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Abstract

:

In the most recent decades, central Europe and the Danube River Basin area have been affected by an increase in the frequency and intensity of extreme daily rainfall, which has resulted in the more frequent occurrence of significant flood events. This study characterised the link between moisture from the Mediterranean Sea and extreme precipitation events, with varying lengths that were recorded over the Danube River basin between 1981 and 2015, and ranked the events with respect to the different time scales. The contribution of the Mediterranean Sea to the detected extreme precipitation events was then estimated using the Lagrangian FLEXPART dispersion model. Experiments were modelled in its forward mode, and particles leaving the Mediterranean Sea were tracked for a period of time determined with respect to the length of the extreme event. The top 100 extreme events in the ranking with durations of 1, 3, 5, 7, and 10 days were analysed, and it was revealed that most of these events occurred in the winter. For extreme precipitation, positive anomalies of moisture support from the Mediterranean were found to be in the order of 80% or more, but this support reached 100% in summer and spring. The results show that extreme precipitation events with longer durations are more influenced by the extreme Mediterranean anomalous moisture supply than those with shorter lengths. However, it is during shorter events when the Mediterranean Sea contributes higher amounts of moisture compared with its climatological mean values; for longer events, this contribution decreases progressively (but still doubles the climatological moisture contribution from the Mediterranean Sea). Finally, this analysis provides evidence that the optimum time period for accumulated moisture to be modelled by the Lagrangian model is that for which the extreme event is estimated. In future studies, this fine characterisation could assist in modelling moisture contributions from sources in relation to individual extreme events.
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1. Introduction


There has been a rise in the number of extreme multi-day precipitation events occurring across Europe (including the Danube region), even in areas characterised as being drier on average [1]. These findings are consolidated by the results of other studies, which show that climate change and the presence of a warmer climate result in higher heavy rainfall events with varying durations but a reduction in summer precipitation throughout most parts of Europe [2,3].



The Danube River Basin is an important international basin. It has a length of 2780 km from Central to South-eastern Europe (Figure 1), and is the second-largest catchment area in Europe (approximately 817,000 km2). It is characterised by diverse topography (including the Alps region) and by the high amount of precipitation received throughout the year, which is due to significant influences from the Mediterranean, Black Sea, the Atlantic Ocean, and the basin itself [4].



Average annual precipitation is estimated in a range between 2300 mm in the high mountain regions and 400 mm in the Danube Delta [4]. Highest precipitation values of over 2000 mm have been recorded on the southern-oriented mountain chains of the Julian Alps and the Dinaric system, where the effects of humid and warm air masses originating from the Mediterranean and the associated orographic ascent result in convective precipitation [4,5]. In the Danube region, maximum mean climatological precipitation is recorded in the western part of the basin in July (mid-summer) and the minimum is recorded in April (spring) [6], but June and September are also defined as extremely wet months [7]. Wet and dry periods in the area are not temporally and spatially homogeneous and are strongly dependent on cyclone (anticyclone) circulation, convergence (divergence), advection of moist (dry) air and an increase (reduction) in the number of rain days [8].



Extreme hydrological events in the Danube River Basin, such as extreme precipitation and drought events, have become more frequent and more intensive as a consequence of changes in precipitation and temperature [9,10]. In particular, precipitation in the Mediterranean region has shown intra-annual irregularities over the most recent years, and a huge amount of rain has been recorded as falling within a short time frame [11]. Changes in daily precipitation could be related to an above average increase in the intensity and frequency of wet-days and wet-spell lengths [12]. The extreme hydrological events occurring in the Danube River Basin result in abnormal rainfall quantities falling in the region and are one of the main causes of floods in the area [13]. With respect to the three main parts of the Danube region, flood occurrences have mainly been recorded during June–August in the Upper Danube River Basin, in April in the Central part, and during April–May in the Lower Danube River [5]. As an example, and to highlight the importance of the extreme rainfall, a historical flood was recorded in August 2002 in the region, when heavy rain occurred in the southern and eastern parts of Germany, Austria, the Czech Republic and Slovakia, and resulted in devastating inundations that caused billions of euros worth of damage [14]. This extreme rainfall was caused by a V-b cyclone that had been created in the northern Mediterranean and then moved toward Austria, the Czech Republic, and Germany, while also affecting some parts of Poland and Slovakia. The largest precipitation quantities were recorded in Austria; the total rainfall amount for a few days in August exceeded the monthly climatological value by three to four times and provided 40–50% more than the annual average precipitation. In the mountain region between the Czech Republic and Austria, the amount of precipitation recorded was 350% that of the monthly climatological mean [15].



Part of the Danube River Basin is situated in the Mediterranean area, which is a region determined as being one of the most vulnerable to future climate change affects [16], and is considered a “hot-spot” region with respect to future negative climate projections. An analysis of the impact of climate change on extreme precipitation and floods in Slovakia found that climate change will cause an increase in short-term extreme rainfall events with accompanying floods. An increased maximum daily mean flood discharge of up to 43–55% is expected by 2025, up to 94–115% by 2050 and up to 115–166% by 2075 [17]. Another study also confirmed that future intensification of extreme precipitation events can be expected in the Mediterranean region as a consequence of depth-duration-frequency (DDF) curve changes, which may lead to floods with increased severity and intensity [18].



Many studies have investigated extreme precipitation events in the Danube basin region [19,20,21,22]. Ciric et al. [22] ranked extreme precipitation events with different durations in the Danube River basin by considering all days within the period 1981–2015. Their study analysed the most extreme precipitation event (23 September 1996), investigated the moisture sources and synoptic conditions leading to this extreme precipitation, and determined that the Mediterranean Sea is one of the most important moisture sources in the region [4,22] and for certain adjacent areas, such as the Balkan Peninsula [23,24] and the Southern Alpine region [25]. It is important to note the importance of the Mediterranean Sea as a source of moisture at a global scale, being one of the major oceanic sources to continental precipitation [26]. However, its impact differs on a seasonal scale over the Danube River Basin; it is the most important in winter whereas the Danube River Basin itself is dominant in summer [4].



In this paper, we use the ranking of extreme precipitation events developed by Ciric et al. [22] to analyse the contribution from the Mediterranean Sea (as a source of moisture) to the 100 most intense precipitation events recorded over the Danube River basin and obtained from the Climate Hazards Group Infra-Red Precipitation with Station dataset (CHIRPS) [27], which have different durations of 1, 3, 5, 7, and 10 days. Using the outputs of the Lagrangian dispersion model FLEXPART V9.0, which was initially developed by Stohl and James [28,29], and was fed with ERA-Interim reanalysis dataset from the ECMWF (European Centre for Medium-Range Weather Forecast) [30]. This dataset is accessible in 1° spatial resolution on 60 vertical levels from 1000 to 0.1 hPa and is available at 6-h time intervals. We forward tracked all particles that initially resided over the Mediterranean Sea and then reached the Danube River basin during all selected events. We then computed the available moisture from the Mediterranean Sea that generated precipitation over the basin as (E − P) < 0 (herein, PFLEX) for each event. Comparing anomalies calculated from these PFLEX values with anomalies from CHIRPS precipitation data for each event in the Danube region, the contribution to total precipitation from moisture from the Mediterranean was calculated, and a link between both variables was obtained.




2. Materials and Methods


2.1. Ranking of Extreme Precipitation Events


Following the ranking method developed by Ramos et al. [31,32] and using the daily high resolution (0.05°) CHIRPS, we used the ranking of extreme precipitation events with different durations (1, 3, 5, 7, and 10 days) over the Danube River Basin presented in Ciric et al. [22] to analyse only the most intense wet-spell events (in terms of moisture availability and their associated synoptic configurations).



CHIRPS data are obtained from a quasi-global precipitation database and are available on daily to seasonal time-scales at a high resolution (0.05°). The database is comprised of three main components: High-resolution climatology, time-varying cold cloud duration precipitation estimates, and in situ rain gauge data. The high resolution and 6-h to 3-month aggregates make it suitable for determining extreme precipitation events in certain areas with high precision. The temporal period 1981 until 2015 was used to calculate extreme precipitation events with different durations in the Danube region.



The method developed by Ramos et al. [31,32] assigns a magnitude to each individual extreme precipitation event prior to determining its ranking. The index of the ranking (R) is given daily after multiplying two variables: (i) The area (A) where the precipitation anomaly is above two standard deviations (SDs) (expressed as percentages), and (ii) the mean value of precipitation anomalies (M), where only those grid points in A that have precipitation amounts higher than 1 mm are considered. The ranking index (R) can be expressed using the following equation,


R = A × M.



(1)







Ranking based on this R index is computed over multi-day periods as the sum of normalised precipitation anomalies for different durations (in our case for lengths of 1, 3, 5, 7, and 10 days). For example, the accumulated precipitation anomalies for an event with a duration of three days corresponds to the sum of the normalised precipitation anomalies of the analysed day and the two previous days, which totals three days. Explanation of this ranking methodology for extreme precipitation events is available in Ramos et al. [31,32] and Ciric et al. [22].



The R index was calculated for all days in the study period 1981–2015, which is a total of 12,775 days. We studied only the top 100 most extreme precipitation events occurring over the Danube River Basin with accumulated durations of 1, 3, 5, 7, and 10 days. The R magnitude for these 100 cases represents, for all durations, the ~0.99 percentile; therefore, we considered events that had the highest intensities. Table 1 provides an example of dates for the first 10 ranked cases, but the complete 100 extreme events for each duration are available in Tables S1–S5 in the Supplementary Material.



For each event, we computed the daily mean and daily anomalies of the precipitation values from CHIRPS data for the specific day/days of each event over the Danube River Basin.




2.2. Lagrangian Analysis of Mediterranean Moisture Contribution to Extreme Precipitation Events in Danube River Basin


In the present study, we analysed the contribution of moisture originating from the Mediterranean Sea and falling in the Danube River Basin during extreme precipitation events with different durations (Table 1). To enable this, we used a Lagrangian dispersion model FLEXPART V9.0, which was initially developed by Stohl and James [28,29], and was fed with ERA-Interim reanalysis data from the ECMWF [30]. This dataset is accessible in 1° spatial resolution on 60 vertical levels from 1000 to 0.1 hPa and is available at 6-h time intervals.



This Lagrangian approach consists in the division of the atmosphere in a large number of particles, for which it is assumed that the mass (m) remains constant. Basically, the Lagrangian model consists in calculation of surface freshwater flux (E − P) using the information on the particle’s trajectories. To produce trajectories, the input velocity data are interpolated on the present particle position (Lagrangian grid) to advect the particle. Approximately 2 million particles are modelled every 6-h, and the motion of these particles occurs through a 3-D (two horizontal and one vertical dimension) wind field, as well as superimposed stochastic turbulent and convective motions, horizontal and vertical wind components, temperature and specific humidity. Since all three wind components are used to trace the particle path, the trajectories are three dimensional. The trajectory calculation in FLEXPART is based on the simple trajectory equation [33,34]:


   ∂  ∂ t ,    X →  =    v →     [   X →   ( t )   ]   



(2)




where, t is time,   X →   is the vector position and   v →   is the wind vector.



Changes in specific humidity (q) and of each element (particle) with time, (e − p = m dq/dt), where m is the mass of particle, enables identification of particles that decrease in moisture through precipitation (p) or evaporation (e) over each particle trajectory. By adding the (e − p) of all the tracked particles in the atmosphere over the area of interest, it is possible to obtain the total surface freshwater flux (E − P), where (E) is the evaporation rate and (P) the precipitation rate per unit area, through the equation,


  E   −   P =     ∑   k − 1  k     (  e − p  )   k   A  .  



(3)




for all K particles that reside inner the area A [28,29].



Along individual particle trajectories (as on a regular grid) can be identified the surfaces where the particles obtain and loss moisture, using only the particles’ information. On this way the source and sinks regions for a selected area can be identified and connected using the trajectory information. Particles are moved by the wind during the assumed average residence time in water vapour within the atmosphere, which is approximately 10 days [35]. A detailed explanation of many physical and dynamical parameters of the model may be found in the technical note by Stohl et al. [36] and in the official FLEXPART webpage (https://www.flexpart.eu/wiki).



This method can be applied in a backward or forward mode to compute the (E − P) budget and analyse main moisture sources for an area of interest and sinks for a defined source, respectively. When running the program backwards, it is possible to determine the sources of moisture and the areas where particles gain humidity as (E − P > 0); and running the program forward enables identification of sink regions where particles lose humidity (E − P < 0). A more detailed explanation of backward and forward analyses can be found in several works recently published that relate to areas near our target region (the Mediterranean basin [37], the Fertile Crescent [38], and the Iberian Peninsula [39]) and areas further north [40,41]. A more complete review can be found in the study of Gimeno et al. [42], which provides a comparison with other approaches used to detect moisture sources and sinks regions (as box and/or isotopes models) and emphasizes that the Lagrangian approach is one of the most suitable for use with these types of calculations. However, although there are many advantages of the Langrangian approach, it has two main associated limitations [42]: (1) The method is not able to calculate E and P separately, and (2) when input data have a limited resolution, the final results are also not as sharp. Nevertheless, the developers of the FLEXPART model, Stohl and James [36], pointed out that the large number of air particles considered in the experiment may cancel out such error types with respect to the given number of particles found in each atmospheric column. A more detailed explanation of the model’s advantages and disadvantages can also be found in Gimeno et al. [42].



In this study, to calculate the moisture contribution from the Mediterranean Sea to extreme precipitation events occurring over the Danube River Basin, we computed (E − P) < 0 using the forward mode for each of the top 100 events (which were individually detected by the ranking method and lasted for either 1-day, 3-days, 5-days, 7-days, or 10-days). We selected the specific number of days relating to each precipitation event to compute the mean daily values of E − P < 0 (namely, PFLEX-EVENT) and the mean climatological values for the same days within the 35-years climatology period 1981–2015 (PFLEX-CLI). This enabled us to compute the moisture anomalies supported from the Mediterranean Sea for each event (PFLEX-ANOM), and determine the anomalous moisture contribution from the Mediterranean Sea to each extreme precipitation event. To make a comparison between the percentage moisture contribution from the Mediterranean for each event modelled by FLEXPART (PFLEX-%) and climatology (PFLEX-CLI), the relationship was computed using Equation (4),


   (  PFLEX − %  )  =    (   PFLEX  − EVENT   −  PFLEX  − CLI    )     PFLEX  − CLI     × 100 .  



(4)









3. Results


For each extreme precipitation event, we calculated the precipitation characteristics using CHIRPS data and the information obtained from the FLEXPART model (derived from E − P < 0) to improve our knowledge of the relationship between precipitation events occurring over the Danube River Basin and moisture from the Mediterranean Sea. In addition, the percentage moisture from the Mediterranean Sea (PFLEX-%) relating to each event was computed and compared using PFLEX-CLI. All variables for the 100 events analysed are transcribed in the Supplementary Material (Tables S1–S5 for events with lengths of 1-day, 3-days, 5-days, 7-days and 10-days), and the R-index value of the ranking for each event is provided. Table 2 presents the top 10 extreme precipitation events of the total 100 ranked for the 5 different period lengths (1-, 3-, 5-, 7-, and 10-days). The date of an extreme ranked event denotes the last day of each event for a different duration. According to this, the moisture supply (E − P < 0) from the Mediterranean Basin into the Danube River Basin obtained via the FLEXPART outputs (PFLEX values) was computed for the same period length of the ranking. Thus, the integrated days of each event to compute PFLEX in different duration correspond to the same days of the length of the event. Therefore, for events with lengths of 1-day, we forward-integrated the PFLEX values for one day; for those with lengths of 3-days, the integration was performed for three days; and this continued until all durations were integrated.



The Mediterranean Sea is known to be one of the main sources of moisture for its surrounding continental areas (including the Danube region), and this is clear when analysing Table 2 (and Tables S1–S5). Although the amount of precipitations is greater than climatological mean values during extreme events, there are occasions when the moisture transport is not higher than the climatological value, and PFLEX-ANOM takes negative values. However, for the cases used in this analysis, positive PFLEX-ANOM values denote that for extreme precipitation events the Mediterranean is an effective source of moisture that provides greater than mean climatological values. Table 3 presents the percentage of these positive contributions on an annual and seasonal scale (winter, spring, summer and autumn), and the total of the events during each season. Although the Mediterranean always acts as a moisture source, it provides higher than mean amounts for between 84% and 93% of events (it contributes less to events of 5-days and more to events of 10-days in length). On a seasonal scale, the Mediterranean Sea has an extra support of moisture to extreme events with all duration lengths during summer (only showing lower percentages for events with lengths of 3-days). It is also evident from Table 3 evidences that the highest number of extreme precipitation events occurred during winter and the lowest number occurred during summer.



Table 2 shows the calculated intensity of the Mediterranean contribution in each ranked extreme precipitation event that is expressed by the variable PFLEX-%. As explained above, this variable denotes how many more times the Mediterranean moisture contributes to each event than during climatological contributions: A contribution of 100% means that this event was fed by twice the amount of moisture derived from the Mediterranean Sea than during climatological contributions. Figure 2 shows the occurrence distribution of this percentage on an annual scale for all extreme event durations. Positive values represent all the cases presented in Table 3. Our results show that the contribution from the Mediterranean was much higher (reaching values over 400%) for events lasting 1-day than for events with other durations. The contribution decreased for precipitation events with longer durations, although it was usually above 50%.



The computation was repeated to determine results on a seasonal scale (winter, spring, summer and autumn) for all durations, and these results are presented in the Supplementary Material (Figure S1 for 1-day duration, Figure S2 for 3-days duration, Figure S3 for 5-days duration, Figure S4 for 7-days duration, and Figure S5 for 10-days duration).



One of the main goals of this paper is to determine how much moisture is provided by the Mediterranean Sea to fuel extreme precipitation events over the Danube River Basin. To determine the existence of this relationship, a regression analysis was conducted (Table 4) between precipitation anomalies (Anomalies CHIRPS) and the anomalous contribution from the Mediterranean Sea (PFLEX-ANOM). As stated in the methodology, PFLEX-ANOM was calculated for the same different periods used in the ranking and lasting for 1, 3, 5, 7, and 10 days. This enabled us to understand the effect of the moisture supply to each event during the period of the event or/and during the previous days. Table 4 shows the results of linear regression slope values, and significant values (at a level of 90%) are highlighted.



On an annual scale and according to the Student’s t-test (see Table 4), events lasting 1 day, 3 days, and 7 days were more extreme when they had a higher moisture contribution from the Mediterranean Sea. It is remarkable the importance of the time period for the PFLEX integration, being the relationship significant for the same length of calculation (with the exception for events with 7 days of length). The results show a significant relationship in all seasons for extreme events lasting 7 days; for events of 10 days the relationship is only no significant during summer; but for short-duration events of 1 day, the relationship is significant during spring (accounting the moisture supply for 1 and 3 days) and summer (for all the time periods of moisture integration), and for events lasting 3 days, the relationship is significant during spring and autumn (but only integrating the moisture support for the same time period, 3 days).



Calculated coefficient of determination values (R2) between Anomalies CHIRPS and PFLEX-ANOM for extreme events are indicated next to the corresponding regression line in Figure 3. The greatest R2 value (0.73) relate to events with duration of 1-day (Figure 3a) can be observed during summer, and means that 73% of the variability of precipitation anomalies during these events can be explained by positive anomalous moisture support from the Mediterranean Sea (PFLEX-ANOM). For other durations of 3-days (Figure 3b), 5-days (Figure 3c) and 10-days (Figure 3d), the highest values are observed during spring (R2 = 0.21, R2 = 0.89 and R2 = 0.37, respectively). These results mean that during spring and summer (for extreme precipitation events lasting 1-day) the highest precipitation anomalies over the Danube River Basin are highly associated with a strong moisture supply anomaly from the Mediterranean Sea that occurs during the event period. However, the positive moisture supply from the Mediterranean does not always correspond with extreme precipitation events, where cases with low R2 relate to 1-day events in autumn and 3-day events in winter, for example.




4. Discussion and Conclusions


In this study, we investigated the relationship between the anomalous moisture supply from the Mediterranean Sea during extreme precipitation events occurring in the Danube River Basin during the period 1981–2015.



Extreme precipitation events with different durations (1, 3, 5, 7, and 10 days) were ranked using CHIRPS data and by applying the method developed by Ramos et al. [31,32]. The ranked events included all extreme events that occurred during the 35-years period. However, we selected only the top 100 events, which had differing duration lengths (the highest 100 extreme precipitation events). Daily precipitation anomalies were then calculated for each extreme precipitation event.



To investigate the moisture contribution from the Mediterranean Sea to the Danube River Basin during these ranked extreme precipitation events of all durations, a Lagrangian forward analysis was conducted for the same 35-years period using the FLEXPART model, and the accumulated daily anomalous moisture supplies from the Mediterranean Sea for each event were calculated (PFLEX-ANOM) by integrating the moisture contribution during 1, 3, 5, 7, and 10 days.



Some of the results obtained in this study corroborate those of previous studies that were conducted using other methodologies and introduces new methods for exploring the relationship between moisture support from the Mediterranean Sea and extreme rainfall occurring within the Danube River Basin.



According to the ranking results, we can conclude that most extreme precipitation events occurred during winter in the Danube River Basin region (36 events with durations of 1-day; 42 events with durations of 3-days; 46 events with durations of 5-days; 39 events with durations of 7-days; and 43 events with durations of 10-days), when the Mediterranean Sea was found the dominant moisture source [4]. The variation in the Mediterranean moisture contribution to precipitation throughout the year has been observed in many studies, and clear seasonal differences in the moisture contribution have been shown [4,24]. However, in general, the anomalous contribution percentage from the Mediterranean Sea was positive during summer and spring (reaching 100% for several of the duration lengths) when major precipitation and floods where recorded over the region [5,15], and confirms the results of other studies that have characterised these seasons being a favourable period for extreme precipitation in the central Mediterranean region [43,44]. This behaviour, occurring in winter the maxima occurrence of extremes and being summer and spring when the Mediterranean Sea act as the major positive source of moisture is a consequence of the Mediterranean Sea is not the unique climatological source of moisture for the region (for instance, the Danube River Basin itself or the continental surrounding areas [4]), and many extreme events are generated by moisture that has another origin (all those that show negative values in Table 2 and Tables S1—S5), or to the fact that during winter the region is affected by the transition of synoptic systems that enhance the amount of precipitation during longer periods that during summer when the convective and shorter event are more common [45,46].



This study aims to analyse the contribution from the Mediterranean Sea. Therefore, we computed the number of extreme precipitation events (in percentage) that had a higher support from Mediterranean moisture than from the climatological contribution. The highest contribution related to extreme events with durations of 1 day, when the major part of the events, at least, duplicated the support from the Mediterranean (8 of these events received a percentage contribution of more than 600%). The Mediterranean moisture contribution decreased progressively for longer precipitation events, but it generally reached above 50%.



To determine the existence of a significant relationship between the precipitation anomalies of ranked extreme events for all durations and Mediterranean moisture supply anomalies, a simple linear regression analysis and a Student’s t-test (with a 90% confidence level) were conducted. The results showed that extreme precipitation events with longer durations were more influenced by the Mediterranean anomalous moisture supply than those with shorter lengths, showing higher R2 values. The significance was greater for extreme precipitation events with lengths of 7-days on an annual and season scale (at more than 90%), with the highest influence from extreme precipitation by the Mediterranean moisture supply occurring in spring (89%) followed by summer (65%). During both seasons, extreme precipitation events with longer durations in the Danube River Basin were usually related to high precipitation quantities that accumulated over a few days in the Danube River Basin location [47]. Our results provide evidence that these events were related to a high anomalous support of moisture from the Mediterranean Sea, and that events were more intense when this contribution was greater. This same effect occurred for shorter length events of 1-day and 3-days on an annual scale, but the effect differed seasonally. For events with lengths of 1-day, the relationship was significant during spring and summer, and for durations of 3-days, the relationship was significant in spring and autumn. However, extreme precipitation events lasting 5 days showed no significant relationship on any scale. Although the results obtained at a 1- or 3-days are significant for a pair of season, they could improve if a subdivision of the Mediterranean could be performed, since it is known that the central part of the basin has a great influence on local convective rainfall, e.g., References [24,48].



The low R2 values or the lack of significance in the remaining cases indicate that the moisture contribution from the Mediterranean Sea is not the key to modulate, or to produce, the extreme precipitations. The Danube River Basin has another source of moisture (see Introduction and Ciric et al. [4]) that could contribute with higher amounts of moisture than that from the whole Mediterranean Sea; and even having a higher support of moisture from the Mediterranean it is needed some dynamical factor to start the convection to produce rainfall and to maintain the instability [49].



It is important to note that the integration times used to compute moisture from the Mediterranean Sea from FLEXPART outputs were conducted during different periods (1, 3, 5, 7, and 10 days), showing that for extreme precipitation the common 10 days (the mean life time for the water vapour in the atmosphere [35]), which have been used in several studies (e.g., References [4,9,22,23,24,25,30]), does not provide the best results, and it is preferable to use the same time period for which the extreme event has been calculated. Only during 1-day length events in summer, and for those lasting 7-days in all seasons, does moisture from the Mediterranean reach significant values for 1 to 10 days of the trajectories.



It is also of note that extreme events with temporal scales of 1 and 7 days correspond with typical synoptic rainfall occurring in the region. The shorter duration of 1 day is a typical duration for precipitation in the Danube River Basin and is related to slow-spreading convective systems [50] that produce extreme rainfall throughout the entire year. However, the main cause of the formation of longer-length extreme precipitation events (7 days) is a slow-evolving synoptic environment, which is typical of extratropical cyclone transitions and the effects of orographic barriers [51,52] that are associated with advection of warm and moist air from the Mediterranean Sea to the surrounding continental areas (includes the Danube River Basin) and are caused by the formation of marine low-level jets at specific locations in the presence of specific synoptic-scale circulation conditions that produce extreme precipitation [53]. The results of our study also show that the methodology applied capture the typical synoptic conditions in the northern Mediterranean Basin, and our methodology could therefore be applied to other areas of interest to provide an enhanced analysis of individual extreme precipitation events.
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Abbreviations


The following abbreviations are used in this manuscript





	∑CHIRPS
	Daily mean precipitation value from CHIRPS precipitation dataset



	Anom. CHIRPS
	Daily precipitation anomaly value from CHIRPS precipitation dataset



	CHIRPS
	Climate Hazards Group Infra-Red Precipitation with Station data dataset



	Clim. CHIRPS
	Daily climatological precipitation value from CHIRPS precipitation dataset



	ECMWF
	European Centre for Medium-Range Weather Forecast



	ERA
	European Centre for Medium-Range Weather Forecasting Re-Analysis



	FLEXPART
	FLEXiblePARTicle dispersion model



	HydroSHEDS
	Hydrological data and maps based on Shuttle elevation derivatives at multiple scales



	PFLEX
	Available moisture from the Mediterranean Sea (E − P < 0 values) obtained via Lagrangian experiment



	PFLEX-%
	The percentage of the Mediterranean contribution for each event calculated by FLEXPART



	PFLEX-ANOM
	Daily anomalous (E − P) < 0 value obtained via Lagrangian experiment



	PFLEX-CLI
	Daily climatological (E − P) < 0 value obtained via Lagrangian experiment



	PFLEX-EVENT
	(E − P) < 0 mean values from the Mediterranean Sea into the Danube River Basin the day/days of extreme precipitation event obtained via Lagrangian experiment
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Figure 1. Map of Danube River Basin (black line) and Mediterranean Sea (blue line) as provided by the HydroSHEDS project (hydrological data and maps on shuttle elevation derivatives at multiple scale available online at https://hydrosheds.cr.usygs.gov). 
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Figure 2. Percentage moisture supply from the Mediterranean Sea relating to each extreme event (PFLEX-%) on an annual scale for the 100 events analysed and all ranked durations: Blue bars represent number of events with 1-day duration; orange bars represent 3-days duration; red bars represent 5-days duration; green bars represent 7-days duration; and grey bars represent 10-days duration. 
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Figure 3. Scatterplot for moisture supply anomalies from Mediterranean Sea (PFLEX-ANOM) (x-axe, mm/day) and precipitation anomalies from CHIRPS database (Anomalies CHIRPS, y-axe, mm/days) over the Danube River Basin for 100 ranked extreme precipitation events separated on seasonal scales (winter—blue circles; summer—red circles; spring—green circles; autumn—yellow circles). The filled circles represent events with positive PFLEX-ANOM values and empty circles represent negative values. The corresponding regression line and coefficient of determination (R2) are also shown for each season (blue, red, green, and yellow lines) and on an annual scale (dashed black line) for events with positive PFLEX-ANOM values. 
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Table 1. List of 10 top extreme precipitation events out of 100 total ranked cases with different durations over the Danube River Basin. The complete list of 100 detected events for all wet-spell durations is shown in the Supplementary Material (Tables S1–S5).
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	Position of the Ranking
	1 Day
	3 Days
	5 Days
	7 Days
	10 Days





	1
	23 Sep 1996
	24 Sep 1996
	24 Sep 1996
	1 Jan 1996
	23 Aug 2005



	2
	28 Dec 2014
	23 Sep 1996
	25 Sep1996
	15 Dec 1990
	18 Dec 1990



	3
	6 Nov 1985
	25 Sep 1996
	26 Sep 1996
	2 Jan 1996
	24 Aug 2005



	4
	1 Mar 2008
	11 Feb 1984
	14 Dec 1990
	14 Dec 1990
	4 Jan 1996



	5
	18 Feb 1994
	6 Nov 1985
	23 Jan 1998
	7 May 1987
	15 Dec 1990



	6
	27 Nov 1983
	8 Jan 2010
	27 Sep 1996
	27 Sep 1996
	17 Dec 1990



	7
	6 May 1987
	6 May 1987
	23 Sep 1996
	24 Sep 1996
	16 Dec 1990



	8
	14 Mar 2013
	10 Feb 1984
	22 Jan 1998
	16 Dec 1990
	14 Dec 1990



	9
	2 Mar 2014
	29 Oct 1990
	30 Oct 1990
	28 Sep 1996
	22 Aug 2005



	10
	27 Mar 1993
	31 Oct 1994
	31 Oct 1990
	25 Sep 1996
	12 May 1991
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Table 2. List of the top 10 extreme precipitation events out of a total of 100 cases with different durations ranked for the Danube River Basin. The columns for each event show: The position of the ranking, the date of the event, the daily mean precipitation value (Mean ∑CHIRPS), daily climatological precipitation value (Clim. CHIRPS), daily precipitation Anomaly (Anom. CHIRPS), value of ranking index (R), mean E − P < 0 values from the Mediterranean Sea into the Danube River Basin for day/days of the extreme precipitation event (PFLEX-EVENT), daily climatological E − P < 0 value (PFLEX-CLI), daily anomaly of E − P < 0 values (PFLEX-ANOM), and percentage of Mediterranean contribution for each event calculated by FLEXPART (PFLEX-%). Units of calculations with CHIRPS and PFLEX are in mm/day; R has no units; and the last column is expressed in %. CHRIPS, Climate Hazards Group Infra-Red Precipitation with Station dataset; PFLEX, available moisture from the Mediterranean Sea (E − P < 0 values) obtained via Lagrangian experiment.
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Position of the Ranking

	
Date Event

	
Mean ∑CHIRPS

	
Clim. CHIRPS

	
Anom. CHIRPS

	
R

	
PFLEX-EVENT

	
PFLEX-CLI

	
PFLEX-ANOM

	
PFLEX-%






	
1 day




	
1

	
23 Sep 1996

	
45.66

	
4.13

	
41.53

	
198.65

	
0.59

	
0.15

	
0.44

	
285.69




	
2

	
28 Dec 2014

	
17.76

	
3.45

	
14.31

	
168.81

	
0.82

	
0.14

	
0.68

	
457.93




	
3

	
6 Nov 1985

	
19.74

	
1.96

	
17.79

	
156.70

	
0.45

	
0.21

	
0.25

	
118.89




	
4

	
1 Mar 2008

	
13.09

	
2.42

	
10.68

	
155.58

	
0.20

	
0.18

	
0.02

	
11.87




	
5

	
18 Feb 1994

	
12.05

	
1.18

	
10.87

	
142.60

	
0.40

	
0.10

	
0.30

	
285.92




	
6

	
27 Nov 1983

	
16.94

	
1.57

	
15.38

	
140.42

	
0.76

	
0.16

	
0.60

	
383.90




	
7

	
6 May 1987

	
26.90

	
3.53

	
23.37

	
138.02

	
0.58

	
0.18

	
0.40

	
224.24




	
8

	
14 Mar 2013

	
14.18

	
1.17

	
13.01

	
137.91

	
1.21

	
0.07

	
1.14

	
1657.75




	
9

	
2 Mar 2014

	
9.67

	
2.07

	
7.60

	
136.17

	
0.08

	
0.14

	
−0.06

	
−41.29




	
10

	
27 Mar 1993

	
13.32

	
2.47

	
10.86

	
131.77

	
1.12

	
0.21

	
0.90

	
424.33




	
3 days




	
1

	
24 Sep 1996

	
19.61

	
2.59

	
17.02

	
249.95

	
1.37

	
0.57

	
0.80

	
140.94




	
2

	
23 Sep 1996

	
18.54

	
2.51

	
16.03

	
228.27

	
2.10

	
0.51

	
1.59

	
312.59




	
3

	
25 Sep 1996

	
16.90

	
2.49

	
14.41

	
224.59

	
0.70

	
0.59

	
0.11

	
18.07




	
4

	
11 Feb 1984

	
6.77

	
1.70

	
5.07

	
206.04

	
0.54

	
0.40

	
0.14

	
34.63




	
5

	
6 Nov 1985

	
9.50

	
2.03

	
7.46

	
204.39

	
1.12

	
0.54

	
0.58

	
107.29




	
6

	
8 Jan 2010

	
6.12

	
1.46

	
4.67

	
198.54

	
0.96

	
0.30

	
0.66

	
217.26




	
7

	
6 May 1987

	
13.52

	
3.08

	
10.44

	
198.36

	
2.05

	
0.53

	
1.52

	
284.32




	
8

	
10 Feb 1984

	
6.54

	
1.61

	
4.93

	
195.88

	
1.03

	
0.38

	
0.64

	
169.23




	
9

	
29 Oct 1990

	
11.82

	
2.03

	
9.79

	
195.15

	
1.07

	
0.35

	
0.71

	
202.75




	
10

	
31 Oct 1994

	
10.10

	
2.05

	
8.06

	
193.43

	
0.38

	
0.37

	
0.01

	
3.85




	
5 days




	
1

	
24 Sep 1996

	
19.61

	
2.59

	
17.02

	
254.85

	
1.92

	
0.74

	
1.18

	
160.01




	
2

	
25 Sep1996

	
18.54

	
2.51

	
16.03

	
254.22

	
1.62

	
0.77

	
0.85

	
110.97




	
3

	
26 Sep 1996

	
16.90

	
2.49

	
14.41

	
251.71

	
1.14

	
0.79

	
0.36

	
45.42




	
4

	
14 Dec 1990

	
6.77

	
1.70

	
5.07

	
237.58

	
1.40

	
0.43

	
0.96

	
222.56




	
5

	
23 Jan 1998

	
9.50

	
2.03

	
7.46

	
234.92

	
1.17

	
0.48

	
0.69

	
145.60




	
6

	
27 Sep 1996

	
6.12

	
1.46

	
4.67

	
231.42

	
0.60

	
0.79

	
−0.20

	
−24.68




	
7

	
23 Sep 1996

	
13.52

	
3.08

	
10.44

	
230.92

	
2.13

	
0.70

	
1.42

	
201.84




	
8

	
22 Jan 1998

	
6.54

	
1.61

	
4.93

	
227.95

	
1.57

	
0.46

	
1.11

	
243.75




	
9

	
30 Oct 1990

	
11.82

	
2.03

	
9.79

	
222.08

	
1.14

	
0.47

	
0.67

	
142.65




	
10

	
31 Oct 1990

	
10.10

	
2.05

	
8.06

	
221.67

	
1.13

	
0.47

	
0.65

	
138.03




	
7 days




	
1

	
1 Jan 1996

	
6.52

	
2.12

	
4.40

	
298.19

	
1.67

	
0.51

	
1.16

	
225.99




	
2

	
15 Dec 1990

	
6.41

	
1.67

	
4.74

	
290.71

	
1.41

	
0.51

	
0.89

	
173.84




	
3

	
2 Jan 1996

	
5.33

	
1.96

	
3.37

	
277.60

	
1.36

	
0.49

	
0.88

	
180.10




	
4

	
14 Dec 1990

	
5.84

	
1.64

	
4.21

	
273.79

	
1.55

	
0.51

	
1.04

	
205.09




	
5

	
7 May 1987

	
7.53

	
2.67

	
4.86

	
260.72

	
2.16

	
0.80

	
1.36

	
171.43




	
6

	
27 Sep 1996

	
9.15

	
2.32

	
6.83

	
260.69

	
1.24

	
0.89

	
0.35

	
38.74




	
7

	
24 Sep 1996

	
9.28

	
2.34

	
6.94

	
258.47

	
1.92

	
0.86

	
1.07

	
124.99




	
8

	
16 Dec 1990

	
5.47

	
1.62

	
3.86

	
257.33

	
1.26

	
0.53

	
0.73

	
138.16




	
9

	
28 Sep 1996

	
9.07

	
2.26

	
6.81

	
256.91

	
0.86

	
0.90

	
−0.05

	
−5.41




	
10

	
25 Sep 1996

	
9.08

	
2.31

	
6.77

	
256.87

	
1.76

	
0.86

	
0.89

	
102.92




	
10 days




	
1

	
23 Aug 2005

	
8.05

	
2.02

	
6.03

	
325.98

	
1.15

	
0.79

	
0.36

	
45.52




	
2

	
18 Dec 1990

	
4.82

	
1.76

	
3.06

	
317.66

	
1.22

	
0.56

	
0.66

	
116.23




	
3

	
24 Aug 2005

	
7.49

	
2.04

	
5.45

	
315.91

	
1.08

	
0.82

	
0.26

	
31.93




	
4

	
4 Jan 1996

	
4.68

	
1.90

	
2.78

	
313.98

	
1.28

	
0.51

	
0.76

	
147.99




	
5

	
15 Dec 1990

	
4.99

	
1.63

	
3.36

	
313.50

	
1.55

	
0.55

	
0.99

	
179.03




	
6

	
17 Dec 1990

	
4.68

	
1.72

	
2.97

	
301.29

	
1.33

	
0.56

	
0.77

	
136.24




	
7

	
16 Dec 1990

	
4.78

	
1.62

	
3.16

	
300.85

	
1.41

	
0.56

	
0.85

	
152.19




	
8

	
14 Dec 1990

	
4.69

	
1.66

	
3.03

	
298.32

	
1.64

	
0.55

	
1.09

	
195.89




	
9

	
22 Aug 2005

	
7.45

	
2.03

	
5.42

	
298.17

	
1.21

	
0.76

	
0.45

	
58.65




	
10

	
12 May 1991

	
6.03

	
2.67

	
3.36

	
290.89

	
1.44

	
0.95

	
0.49

	
51.64
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Table 3. Numbers of extreme events on annual and seasonal scales (within brackets) and percentages of extreme precipitation events with a higher Mediterranean Sea contribution than the mean annual and seasonal climatological value for all rainy length periods of 1, 3, 5, 7, and 10 days. Results are presented with respect to Mediterranean PFLEX anomalies into the Danube River Basin.
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	Duration
	1 day
	3 days
	5 days
	7 days
	10 days





	Annual
	86% (100)
	90% (100)
	84% (100)
	91% (100)
	93% (100)



	Winter
	83.33% (36)
	85.71% (42)
	86.96% (46)
	97.44% (39)
	85.29% (43)



	Spring
	90% (30)
	90.91% (22)
	100% (7)
	100% (11)
	100% (21)



	Summer
	100% (9)
	90% (10)
	100% (9)
	100% (11)
	100% (15)



	Autumn
	80% (25)
	96.15% (26)
	73.68% (38)
	79.49% (39)
	93.33% (30)
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Table 4. Slope values of simple linear regression analysis between CHIRPS anomaly values of extreme precipitation for events with different durations (1, 3, 5, 7, and 10 days) with respect to PFLEX-ANOM values (for 1, 3, 5, 7, and 10 integrated days) on annual, winter, spring, summer, and autumn scales. Highlighted numbers represent those values that are significant at 90% when applying Student’s t-test, and the asterisk denotes 99% significance.
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Duration of Extreme Event

	
1 Day

	
3 Days

	
5 Days

	
7 Days

	
10 Days






	
Period of integration used for PFLEX-ANOM values

	
1 day

	
3 days

	
5 days

	
7 days

	
10 days

	
3 days

	
5 days

	
7 days

	
10 days

	
5 days

	
7 days

	
10 days

	
7 days

	
10 days

	
10 days




	
Annual

	
3.34 *

	
1.42

	
0.23

	
1.13

	
−0.10

	
1.30

	
0.28

	
0.30

	
0.00

	
1.05

	
0.78

	
0.01

	
1.30 *

	
0.09 *

	
0.04




	
Winter

	
1.21

	
−0.15

	
−0.05

	
−0.27

	
−0.39

	
−0.24

	
−0.25

	
−0.30

	
−0.37

	
1.19

	
1.13

	
1.17

	
0.88 *

	
1.07 *

	
1.05




	
Spring

	
5.83 *

	
4.77 *

	
1.07

	
0.69

	
−0.53

	
3.40 *

	
1.72

	
0.10

	
0.83

	
1.22

	
1.29

	
1.29

	
1.77 *

	
1.87 *

	
1.01 *




	
Summer

	
10.10 *

	
6.14

	
6.83

	
7.90 *

	
7.87

	
0.25

	
0.24

	
0.16

	
0.27

	
−0.42

	
−0.64

	
−0.85

	
1.97 *

	
2.07 *

	
0.53




	
Autumn

	
−0.25

	
−3.18

	
−3.27

	
−0.31

	
−0.87

	
2.38

	
1.04

	
1.48

	
1.53

	
2.15

	
1.36

	
0.86

	
1.51 *

	
1.33 *

	
0.81
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