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Abstract

:

The role of the large-scale atmospheric circulation in producing heavy rainfall events and floods in the eastern part of Europe, with a special focus on the Siret and Prut catchment areas (Romania), is analyzed in this study. Moreover, a detailed analysis of the socio-economic impacts of the most extreme flood events (e.g., July 2008, June–July 2010, and June 2020) is given. Analysis of the largest flood events indicates that the flood peaks have been preceded up to 6 days in advance by intrusions of high Potential Vorticity (PV) anomalies toward the southeastern part of Europe, persistent cut-off lows over the analyzed region, and increased water vapor transport over the catchment areas of Siret and Prut Rivers. The vertically integrated water vapor transport prior to the flood peak exceeds 300 kg m−1 s−1, leading to heavy rainfall events. We also show that the implementation of the Flood Management Plan in Romania had positive results during the 2020 flood event compared with the other flood events, when the authorities took several precaution measurements that mitigated in a better way the socio-economic impact and risks of the flood event. The results presented in this study offer new insights regarding the importance of large-scale atmospheric circulation and water vapor transport as drivers of extreme flooding in the eastern part of Europe and could lead to a better flood forecast and flood risk management.
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1. Introduction


Floods represent the most widespread natural hazard on Earth, with losses of numerous human lives and material damage of large proportions. According to the United Nations Office for Disaster Risk Reduction (UNISDR), floods constitute up to 43% of the total natural hazards. Between 1995 and 2015, floods affected more than 2.3 billion people worldwide and killed more than 200,000, while the total damage costs were estimated at more than 558 billion Euro [1]. Globally, there is an increasing trend, in the damages caused by floods, the main causes being the irrational use of the valley’s rivers by deforestation, increasing economic activity on territories at risk, and global warming [1]. Moreover, there is a clear indication that these factors will contribute to the further growth of destructive frequency and power of floods [1]. The future climate projections have already warned of a possible increase in extreme rainfall events which will lead to more frequent and more extreme floods events. Under high-end climate scenarios (e.g., an increase of 4 °C in the global mean temperature by the end of the 21st century), climate change could triple the direct damages from floods during the 21st century, if no adaptation measures are taken. In their study, Alifieri et al. (2017) [2] have shown that with a temperature increase of 2 °C, the related flood damages would rise by 170% compared to present levels, while for a 4 °C temperature increase globally, countries representing 73% of the global population would face a 580% increase in flood risk. That’s why the task of elaboration of the flood management plan is paramount to real flood prevention and protection against them.



The flood risks and vulnerability in Europe are similar to the worldwide situation. Only in the last 20 years, in Europe were recorded more than 400 major floods (many of them catastrophic), which affected more than 8.7 million people, killed more than 2000, and led to monetary losses of more than 72 billion Euro [3]. However, the high flood risk zones are not uniformly spread in Europe [4]. Throughout the last decades, Europe has been affected by a large number of flood events corroborated with heavy rainfall. Among the most costliest and damaging floods, over different parts of Europe, we have the following: the 1993 and 1995 winter floods in Germany, Netherlands, and France [5,6,7,8]; the 2002 and 2013 damaging floods in the Elbe River catchment area [9,10,11]; the 2005, 2008, and 2010 floods in the eastern part of Europe [12,13,14]; the 2010 floods in central part of Europe [15], and the 2000, 2007, and 2014 floods in U.K. [16,17,18,19]. Overall, at the European level, one of the most affected countries by extreme flooding is Romania (www.emdat.be, accessed on 23 November 2020). In 2005, 2006, 2008, 2010, 2014, and 2020, large-scale floods with catastrophic effects were recorded. According to the study conducted by DG Environment in 2014 at the European level, 20 major flood events took place in Romania between 2002 and 2013, during which 183 fatalities were recorded, more than 68,000 people were evacuated, and the total cost was estimated at ≈4.1 billion Euro [20]. At the country level, one of the most affected regions by recurrent flooding is the northeastern part of Romania, floods being a permanent feature for the Siret and Prut basins. Throughout the last decades, several severe floods were recorded in Siret basin (e.g., 1970, 1991, 5002, 2006, 2008, and 2010) and Prut basin (1969, 1974, 1980, 2006, 2008, 2010, and 2020), with enormous material, human, and environmental damages.



One of the main factors of flood formation in the Siret and Prut Rivers catchment areas are heavy torrential rains that usually take place during the spring and summertime, especially in the upper part of the Siret and Prut River basins (Ukrainian territory), which leads to a rapid increase of streamflow and water levels over the tributaries, thus causing rapid flood peaks, which in turn form flood waves on the main rivers. Under these conditions, prevention and preparedness measures, as well as rapid intervention actions during the flood event, play a key role in the resulting flood consequences’ magnitude and their mitigation. Flood risk management decisions and flood forecasting depends strongly on our understanding of the large-scale drivers of hydrological variability [21,22,23,24]. In this respect, the magnitude, timing, and the duration of extreme flood events and heavy rainfall depends on the hydroclimatic variability on different time scales ranging from hourly, daily, seasonal to interannual [8,25,26]. This variability is connected to the large-scale moisture transport on the entire atmospheric column, which in turn is controlled by different large-scale teleconnection patterns such as the North Atlantic Oscillation (NAO), the Pacific North American Oscillation (PNA), and El Niño-Southern Oscillation (ENSO) [27,28].



Increased flood risk on the Siret and Prut river basin over the last decades, which was marked by the most severe floods in the last 80 years, caused significant economic damages and even losses of human lives, raising the issue of the urgent necessity of a suitable management plan adapted to local conditions and particularities based on explicit analyses of the previous extreme flood events. Therefore, the aim of this study is to do a comparative analysis of the most severe floods on the Siret and Prut Rivers, trying to disentangle their large-scale drivers and make an evaluation of their socio-economic impact. As the negative impacts of hydrological extremes are increasing in large parts of the world, better understanding of the drivers of changes in risk is essential for effective risk management and climate adaptation [29]. In this respect, socio-hydrometeorological information for each flood event is included in this study in order to be able to enable the consideration of various hazard, exposure and vulnerability aspects, the large-scale drivers as well as the broader context and specificities of the affected location. We focused our study on the Siret and Prut basins, because these are some of the most vulnerable areas for floods in the eastern part of Europe, and because no detailed studies regarding the large-scale drivers of extreme floods is currently available over this region. In this respect, the objectives of this study are manifold: (i) to analyze from a hydrological point of view (e.g., daily hydrographs and flood magnitude) three of the most damaging floods in the Siret and Prut catchment areas (July 2008, June–July 2010, and June 2020); (ii) to analyze the large-scale circulation preceding these extreme flood events; and (iii) to give a detailed overview of the socio-economic losses caused by these flood events and of the status of flood risk management plan implementation for these two-catchment areas. An in-depth understanding of the physical mechanism leading to extreme flooding and heavy rainfall event could help us in the quest for better predictability and impact assessment of future flood events.



The outline of the study is as follows. The basic features of the Prut and Siret catchment areas and the data and methods are described in Section 2. The main results are shown in Section 3. Future perspectives are given in Section 4, while the discussion and the main conclusions of the paper are presented in Section 5.




2. Data and Methods


2.1. Catchment Area Description and Data Sources


2.1.1. Siret River Basin


Siret and Prut Rivers are situated in the northeastern part of Romania, being among the most important tributaries of the Danube River (Figure 1). The Siret River drains a catchment area of 46,289 km2, 90% of it being on the Romanian territory, and 10% on the territory of Ukraine. With a length of 599 km, the Siret River is the 5th longest tributary of the Danube River [30]. The Siret springs are situated in the northeastern part of the Carpathian Mountains, on the territory of Ukraine; at around 1250 masl, it crosses the Moldavian Plateau, and then it flows southward until its confluence with the Danube River near Galati city (55 masl), at only 155 km from Danube Delta in the Black Sea. The large surface of the Siret hydrographic space implies a great variety of all the elements of the physical–geographical framework. The mountainous region is characterized by a rich runoff, and the plateau area is important for the strong torrential character of the runoff. All the main tributaries of the Siret River are located on the right side and originate from the Carpathian Mountains (e.g., Suceava, Șomuzurile, Moldova, Bistrița, Trotuș, Putna, Râmnicu Sărat and Buzău), except for the Bârlad River, which is the main left tributary, and it originates in the Moldavian Plateau [30].



The climate of the Siret basin is temperate with continental influences, but due to the large catchment area and the different relief units, it varies from cold and humid in the mountain regions, to warm and dry in the Moldavian Plateau and to hot and very dry climate downstream. Therefore, the annual mean temperature and precipitation vary from ≈2 °C and 1200 mm in the mountain area, to ≈8 °C and 600 mm in the hilly and plateau parts, and to ≈10 °C and 450 mm in the downstream plains [30].




2.1.2. Prut River Basin


The Prut River basin is located in the northeastern extremity of the Danube basin and drains an area of 28,568 km2, 29% of which is on the territory of Ukraine, 39% is on the Romanian territory, and 32% is on the territory of the Republic of Moldova. The Prut basin borders the Siret basin to the west, the Tisza basin to the northwest, and the Dniester basin to the north and east. With a length of 953 km, the Prut River is the third-longest Danube tributary [30,31]. The Prut River originates in the southwestern part of the Ukrainian Carpathians at 1600 masl, and it flows for the first 211 km eastwards in Ukraine, after which for 31 km it forms the border between Romania and Ukraine, while for the next 711 km, it forms the border between Romania and the Republic of Moldova and discharges into the Danube River at only 132 km from Danube mouth [30]. Similar to Siret’s main relief units, the Prut catchment area can be divided into a mountain region (20% of total basin surface), hills (12% of total basin surface), and lowlands (68% of total basin surface).



The main tributaries of the Prut River on the right side are Volovăţ, Bașeu, Jijia, Elan and Chinja, while on the left side, the main tributaries are Larga, Ciugur, Camenca, Gârla Mare, and Delia [30]. The climate of the Prut River basin has similar characteristics as the Siret basin, with a moderate mild continental climate in the upper section and a harsher continental climate in the lower section. The annual mean temperature and precipitation vary from ≈2 °C and 1400 mm in the mountain area to ≈9 °C and 400–600 mm in the lowland plains [30].





2.2. Data


The main variable analyzed in this study is the daily streamflow data at Lespezi (Siret River, Figure S1a) and Rădăuți-Prut (Prut River, Figure S1b) gauging stations. We also make use of the daily precipitation time series at Rădăuți meteorological station (Siret River) and Darabani meteorological station (Prut River). The daily streamflow data were made available by the Global Runoff Data Center (www.bafg.de, accessed on 14 October 2020) and the data for 2020 have been downloaded from the website of the National Institute of hydrology and Water management in Romania (www.inhga.ro, 15 November 2020). This study is focused on three extreme flood events, namely July 2008, June–July 2010, and June 2020. The date of occurrence and magnitude of the three flood events are given in Table 1. The daily precipitation data have been extracted from the E-OBS database v22.0 [32]. For the large-scale atmospheric circulation, we use the daily sea level pressure (SLP), zonal and meridional wind, geopotential height at 500 mb level (Z500), potential vorticity (PV), air temperature at 850 mb level (TT850), specific humidity, and surface pressure from the ERA5 Reanalysis data [33]. The gridded daily precipitation totals were extracted also from the ERA Reanalysis data. ERA5 is produced using 4D-Var data assimilation in CY41R2 of ECMWF’s Integrated Forecast System (IFS), with 137 hybrid sigma/pressure (model) levels in the vertical, with the top-level at 0.01 hPa. Atmospheric data are available on these levels, and they are also interpolated to 37 pressure, 16 potential temperature, and 1 potential vorticity level(s). The output of this reanalysis product is a 4D global atmospheric dataset spanning from 1979 up to the present period. The resolution of the data set is ≈0.25° × 0.25° [33].




2.3. Methods


In order to analyze the flood peaks for each event, we have used the daily hydrographs Lespezi gauging station (Siret River) and Rădăuți-Prut gauging station (Prut River) and the daily precipitation totals at the meteorological station in the near vicinity of the gauging stations (Radauti meteorological station for Siret River and Darabani meteorological station for Prut River, see Figure 1). For the large-scale atmospheric circulation, we have used daily snapshots, up to 10 days prior to each flood peak until the day of the flood peak, for the different large-scale variables: the potential vorticity PV at 330 K (PV), the daily geopotential height at 500 mb (Z500), and the daily mean air temperature at 850 mb (TT850). The vertically integrated water vapor transport (WVT) [34] is calculated through zonal wind (u), meridional wind (v), and specific humidity (q), from the ERA5 Reanalysis data [33]. The WVT vectors for latitude (ϕ) and longitude (λ) are defined as follows:


   Q →    λ , φ , t   =  Q λ   i →  +  Q φ   j →   



(1)




where zonal (Qλ) and meridional (QΦ) components of Q are given by:


   Q λ  = −   ∫   1000  p  q u   d p  g   



(2)






   Q ϕ  = −   ∫   1000  p  q v   d p  g   



(3)




where u is the zonal wind component, v is the meridional wind component, q is the specific humidity, p is the desired pressure (hPa) up to which the atmospheric parameters are integrated, and g is the gravitational constant.





3. Results


3.1. July 2008 Flood Event


3.1.1. Hydrological Situation


In the upper part of the Siret and Prut River basins, the July precipitation norm is on average ≈100 mm, while the daily rainfall rarely exceeds 20 mm/day. An exceptional case was recorded in July 2008, when an amount twice and a half more than the norm was recorded, half of which was recorded during two days: 24 and 25 July 2008, respectively (Figure 2). At Rădăuți (Darabani) meteorological stations situated in the upper part of the Siret (Prut) River basins, a rainfall amount of 252 mm (183 mm) was recorded in July 2008, while the norm for this month is 103 mm (84 mm).



On the 25th of July 2008, record-breaking daily rainfall amounts were observed both at Radauti meteorological station (70.84 mm, Figure S2a) as well as at Darabani meteorological station (56.34 mm, Figure S3a). Heavy rainfall was recorded also at other meteorological stations in the catchment areas of the two analyzed rivers (Table S1). The exceptional heavy rainfall over the period 24–26 July 2008 was followed by the largest floods, in terms of magnitude, which occurred on the upper section of the Siret and Prut Rivers (including the most important tributaries), over the observational period. Usually, the flood peak follows 2–3 days after heavy rainfall events upstream.



The July 2008 flood on the Siret River had a regional character, with catastrophic consequences in Ukraine and in the northern part of Romania of the river catchment, between Liteni (confluence with the Suceava River) and Bacău. Although the highest rainfall amount felt on the Ukrainian territory at the entrance on the Romanian territory, the streamflow of the Siret River, at Siret hydrometric station, reached a value of 920 m3/s, which is twice and a half more than the danger level [35,36]. Downstream of the Siret hydrometric station, the flood wave was attenuated by the Rogojesti and Bucecea dams.



The catastrophic floods on the Siret River, downstream of the confluence with the Suceava river were strongly influenced by the water input from the tributaries, which also recorded historic streamflow rates (Suceava = 1710 m3/s and Moldova = 696 m3/s) [36]. At Lespezi hydrometric station (situated downstream of the Suceava River), the streamflow started to rise on the 24th of July and reached the maximum flood peak on 27 July, when a streamflow of 1793 m3/s was recorded. After the maximum of the flood peak, the streamflow started to decrease, reaching again a level below the danger limit on the 30th of July (Figure 3a). The propagation of the flood wave downstream on the Siret River led to record streamflow values at Nicolae Bălcescu (2200 m3/s) and Drăgesti (2930 m3/s) hydrometric stations. At the Lespezi and Nicolae Bălcescu hydrometric stations, the streamflow values from 2008 are more than double the maximum values from the entire previous monitoring period.



On the Prut River, the July 2008 flood event occurred according to a scenario similar to the one observed for the Siret River, but the flow parameters and the flood wave propagation were different. On the 24th and 25th of July, heavy rainfall events occurred in the upper and middle parts of both river basins (Figure 3, Table S1). The daily streamflow on the Prut River started to rise on the 24th of July, when at Chernovtsy hydrometric station, exceptional streamflow values were recorded, as a consequence of the heavy rainfall. The daily streamflow continued to rise very fast until the 27th of July when a flood peak of 3890 m3/s was recorded [37]. A similar situation was recorded also at Oroftiana and Rădăuți-Prut hydrometric stations. At Rădăuți-Prut hydrometric station, on the 24th of July, a streamflow of 217 m3/s has recorded, which was three times higher than the day before, and it continued to rise until the 28th of July, when the maximum peak of the flood (≈4033 m3/s) was recorded, after which the streamflow started to decrease, reaching a value of 349 m3/s on the 1st of August (Figure 3b). The flood wave propagated downstream of Rădăuți-Prut gauging station with similar intensity until the Stânca-Costești lake, which played a decisive role in mitigating the flood wave. The Stânca-Costești dam, with a capacity of ≈1300 mil. m3 of water, took over and attenuated the impact of the flood wave. The water discharge from Stânca-Costești Lake was carried out with a streamflow of ≈620 m3/s since the 24th of July (up to six times higher than before the flood began), and ≈1400 m3/s since the 31st of July [37]. The increase of water discharge was carried out as a result of the exceptional increase of the water volume, approaching the maximum limit of the dam. As a consequence of this decision, some localities downstream of Stânca-Costești were flooded.




3.1.2. Atmospheric Conditions


The extreme rainfall and the associated flood events in July 2008 were preceded by particular large-scale atmospheric circulation patterns at European scale (Figure 4 and Figure 5). During the 19–27 July 2008 period, the days with extreme precipitation events were associated with inter water vapor transport (WVT). The WVT reached a magnitude of ≈250 kg m−1 s−1 (and exceeded values of 350 kg m−1 s−1 between 23rd and 25th of July) over both Siret and Prut catchment areas, with the highest recoded values over Ukraine (Figure 4). The synoptic evolution of the tropopause level flow, prior to the flood peaks, is analyzed by using the dynamical tropopause on the 330 K isentropic level. Previous studies have shown that heavy rainfall and floods are linked with the upper level through being associated with the presence of elongated intrusions of air the so-called PV streamers [8,27,38]. Southward intrusions of air with high PV in the lower stratosphere or the higher troposphere are associated with the lowering of the dynamical tropopause, leading to vertical motions, cyclogenesis, and heavy rainfall. The days before the flood peak from July 2008 in the Siret and Prut River basins were associated with high PV values over the eastern part of Europe (Figure 5f–i). The temporal evolution and the spatial structure of the potential vorticity field indicate that in the days prior to the flood peak, a cut-off low was present over the central part of Europe moving eastward. The axis of the WVT (Figure 4) follows the non-linear behavior of the potential vorticity field. Positive upper level PV anomalies have the tendency to affect the structure of the atmosphere below them [39]. This is visible also in the case of the July 2008 flood events, when the high PV values over the eastern part of Europe observed between the 23rd and 27th of July were associated with a pivotal cut-off low that lasted for 4 days (Figure 5e–h) and warm air advection over the southeastern part of Romania and cold air advection over the northern part of our analyzed region (Figure S4), which led to heavy rainfall events over the Prut and Siret catchment areas.




3.1.3. Socio-Economic Impact of July 2008 Flood Event


The extreme flood peaks from July 2008, from the upper part of Siret and Prut Rivers, led to important socio-economic losses with catastrophic consequences. These losses were due mainly to the high amplitude of the main parameters of the flood events (e.g., the peak flows and the drained volumes, respectively). During the July 2008 flood, numerous localities, agricultural lands, roads, and bridges on the territory of Ukraine, Romania, and the Republic of Moldova were affected. In Romania, the total value of the damages caused by the July 2008 flood was ≈2 billion Euro [36]. Among the main objectives and destroyed assets we mention 7 deceased persons, over 30,000 affected people, 150 damaged villages, 67,500 damaged or destroyed houses, 313 damaged annexes and 24 socio-economic objectives, 1246 bridges and footbridges damaged or destroyed, ≈1900 km of national and country roads, and 345 of railway road affected. Other damaged goods include 49 km of canals, 355 km of dikes, 94.13 km of bank defenses and dams, 55.4 km of drainage channels, 110 km of anti-erosion works, 5 dams, 10 micro hydropower plants, 27 hydrometric stations, more than 49,000 ha of agricultural land, 1.68 km of water supply networks, 37.2 km of sewerage networks, 234.8 km of electricity networks, 1.6 km of natural gas supply networks, 6.1 km of riverbed clogging and erosions, 30 km of water supply pipes destroyed, and 1.500 flooded fountains [35,40,41].



In the Republic of Moldova, the exceptional flood from June 2008 (on Prut and Dniester rivers) caused material damages of ≈101.5 million Euro. In addition, three people died, thousands of people were affected, 8473 ha of agricultural land and 1183 houses were damaged, 3000 fountains were flooded, and more than 3000 domestic animals died [37,42]. Over western Ukraine, the 2008 flood damages were estimated at ≈548–733 million Euro by ONU [43] with the following reported socio-economic losses/damages: 37 dead people, over 45,000 houses from 784 localities, 30,000 hectares of agricultural land, 700 km of roads, and over 350 bridges [42,43,44].





3.2. June–July 2010 Flood Event


3.2.1. Hydrological Situation


Similar to climatic conditions during the July 2008 flood, the June–July 2010 flood event was preceded by exceptionally heavy rainfall, but unlike the 2008 flood when high rainfall amounts were recorded throughout few consecutive days, in June 2010, heavy rainfall fell in repeated cycles of two days over the period 21 June–2 July 2010, which in turn led to several flood peaks on the most important tributaries of Prut and Siret Rivers. High rainfall amounts were recorded both in June and July 2010, over the western part of Ukraine, where the upper reaches of the Siret and Prut Rivers are located (Figure 6). The precipitation amount that felt during this period was 50–80% of the annual norm, exceeding 1.5–2 times the multiannual average [45,46]. For example, at the Rădauți (Darabani) meteorological stations, over the May–June 2010 period, a rainfall amount of 403 mm (301 mm) was recorded, while the annual norm for these months is 180 mm (144 mm) (Figure 7). Locally, heavy and very heavy torrential rain exceeded 40 mm of precipitation in just a few hours (Figures S2b and S3b, Table S2).



The flood event from June 2010 had a complex character due to several cycles of flood waves that occurred on the important tributaries. The first cycle of precipitation fell between the 22nd and 23rd of June 2010 (Figure 6) and led to the formation of a flood wave of small proportions (Figure 7a,c). The second cycle occurred between the 25th and 26th of June 2010 (Figure 6), which led to an additional increase of the streamflow. As the soil was already saturated from the previous precipitation event, and due to the extreme rainfall recorded between the 28th and 30th of June 2010, the streamflow on the Siret River increased very rapidly and determined a catastrophic flood wave (Figure 7a,b). In the upper part of the Siret River, the maximum flood peak was recorded on 29 June, when at Siret hydrometric station, a record daily streamflow of 1115 m3/s was observed [47]. Nevertheless, the streamflow decreased downstream until the confluence with the Suceava River due to the lakes on the main course of the river. The exceptional streamflow of 883 m3/s on the 29th of June 2010, which was recorded at Ițcani hydrometric station (Suceava river), contributed to the propagation of the flood wave downstream on the Siret River. On the 29th of June 2010, an exceptional high streamflow was recorded at Lespezi hydrometric station (1205 m3/s) and continued to grow until the 1st of July 2010, when a flood peak of 1719 m3/s was recorded. After this flood peak, the streamflow started to decrease, reaching again an average streamflow for this period on the 3rd of July 2010 (Figure 7a,b). The influence of flood peaks from the tributaries on the propagation of the flood wave on the main river was observed at Drăgești hydrometric station, situated downstream of the confluence with Moldova river, where a record streamflow of 2058 m3/s was recorded on the on 30th of June 2010 [47]. High streamflow values were also recorded at Nicolae Bălcescu (1339 m3/s) and Lungoci (2576 m3/s) hydrometric stations on the 1st of July 2010 [47].



The precipitation regime in June 2010 affected the Prut basin in a similar way as the Siret basin, but with specific features due to basin configuration. Unlike the Siret River, for which multiple flood peaks were recorded only on the important tributaries, on Prut River, the flood event had several peaks on the main course. The first catastrophic flood wave was recorded between the 26th and 27th of June 2010 (Figure 7c), after the second extreme precipitation event, when very high values of the streamflow were recorded at several hydrometric stations in the upper part of the Prut River, including Chernovtsy, Oroftiana, and Șirăuți. At Șirăuți hydrometric station the streamflow reached a value of ≈1400 m3/s on the 26th of June. The second flood wave at Șirăuți was recorded between 29th of June and 3rd of July 2010, with a maximum peak of 1930 m3/s on the 2nd of July 2010, after which the streamflow decreased up to ≈450 m3/s on the 5th of July (Figure 7c). The third flood wave was recorded between 10th and 11th of July 2010, when the streamflow increased rapidly again, reaching up to ≈1600 m3/s. The flood wave downstream of the Stânca-Costești dam was controlled in order to reduce the flood impact. Starting with the 25th of June, the water from Stânca-Costești lake was evacuated with a streamflow of 427 m3/s; on the 28th of June, it was raised to 618 m3/s, and starting with the 1st of July, it was raised to a value of ≈800–830 m3/s. The flow was increased due to the excessive increase in the volume of water in the lake, which was close to the upper limit of the lake’s capacity, and it was maintained at this high level until 11th of July, after which the water discharge flow from the Stânca-Costeşti accumulation lake was decreased to 480 m3/s [45,48]. These measures caused the flooding of large areas downstream of the Stânca-Costești dam, as well as the extensive damages or breakage of other dams downstream.




3.2.2. Atmospheric Conditions


The extreme rainfall and the associated flood events in June 2010 were preceded also by particular large-scale atmospheric circulation patterns, such as in the case of the July 2008 event. Between the 22nd and the 30th of June 2010, the days with extreme precipitation events (Figure 6), were associated with intense water vapor transport toward the catchment area of both Prut and Siret Rivers (Figure 8). Between the 22nd and 26th of June, the water vapor transport was confined mainly over the northern part of the catchment area of Prut and Siret Rivers (Figure 8a–f), while between the 28th and 30th of June, the WVT was affecting the whole catchment area of the two rivers (Figure 8g–i). The heavy rainfall events in June 2010 were triggered by strong high PV anomalies over the analyzed region (Figure 9) and several pivoting low-pressure systems (Figure 9), which developed in cycles of two or three days. This happened in the context of a double blocking structure (simultaneous action of the European ridge on the west and east of the European Continent), as captured by the configuration of the geopotential at the level of 500 hPa (Figure 9). As a result of this extreme blocking pattern, the low-pressure system remained relatively stationary (Figure 9e–i), so rainfall events were recorded over several days. Warm, moist air was pulled northward from the Black Sea to feed the storm system (Figure S5). The positive PV anomalies associated with cut-off lows, and the structure of the geopotential height anomalies at the 500 hPa allowed the advection of warm air from the south-east and cold air from the north toward our analyzed region, leading to heavy rainfall events and as a consequence to extreme flooding over the Prut and Siret basins. Moreover, the combination of warm air from the southeast and cold air from the north led to amplification and persistence of the atmospheric blocking on the eastern side of our analyzed region for most of the period when the flooding occurred. As a result, the low-pressure systems that reached the Black Sea basin were enriched with large amounts of water vapor afterwards (Figure 8), which later led to the extreme rainfall events in the northern part of the catchment area of Prut and Siret Rivers.




3.2.3. Socio-Economic Impact of June 2010 Flood Event


The heavy rainfall events, in summer 2010, led to extreme flooding not only on the Siret and Prut River basin but also over central and eastern part of Europe, with a high impact on different social and economic sectors [49]. The financial impact of the 2010 flood in Romania was estimated at ≈1 billion Euro [46], and 24 flood casualties were reported [50]. The flood has affected 426 localities in various degrees, more than 3936 households (out of which 863 were completely destroyed), ≈110,000 ha agricultural land, 707 bridges and 2729 small bridges, 31 km of water supply, 147 social and economic objects (out of which 87 schools, 3 hospitals and 33 churches), and over 5200 km of national and regional roads, 14,000 wells. Moreover, more than 17,000 people were evacuated [50,51,52,53,54].



The economic losses caused by the catastrophic 2010 flood in the Republic of Moldova were estimated at ≈35.19 million Euro. Among the reported casualties and damages, we have two flood victims, more than 13,000 affected people, and more than 4000 evacuated people; in total, 1105 households, 4308 ha of farmlands, 4800 ha of pastures, and 930 ha of forests were damaged [44,47,49]. In addition, the amplitude of the flood peaks and its duration led to the degradation and breaking of the dikes and the flooding of agricultural lands and some localities from Nisporeni, Hîncești, Leova, Cantemir, and Cahul. For example, the anti-flood dam from Nemneti broke on the 6th of July 2010, flooding more than 3800 ha, including Catul Morii, Obileni, and Sarateni localities. On the 13th of July, a controlled break of the dam from the confluence with the Nirnava river was performed in order to avoid a possible accidental break [45,48]. In Ukraine, the economic losses due to the June–July 2010 floods were evaluated at more than 1 million €, while 28 localities, more than 750 households, 12,000 ha of agricultural land, and numerous roads and infrastructure facilities were affected [50].





3.3. June 2020 Flood Event


3.3.1. Hydrological Situation


The heavy rainfall events observed between 17th of June until 23rd of June 2020 caused catastrophic floods in the central and eastern part of Romania, including the Siret and Prut River basins (Figure 10). Over this period, an exceptional precipitation amount fell over the eastern part of Romania, the Republic of Moldova, and Ukraine (Figure 10). At Rădăuți meteorological station, a rainfall amount of ≈55 mm/day was recorded on the 22nd of June, which is half of the monthly average (Figures S2c and S3c, Table S3). Overall, the precipitation falling over the western part of Ukraine and the Republic of Moldova in June 2020 was up to six times higher than the monthly average [55].



The 2020 flood in Siret and Prut River basins had different characteristics due to the different streamflow values, water volume, duration, affected area, and due to different socio-economic impact. The June 2020 flood wave on the Siret Rivers started as a result of high precipitation amounts in the upper part of the river’s basin. At Lespezi hydrometric station (Siret River), the streamflow started to rise on the 15th of June 2020, when a daily streamflow more than double compared to the previous day (105 m3/s vs. 55 m3/s) was recorded. The streamflow stayed at an elevated, but there were stable levels until the 21st of June, after which it started to rise very fast, until the 24th of June, when a flood peak of 640 m3/s was recorded (Figure 11a,b). The flood wave propagated downstream of the Siret River.



Overall, the 2020 flood wave on the Siret River was much lower compared to those from 2008 and 2010. Opposite to this, on the Prut River, the 2020 flood wave was catastrophic, with streamflow values comparable with those from 2008 and 2010. On the Prut River, two flood peaks were recorded in June 2020, one of mean size and one of catastrophic amplitude (Figure 11c,d). The first flood wave at Rădăuți-Prut hydrometric station occurred between 14th and 21st of June 2020, with a doubling of the streamflow from the 13th to the 14th June (e.g., from 149 m3/s to 293 m3/s). The upward trend of the flow was maintained until the 16th of June, when the peak of the first flood (766 m3/s) was recorded, after which the streamflow began to decrease progressively until the 21st of June, when the streamflow recorded a value of 281 m3/s (Figure 11c,d). Due to the high precipitation amounts that fell over the upper part of the Prut basin between the 20th of June and the 25th of June 2020, the streamflow started to rise again and determined large-scale floods on the Prut River. At Chernovtsy hydrometric station (Ukraine), the streamflow started to rise on June 21 and reached the flood peak on June 24, with 1490 m3/s, after which the streamflow started to decrease slowly, recording a daily streamflow of 406 m3/s on the 27th of June [55]. At Rădăuți-Prut hydrometric station, the second flood wave began on the 22nd of June, with a rapid, exponential increase of the streamflow, which reached the maximum flood peak (2920 m3/s) four days later, on the 26th of June (Figure 11c,d). Exceptional high daily streamflow values were maintained until the 27th of June, after which the streamflow started to decrease rapidly, reaching relatively normal values (265 m3/s) on the 30th of June 2020. The flood wave propagated downstream of Rădăuți-Prut hydrometric station with similar characteristics until the accumulation Stânca-Costești lake, which took over most of the volume of water coming from upstream. Nevertheless, in order to avoid exceeding the maximum level of the lake, the water from the lake was evacuated with a streamflow value of ≈590 m3/s until the 24th of June, with ≈630 m3/s on the 25th of June, and with 680 m3/s between the 26th and 27th of June 2020 [55]. Starting with the 27th of June, the decision was made to gradually decrease the water discharge streamflow from the lake, reaching a value of 180 m3/s on the 5th of July 2020 [55]. The increase of the streamflow up to six times higher than the average for this month led to record levels of the daily streamflow (Figure 11d) on the river Prut and caused the flooding of agricultural land and some localities downstream of the Stânca-Costești lake.




3.3.2. Atmospheric Conditions


Between 17th and 24th of June 2020 were days with extreme precipitation events, which were associated with intense water vapor transport over Ukraine and the northern part of Romania (Figure 12). Between the 17th and 22nd of June, the axis of the water vapor transport was confined mainly over the northern part of Ukraine, where the highest rainfall amounts were recorded (Figure 12a–f). The heavy rainfall events in June 2020 were triggered, such as in the case of July 2008 and June 2020 events, by strong high PV anomalies extending from the North Atlantic basin toward the eastern part of Europe (Figure 13) and several low-pressure systems (Figure 13), which developed in cycles of two or three days. Opposite to the June 2010 event, the June 2020 event featured a diffluent blocking pattern (Figure 13), where a high-pressure center started to slide above a low-pressure center on the 21st of June 2020, reaching this northward center on the 24th of June 2020. The positive PV anomalies associated with the moving low-pressure system, and the structure of the geopotential height anomalies at the 500 hPa allowed the advection of cold air from the north toward our analyzed region (Figure S6), leading to heavy rainfall events especially over Ukraine and the north-eastern part of Romania. As in the case of the June 2010 event, the low-pressure systems that reached the Black Sea basin were enriched with large amounts of water vapor afterwards (Figure 12) and moved toward the northeastern part of Romania, leading to heavy rainfall and flooding. Under the aforementioned synoptic conditions, the atmospheric instability over the eastern part of Europe led to stormy phenomena and rains with torrential character, the most affected areas being the north-eastern part of Romania, the Republic of Moldova, and Ukraine.




3.3.3. Socio-Economic Impact of June 2020 Flood Event


The extreme floods from June 2020 caused numerous socio-economic damages, not only on the Siret and Prut River basins but also in other rivers basins from the central-eastern part of Europe. In Romania, the government allocated ≈68 million Euro in order to restore the affected areas by flood [56,57], but the total flood damage was estimated at ≈290 million Euro (the floods affected 161 localities in 29 counties) [58,59]. In addition, in the summer of 2020 due to the floods in Romania, three casualties were reported [59,60]. In the Siret and Prut River basins, ≈300 peoples were evacuated, and nearly 400 households and 600 courtyards were flooded, while many bridges and footbridges, several kilometers of national roads, railways (between Gura-Humorului and Frasin), county roads, and streets were damaged [57,58,60].



In the Republic of Moldova, the most affected areas were on the sector from the entrance of the Prut River on the territory of the Republic of Moldova to the Stânca-Costești accumulation lake, especially Edineț and Briceni, where dozens of households were evacuated, [58,61]. The total economic damages due to high water levels and heavy precipitation in the Prut River basin were estimated at more than 2 million Euro, of which ≈240,000 Euro were economic costs in the Birceni region [62,63].



The 2020 flood had a high socio-economic impact also in Ukraine. The Ukrainian government allocated 25 million Euro immediately after the flood to eliminate the effects of floods in the western part of Ukraine [43], but the total damages were estimated at ≈90–120 million Euro [64]. Three flood victims were recorded, while more than 11,000 households were flooded, ≈300 people were evacuated, ≈90 bridges were destroyed, and more than 400 km of national and local roads were damaged (including a highways section). The railway was damaged, and many trains were canceled on the route Ivano–Frankivsk–Vorokhta [43]. In Bucovina, several villages were left without gas supply, and in Chernivtsi, the Prut River overflowed its banks and flooded two big markets (Kalinovsky and Dobrobut), while the most difficult situation was in mountainous areas, where many villages and hamlets were left without road traffic due to landslides and destruction of the road surface [43]. A summary of the hydrometeorological pre-conditioning of each flood event, the flood damages, and the flood management policy are given in Table S4.






4. Perspectives


The increase in the frequency and intensity of recent floods is a consequence of multiple factors [65]. The extreme floods events from the recent period can be a consequence of global warming, due to an increase in the frequency of extreme precipitation events [66]. Future climate scenarios indicate that the projected changes in the 100-year river flood peak, for two level of global warming (1.5 °C and 3 °C) will increase in most of the European region, including the eastern part of the continent [2]. For Siret and Prut Rivers, an increase of up 20% in the 100-year river flood peak is projected for the high-end (3 °C) global warming scenario (Figure S7). In addition to climate change, anthropic activities through the intense deforestation of Carpathian forests especially after 1991 [47], and/or modification of the river flows played a significant role in the changing current hydrometric regime of the Siret and Prut Rivers. In addition to these causes, the water and flood management plans can contribute to a significant reduction of the flood impact. With the implementation of the European Flood Management Directive in Romania, in 2009 (and periodically updated), norms and procedures in the national legislation were transposed, which led to the implementation of some measurements to improve the flood risk management [67,68]. Recently, Ukraine and the Republic of Moldova started the work to implement also the European Directive for Flood Management in a national framework [69]. The Flood Risk Management Plan (FRMP) includes a wide combination of measures and actions taken: (i) improvement of the early warning system in order to inform the about flood risks; (ii) improving the preparedness for floods events and flood protection infrastructure; (iii) establishing procedures for operational activities during the floods; and (iv) post-flood adaptation measures for the full recovery of damages caused by flood and adaptation of the flood management plan according to last flood experience [70]. In addition, mitigating the flood effects requires a good coordination of the management plans between the countries on which the river basins are located. In the case of Siret and Prut Rivers, a proper coordination between Romania, Ukraine, and the Republic of Moldova is required, measurements which are also included in the FRMP. These measures will allow the evacuation of water in time from the accumulation lakes, which will permit flood wave attenuation. Overall, the implementation of the European Food Management Directive in Romania has already led to an improvement of regional flood management compared with the other two countries, the information system on flood risk alert being improved (e.g., implementation of RO-alert in 2018, issuing warning codes, and flood danger), as well as the application of preventive measures (e.g., evacuation of the people from the risk area). Romania (together with the Republic of Moldova on the side of the Prut River) is also benefiting from large infrastructure projects (e.g., dams, accumulation lakes) built in the past that have a crucial role in flood management. On the other hand, underfunding of flood defense infrastructure projects in Ukraine represent a major problem with long-term negative impact [71]. In this respect, the advantages of the implementation of the Flood Management Plan in Romania were observed during the 2020 flood event compared with the other flood events (e.g., 2008 and 2010). In the case of the 2020 flood event, the authorities took several precautionary measurements that mitigated the impact of the flood: a good flood forecast permitted water evacuation from the Stânca-Costești accumulation lake weeks before the occurrence flood event, so it can diminish the flood peak; multiple warning codes for flood risk were issued, and the population from the risk areas was alerted via the RO-alert program (55 alerts). Moreover, portions of the Prut River bank were consolidated with sandbags (20,000) and mobile panels (500 linear meters), in order to protect the population living in the floodplain of the Prut River (Oroftiana, Baranca and Rădăuți-Prut localities) [58]. Thus, the implementation of the European Flood Management Plan in accordance with climate change scenarios together with investments in the flood infrastructure and high-resolution streamflow forecast remain the key solution to mitigate flood effects and reduce the negative impact of floods in a long-term perspective.




5. Discussion and Conclusions


Floods are among the most damaging natural hazards at the European level, and despite improved early warning systems and better flood control infrastructure, flood damage has grown considerably, as the flood-vulnerable areas have gained richer infrastructure and wealth [65,72]. Overall, Europe’s capability to prepare for such disasters, such as floods and/or droughts, is challenged by a large range of uncertainties and a limited understanding of the driving forces of hydrometeorological hazards [73]. Extreme floods are often caused by heavy rainfall events that are strongly influenced by synoptic to mesoscale conditions [38,74,75,76,77]. Numerous researchers have investigated the meteorological conditions behind major flood events at the European level and modeled climate–flood relationships [78,79]. Typical approaches for analyzing the relationship between large-scale atmospheric circulation and floods include correlation, regression, and composite analysis. In general, correlation and linear regression are used to analyze a single or few atmospheric variables, whereas composites are used to explore gridded atmospheric fields [12,78,79]. In their study, Prudhomme and Genevier (2011) [80] investigated the relationship between circulation types and flood across Europe, and they showed that hydroclimatological connections are more spatially coherent in winter than summer, while Jacobeit et al. (2006) [81] found that flooding in central Europe is preceded by particular cyclone tracks, and these cyclone tracks differ seasonally and between regions. Looking from a long-term perspective, Mudelsee et al. (2004) [82] found that severe floods in central Europe over the last 500 years are associated with the Vb-cyclone track. Rimbu et al. (2021) [25] have shown that summer floods in the southern part of Germany are triggered by heavy rainfall events corroborated with an increase in the frequency of upper-level potential vorticity events over the western part of Europe. Overall, it has been shown that the climatic drivers of European floods may differ between season and region, and the severity of the analyzed flood events. All aforementioned studies and the references therein, which dealt with analyzing the linkages between floods and large-scale atmospheric circulation patters, at European level, were focused on the western and central part of Europe, but no such detailed analyses exist for the eastern part of Europe. Thus, in the current study, we analyzed the linkages between extreme floods in two of the largest catchment areas in Romania (Siret and Prut Rivers) and their large-scale atmospheric circulation drivers, in order to fill the gap, at least partially, regarding such studies in the eastern part of Europe.



In this study, we have shown that extreme floods in the eastern part of Europe occur predominantly in summer, after heavy rainfall episodes associated with pivotal low-pressure systems and high potential vorticity anomalies, which corroborated with intense moisture transport from the Mediterranean Sea and Black Sea toward Romania, Ukraine, and Moldova. This study was motivated by the fact that no comparative studies are available over the eastern part of Europe that consider all the features of extreme flood events: hydrological characterization of the flood peaks, an in-depth analysis of the large-scale atmospheric drivers, and a detailed analysis and overview of the associated impacts onto the society and economy of these extreme flood events. Due to their geographical position and special climate feature, the Siret and Prut Rivers are periodically affected by floods, the floods from 2008, 2010, and 2020 being among the largest floods recorded over this region during the last 80 years, in terms of flood parameters and their impact. In addition to their destructive effect and magnitude, these three floods also have in common the climatic preconditions that led to the formation of flood waves: a high amount of precipitation was recorded over the Ukrainian Carpathian regions, where the upper part of the Siret and Prut basins are situated. In general, floods are difficult to forecast, especially in the case of rivers basins situated in the near vicinity of complex topography [38,83]. The results presented here indicate that extreme flood events may be recognized in advance thanks to their large-scale precursors (e.g., WVT, PV intrusions, and cut-off lows). All three flood events were preceded by exceptionally heavy rains, which fell during a short period (of the order of the days), leading to record rainfall quantities that exceed the monthly norm, reaching even a double or higher amount. The large amounts of precipitation that fell in a record time led to the rapid increase of the streamflow, both on the main tributaries and the main rivers, which led to a propagation of the flood wave. All three extreme flood events were triggered by similar large-scale atmospheric features: high PV anomalies over the analyzed regions, persistent cut-off lows, and increased water vapor transport over the catchment area of the two rivers, which led to heavy rainfall events and as a consequence to catastrophic floods.



The shape of the PV anomalies for all our analyzed cases indicate the presence of an anticyclonic Rossby wave breaking [84]. The days prior to the flood peaks, for all analyzed events, are associated with an anticyclonic Rossby wave breaking and intense water vapor transport (ARWB, Table 2), which is in agreement with previous studies [8,25] that have shown that extreme flood events over Europe are linked mostly with ARWBs. From a synoptic point of view, the flood events in this study were preceded by very particular weather regimes [85]. In July 2008, there were three particular weather regimes prevailing the days prior to the flood peak: WZ (West cyclonic), TRM (trough over central Europe), and HNFZ (High Pressure over Fennoscandia). In June 2010 and July 2020, one of the preferred weather regimes prior to the flood peaks was the BM (High Pressure over Central Europe), which is characterized by an anticyclonic bridge over central Europe. Under the prevailing large-scale synoptic conditions associated with BM and HNFZ, the eastern part of Europe, especially Romania, resides at the south of the high-pressure system, in an area of low air pressure where the air circulation is cyclonic and where the influence of either Mediterranean Sea, or the Black Sea, is poignant. The influence of the Black Sea on the intensity of the rainfall events and the flood peaks is very well captured by the direction of the WVT for all analyzed cases. Overall, all three flood events took place either when there has been a low-pressure system in the immediate vicinity of the country, especially in the southern part, or when the pressure field was generally weak. In addition, the blocking situations are an essential ingredient for flood occurrence over our analyzed area, because they lead to the persistence of advection of warm and humid air from the Black Sea or the Mediterranean Sea.



Overall, the main conclusions of this study can be summarized as follows:




	
In terms of the streamflow amplitude and impact, the flood from July 2008 was the highest since instrumental data became available. In 2008, the streamflow reached values up to 2414 m3/s on the Siret River and up to 4033 m3/s on the Prut River, while the total economic damages were more than 2 billion Euro.



	
During the flood from June to July 2010, the recorded streamflow was lower compared to 2008 (1678 m3/s and 1930 m3/s on Siret and Prut Rivers respectively), while the total damage was estimated at more than 1 billion Euro.



	
The flood from June 2020 had particular characteristics, with extraordinary high streamflow on the Prut River (the second biggest flood after July 2008 flood), which reached up to 2920 m3/s, while on the Siret River, the highest streamflow was 640 m3/s recorded on June 24. The total damages of the June 2020 flood event were estimated at approximately half a billion Euro (Table 1 and Table S4).



	
The Prut streamflow exceeded 33 times the monthly norm during the 2008 flood, 24 times during the 2020 flood, and 16 times during the 2010 flood, while for the Siret River, the streamflow exceeded 40 times the monthly norm during the 2008 flood, 28 times during the 2010 flood, and 10 times during 2020 flood.



	
All flood events analyzed in this study were triggered by similar large-scale atmospheric features: PV intrusions associated with Rossby wave breaking, cold air advection from the north toward our analyzed region (e.g., Siret and Prut River basins), pivoting cut-off lows, and increased water vapor transport over the catchment area of the two rivers.



	
The time lag between the peak of the WVT and the flood peak (≈3–4 days) can be used as a potential predictor for the upcoming floods. The moisture advection from the Mediterranean Sea and the Black Sea led to repeated episodes of heavy precipitation over a few days, which in turn triggered record-breaking flood peaks.



	
Atmospheric blocking, albeit its frequent association with droughts and heat waves, is one of the leading triggers for large-scale condition favoring the atmospheric instability over the eastern part of Europe and rains with torrential character.








This study adds a new understanding of the physical processes leading to the occurrence of heavy rainfall events and extreme flooding in the eastern part of Europe, which could help to a better predictability and impact assessment of future flood events, especially since the topic of predictability becomes essential in the view of an increase in the likelihood of extreme flooding in a warming climate.
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The following are available online at https://www.mdpi.com/article/10.3390/w13081122/s1. Figure S1: (a) Time series of the daily streamflow at Lespezi gauging station (Siret River) and (b) Time series of the daily streamflow at Rădăuți-Prut gauging station (Prut River). Analyzed period: 1 January 1978–31 December 2008. The horizontal lines indicated the flow peak for the flood events of July 2008 (red line), June 2010 (magenta line) and June 2020 (green line). The magnitude of the flood peaks for these events is given in Table 2. Figure S2. The evolution of the daily precipitation at Rădăuți-Prut meteorological station for (a) July 2008 (red line) compared to the daily precipitation pattern on an annual basis (blue shaded area); (b) as in (a) but for June 2010 and (c) as in (a) but for June 2020. Figure S3. The evolution of the daily precipitation at Darabani meteorological station for (a) July 2008 (red line) compared to the daily precipitation pattern on an annual basis (blue shaded area); (b) as in a) but for June 2010 and (c) as in a) but for June 2020. Figure S4. Daily temperature at 850 hPa (TT850) (shaded colors) and daily geopotential height at 850 hPa (Z850) (contour lines) for: (a) 19 July 2008; (b) 20 July 2008; (c) 21 July 2008; (d) 22 July 2008; (e) 23 July 2008; (f) 24 July 2008; (g) 25 July 2008; (h) 26 July 2008 and (i) 27 July 2008. Units: TT850 (°C) and Z500 (m). Figure S5. Daily temperature at 850 hPa (TT850) (shaded colors) and daily geopotential height at 850 hPa (Z850) (contour lines) for: (a) 22 June 2010; (b) 23 June 2010; (c) 24 June.2010; (d) 25 June 2010; (e) 26 June 2010; (f) 27 June 2010; (g) 28 June 2010; (h) 29 June 2010 and (i) 30 June 2010. Units: TT850 (°C) and Z500 (m). Figure S6. Daily temperature at 850 hPa (TT850) (shaded colors) and daily geopotential height at 850 hPa (Z850) (contour lines) for: (a) 17 June 2020; (b) 18 June 2020; (c) 19 June 2020; (d) 20 June 2020; (e) 21 June 2020; (f) 22 June 2020; (g) 23 June 2020; (h) 24 June 2020 and (i) 25 June 2020. Units: TT850 (°C) and Z500 (m). Figure S7. Projected changes in the maximum 100-year daily river discharge for two global warming levels: (a) 1.5 °C and (b) 3 °C. The projections were downloaded from the Joint Research center website https://ec.europa.eu/jrc/en (accessed on 15 December 2020). Table S1. Daily precipitation totals recorded over the period 1 July–31 July2008 at different meteorological stations situated in the catchment area of Siret and Prut Rivers. Table S2. Daily precipitation totals recorded over the period 1 June–30 June 2010 at different meteorological stations situated in the catchment area of Siret and Prut Rivers. Table S3. Daily precipitation totals recorded over the period 1 June–30 June 2020 at different meteorological stations situated in the catchment area of Siret and Prut Rivers. Table S4. Hydrometeorological situation, socio-economic impact and management policy for the three extreme flood events analyzed in this study: July 2008, June 2010 and June 2020.
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Figure 1. Location of the Siret and Prut catchment areas and the location of the gauging and meteorological stations used in this study. 
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Figure 2. Daily precipitation totals (PP) for: (a) 19 July 2008; (b) 20 July 2008; (c) 21 July 2008; (d) 22 July 2008; (e) 23 July 2008; (f) 24 July 2008; (g) 25 July 2008; (h) 26 July 2008, and (i) 27 July 2008. Units: PP (mm/day). 
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Figure 3. (a) Daily streamflow at Lespezi gauging station situated on the Siret River (blue line) and the precipitation amount at Rădăuți meteorological station (green bars) for the period 1 July–31 July2008; (b) The evolution of the flood peak in July 2008 (red line) at Lespezi gauging station compared to the daily streamflow pattern on an annual basis (blue shaded line); (c) Daily streamflow at Rădăuți-Prut gauging station situated on the Prut River (blue line) and the daily precipitation amount at Darabani meteorological station (green bars) for the period 1 July–31 July 2008 and (d) The evolution of the flood peak in July 2008 (red line) at Rădăuți-Prut gauging station compared to the daily streamflow pattern on an annual basis (blue shaded area). For the location of the gauging and meteorological stations; see Figure 1. The period 1981–2000 was used to compute the daily streamflow climatology in (b,d). 
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Figure 4. Magnitude (shaded colors) and direction (vectors) of the daily integrated water vapor transport (WVT) for: (a) 19 July 2008; (b) 20 July 2008; (c) 21 July 2008; (d) 22 July 2008; (e) 23 July 2008; (f) 24 July 2008; (g) 25 July 2008; (h) 26 July 2008, and (i) 27 July 2008. Units: WVT (kg·s−1·m−1). 
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Figure 5. Daily potential vorticity (PV) at 330 K (shaded colors) and daily geopotential height at 500 hPa (Z500) (contour lines) for: (a) 19 July 2008; (b) 20 July 2008; (c) 21 July 2008; (d) 22 July 2008; (e) 23 July 2008; (f) 24 July 2008; (g) 25 July 2008; (h) 26 July 2008, and (i) 27 July 2008. Units: PV (PVU) and Z500 (m). L (blue) denotes low pressure system and H (red) denotes high pressure systems. 
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Figure 6. Daily precipitation totals (PP) for: (a) 22 June 2010; (b) 23 June 2010; (c) 24 June 2010; (d) 25 June 2010; (e) 26 June 2010; (f) 27 June 2010; (g) 28 June 2010; (h) 29 June 2010; and (i) 30 June 2010. Units: PP (mm/day). 
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Figure 7. (a) Daily streamflow at Lespezi gauging station situated on the Siret River (blue line) and the precipitation amount at Rădăuți meteorological station (green bars) for the period 1 June–15 July 2010; (b) The evolution of the flood peak in June 2010 (red line) at Lespezi gauging station compared to the daily streamflow pattern on an annual basis (blue shaded line); (c) Daily streamflow at Rădăuți-Prut gauging station situated on the Prut River (blue line) and the daily precipitation amount at Darabani meteorological station (green bars) for the period 1 June–15 July 2010; (d) The evolution of the flood peak in June 2010 (red line) at Rădăuți-Prut gauging station compared to the daily streamflow pattern on an annual basis (blue shaded area). For the location of the gauging and meteorological stations, see Figure 1. The period 1981–2000 was used to compute the daily streamflow climatology in (b,d). For Rădăuți-Prut gauging station streamflow data was available just for the period 18 May–31 August 2010. 
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Figure 8. Magnitude (shaded colors) and direction (vectors) of the daily integrated water vapor transport (WVT) for: (a) 22 June 2010; (b) 23 June 2010; (c) 24 June 2010; (d) 25 June 2010; (e) 26 June 2010; (f) 27 June 2010; (g) 28 June 2010; (h) 29 June 2010; and (i) 30 June 2010. Units: WVT (kg·s−1·m−1). 
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Figure 9. Daily potential vorticity (PV) at 330 K (shaded colors) and daily geopotential height at 500 hPa (Z500) (contour lines) for: (a) 22 June 2010; (b) 23 June 2010; (c) 24 June 2010; (d) 25 June 2010; (e) 26 June 2010; (f) 27 June 2010; (g) 28 June 2010; (h) 29 June 2010; and (i) 30 June 2010. Units: PV (PVU) and Z500 (m). L (blue) denotes low-pressure systems and H (red) denotes high-pressure systems. 






Figure 9. Daily potential vorticity (PV) at 330 K (shaded colors) and daily geopotential height at 500 hPa (Z500) (contour lines) for: (a) 22 June 2010; (b) 23 June 2010; (c) 24 June 2010; (d) 25 June 2010; (e) 26 June 2010; (f) 27 June 2010; (g) 28 June 2010; (h) 29 June 2010; and (i) 30 June 2010. Units: PV (PVU) and Z500 (m). L (blue) denotes low-pressure systems and H (red) denotes high-pressure systems.



[image: Water 13 01122 g009]







[image: Water 13 01122 g010 550] 





Figure 10. Daily precipitation totals (PP) for(a) 17 June 2020; (b) 18 June 2020; (c) 19 June 2020; (d) 20 June 2020; (e) 21 June 2020; (f) 22 June 2020; (g) 23 June 2020; (h) 24 June 2020 and (i) 25 June 2020. Units: PP (mm/day). 
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Figure 11. (a) Daily streamflow at Lespezi gauging station situated on the Siret River (blue line) and the precipitation amount at Rădăuți meteorological station (green bars) for the period 1 June–30 June 2020; (b) The evolution of the flood peak in June 2010 (red line) at Lespezi gauging station compared to the daily streamflow pattern on an annual basis (blue shaded line); (c) Daily streamflow at Rădăuți-Prut gauging station situated on the Prut River (blue line) and the daily precipitation amount at Darabani meteorological station (green bars) for the period 1 June–30 June 2020; (d) The evolution of the flood peak in June 2010 (red line) at Rădăuți-Prut gauging station compared to the daily streamflow pattern on an annual basis (blue shaded area). For the location of the gauging and meteorological stations, see Figure 1. The period 1981–2000 was used to compute the daily streamflow climatology in (b,d). For 2020 streamflow data was available just for the period 1 January 2020–31 July 2020. 






Figure 11. (a) Daily streamflow at Lespezi gauging station situated on the Siret River (blue line) and the precipitation amount at Rădăuți meteorological station (green bars) for the period 1 June–30 June 2020; (b) The evolution of the flood peak in June 2010 (red line) at Lespezi gauging station compared to the daily streamflow pattern on an annual basis (blue shaded line); (c) Daily streamflow at Rădăuți-Prut gauging station situated on the Prut River (blue line) and the daily precipitation amount at Darabani meteorological station (green bars) for the period 1 June–30 June 2020; (d) The evolution of the flood peak in June 2010 (red line) at Rădăuți-Prut gauging station compared to the daily streamflow pattern on an annual basis (blue shaded area). For the location of the gauging and meteorological stations, see Figure 1. The period 1981–2000 was used to compute the daily streamflow climatology in (b,d). For 2020 streamflow data was available just for the period 1 January 2020–31 July 2020.
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Figure 12. Magnitude (shaded colors) and direction (vectors) of the daily integrated water vapor transport (WVT) for: (a) 17 June 2020; (b) 18 June 2020; (c) 19 June 2020; (d) 20 June 2020; (e) 21 June 2020; (f) 22 June 2020; (g) 23 June 2020; (h) 24 June 2020 and (i) 25 June 2020. Units: WVT (kg·s−1·m−1). 






Figure 12. Magnitude (shaded colors) and direction (vectors) of the daily integrated water vapor transport (WVT) for: (a) 17 June 2020; (b) 18 June 2020; (c) 19 June 2020; (d) 20 June 2020; (e) 21 June 2020; (f) 22 June 2020; (g) 23 June 2020; (h) 24 June 2020 and (i) 25 June 2020. Units: WVT (kg·s−1·m−1).
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Figure 13. Daily potential vorticity (PV) at 330 K (shaded colors) and daily geopotential height at 500 hPa (Z500) (contour lines) for: (a) 17 June 2020; (b) 18 June 2020; (c) 19 June 2020; (d) 20 June 2020; (e) 21 June 2020; (f) 22 June 2020; (g) 23 June 2020; (h) 24 June 2020 and (i) 25 June 2020. Units: PV (PVU) and Z500 (m). L (blue) denotes low pressure system and H (red) denotes high pressure systems. 
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[image: Water 13 01122 g013]







[image: Table] 





Table 1. Maximum streamflow recorded at different hydrometric station on Siret and Prut Rivers for 2008, 2010, and 2020 floods, and their total economic damages.






Table 1. Maximum streamflow recorded at different hydrometric station on Siret and Prut Rivers for 2008, 2010, and 2020 floods, and their total economic damages.





	

	

	
2008

	
2010

	
2020




	
River Basin

	
Hydrometric Station

	
Streamflow (m3/s)/Date

	
Streamflow (m3/s)/Date

	
Streamflow (m3/s)/Date






	
Siret

	
Siret

	
920/25 July

	
1115/29 June

	
-




	
Siret

	
Lespezi

	
1793/27 July

	
1719/29 June

	
640/24 June




	
Siret

	
Drăgești

	
2930/27July

	
2058/30 June

	
-




	
Siret

	
Nicolae Bălcescu

	
2200/28July

	
1339/01 July

	
-




	
Suceava

	
Ițcani

	
1710/26July

	
883/29 June

	
-




	
Prut

	
Chernovtsy

	
3890/25July

	
-

	
1490/24 June




	
Prut

	
Rădăuți-Prut

(Șirăuți *)

	
4033/28 July

	
* 1930/02 July

	
2920/26 June




	
Prut

	
Stânca-Costești downstream

	
1400/31 July

	
800–830/01 July

	
680/26 June




	

	

	
Total economic damages




	

	

	
more than 2 billion Euro

	
more than 1 billion Euro

	
~half of billion Euro








* Indicates that there are two different gauging stations.
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Table 2. Days with anticyclonic Rossby wave breaking (ARWB) and the type of circulation patterns (Großwetterlage—GWL) active during the days prior to the flood peaks in July 2008, June 2010 and June 2020. “*”—indicates the days when ARWB occurred.






Table 2. Days with anticyclonic Rossby wave breaking (ARWB) and the type of circulation patterns (Großwetterlage—GWL) active during the days prior to the flood peaks in July 2008, June 2010 and June 2020. “*”—indicates the days when ARWB occurred.





	
2008

	
2010

	
2020




	
Day

	
ARWB

	
GWL

	
Day

	
ARWB

	
GWL

	
Day

	
ARWB

	
GWL






	
19.07

	

	
WZ

	
22.06

	
*

	
HM

	
17.06

	

	
SEZ




	
20.07

	

	
WZ

	
23.06

	
*

	
HM

	
18.06

	

	
HNFZ




	
21.07

	

	
TRM

	
24.06

	

	
HM

	
19.06

	

	
HNFZ




	
22.07

	

	
TRM

	
25.06

	

	
BM

	
20.06

	

	
HNFZ




	
23.07

	
*

	
TRM

	
26.06

	

	
BM

	
21.06

	
*

	
BM




	
24.07

	
*

	
HNFZ

	
27.06

	
*

	
BM

	
22.06

	
*

	
BM




	
25.07

	
*

	
HNFZ

	
28.06

	
*

	
BM

	
23.06

	
*

	
BM




	
26.07

	
*

	
HNFZ

	
29.06

	
*

	
BM

	
24.06

	
*

	
SEA




	
27.07

	
*

	
HNFZ

	
30.06

	
*

	
BM

	
25.06

	
*

	
SEA
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