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Abstract

:

Storm Daniel initiated on 3 September 2023, over the Northeastern Aegean Sea, causing extreme rainfall levels for the following four days, reaching an average of about 360 mm over the Peneus basin, in Thessaly, Central Greece. This event led to extensive floods, with 17 human lives lost and devastating environmental and economic impacts. The automatic water-monitoring network of the HIMIOFoTS National Research Infrastructure captured the evolution of the phenomenon and the relevant hydrometeorological (rainfall, water stage, and discharge) measurements were used to analyse the event’s characteristics. The results indicate that the average rainfall’s return period was up to 150 years, the peak flow close to the river mouth reached approximately 1950 m3/s, and the outflow volume of water to the sea was 1670 hm3. The analysis of the observed hydrographs across Peneus also provided useful lessons from the flood-engineering perspective regarding key modelling assumptions and the role of upstream retentions. Therefore, extending and supporting the operation of the HIMIOFoTS infrastructure is crucial to assist responsible authorities and local communities in reducing potential damages and increasing the socioeconomic resilience to natural disasters, as well as to improve the existing knowledge with respect to extreme flood-simulation approaches.
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1. Introduction


Floods are among the most destructive natural hazards, with dramatic human and economic impacts at the global scale [1,2,3,4,5,6,7,8]. Floods can be classified as fluvial (i.e., due to river overflows), pluvial, flash floods, coastal floods, and floods induced by infrastructure failure, such as levee or dam breaches [9,10]. Factors such as the increase in population density close to rivers (i.e., the decrease of the human–flood distance) [11], fast economic growth in river plains, and changes in land uses tend to further compound the disastrous effects of floods, putting at even higher risk flood-prone areas and, thus, posing a major threat to human life, properties, and infrastructures [12,13,14,15,16]. Moreover, floods can harm the entire spectrum of productive activities, strongly impacting agricultural production, raising food prices, and causing adverse effects on tourism and the local economy [17].



Within an integrated flood-protection framework, managing the flood risk and mitigating the adverse consequences related to floods, requires the co-implementation of both structural and non-structural measures [18,19]. With respect to the non-structural approaches, which are also highly promoted by the current legislation framework (e.g., the Floods Directive 2007/60/EC), real-time flood forecasting and early-warning systems are considered among the most effective measures to minimize casualties and reduce damages [20]. This is typically achieved through the timely dissemination of flood-risk-related information, often in the form of flood-risk and hazard maps or estimated flood travel times, which facilitate the early evacuation of cities and villages [18,21].



Flood forecasting and early-warning systems most often rely on computer models (mostly conceptual, with some physical basis) simulating the hydrological processes and flow routing dynamics or on rather black-box (e.g., stochastic, computational intelligent) techniques, relating precipitation and/or upstream stage/discharge data with the river’s response or combinations thereof [22,23]. In all approaches, the availability of adequate in situ observations is indispensable, to calibrate/validate the associated models, thus extracting reliable and robust predictions [24].



Although more detailed simulators are generally considered more accurate in the prediction of inundation extent and water depths, they are “data-intensive” and demanding in terms of accuracy and spatial distribution of the required data. Most importantly, though, they demand increased computational resources, especially in the case of 2D hydrodynamic approaches, where run times may be on the order of hours or days, depending on the extent and resolution of the computational grid [25]. This often renders them impractical for operational forecasting systems, where achieving short prediction times is crucial [26]. In this regard, in flood forecasting approaches, there is a recent tendency towards “parsimony”, that is lower-fidelity hydrodynamic models, as surrogates of more detailed ones, or data-driven approaches by means of machine-learning techniques [27,28,29,30,31,32,33,34].



Acknowledging that simplified approaches are preferable in cases where a timely but still reliable warning is of high priority, flood travel time and flood celerity have been widely recognized as key informative metrics for alert and forecasting purposes [3,35,36,37,38], as well as for decision-making and optimization of flood-management structures [39,40,41]. The first typically refers to the time required for a flood-wave crest to move from an upstream to a downstream location along a given reach [42], while both variables can be theoretically extracted through hydrodynamic modelling approaches (e.g., [3,36,37,42,43]). In practice, flood-wave celerity can also be empirically estimated at the “reach scale” by dividing the distance between two monitoring stations by the measured travel time. Several studies have exploited in situ streamflow observations to estimate celerity in rivers and identify patterns depending on the flow and river characteristics (e.g., [41,44]).



In order to reveal the major role of flow-monitoring data as a means to improve our knowledge of large-scale floods and provide decision support in the context of flood-management practices, we employ a post-analysis of the recent catastrophic flood event caused by the tropical-like cyclone “Daniel” over the Thessaly Region. The greatest part of Thessaly falls into the Peneus river basin, which drains a total area of 11,063 km2. Storm Daniel occurred between 3 and 8 September 2023 and also hit extended parts of the Mediterranean region. This phenomenon was characterized as the most intense and costly recorded storm event for the country in the 21st century, inducing extensive and irreparable damages.



The evolution of this catastrophic event, with respect to the hydrological response of the river basin, was captured by seven automatic hydrometric stations, operating under the coordination of the Hellenic Centre for Marine Research (HCMR) (https://imbriw.hcmr.gr/, accessed on 15 February 2023) and developed in the framework of a National Research Infrastructure project (see Section 2.1.3). In Greece, water-monitoring networks that provide systematic data in real time are extremely rare, except for a few sparse and isolated efforts, operating on limited spatial and temporal scales. Hence, the objective of this work is to utilize the raw hydrometric information (i.e., river stage data) in order to: (a) implement a post-analysis of the magnitude and main features of the event; (b) enrich our knowledge of large flood events across large-scale basins and get lessons for engineering practice, and (c) investigate the potential of the existing monitoring network to act as a fast and cost-effective tool towards flood forecasting and early warning. For this purpose, we also took advantage of two other sources of easily retrievable data, namely precipitation data from a large number of meteorological stations in the broader area of interest and satellite maps of inundated areas in an effort to analyse this extreme event and, thus, gain insights in the hydrological response of the watershed to low-frequency storms. Additionally, the flood travel time along the river was estimated for Storm Daniel and for selected past events of high magnitude.




2. Materials and Methods


2.1. Study Area


2.1.1. Geomorphology and Climate


The Peneus river basin (Figure 1), located in Thessaly, Central Greece, from 39°11′ to 39°58′ N and 21°52′ to 22°45′ E, covers a total area of about 11,063 km2. The minimum, maximum, and mean elevations of the basin are 0, 2085, and 440 m, respectively. Peneus is the third-longest river in Greece, with a total length of about 260 km. It springs from the Pindus mountains and consists of an extended river network of about 1200 km. After crossing the narrow valley of Tempi, the river empties into the Aegean Sea [45].



The lower parts of the study area are mainly characterized by flat terrain and are covered by the Thessaly Plain, which is among the most intensively cultivated areas and the second most productive agricultural area in Greece [45,46]. Cotton, winter wheat, maize, and alfalfa are some of the main crops cultivated in the plain [47], while agriculture constitutes the dominant land use in the area; along with pasture, they cumulatively correspond to about half of the catchment’s total extent.



The coastal part of the watershed has a typical Mediterranean climate, while the western and central areas have a continental climate, characterized by hot summers and cold winters. The rainfall varies considerably across the watershed, from about 360 mm annually in the central and coastal areas to about 1850 mm in the mountainous part; the mean annual precipitation, considering the entire basin, has been estimated at about 780 mm [48]. The flow regime of the Peneus River is characterized as perennial, with a marked discharge variation across seasons. In particular, the mean monthly streamflow near Peneus’ Delta lies in the range of 150 m3/s (annual average for February and March) to 10 m3/s (annual average for August and September), with a mean annual value of about 80 m3/s [48].




2.1.2. Flood Regime


As shown in Figure 1, the morphology of Thessaly comprises extended low areas enclosed by high mountains that receive large amounts of rainfall. This landscape resembles a lake, draining through a narrow valley in the east. As a result, significant parts of the basin, corresponding approximately to 36.7% of its total extent, have been identified as Areas with Potential Significant Flood Risk (APSFR; Figure 2b), according to the Flood Directive 2007/60/EC [49].



In fact, the lower parts of Thessaly lie on a paleolake, the existence of which is dated to several thousand years ago and is also mentioned by the Greek historian Herodotus (who lived during the 5th century BC) in his book Histories (7.129). Herodotus also reveals the exposure of Thessaly to floods in the following quotation (Histories, 7.130.1-2; translation) [50]:




“Xerxes asked his guides if there were any other outlet for the Peneus into the sea, and they, with their full knowledge of the matter, answered him: “The river, O king, has no other way into the sea, but this alone. This is so because there is a ring of mountains around the whole of Thessaly”. Upon hearing this Xerxes said: “These Thessalians are wise men; this, then, was the primary reason for their precaution long before when they changed to a better mind, for they perceived that their country would be easily and speedily conquerable. It would only have been necessary to let the river out over their land by barring the channel with a dam and to turn it from its present bed so that the whole of Thessaly, with the exception of the mountains, might be under water”.





The Persian ruler Xerxes passed from the area during his invasion of Greece in the years 480–479 BC. According to the above quotation, Xerxes explained the compliance of Thessalians to his rule by the threat of constructing a dam at the mouth of Peneus. Representing Xerxes’ threat, we consider a hypothetical dam of 100 m in height and map the derived reservoir extent through GIS techniques (Figure 2a). By contrasting the virtual reservoir with the APSFRs (Figure 2b), an impressive resemblance emerges, which explains the significant vulnerability of Thessaly against floods.



It is known that the Thessaly Plain has suffered from floods since antiquity, while extended areas were covered by wetlands and marshes up to the beginning of the 20th century, also causing fatalities due to malaria. In this vein, the Greek state commissioned the USA company BOOT to furnish Thessaly with large-scale flood-protection infrastructures. The land reclamation works started in 1934 and were completed in 1961 with the draining of Lake Karla. These works allowed for the release of extended areas of high fertility, while radically improving the health conditions and the quality of life of inhabitants [51]. Subsequently, further improvements were made through the development of drains and irrigation networks, the restoration of Lake Karla, and the construction of the Smokovo dam, which has contained all floods produced in the upstream basin since 2002 (which, however, covers a very small proportion of the entire basin, i.e., 376 km2). Today, there is an extensive network of regulated streams, collectors, and drainage ditches, while levees have been constructed along many lowland streams, creating controlled basins.



Despite the implementation of several streamlining works and land reclamation projects until the early 20th century, the Peneus River still experiences floods quite often. In particular, 22 severe floods have been reported since 1979 [49]. The main causes of flooding in the lowlands of Thessaly are (1) the existence of several closed basins requiring pumping for their drainage, (2) the limited discharge capacity across extended parts of the channel network, also due to vegetation and sediment deposits, (3) the insufficient openings of bridges and culverts, (4) the damages of levees and malfunction of control gates during severe floods, resulting in significant overflows, (5) the construction of temporary irrigation dams along riverbeds, and (6) the acceleration of the flood runoff of the mountain basins due to drainage works and land-use changes.




2.1.3. Hydrometric Network


The hydrometric monitoring stations that are exploited in the present work are located along the main course of Peneus and its major tributaries (Figure 1), and they are part of the national-scale network of the HCMR, Department of Inland Water. The first ones were installed within the development of the research infrastructure “Hellenic Integrated Marine Inland water Observing Forecasting and offshore Technology System” (HIMIOFoTS; https://www.himiofots.gr/, accessed on 27 September 2023), particularly its freshwater component (https://openhi.net/en/) [52], and the rest under the project Open ELIoT (https://www.openeliot.com/, accessed on 27 September 2023).



The hydrometric network comprises seven automatic monitoring stations, providing real-time measurements of water level and selected water-quality parameters on hourly or 30 min time steps. The first station (Nomi) was established in August 2019. At most locations, discharge time series were estimated either through stage–discharge curves or based on surface flow-velocity measurements using radar sensors (Geolux RSS-2-300WL, https://www.geolux-radars.com/rss2300wl, accessed on 27 November 2023, Geolux company, Zagreb, Croatia). The recorded measurements of all telemetric stations are automatically stored on an FTP server and are available online on a near real-time basis. In the current analysis, six monitoring sites were considered to describe the evolution of the flood event, among which three (Tempi, Peneus diversion, and Nomi) are located on the main river course and three on its tributaries (Enipeas, Magoula, and Theopetra). The main characteristics of the hydrometric stations are provided in Table 1.




2.1.4. Rainfall Analysis


Overall, 38 meteorological stations are considered, which are shown in Figure 1 (30 lie within the river-basin boundaries, while 10 are peripheral). One station (Georganades) belongs to the HCMR, Department of Inland Water, two stations (Filiadona and Metaxochori) are part of the Weather Underground (WU) network (https://www.wunderground.com/), eight belong to the Ministry of Environment and Energy (MinEnv), whereas the remaining rainfall data were retrieved from the “meteo” site of the National Observatory of Athens (NOA; https://www.meteo.gr/). For Filiadona, Georganades, Metaxochori, and Pertouli, we gained rainfall records at fine temporal resolution, while for the rest only their daily values were freely available. The station characteristics and rainfall depths during the four-day storm period (from 4 to 7 September 2023) are shown in Table 2.



Initially, the aforementioned information was evaluated regarding (a) the quality of recorded data over the period of interest; (b) the spread of stations over the broader area, to achieve a good spatial distribution; and (c) their altitudes, to ensure that they are representative of the mean elevation of the basin.



The raw rainfall data were then used for assessing the spatiotemporal evolution of the examined storm event by using Thiessen polygons and quantifying its probability of exceedance, in terms of return periods across scales.



To evaluate the rarity of the storm event, we took advantage of the recently updated intensity–duration–frequency relationships (referred to as ombrian curves), to retrieve the associated return periods for the point (i.e., meteorological station) and basin-scale rainfall for three temporal scales (durations), i.e., 24, 48, and 72 h. The updated curves at the national level have been developed by Koutsoyiannis et al. within the implementation of EU Directive 2007/60/EC [53], based on rainfall maxima samples at 940 meteorological stations across Greece. The underlying methodology embeds multiple novelties with respect to the statistical modelling of rainfall extremes and parameter regionalization [54]. The ombrian curves are mathematically expressed by:


  i   k , T   = λ     ( Τ / β )   ξ   − 1       1 +   k  /  α       η      



(1)




where i(k,T) is the rainfall intensity (mm/h) for time scale k (h) and return period T (years), while λ (mm/h), β (years), a (h), ξ (−), and η (−) are model parameters. The overall framework is parsimonious since common model structures are identified for the tail-index parameter ξ (ξ = 0.18) and the time-scale parameter α (α = 0.18 h) for the entire Greek territory, while the other three parameters are considered as spatially varying. In particular, the spatial variability of parameters η, λ and β, is represented by a combination of spatial smoothing and interpolation models [55]. The distribution fitting is performed using an advanced estimation procedure (K moments) [56], that allows both for reliable high-order moment estimation and simultaneous handling of space-dependence bias.



We note that, due to the very limited length of flow observations, a similar statistical analysis of discharge maxima was not possible, thus the probabilistic assessment of the overall flood event was exclusively based on rainfall information.




2.1.5. Flood-Event Analysis


Water-level measurements were compiled from the flow-monitoring network of the Peneus basin (Table 1), to assess its response to Storm Daniel. A time window of up to 23 days, beginning from 4 September 2023, when the rainfall started, was considered so as to capture the entire response of each drainage area. The stage hydrographs of each station have been examined and the time to peak as well as the peak-flow travel times between consecutive stations were estimated. For this purpose, we considered, for each pair of gauges, the time lag of the peak occurrence between the upstream and the downstream station. Existing stage–discharge rating curves have been used to estimate the peak discharge values as well as the total volume of water that passed through each station’s cross-section during the flood event.



In order to analyse and represent the stations’ hydrograph limbs, we fitted (through calibration) exponential decay functions across different flow ranges, i.e.,


  Q   t   =   Q   0   exp ( − k t )  



(2)




where Q0 is the discharge at time t = 0, and k is the recession parameter that controls the rate of discharge decrease (by expressing time t in days, the units of k are d−1). We remark that the above function is the most common conceptual modelling approach for hydrograph recession analysis, with numerous applications in hydrology [57]. The reconstructed hydrograph served two purposes. First is the determination of the actual base time of the flood hydrograph, and thus the actual runoff volume produced by Storm Daniel. Second is the estimation of the flood attenuation offered by the extended overflows across the upstream river network.



The typical procedure for representing the rainfall–runoff transformation was followed by applying the well-known runoff curve number approach by NRCS [58], computing the effective rainfall (flood runoff) as a function of total rainfall, h, as follows:


    h   e   =     ( h −   h   a 0   )   2     ( h −   h   a 0   + S )    



(3)




where hα0 and S are two lumped parameters, namely the initial deficit and the maximum potential retention; the latter is typically defined as hα0 = 0.20 S, while S is mapped to the curve number parameter through:


  S = 254   (   100  /  C N   − 1 )  



(4)







The CN number was compared to theoretical values that are used for the design of anti-flood infrastructure in the case study area to assess their validity for highly extreme events such as Daniel.



The aforementioned hydraulic estimations (time to peak, peak flow travel time, discharge volumes, etc.) were compared to the respective values of past relevant events in the same area (e.g., Ianos storm) to understand the extremeness of the Daniel flood. The potential benefits of the use of automatic water-monitoring networks as early warning systems were discussed by presenting best practices and examples from the international literature.






3. Results


3.1. On the Extremeness of Storm Daniel


3.1.1. Overview and Physical Interpretation


From 3 to 8 September 2023, a depression (named Daniel) affected the Southeastern Mediterranean region. The general synoptic conditions in Europe at that time indicated the formation of a deep upper-level barometric low along the west coast of the Iberian Peninsula that affected the jet stream and caused it to bend and weaken. Ahead of this low to the east, an upper-level ridge begins to strengthen relatively rapidly, transporting warm and moist air from North Africa to Europe. This situation favored the establishment of a blocking anticyclone that spread over Western, Central, and Northern Europe. Figure 3 shows that, on 4 September 2023 at 12 UTC, this upper-level weather pattern was fully developed. Because the geopotential height contours at the upper atmosphere associated with this pattern appear to form a shape like the Greek letter Ω, this blocking pattern is known as an omega block. The omega blocking patterns are associated with a long-lasting period of stable weather: hot and clear sky in the middle under the ridge of the omega block and rain and clouds in the areas around the troughs on either side of the omega block.



The particular omega block that developed when the atmosphere and ocean were still warm caused a long period of extreme temperatures for September in areas of Western Europe that lay below the central part of the pattern, and huge amounts of precipitation in the Iberian and Balkan Peninsulas were associated with the two large and deep upper lows on either side of the omega block.



In its early state, Storm Daniel formed over Greece as a deep upper-level low and gradually moved southwest into the Ionian Sea and the Southern Mediterranean. The observed sea surface temperatures (SST) across the Southern and Eastern Mediterranean Sea in September remained significantly high, from +2 to +3 °C higher than climatological means.



These exceedingly warm SST across the Ionian and Mediterranean Seas provided additional heat and moisture that fueled Daniel, allowing it to strengthen further. The large-scale steering flow of Daniel triggered a strong easterly flow of very moist and warm air mass from the warm waters of the Aegean Sea and the Black Sea towards Central Greece, several kilometres away, causing low-level convergence and orographic lifting on the windward areas of mountains. These atmospheric processes produced persistent and heavy rainfall, with the recorded daily and accumulated precipitation between 4 and 7 September 2023 at several meteorological stations, as seen in Table 2. In the next days, Storm Daniel gradually moved over the Ionian Sea and the Southern Mediterranean, where SSTs in the 25–28 °C range were present (Figure 4a). There, under the strong influence of the cut-off trough and the presence of high SST, Storm Daniel developed tropical characteristics, such as an eye and spiral clouds, especially on 9 September. Daniel made landfall near the city of Benghazi in Libya on 10 September. Figure 4b shows the track of the storm as estimated based on the 6-hourly ERA5 analysis of mean sea-level pressure (MSLP).



In Thessaly, Greece, the exceptional storm phenomenon caused extensive regions to be inundated, resulting in 17 casualties, massive damages to livestock, properties, and infrastructures, and a total economic loss on the order of billions of euros. Whole villages were submerged for many days up to weeks after the flood event. Long-term effects on soil fertility and future production may also take place, due to the destruction of crops, fertilizers and mechanical equipment. Given the dominant role of the Thessalian Plain as Greece’s main agricultural area, its breadbasket in particular, it becomes clear that Storm Daniel is expected to have a disastrous impact on the local and national economies [59].




3.1.2. Rainfall Data


By applying the Thiessen polygons’ technique, we estimated the areal precipitation over the Peneus basin, to be 363.9 mm for the four-day event (Table 2). This value, which corresponds to a total water volume of 4026 hm3, was compared with the corresponding value obtained using the ERA5 land precipitation data at a horizontal resolution of 9 km. Particularly, a spatial precipitation depth of 321.4 mm (~10% lower than that estimated by the Thiessen method) was calculated based on the ERA5 land reanalysis data, which corresponds to a total rainfall volume of about 3556 hm3 at the river basin level. It is worth mentioning that, during this 4-day storm event, the basin received about 47% of its mean annual precipitation (780 mm).




3.1.3. Spatiotemporal Analysis


The spatiotemporal evolution of the storm phenomenon from 4 to 7 September 2023 is depicted by means of the four maps of Figure 5 that have been produced through the inverse weighting distance interpolation method, using the observed point rainfall data of Table 2. On Monday, 4 September, the storm hit the SE part of the basin and then moved west, where the highest accumulated rainfall values were eventually produced. The phenomenon was clearly less intense in the southern and northern parts of the basin. The spatial distribution of the accumulated rainfall is mapped in Figure 6d (lower right map).




3.1.4. Estimation of Rainfall Return Periods across Stations


The daily values of Table 2, as well as the more detailed data at four stations (Filiadona, Georganades, Metaxochori, and Pertouli), were used to initially estimate the return period of the event at the stations’ locations across the three temporal scales of interest (24, 48, and 72 h), based on the gridded values of ombrian curve parameters across Greece (freely available at https://www.itia.ntua.gr/2273/). To retain consistency to the methodology of the ombrian curves, in which fixed-block instead of moving maxima are applied for the estimations, and following the respective guidelines (Chapter 12 in [53]), an average maximum rainfall depth is estimated for the temporal scale of interest, as derived from the   k / D   different possible aggregations of the storm event at scale   k   for a given temporal data resolution   D .   The associated return periods are obtained by solving Equation (1) for the unknown T. The outcomes of this probabilistic analysis are summarized in Table 3, while the return periods across the watershed at the three temporal scales are also depicted in Figure 6a–c.



The point return period values exhibit substantial variability across the examined stations, consistent with the marked spatial variability of extreme rainfall, since they range within up to almost four orders of magnitude, i.e., from 10 up to 7000 years. By looking at their spatial distribution (Figure 6), two clear patterns appear with respect to the rarity of the storm event. In particular, the middle and western parts of the Peneus basin received the most extreme part of the storm, while the rainfall over its northern and southern parts was large, yet not exceptionally extreme. To mitigate the large uncertainty involved in the estimation of the return period on a point basis, we performed the estimation on the regional scale of the Peneus basin, calculating the basin-representative (weighted sum) parameters from the respective parameter grid (Table 3). To estimate the rainfall event at the basin’s scale, we applied the Thiessen polygon method to the individual days of the event (Table 2) and then estimated the average maximum rainfall depth at the different scales, as before. As shown in Table 3, the resulting return periods for the areal rainfall and the temporal scales of 24, 48, and 72 h were 44, 133, and 144 years, respectively. Therefore, the order of magnitude of the overall event is estimated to be up to 150 years, with the rainfall received over the 48 h and 72 h scales being the most severe.




3.1.5. Insight into the Temporal Variability of Return Periods


In order to assess the extremeness of the storm in the time domain, we contrast the average rainfall maxima across multiple scales, following the abovementioned methodology, with the theoretical maxima that are estimated by the ombrian curves, for three characteristic return periods, i.e., T = 10, 100, and 1000 years (Figure 7). This analysis is performed at the four meteorological stations of the study area, where finely resolved data were available. For the Pertouli station, where values towards the end of the event are missing, the maximum values recorded at 24 h, 48 h, and 72 h are used instead of the respective averages. At the two stations lying in the western part of the basin (Georganades and Pertouli), the return periods of rainfall maxima range across three orders of magnitude, namely from about 10 years, and for the hourly scale, to up to 1000 years for the large scales (48 and 72 h). On the other hand, the spread of return periods is smaller (i.e., from 10 up to 100 years), for the two stations in the eastern (Metaxochori) and southern (Filiadona) parts of the basin.



Summarizing the analysis of the rainfall event in terms of return periods, we highlight that the distribution of its extremeness exhibited a noteworthy variability, both in space and time. This reality is in full antithesis with oversimplistic engineering practices that make use of spatially uniform design hyetographs, following the same return period across all temporal scales [60].





3.2. Disentangling the Flood Phenomenon


3.2.1. Stage Data


We depicted the stage hydrographs at all monitoring stations in order to obtain a first picture of the propagation of the flood event across the basin, and also extracted their main characteristics, as shown in Table 4. By accounting for the time at peak and then empirically detecting the time when the direct runoff started, we estimated the duration of the rising limb for each generated hydrograph, by subtracting the respective points in time. It should be noted that for the case of Theopetra, where a double-peak hydrograph was generated. The first peak was selected to estimate the rising time, as this was considered to be unbiased from the antecedent flow conditions.



Figure 8 presents the evolution of stage observations along the stations installed across the main course of the Peneus River (from upstream to downstream: Nomi, Peneus diversion, Tempi) as well as at the outlet of Enipeas River, which is the most important tributary of Peneus. We also illustrate the observed hyetograph at Georganades, which lies in the central part of the basin. This station recorded a total rainfall depth of 365.8 mm throughout the event, which is very close to the mean spatial value of 364.2 mm (Table 1). The rainfall peak took place on 6 September 2023, at 23:00 p.m. EET.



Key conclusions drawn from visual inspection of stage data across the four stations are:



The stage hydrograph at Nomi station, which is the most upstream monitoring site on the main course of the Peneus River, indicated, from visual inspection, a time to peak of approximately 37.5 h and a time base of about 14 days. The peak occurred on 7 September at 02:00 a.m. EET, when the river level rose approximately 6.4 m above the bed, which is very close to the absolute safety limit for overflowing.



The Peneus diversion monitoring station, located in the northeastern part of Larissa city, exhibited a maximum depth of 8.47 m on 8 September at 20:30 p.m. EET, thus corresponding to a time to peak of about 130 h. The difference of time peaks with respect to the upstream station (Nomi) was about 42 h. This difference is reasonable since the upstream drainage area is much larger, while the slopes become milder towards the river mouth. We note that a new flood event occurred by the end of September, thus making it difficult to estimate the time base of the hydrograph, since the two events are overlapping. Limited overflow was observed during the event in the area around the station.



Regarding the most downstream station, Tempi, its maximum recorded stage was 8.47 m, on 10 September at 14:00 p.m. EET. This corresponds to a 39 h lag time in relation to the observed peak in the upstream gauging station (Peneus diversion), at a distance of approximately 53 km. The rising time of the hydrograph is about five days, while the total duration of the flood exceeds 25 days.



Finally, the observed stages at Enipeas station followed a similar pattern to Nomi and exhibited a maximum depth of 5.33 m (the stage records are not continuous due to power outages). We note that, through the passage of Storm Daniel, extended parts along the lower course of Enipeas overflowed, causing significant damage to settlements and agricultural areas.




3.2.2. Discharge Analysis and Flood-Inundation Data


By applying the established rating curves at all monitoring sites, we computed the discharge time series based on stage observations and then extracted the estimated peak flows (Table 4). Considering four representative monitoring stations over the hydrographic network (from upstream to downstream: Magoula, Nomi, Enipeas, and Tempi), the peak flows are 207, 998, 1190, and 1947 m3/s, respectively.



An approximate estimation of the flood volumes produced by Storm Daniel is only feasible for the two stations along the main course of Peneus, i.e., Nomi and Tempi, since a significant part of data at Enipeas is missing (Figure 8). By considering the discharge data until the following flood event, starting on 26 September 2023 at 9:00 a.m. EET, the water volumes sum up to 412 and 1538 hm3, at Nomi and Tempi, respectively, corresponding to runoff depths 96.7 and 76.0 mm, respectively. Considering the unprecedented heaviness of the storm event, these values are probably lower than expected due to substantial attenuations from the terrain’s relief (mild up to negligible slopes) as well as due to retentions and overflows across the drainage system.



As already mentioned, Storm Daniel caused extensive damage over the study area, since large parts of the basin were inundated. In the overall region of Thessaly, the total extent of flooded areas exceeded 1150 km2 [59]. To assess in more detail the spatiotemporal evolution of the inundation process, we retrieved associated data from the Emergency Management Service of Copernicus (https://rapidmapping.emergency.copernicus.eu/EMSR692, accessed on 22 March 2024) regarding three major domains of interest (from upstream to downstream: Karditsa, Palamas, and Larissa). All drain into the Peneus a little upstream of the three monitoring stations. The data are summarized in Table 5.



As shown in Figure 9, the inundated areas exhibit a common behaviour with respect to their drainage dynamics, which are well-approximated by negatively exponential laws. Also, by putting the flooded-area data side by side with flow hydrographs, similar patterns are derived, indicating that the flood recession is significantly dictated by the associated drainage mechanisms (Figure 10).




3.2.3. Insight into the Outflow Hydrograph (Tempi Station)


Tempi station is located very close to the river mouth and, therefore, can provide a good image of the overall response of the river basin. In this respect, we analyse the shape of the flow hydrograph, in an attempt to associate its individual components with specific hydrological mechanisms.



A hydrograph can generally be decomposed into rising and recession limbs, representing the direct response of the basin against rainfall events and the delayed flows due to regulation processes, respectively [61]. An important feature is the time at which the direct runoff ceases, which allows separating the baseflow from the total hydrograph, with the aim of estimating the flood runoff component induced by the storm event. The literature offers several approaches for the estimation of the falling limb duration, either based on empirically derived formulas or through visual inspection, by determining the time at which the falling limb of the hydrograph becomes “milder” [62]. A well-known analytical approach uses the scaling law proposed by Linsley et al. [63] (see also [64]), which reads   N =   0.8   A   0.2    , where N is the number of days from the peak of the hydrograph and up to the point where the surface runoff finishes and A is the area of the upstream catchment in km2. Since the drainage area upstream of Tempi is 10,591 km2, the above formula yields N = 5.1 days. This value strongly underestimates reality, given that even 20 days after the event, the actual recession limb at this station was far from attenuated, (Figure 8).



Regarding the total hydrograph partitioning into flood runoff and baseflow, this task is subject to multiple ambiguities, mostly related to the selection of the final point of the direct runoff. For single-peak hydrographs and isolated events, the straight-line graphical method constitutes a popular and well-documented approach; in contrast, difficulties arise in the interpretation of surface and baseflow interactions in the case of complex, multi-peak hydrographs [65,66].



As shown in Figure 8, the falling limbs of all observed hydrographs are not smooth, yet they exhibit multi-recession behaviours (i.e., changing slopes), following the drainage patterns of inundated areas (Figure 10). Regarding the hydrograph at the outlet, Tempi (Figure 11), at least three different recession behaviours are detected.



In the range from 1400 to 700 m3/s, the optimized value of recession parameter k was 0.248 d−1, while for lower discharge values, k was found to be 0.165 d−1. The difference is quite significant and should be attributed to different delay mechanisms, probably the slow drainage of inundated areas over the terrain and the overall drainage of the basin by means of groundwater flow, which is the slowest runoff mechanism.



Next, following the idea by Sakki et al. [67], we attempted to reconstruct the hypothetical response of the Peneus basin in the absence of retentions due to inundations, as well as in the absence of the flood event that took place 23 days after Storm Daniel. In this respect, we extrapolated the groundwater recession function in the forward and backward directions and also extrapolated the rising limb forward, assuming that this is approximated by a linear function (Figure 11).



Through visual inspection, we conclude that the base time reaches or even exceeds 30 days, while the use of the theoretical decay function after day 22 as a proxy of the real hydrograph results in a total runoff volume of about 1670 hm3. By contrasting the observed peak flow (1950 m3/s) with the theoretical one (~2600 m3/s), we conclude that these may have contributed to a peak flow reduction of up to 25%. By subtracting the observed discharge values from the theoretical ones, derived through the extrapolated falling limb (Figure 10), we can also estimate the excess flood volume, which is about 120 hm3. By dividing by the totally flooded area (about 500 km2, Table 5), we get an average inundation depth of about 25 cm, which is reasonable. Eventually, this quantity has been temporarily retained in the inundated areas and returned to the river network with a time delay of several days, thus resulting in a significantly smoother response of the overall hydrological system. In practical terms, this highlights the key importance of promoting the configuration of artificial retention basins as non-structural measures towards flood risk mitigation over the study area [68].



Another interesting outcome derives from expressing the reconstructed flood hydrograph in dimensionless terms, i.e., by dividing the time values by the theoretical time to peak and the discharge values by the theoretical peak discharge. This was contrasted with several synthetic unit hydrographs that are commonly applied in Greece in flood design and risk-assessment studies, also including the implementation of the 2007/60/EC Flood Directive. As shown in Figure 12, the best-fitted one is the so-called Delmarva Unit Hydrograph (DUH), obtained from the suite of dimensionless unit hydrographs developed by the U.S. Natural Resources Conservation Service [69]. While NRCS generally proposes the use of a standard shape, namely the dimensionless curvilinear unit hydrograph, also referred to as PRF484, for areas where the local topography is flat and where considerable surface storage is available, it strongly suggests the use of DUH, which is much smoother (the associated peak rate factor is 284 instead of 484) [70]. Our analysis indicates that this hydrograph is very suitable for areas such as Thessaly and similar ones in Greece for properly representing the highly complex flood-retention processes across large-scale agricultural basins.




3.2.4. Rainfall–Runoff Analysis and Comparison with Past Events


The next stage of investigations consists of exploiting the results derived from the above-described hydrograph reconstruction method to perform an overall water balance assessment, with respect to the proportion of the total storm volume finally transformed into surface runoff and that corresponds to the hydrological losses. The estimated flood runoff volume that passed through Tempi station over the 30-day period is 1670 hm3, which corresponds to a runoff depth of 157.4 mm. On the other hand, the total rainfall depth over the entire river basin was estimated to be 363.9 mm (Table 1). In this vein, approximately 43% of the total rainfall volume was transformed into runoff. This ratio is reasonable for such an extraordinary rainfall quantity.



By solving the SCS runoff curve number Equations (3) and (4), we get   C N = 47  , which is adjusted to a reference value of 68 when accounting for dry antecedent soil moisture conditions at the beginning of the storm event. We note that, by considering the average soil moisture conditions, according to the NRCS standards and thus applying the reference CN value (i.e., 68) to the same rainfall depth, we would get a flood depth of up to 250 mm. Nevertheless, the reference CN value is yet quite smaller than recent estimations provided within the implementation of the 2007/60/EC Flood Directive in Greece, considering an average CN up to 80 for Thessaly. This difference should be attributed to the blind use of flood recipes that have been developed and validated under different geomorphological conditions and hydroclimatic regimes [71]. In particular, the ignoring of the dominant role of slope and other retention mechanisms within the estimation of CN may lead to estimations that are far away from reality [72].



Considering the time delay between the peak flow records at the gauging stations Nomi (upstream) and Tempi (downstream) and measuring the corresponding distance, an estimation of the apparent flood-wave celerity was made. This empirically derived apparent flood-wave celerity in this reach of the river was approximately 0.44 m/s (distance between stations: 135 km) and expresses the peak lag of the flood between the two stations and not the actual wave celerity during the event. A series of factors, such as overflows along the course of the river, significant inflows from sub-basins between the examined locations, and the varying rainfall’s spatiotemporal patterns throughout the basin affected the above estimate. In particular, two important sub-basins (Enipeas and Titarisios) contributed significant volumes of water in the main river reach between Nomi and Tempi stations, with different peak flows in terms of magnitude and timing in relation to the main flood wave, while large volumes of water overflowed (at least) at three different spots along the main branch (on 6 September 2023 close to the Enipeas confluence, on 7 September 2023 close to the city of Larissa and on 8 September 2023 close to the Lake Karla diversion canal). Further, based on the maximum discharge values and the corresponding cross-sectional areas at the gauging stations in Nomi and Tempi, local flow-velocity values were slightly above 2 and 3 m/s, respectively, which are considerably higher than the estimated flood-wave celerity based on the apparent peak flow travel speed.



Actually, flood-wave hydraulic theory shows that wave celerity generally exceeds the mean cross-sectional velocity [73]. Therefore, to analyse accurately the evolution of the flood-wave propagation and estimate credible celerity values, a hydraulic simulation should be performed for the main Peneus river reach (with actual field geometry) also considering lateral inflows from the main sub-basins and various overflows along the river.



In this study, an attempt was also made to compare the current flood against past events of high magnitude in the area, to gain insights into the comparative response of the Peneus river basin. For this purpose, four events in total, which occurred over the last few years, were selected for further analysis, among which the catastrophic flood event induced by Ianos Medicane that resulted in four casualties and extended damage in the western and central parts of Greece. The selection of the events was based upon the simultaneous availability of water depth and discharge data at both the Nomi and Tempi stations, whereas a prerequisite of a maximum water depth of at least 4 m at Nomi was also considered to ensure high magnitude occurrence and, thus, the comparability of the events.



The selected events were compared against each other with respect to the maximum recorded water depth and discharge values at the Nomi and Tempi stations, as well as regarding the estimated peak flow travel times.



The results show that the travel time of the peak flow between Nomi and Tempi stations exhibits marked discrepancies between the examined events, ranging from 40 up to 84.5 h (Table 6). Storm Daniel presented the longest travel time, which is most probably due to the extended flooding that occurred in a large part of the catchment. The second lower travel time was observed in the case of Ianos Medicane, while for the rest of the events, the travel times were lower (between 40 and 58.5 h).



Although these results are only indicative, because of the limited events analysed, the availability of this kind of data shows enormous potential for the establishment of a flood alert and forecasting tool.



Regarding the total discharge volume reaching the outlet of the Peneus River catchment, an estimation was also made for the Ianos event, giving approximately 317 hm3. This is approximately 19% of the estimated flood runoff volume in the case of Storm Daniel, thus giving a rough idea of the extreme nature of the latter event.






4. Discussion


4.1. Early Warning Potential through Automatic Monitoring Networks


The significant impacts caused by extreme flood events such as Daniel, especially in areas that are highly vulnerable due to natural and socioeconomic conditions, necessitate the establishment of reliable flood early-warning systems (FEWS) as a highly important non-structural means for protecting human life, infrastructure, and the local economy.



Several studies identified that the use of FEWS can reduce mortality from natural disasters [74,75], especially in countries with limited or inefficient anti-flood infrastructure. Moreover, Schroter et al. [76] estimated that a 12 h flood warning lead time can provide a 60% reduction in damages while a 1 h lead time can offer a 20% reduction.



Successful examples of FEWS exist in many countries worldwide, including the Flanders region in Belgium, the Red Sea Mountains in Egypt, and the Inner Niger Delta in Mali [77]. The Global Flash Flood Guidance Program is a recent initiative [78], aiming to offer flash flood early-warning systems, mainly in small-scale basins that are prone to flash floods. This infrastructure has been implemented already in a large number of countries worldwide and continues its expansion [79]. China has invested more than 4 billion USD for mitigating flash floods with the establishment of FEWS as a primary activity in 2058 counties [80]. Most of these systems use a combination of water-level sensors, weather forecasting, and hydrologic models, while the maximum warning lead time ranges from 48 h to several weeks. Regarding funding mechanisms for FEWS, central governments are the primary source of financial support (31% of the total), followed by international donors (23%) and local governments (13%), while national research funding accounts for 8% of the associated costs [75].



Nevertheless, a recent study by Perera et al. [75] illustrated that only half of the basins covered by FEWS have streamflow gauges, of which 38% are telemetric, 52% manual, and 10% semi-automatic, while remote-sensing tools are used in 23% of the surveyed FEWS. In this respect, networks of automatic water-monitoring stations are essential infrastructures for near real-time monitoring and timely warning notifications regarding flood-risk phenomena, since they incorporate sensors that record and transmit at regular time intervals (e.g., every 15–30–60 min) the water level and velocity measurements in rivers, streams, dams, or other water bodies. If the monitoring system is integrated with rainfall gauges and weather forecasts, the relevant flood warnings can be available up to 2–3 days before the actual event. Such early-warning systems can also be linked with web applications or mobile devices that can disseminate the information and the alerts to a wider audience, further enhancing the resilience of the people and the institutions to cope with floods.



In Greece, there are various networks of automatic water-monitoring locations with early-warning capabilities that have more than 100 operational stations, controlled by different authorities/bodies [81]. We argue that their integration into a single platform will facilitate the establishment of a country-wide FEWS that will support national and local authorities to mitigate flood-risk impacts effectively. This option may be offered by an extension of the Open Hydrosystem Information Network (https://openhi.net/en/) [52,82], which is a part of the Research Infrastructure “Hellenic Integrated Marine Inland water Observing Forecasting and offshore Technology System” (HIMIOFoTS; https://www.himiofots.gr/).




4.2. Daniel Flood Event


The extended lower parts of the Thessaly Plain, as configured after a series of large-scale reclamation works, constructed since the beginning of the 20th century, is a highly-modified hydrosystem that is still too vulnerable to floods. During the last decades, several severe flood events have occurred, causing significant damages, the most recent of which (Storm Daniel) is investigated in this paper.



Storm Daniel was an extreme event, both in terms of rainfall values and duration (more than 72 h). It resulted from exceptional atmospheric conditions combined with significantly high sea temperatures, causing persistent and heavy rainfall in Central Greece, including Thessaly.



To quantify the probability of this event, we investigated the observed records of 39 meteorological stations in the area of interest and took advantage of the recently updated ombrian curves across the Greek territory, which are based on an innovative probabilistic–stochastic framework. The analyses showed a substantial spatiotemporal variability of the rainfall event over the study area, with point return periods ranging from 10 up to more than 1000 years. At the three-day scale, the areal average rainfall depth received over the entire Peneus river basin corresponds to a return period of up to 150 years.



Furthermore, we retrieved the observed stage hydrographs from six automatic monitoring stations, to examine the associated spatiotemporal evolution of the derived flood event along the Peneus river network. As indicated from our analyses, the time to peak ranged from 10 h in the most upstream stations (Theopetra) to more than 5 days in the most downstream station (Tempi), while the peak flow travel times between stations located in the middle of the basin (Nomi) and the outflow station (Tempi) was 3.5 days. On the other hand, due to the large extent of the basin, its geomorphology (extremely low slopes) and extended retentions across to man-made drainage network, the base time of the flood hydrograph at the outlet exceeded 30 days. The total flood volume that passed through the Tempi station was estimated at 1670 hm3, which corresponds to a runoff depth of about 160 mm, thus approximately 43% of the total rainfall volume was transformed into runoff. We stress that all flood quantities would be probably quite larger if the event occurred under less dry soil-moisture conditions.



Furthermore, on the basis of satellite observations of flood-inundation data, we demonstrated that the shapes of flood hydrographs were significantly dictated by the overflows across the channel network and the associated retention and drainage mechanisms. Finally, by employing empirical extrapolation rules, we also reconstructed the theoretical hydrograph at the basin outlet and contrasted it with specific types of literature-derived unit hydrographs [83,84,85]. Among other practical outcomes, this analysis verified the suitability of the so-called Delmarva Unit Hydrograph by the NRCS for the representation of flood propagation processes across large agricultural basins, instead of commonly used synthetic unit hydrographs.



To highlight the major role of antecedent soil moisture conditions in flood volume production, we applied the NRCS formula for the reference curve number (i.e.,   C N =  68), instead of the value derived for dry conditions (  C N =  47). Considering the same value of total rainfall (i.e., 363.9 mm), we would get a significantly larger runoff depth, equal to 250 mm. This quantity is almost 60% larger than the observed one, indicating that the status of the unsaturated zone at the beginning of the rainfall helped to moderate the size of the flood. In contrast, the significantly dry (and warm) past conditions strongly favoured the generation of the exceptional storm event, as already explained in Section 3.1.1. This outcome reveals the importance of combined meteorological and soil conditions, as well as weather types, within the generation of extreme floods, which is an open research topic for further investigation [86].



All these analyses reveal the priceless value of both meteorological and hydrometric information, as the unique means to understand and quantify complex phenomena and provide well-established tools for hydrological design and water-resources management. Hydro-meteorological information was used about 20 years ago for real-time flood forecasting in the relatively small Kephisos river basin (~400 km2), in which the Greater Athens area is located [87]. However, to our knowledge, this is the first attempt in Greece to study really extreme flood phenomena at this spatial scale (~10,000 km2) on the basis of real data and not simply by relying on theoretical and empirical models.



Finally, the specific characteristics of the flood-prone area of Thessaly (low response time, potential for retentions) make clear the necessity for improving the existing monitoring network towards a more operational use. This should involve the development of a notification system for alerting authorities and communities, in order to take timely and appropriate actions, such as evacuating people, securing assets, deploying resources, or implementing emergency plans (e.g., controlled flooding of agricultural areas).
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Figure 1. Peneus river basin, main hydrographic network, and locations of hydrometric (triangles) and meteorological (cycles) stations used within our analyses (the stations marked with ‘*’ are outside of the Peneus catchment boundaries). 
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Figure 2. (a) Inundated areas by a hypothetical dam of 100 m height, as mentioned by Xerxes, and (b) Areas with Potential Significant Flood Risk, as specified within the Flood Directive. 
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Figure 3. 500 hPa geopotential height (in dgpm, black lines), mean sea-level pressure (in hPa, white lines), and 500–1000 hPa thickness (in dpgm, colour shading) for 4 September 2023 at 12 UTC based on the Global Forecast System (GFS) analysis available through https://rda.ucar.edu/datasets/ds084.1/ (accessed on 26 November 2023). 






Figure 3. 500 hPa geopotential height (in dgpm, black lines), mean sea-level pressure (in hPa, white lines), and 500–1000 hPa thickness (in dpgm, colour shading) for 4 September 2023 at 12 UTC based on the Global Forecast System (GFS) analysis available through https://rda.ucar.edu/datasets/ds084.1/ (accessed on 26 November 2023).
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Figure 4. (a) Sea surface temperature (SST) for 6 September 2023 based on the real-time global (RTG) SST analysis data provided by the National Centers for Environmental Prediction (NCEP), with a resolution of 0.083 degrees. (b) Track map of Storm Daniel based on the minimum MSLP of the ERA5 analysis field. 
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Figure 5. Spatial distribution of daily rainfall depths during the propagation of Storm Daniel. 
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Figure 6. Spatial distribution of return periods of rainfall across three temporal scales of interest (24, 48, and 72 h) and mapping of four-day accumulated rainfall. 
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Figure 7. Observed rainfall maxima at four meteorological stations (Filadona, Georganades, Metaxochori, and Pertouli) for all available temporal scales and contrasted with ombrian curves for three characteristic return periods (T = 10, 100, and 1000 years). (a–d) Each subfigure represents a meteorological station. 
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Figure 8. River-stage time series at Nomi, Peneus diversion, and Tempi monitoring stations along the main course of Peneus, contrasted with the rainfall event recorded at Georganades meteorological station. 
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Figure 9. Fitting of exponential regression functions to flooded-area data at Palamas (a) and Larissa (b). 
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Figure 10. Contrast of the flow hydrograph at Nomi with flooded areas at Karditsa (a) and the flow hydrograph at Tempi with the sum of flooded areas upstream of the station (b). 
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Figure 11. Observed hydrograph at Tempi station and fitting of theoretical rising and falling limbs. 
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Figure 12. Reconstructed hydrograph at Tempi station in dimensionless terms, contrasted with the standard PRF484 and the so-called Delmarva Unit Hydrograph by NRCS (2007). 
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Table 1. Main characteristics of monitoring sites and measurements considered (all stations have water-level and discharge measurements, apart from the Peneus diversion, which has only water level).
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	Monitoring Station
	Lat.

(°)
	Lon.

(°)
	Elev.

(m)
	Upstream

Area (km2)
	Discharge

Estimation
	Time Step





	Tempi
	39.8968
	22.6152
	3.5
	10,591
	Velocity
	30 min



	Peneus diversion
	39.6525
	22.4078
	61.9
	6544
	-
	30 min



	Nomi
	39.5266
	21.9383
	91.2
	2243
	Velocity
	30 min



	Magoula
	39.4634
	21.7995
	106.0
	222
	Stage–discharge curve
	1 h



	Enipeas
	39.5635
	22.0802
	86.1
	2640
	Stage–discharge curve
	30 min



	Theopetra
	39.6748
	21.6788
	173.0
	118
	Stage–discharge curve
	1 h










 





Table 2. Meteorological stations over the broader area of interest and daily rainfall values during the evolution of Storm Daniel (from 4 to 7 September 2023). Peripheral stations are denoted with (*).
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Station

	
   X    (m)

	
   Y    (m)

	
   Z    (m)

	
Owner

	
Daily Rainfall Values (mm)

	
Total

(mm)




	
4/9

	
5/9

	
6/9

	
7/9






	
Agia

	
393,482

	
4,396,908

	
200.0

	
NOA

	
11.2

	
218.6

	
15.4

	
90.6

	
335.8




	
Agiofyllo

	
291,669

	
4,415,392

	
584.1

	
MinEnv

	
60.0

	
40.0

	
54.0

	
-

	
154.5




	
Anavra

	
335,689

	
4,338,439

	
196.3

	
MinEnv

	
98.0

	
131.0

	
218.0

	
0.0

	
447.0




	
Anilio

	
262,521

	
4,403,261

	
1660.0

	
NOA

	
20.6

	
148.2

	
374.6

	
149.2

	
692.6




	
Chalki

	
374,539

	
4,380,625

	
75.0

	
NOA

	
25.2

	
180.8

	
68.8

	
30.4

	
305.2




	
Dasochori

	
313,228

	
4,416,564

	
737.0

	
NOA

	
13.8

	
98.6

	
46.4

	
23.0

	
181.8




	
Dendra Tyrnavou

	
358,191

	
4,390,372

	
75.0

	
NOA

	
19.2

	
86.4

	
64.8

	
22.8

	
193.2




	
Deskati

	
312,700

	
4,421,617

	
769.0

	
NOA

	
10.4

	
96.0

	
50.6

	
25.6

	
182.6




	
Domokos

	
352,968

	
4,332,057

	
570.0

	
NOA

	
40.4

	
110.0

	
225.2

	
6.4

	
382.0




	
Elassona

	
344,494

	
4,417,838

	
282.0

	
NOA

	
26.4

	
72.2

	
19.6

	
40.8

	
159.0




	
Filiadona

	
368,423

	
4,324,135

	
487.0

	
WU

	
23.1

	
72.5

	
125.5

	
9.1

	
230.2




	
Georganades

	
327,623

	
4,381,444

	
92.0

	
HCMR

	
24.8

	
116.3

	
195.8

	
28.9

	
365.8




	
Gonnoi

	
368,984

	
4,413,284

	
111.0

	
NOA

	
14.0

	
147.4

	
31.4

	
71.2

	
264.0




	
Kalampaka

	
296,582

	
4,397,471

	
238.0

	
NOA

	
10.8

	
94.2

	
165.8

	
85.2

	
356.0




	
Karditsa City

	
319,027

	
4,362,984

	
121.0

	
NOA

	
42.4

	
185.2

	
404.4

	
26.8

	
658.8




	
Karitsa

	
301,118

	
4,347,487

	
1074.3

	
MinEnv

	
90.0

	
110.0

	
110.0

	
300.0

	
610.0




	
Kofoi *

	
389,232

	
4,328,735

	
500.0

	
NOA

	
23.4

	
152.6

	
342.2

	
32.2

	
550.4




	
Loutropigi

	
331,211

	
4,331,131

	
722.1

	
MinEnv

	
0.0

	
98.5

	
86.5

	
99.6

	
284.6




	
Makrinitsa *

	
412,701

	
4,361,962

	
850.0

	
NOA

	
125.2

	
757.4

	
273.6

	
79.2

	
1235.4




	
Makrinitsa *

	
412,260

	
4,361,258

	
685.4

	
MinEnv

	
75.0

	
82.0

	
-

	
38.4

	
-




	
Metaxochori

	
392,122

	
4,397,704

	
340.0

	
WU

	
14.0

	
170.7

	
14.7

	
60.7

	
260.1




	
Metsovo *

	
258,410

	
4,405,870

	
1240.0

	
NOA

	
20.2

	
91.8

	
204.0

	
75.8

	
391.8




	
Mouzaki

	
298,972

	
4,367,063

	
175.0

	
NOA

	
23.8

	
163.8

	
321.8

	
89.0

	
598.4




	
Neraida

	
374,872

	
4,348,963

	
243.0

	
NOA

	
19.6

	
226.6

	
91.2

	
23.8

	
361.2




	
Nessonas

	
371,249

	
4,395,250

	
92.0

	
NOA

	
11.6

	
78.0

	
3.6

	
71.6

	
164.8




	
Pertouli *

	
282,096

	
4,379,705

	
1170.0

	
WU

	
0.6

	
58.6

	
415.2

	
165.8

	
640.2




	
Pezoula *

	
301,465

	
4,352,189

	
891.0

	
NOA

	
43.2

	
250.0

	
378.4

	
90.8

	
762.4




	
Platanioula

	
354,786

	
4,393,054

	
83.0

	
NOA

	
18.6

	
75.4

	
91.2

	
25.4

	
210.6




	
Platykampos

	
373,254

	
4,386,828

	
72.0

	
NOA

	
20.8

	
107.6

	
0.4

	
76.4

	
205.2




	
Portaria *

	
413,586

	
4,360,067

	
600.0

	
NOA

	
105.4

	
764.7

	
14.4

	
0.0

	
884.5




	
Rentina

	
325,324

	
4,325,708

	
884.9

	
MinEnv

	
0.0

	
35.0

	
120.0

	
135.0

	
290.0




	
Skopia

	
367,299

	
4,334,140

	
444.7

	
MinEnv

	
107.0

	
46.8

	
60.0

	
27.5

	
241.3




	
Smokovo

	
344,199

	
4,329,129

	
444.0

	
NOA

	
40.2

	
97.0

	
89.4

	
14.0

	
240.6




	
Trikala

	
310,958

	
4,385,388

	
163.0

	
NOA

	
17.6

	
116.6

	
256.8

	
86.4

	
477.4




	
Vamvakou

	
363,669

	
4,354,301

	
148.0

	
NOA

	
19.4

	
191.4

	
129.8

	
29.0

	
369.6




	
Volos *

	
410,437

	
4,358,560

	
52.0

	
NOA

	
35.2

	
450.8

	
121.0

	
10.4

	
617.4




	
Zagora *

	
422,470

	
4,366,615

	
505.0

	
NOA

	
134.6

	
759.6

	
3.8

	
197.6

	
1095.6




	
Zappeio

	
366,461

	
4,369,310

	
172.3

	
MinEnv

	
89.9

	
274.0

	
139.0

	
12.8

	
515.7




	
Weighted sum

	
-

	
-

	
329.5

	
-

	
31.6

	
139.3

	
143.6

	
49.4

	
363.9











 





Table 3. Probabilistic analysis across meteorological stations to extract return periods of point and areal rainfall across three temporal scales. Parameters α = 0.18 h and ξ = 0.18 are common for all stations.
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Station

	
Spatially Varying Ombrian Curve Parameter

	
    Average   Max .   Rainfall   ( mm )   for   Scale   k    

	
    T          ( Years )   for   Scale   k    




	
    η    

	
   λ    (mm/h)

	
   β    (years)

	
24 h

	
48 h

	
72 h

	
24 h

	
48 h

	
72 h






	
Agia

	
0.619

	
69.22

	
0.037

	
218.6

	
231.9

	
266.5

	
55

	
24

	
23




	
Agiofyllo

	
0.643

	
34.94

	
0.014

	
60.0

	
97.3

	
116.3

	
3

	
8

	
9




	
Anavra

	
0.618

	
42.75

	
0.017

	
218.0

	
289.0

	
341.7

	
200

	
214

	
225




	
Anilio

	
0.560

	
25.92

	
0.011

	
374.6

	
523.3

	
597.7

	
5043

	
5790

	
3944




	
Chalki

	
0.716

	
57.57

	
0.032

	
180.8

	
227.8

	
253.6

	
361

	
417

	
401




	
Dasochori

	
0.619

	
37.58

	
0.019

	
98.6

	
128.7

	
146.6

	
13

	
13

	
12




	
Dendra Tyrnavou

	
0.730

	
63.36

	
0.033

	
86.4

	
128.4

	
150.0

	
16

	
35

	
42




	
Deskati

	
0.596

	
33.86

	
0.017

	
96.0

	
126.5

	
145.2

	
11

	
11

	
10




	
Domokos

	
0.615

	
40.66

	
0.021

	
225.2

	
283.4

	
316.3

	
340

	
284

	
230




	
Elassona

	
0.658

	
60.12

	
0.060

	
72.2

	
95.2

	
116.5

	
6

	
6

	
8




	
Filiadona

	
0.603

	
37.46

	
0.023

	
125.5

	
166.3

	
187.6

	
32

	
33

	
28




	
Georganades

	
0.721

	
54.33

	
0.021

	
195.8

	
268.4

	
300.9

	
503

	
880

	
880




	
Gonnoi

	
0.706

	
84.74

	
0.032

	
147.4

	
170.1

	
201.4

	
25

	
20

	
24




	
Kalampaka

	
0.641

	
39.82

	
0.014

	
165.8

	
255.5

	
289.0

	
113

	
256

	
230




	
Karditsa City

	
0.691

	
58.03

	
0.023

	
404.4

	
510.4

	
559.9

	
6354

	
6878

	
5816




	
Karitsa

	
0.489

	
24.94

	
0.015

	
300.0

	
355.0

	
413.3

	
497

	
209

	
162




	
Loutropigi

	
0.600

	
38.21

	
0.017

	
99.6

	
185.6

	
218.6

	
9

	
33

	
33




	
Makrinitsa

	
0.510

	
50.90

	
0.041

	
757.4

	
956.8

	
1049.7

	
6290

	
3724

	
2232




	
Metaxochori

	
0.619

	
69.22

	
0.037

	
170.7

	
185.0

	
210.0

	
21

	
11

	
10




	
Mouzaki

	
0.639

	
63.53

	
0.017

	
321.8

	
448.2

	
498.3

	
307

	
442

	
365




	
Neraida

	
0.620

	
41.36

	
0.027

	
226.6

	
282.0

	
308.4

	
463

	
374

	
278




	
Nessonas

	
0.734

	
69.18

	
0.034

	
78.0

	
85.6

	
112.0

	
9

	
6

	
11




	
Pertouli

	
0.539

	
32.18

	
0.013

	
415.2

	
527.4

	
565.0

	
1904

	
1276

	
720




	
Pezoula

	
0.489

	
24.19

	
0.015

	
378.4

	
548.8

	
620.0

	
1794

	
1939

	
1279




	
Platanioula

	
0.721

	
65.21

	
0.037

	
91.2

	
141.6

	
164.6

	
16

	
42

	
48




	
Platykampos

	
0.735

	
74.03

	
0.034

	
107.6

	
118.2

	
147.2

	
23

	
16

	
24




	
Rentina

	
0.586

	
34.69

	
0.017

	
135.0

	
205.0

	
233.3

	
31

	
52

	
44




	
Skopia

	
0.619

	
51.27

	
0.030

	
107.0

	
130.4

	
167.3

	
9

	
7

	
10




	
Smokovo

	
0.619

	
35.62

	
0.018

	
97.0

	
161.8

	
188.1

	
15

	
41

	
40




	
Trikala

	
0.696

	
48.45

	
0.016

	
256.8

	
358.3

	
398.0

	
1365

	
2448

	
2231




	
Vamvakou

	
0.661

	
47.16

	
0.025

	
191.4

	
266.0

	
300.5

	
270

	
410

	
380




	
Volos

	
0.729

	
106.64

	
0.029

	
450.8

	
528.9

	
558.4

	
1737

	
1497

	
1143




	
Zappeio

	
0.661

	
43.61

	
0.026

	
274.0

	
388.5

	
430.9

	
2167

	
3731

	
3151




	
Areal

	
0.648

	
49.99

	
0.024

	
143.6

	
283.0

	
280.0

	
44

	
133

	
144











 





Table 4. Characteristic flood quantities at monitoring sites.






Table 4. Characteristic flood quantities at monitoring sites.





	Monitoring Station
	Max. Stage (m)
	Date/Time at Peak
	Time to Peak (h)
	Max. Discharge (m3/s)





	Tempi
	7.83
	10 September 14:30
	126
	1947.1



	Peneus diversion
	8.47
	8 September 20:30
	130
	-



	Nomi
	6.42
	7 September 2:00
	38
	998.6



	Magoula
	5.03
	6 September 8:00
	23
	206.9



	Enipeas
	5.33
	7 September 5:00
	39
	1190.0



	Theopetra
	2.49
	7 September 4:00
	12
	140.9










 





Table 5. Flooded areas (ha) over Thessaly after Storm Daniel, retrieved by the Emergency Management Service of Copernicus (https://rapidmapping.emergency.copernicus.eu/EMSR692, accessed on 22 March 2024). Values in italics are estimated via interpolation.






Table 5. Flooded areas (ha) over Thessaly after Storm Daniel, retrieved by the Emergency Management Service of Copernicus (https://rapidmapping.emergency.copernicus.eu/EMSR692, accessed on 22 March 2024). Values in italics are estimated via interpolation.





	Date
	Karditsa

(EMSR692-AOI0)
	Palamas

(EMSR692-AOI02)
	Larissa

(EMSR692-AOI03)
	Total





	10 September 2023 9:00
	18,519
	16,808
	15,532
	50,859



	12 September 2023 9:00
	18,251
	12,129
	13,691
	44,072



	14 September 2023 9:00
	8018
	9157
	10,383
	27,558



	15 September 2023 9:00
	6000
	7183
	7244
	20,427



	17 September 2023 9:00
	3315
	4988
	4156
	12,459



	19 September 2023 9:00
	1700
	2982
	3163
	7845










 





Table 6. Comparison of Storm Daniel against past events with respect to maximum depths and flows along the Nomi–Tempi river segment and estimated direct runoff volume at the outlet station (Tempi).






Table 6. Comparison of Storm Daniel against past events with respect to maximum depths and flows along the Nomi–Tempi river segment and estimated direct runoff volume at the outlet station (Tempi).





	
Examined Event

	
Monitoring

Station

	
Max Flow

(m3/s)

	
Max

Depth (m)

	
Time at Max

	
Peak Flow

Travel Time (h)

	
Direct Runoff

Volume (hm3)






	
September 2023 (Daniel)

	
Nomi

	
999

	
6.42

	
7 September 2023 2:00

	
84.5

	




	
Tempi

	
1947

	
7.83

	
10 September 2023 14:30

	
1670




	
September 2020 (Ianos)

	
Nomi

	
523

	
4.39

	
19 September 2020 20:30

	
64.5

	




	
Tempi

	
787

	
3.92

	
22 September 2020 13:00

	
317




	
April 2020

	
Nomi

	
525

	
4.40

	
5 April 2020 23:30

	
58.5

	




	
Tempi

	
913

	
4.39

	
8 April 2020 10:00

	




	
January 2021, 1st peak

	
Nomi

	
543

	
4.49

	
4 January 2021 21:30

	
53.5

	




	
Tempi

	
584

	
3.12

	
7 January 2021 3:00

	




	
January 2021, 2nd peak

	
Nomi

	
648

	
4.99

	
12 January 2021 15:00

	
45.0

	




	
Tempi

	
704

	
3.60

	
14 January 2021 12:00

	




	
November–December 2021

	
Nomi

	
557

	
4.56

	
30 November 2021 16:30

	
40.0

	




	
Tempi

	
430

	
2.47

	
2 December 2021 8:30
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