind gust field, which according to Brasseur [95] range from 5 m s−1 to 8 m s−1, in the case of events with explosive cyclogenesis. However, we acknowledge that the ERA5 reanalysis data employed in this research are more current and inclusive of recent information. These data are predominantly utilized in climatological analyses and demonstrate a high level of trust in the description of the wind speed pattern [96,97,98,99]. Nevertheless, it remains crucial to consider the possible associated errors. In this sense, we consider that the results obtained for the concurrent extreme events analysis (Section 4.2) are acceptable.



Other studies, such as those conducted by Roberts et al. [18] and Ramos et al. [23], provide valuable resources for understanding these extreme weather events (EWEs) in Europe. The work of Roberts et al. [18] provides storm tracks and wind-gust footprints for 50 severe winter windstorms in Europe between 1979 and 2012, available in the eXtreme WindStorms (XWS) catalog. On the other hand, Ramos et al. [23] developed a database ranking daily precipitation events for the IP from 1950 to 2008, considering factors such as affected area, intensity, and deviation from climatology. These resources are beneficial for academia and the (re)insurance sectors as they enable users to characterize and understand extreme events in Europe, and for evaluating and improving the predictions of weather and climate models [18].



Climate change (CC) studies reveal that extreme precipitation events simultaneously with extremes of wind may increase in the future, that is, moisture transport in the Northeast Atlantic is expected to increase dramatically in future scenarios [26,100], along with an increase in the intensity of cyclone-related fronts affecting Western Europe [1,32]. Hawcroft et al. [101] expect that, by the end of the century, the frequency of extreme ECs—the present-day 99th percentile of precipitation intensity—will significantly increase, and the number of these severely precipitating ECs will more than triple by the end of the century in both Europe and North America. In addition, it is known that CC leads to the occurrence of more frequent and intense EWEs (i.e., changes in weather patterns, temperature, and precipitation), with intense precipitation, strong winds, and snowstorms, or on the other hand severe heatwaves and droughts. These events provoke numerous adverse impacts on ecosystems, people, infrastructures, and related losses, beyond natural climate variability [102,103].



Therefore, studies for future scenarios [1,26,32,100,101] contrast with the older studies [68,69,70,71], where few high-impact and extreme storms are affecting the IP region. The present study also shows that in the extended winters of 2018–2021, there were a high number of events that intensely affected the IP. The high-impact storms, and in particular, the storms with explosive development, presented more intense values of humidity and wind speed (Figure 4), which can justify the strong and numerous impacts associated with their passage, first in the IP and then in the rest of Europe [54,55,56].



Although the climatological analysis reveals changes in the values of the studied variables (Figure 7), it is inconclusive whether these changes are attributable to anthropogenic climate change or simply natural climate variability. Nevertheless, further study of these events over a longer period of historical data will facilitate a more comprehensive investigation of their variability. Additionally, studying CC will enable the assessment of future trends in the frequency and intensity of these events.




6. Conclusions


Extratropical storms are associated with numerous socioeconomic impacts caused by strong winds and heavy precipitation. The region of the Iberian Peninsula (IP) is affected by a few high-impact and extreme storms; however, in the extended winters of 2018–2021 there was a high number of events, and therefore, this work intended to analyze the characteristics of these events.



The main conclusions of this study are:




	
Of the events named since 2017 by the meteorological institutes of the countries of the Southwest European Group (SW Group), twenty-eight had impacts on the IP, and of these events, ten had an explosive development.



	
The storms lasted for a period of two to four days, with January being the month that had the highest frequency of occurrences (Figure 3).



	
For the IP region, the meteorological field analysis for storm Ana (Figure 4 and Figure S1) on the coast of the IP presents values of θe at 850 hPa up to 50 °C, wind speeds at 250 hPa that reach 90 m s−1, IVT with values up to 1200 kg m−1s−1, SST with values between 10 °C and 20 °C, QE values of −680 W m−2, QH values of −175 W m−2, and QN values of −810 W m−2.



	
The examination of simultaneous extreme events revealed that the recorded values on storm days were classified as extreme (Figure 5 and Figure 6). Specifically, the Northwest region of the IP experienced the most significant impact from these events, where the value of the 98th percentile was higher in 34.1% of storm days for daily accumulated precipitation, in 45.7% of storm days for instantaneous gusts of wind at 10 m, and 46.8% of storm days of wind speed at 10 m.



	
In the IP region, the anomaly analysis (Figure 7) related to the climatology of the 1991–2020 period shows low MSLP values (up to more than −21.6 hPa), high values of IVT (up to more than 327.6 kg m−1s−1) and wind speed at 250 hPa (up to more than 29.6 m s−1), high values of θe at 850 hPa (up to more than 19.1 °C), QE with values up to −150 W m−2, QH with values up to –40 W m−2, and QN values up to more than −160 W m−2.



	
The heat flux analysis (QE, QH, and QN) and the anomalies of SST with values up to −1 °C at the Iberian coast (Figure 7J), as well as the heat flux anomaly values (QE, QH, and QN) (Figure 7 and Figure S2) suggest a cooling of the ocean during the passage of the storm. These results reveal the heat exchangers between the ocean and atmosphere, and their contribution to the development of high-impact storms.



	
The results in the present work revealed that the high values of upper-level wind speed and lower-level moisture (Figure 4, Figure 5, Figure 6 and Figure 7) in the instant of maximum intensity had great importance for the development and intensification of the storms, being responsible for extreme precipitation events and flooding, as well as the strong winds associated with several destructive impacts.








In this sense, the naming of storms by the SW group has led to greater attention from the population to events affecting the region, but also greater availability of information and warnings by the competent authorities. Although the forecasts of the meteorological systems are more and more accurate, it is not yet possible to predict with total certainty its trajectory and the intensity of meteorological impacts. So, the information about these meteorological systems and the associated impacts must be clear, forecast, and in real-time, so that the general population can understand and take measures to minimize the damage.



Moreover, in future work, we consider applying the storm-centered composite analysis [85,104,105] to continue the study of high-impact storms that have affected the Iberian Peninsula. This approach allows us to obtain a different study perspective, with a different localized analysis.



In addition, the study of these events must be continued and considered in future works to understand the development, intensity, and frequency of these meteorological systems that affect the middle latitudes, in particular the IP, with higher values of precipitation and wind speed associated.



Thus, it is essential to improve knowledge of the mechanisms associated with the development of high-impact storms to promote population awareness of this kind of natural hazard and be able to act properly.
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Figure 1. Tracks of high-impact storms with dots indicating storms’ location at six-hour intervals. Maximum intensity instants of each storm are marked with an ‘X’, for winters: (A) 2017–2018; (C) 2018–2019; (E) 2019–2020; (G) 2020–2021. Central MSLP evolution over the lifetime of each storm (core pressure in hPa). Dates are relative to the minimum core pressure time (zero Julian day) for winters: (B) 2017–2018; (D) 2018–2019; (F) 2019–2020; (H) 2020–2021. 
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Figure 2. (A) Position of each storm in the instant of maximum intensity (marked with an “X”), for the different groups; Tracks of each storm and the position in the instant of maximum intensity marked with an “X” for the groups: (B) Iberia (9 events); (C) North (13 events); (D) West (3 events); (E) Hybrid (3 events). The thick lines present the event with explosive development. 
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Figure 3. (A) Distribution of high-impact storm intensity (the instant of maximum intensity, hPa) for all events (in blue) and the events with explosive development (in orange); (B) distribution of lifetime (in days) for all events (in green) and the events with explosive development (in maroon); (C) distribution per month for all events (in gray) and the events with explosive development (in red); (D) deepening rate (in Bergeron) of the events with explosive development (in gold). 
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Figure 4. Analysis of storm Ana at 24 h (first column) and 12 h (second column) before the instant of maximum intensity (third column). MSLP (black contours at intervals of 4 hPa) is plotted in all figures. (A–C) Equivalent potential temperature field at 850 hPa (θe; in °C); (D–F) wind speed (m s −1) intensity and direction (vectors) at 250 hPa; (G–I) integrated vapor transport (IVT; kg m−1 s−1) intensity and direction (vectors); (J–L) sea surface temperature (SST; °C); (M–O) surface latent heat flux (QE) (W m−2); (P–R) surface sensible heat flux (QH) (W m−2). 
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Figure 5. The 98th percentile values of the period of 1991–2020 for (A) daily accumulated precipitation (mm day−1), (B) instantaneous 10 m wind gust (m s−1), and (C) wind speed at 10 m (m s−1). 
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Figure 6. Percentage of days (%) (a total of 94 days) in which the 98th percentile for the period 1991–2020 was surpassed, for (A) daily accumulated precipitation; (B) instantaneous gusts of wind at 10 m; (C) wind speed at 10 m; (D) concurrent extremes of daily accumulated precipitation and instantaneous wind gusts at 10 m; (E) concurrent extremes of daily accumulated precipitation and wind speed at 10 m. 
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Figure 7. Climatology for extended winter months (ONDJFMA) of 1991–2020: (A) mean sea level pressure (MSLP) (hPa); (C) integrated vapor transport (IVT) (kg m−1s−1); (E) equivalent potential temperature (ϴe) at 850 hPa (°C); (G) wind speed at 250 hPa (m s−1); (I) sea surface temperature (SST) (°C); (K) surface latent heat flux (QE) (W m−2); (M) surface sensible heat flux (QH) (W m−2). anomaly for the composite of 2017–2021 extended winter storms (28 events): (B) MSLP (hPa); (D) IVT (kg m−1s−1); (F) θe at 850 (°C); (H) wind speed at 250 hPa (m s−1); (J) SST (°C); (L) QE (W m−2); (N) QH (W m−2). 
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Table 1. Characteristics of the studied SW European Group named storms in the extended winters of 2018–2021 affecting IP: name (including the name attributed by the Institute of Meteorology of the Freie Universität Berlin, Germany); date; position (in latitude and longitude); minimum pressure; and impacts of the storms in terms of wind (W), precipitation (P), wind and precipitation (W + P). Explosive cyclones are highlighted with an asterisk (*).
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Name of the Storm

	
Date, Position, and the Minimum Pressure of the Storm

	
Impacts of Storm (W, P, W + P)




	
SW European Group

	
Met Fu Berlin

	
Date

	
Latitude

	
Longitude

	
Minimum Pressure (hPa)




	
(dd/mm/yyyy UTC)

	
(°N)

	
(°E)






	
2017–2018




	
Ana *

	
Yves

	
11/12/2017 06

	
48

	
−2

	
958

	
W + P




	
Carmen

	
Ingmar

	
01/01/2018 06

	
49

	
−6

	
989

	
W




	
Emma *

	
Ulrike

	
26/02/2018 06

	
42

	
−35

	
963

	
W + P




	
Félix

	
Yuliya

	
11/03/2018 00

	
45

	
−11

	
967

	
W + P




	
Gisele

	
Zsuzsa

	
14/03/2018 12

	
51

	
−18

	
965

	
W + P




	
Hugo *

	
Carola

	
23/03/2018 18

	
49

	
−10

	
969

	
W + P




	
2018–2019




	
Beatriz

	
Yaprak

	
07/11/2018 06

	
55

	
−28

	
958

	
W + P




	
Diana

	
Halka

	
29/11/2018 12

	
58

	
−16

	
949

	
P




	
Gabriel *

	
Oskar

	
29/01/2019 18

	
47

	
0

	
985

	
W + P




	
Helena

	
Quirin

	
31/01/2019 12

	
52

	
−15

	
971

	
W + P




	
Laura

	
Cornelius

	
06/03/2019 18

	
56

	
−8

	
974

	
W + P




	
2019–2020




	
Ceciclia

	
Luis

	
22/11/2019 12

	
46

	
−9

	
976

	
W + P




	
Daniel

	
Xander

	
16/12/2019 18

	
45

	
−3

	
994

	
W + P




	
Elsa *

	
Yadid

	
19/12/2019 00

	
55

	
−15

	
965

	
W + P




	
Fabien *

	
Ailton

	
21/12/2019 12

	
49

	
−11

	
962

	
W + P




	
Gloria

	
Ilka

	
17/01/2020 12

	
48

	
−29

	
988

	
W + P




	
Jorge *

	
Charlotte

	
29/02/2020 12

	
56

	
−11

	
953

	
W + P




	
Karine

	
Diana I

	
02/03/2020 00

	
51

	
−5

	
984

	
W + P




	
Leon

	
Diana II

	
01/03/2020 12

	
48

	
0

	
991

	
W + P




	
2020–2021




	
Alex *

	
Brigitte

	
02/10/2020 06

	
49

	
−2

	
968

	
W + P




	
Barbara

	
Imika I

	
21/10/2020 06

	
49

	
−2

	
989

	
W + P




	
Dora *

	
Wenke I and II

	
04/12/2020 06

	
52

	
2

	
968

	
W




	
Ernest

	
Yvonne

	
07/12/2020 12

	
47

	
−7

	
988

	
W + P




	
Filomena

	
Bartosz

	
08/01/2021 18

	
36

	
−6

	
996

	
P




	
Gaetan *

	
-

	
21/01/2021 18

	
58

	
3

	
950

	
W + P




	
Hortense

	
Irek

	
21/01/2021 18

	
50

	
1

	
983

	
W + P




	
Ignacio

	
Lars

	
23/01/2021 12

	
45

	
−9

	
999

	
W + P




	
Lola

	
-

	
22/04/2021 18

	
43

	
−24

	
982

	
W + P
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