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Abstract: The CyFFORS (Cyprus Flood Forecasting System) project aims at increasing flood risk
awareness and promoting preparedness against flooding by developing and validating a pilot
flood forecasting system targeted over three river/stream basins in the Larnaca region, Cyprus,
and Attica region, Greece. The present study demonstrates the analysis of flood-associated information,
based on ground-based and ERA5 model reanalysis data, which is a necessary procedure prior to
the development of the hydrometeorological modeling tool, in one of the study areas, namely in the
Rafina catchment in Attica, Greece. The analysis focusses on 12 stream flood episodes that occurred
in the period 2008–2014. The results show that most events were associated with a typical, for the
study area, wet-season cyclonic activity. The detailed investigation of two case studies highlighted
important spatiotemporal differences in the generation and development of rainfall, as well as in
the flooding magnitude, which were related to specific characteristics of the synoptic-scale forcing,
topography and soil moisture preconditioning. Moreover, highly correlated positive relationships
were found between the observed maximum stream discharge and the duration and maximum
total accumulation of precipitation. A strong positive correlation was also evident between the peak
discharge and the flooding impacts, leading to the identification of preliminary discharge thresholds
for impact-based warnings, which can be applied to the pilot CyFFORS forecasting system.

Keywords: high-impact rainfall events; flooding; hydrometeorological analysis; socio-economic
impacts; ground-based data; ERA5 model reanalysis; Greece; Mediterranean

1. Introduction

Flood-associated events, including river/stream floods, triggered by heavy precipitation are
among the most frequent weather-related hazards [1] affecting, substantially, the natural and human
environment. Their impact can be dramatic, as extreme episodes may cause multiple fatalities and
massive economic losses due to damage to private properties, public structures and utilities. For instance,
the catastrophic flash flood of 17 November 2017 in Mandra, West Attica, Greece, caused by an intense
storm that led two small impermanent streams in the area to overflow, resulted in 24 reported deaths
and in widespread material damages across the town [2–4]. The European continent has experienced
a considerable number of similar high-impact flood episodes over the last decades [5–7], especially
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in the Mediterranean region in recent years [8–11], due to the local climate and complex topography
that favor severe rainfall events [12–14]. Future climate projections demonstrate that the number of
days and severity of extreme precipitation are likely to increase despite decreases in total annual and
seasonal rainfall [15]. This fact, combined with rising urbanization and economic growth, is expected
to make river/stream floods more frequent, intense and damaging in terms of human casualties and
financial losses [16–19]. However, since these changes deviate strongly at the regional level, addressing
the river/stream flood risk in each country is essential.

The Cyprus Flood Forecasting System (CyFFORS) project, a joint initiative between Cyprus and
Greece, aims at contributing to this direction by increasing risk awareness and promoting preparedness
against river/stream flooding at a local level in Cyprus and Greece. To achieve this goal, a pilot flood
forecasting system targeted over three river/stream basins in two highly susceptible to flooding regions
(Larnaca in Cyprus and Attica in Greece) will be developed and validated. The forecasting system
will be based on the Weather Research and Forecasting (WRF) model coupled with its hydrological
(Hydro) extension package (WRF-Hydro; [20,21]). Many studies implemented with the use of the
WRF-Hydro model demonstrated its capability in providing precise and in-depth spatiotemporal
information on fluvial floods in terms of hindcasting [4,10,22,23], operational forecasting [24–26] and
climate research [27,28]. Prior to the development of the WRF-Hydro-based river inundation modeling
system in Larnaca, Cyprus, and Attica, Greece, the description of the status regarding flood dynamics
and impact in the studied areas is a fundamental step. For instance, Borga et al. [29] investigated a
storm event that occurred in August 2003 on the upper Tagliamento river basin in the eastern Italian
Alps as a prototype mesoscale convective system that was likely responsible for the majority of flash
flood peaks in the basin. One of their principal outcomes was the significant role of the antecedent
soil moisture distribution, as well as the storm structure, motion and evolution in the flood response.
Similarly, Delrieu et al. [30] documented the hydrometeorological characteristics of the September 2002
catastrophic flash flood in Gard region, France, highlighting the influence of the spatiotemporal rainfall
pattern and geomorphological factors on the hydrological response of the area’s watersheds. The same
flood event was studied by Ruin et al. [31], who incorporated an analysis of human casualties into
their investigation, showing that the small Gard region catchments are the most dangerous in both
hydrological and risk to life terms. Moreover, Pino et al. [32] conducted a hydrometeorological analysis
of substantial floods in three hydroclimatic units in the NE Iberian Peninsula identifying a major
synoptic pattern associated with the floods, as well as a high positive relationship between atmospheric
instability and maximum specific peak flows. Similarly, Greco et al. [33] combined ground-based
observations and large-scale modeling products to identify and study the synoptic fields associated
with the rainfall patterns in Calabria region (Italy), giving special emphasis on very extreme episodes.
Their analysis allows for improving the predictability of rainfall-related phenomena and the design
of damaging event scenarios, considering extraordinary extreme episodes, the characterization of
which is of particular interest in flood management, as they occur at small spatiotemporal scales
and at high return periods (i.e., they have low frequency of occurrence), inducing severe impacts to
society [34]. Furthermore, Romang et al. [35] showed that the analysis of precipitation data of previous
floods during the early development stage of a flood warning system was useful for defining primary
flood-related thresholds and evaluating the hazard potential of future events. Thus, the analysis of the
hydrometeorological characteristics of past floods contributes substantially to our knowledge about
large-scale and regional flooding drivers and mechanisms, assisting floods’ attribution, forecasting and
risk mitigation [29,30,32–35]. Also, investigating the flooding river/stream discharges in relation to
their influence on people, properties and infrastructures is crucial for understanding the social aspects
involved in flooding [31] and for implementing impact-based early warning systems and, consequently,
expanding the flood forecasting chain to include the potential effects and losses [36,37].

Considering the above, the current paper provides a hydrometeorological and socio-economic
impact assessment of 12 floods that occurred in the past two decades in one of the CyFFORS targeted
watersheds, namely in the Rafina stream basin in Attica, Greece. The assessment was conducted
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combining ground-based hydrometeorological observations, ERA5 model reanalysis data [38] and
socio-economic impact reports and records. The analysis includes the examination of the synoptic
atmospheric conditions and lightning activity associated with the identified stream floods. Each episode
is characterized concerning rainfall duration and severity in terms of 1-h and total accumulation,
and maximum stream discharge. Moreover, an impact intensity categorization is introduced to classify
the flood-induced socio-economic impacts and investigate their link to the peak stream discharges.
Finally, a case study analysis that includes the examination of soil moisture conditions is presented
for two events representing different synoptic, hydrometeorological and soil moisture conditions,
and different resulting impact.

2. Materials and Methods

2.1. Study Area and Data Sources

Among the CyFFORS targeted watersheds, the Rafina stream basin was selected for the purpose of
the present study due to the sufficient flood-related data availability that characterizes the area in terms
of both hydrometeorological and socio-economic impact information. The Rafina drainage network
is part of the GR06RAK0003 potentially significant flood risk (PSFR) zone (Figure 1b), which was
defined by the Greek Special Secretariat for Water (SSW; [39]) under the European Council (EC) Floods
Directive 2007/60/EC [40]. It is situated in East Attica (Figure 1a) and covers 123 km2. It includes
residential areas of the Rafina-Pikermi, Penteli, Pallini, Peania and Spata regions with a total population
coverage of ~85,000 residents. Concerning geomorphology, the area comprises of Mount Penteli to the
north, the Spata plain to the south and Mount Hymettus to the southwest, while it is open to the sea
(Euboean Gulf) from the east (Figure 1b). The Rafina catchment is greatly prone to flooding because of
large wildfire burnt territories, increased urbanization, mild topographic slopes and the absence of
efficient inundation protection.
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Figure 1. (a) Map of Greece with identification of regions of interest and (b) locations of the ground-based
hydrological and meteorological stations with identification of the GR06RAK0003 zone and of the
regional and geomorphological features in the Rafina stream basin.

Table 1 presents the main characteristics of the ground-based hydrological and meteorological
stations used in the present study. The collected data include measurements of precipitation and
stream discharge with 10-min temporal resolution covering the period 2008–2014. The hydrological
observations were provided by the Hydrological Observatory of Athens (HOA) of the National and
Technical University of Athens (NTUA) in five stations, while the precipitation observations were
retrieved from six meteorological stations operated by the National Observatory of Athens (NOA)
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and NTUA (Figure 1b). NTUA operates HOA, which consists of 15 meteorological stations and
six streamflow measuring sites in Attica region, since 2005. The same year NOA started to build a
country-scale network of automated weather stations, which is continuously expanding and currently
exceeds 410 stations in Greece. Both NTUA and NOA networks comply with the World Meteorological
Organization (WMO) guidelines concerning site selection for stations’ installation, monitoring and
surveying [41,42]. NOA applies a two-step operational quality control procedure in order to assure that
only high-quality data are included in the archive database, from which the rainfall data from Spata_M
and Kantza stations were obtained for the purposes of the present study [41]. NTUA provides raw and
processed (i.e., containing some corrections) time series of the hydrometeorological measurements
through the website of HOA (http://hoa.ntua.gr/; [42]). For both types of datasets, the data obtained
from the HOA/NTUA database were thoroughly examined in the current study in order to exclude
data of questionable quality.

Table 1. Key characteristics of the ground-based observational stations.

Monitoring Network Station Name Station ID 1 Latitude (◦ N) Longitude (◦ E) Altitude (m a.s.l. 2)

HOA/NTUA

Lykorema H_1 38.01 23.98 30
Drafi_H 1 H_2 37.99 23.92 105

Rafina H_3 38.02 23.93 143
Pikermi_H 1 H_4 38.04 23.91 286

Spata_H 1 H_5 37.98 23.89 137
Diavasi Balas M1 38.04 23.91 393

Ayios Nikolaos M2 38.02 23.92 203
Drafi_M 1 M3 38.00 23.93 133

Pikermi_M 1 M4 38.07 23.92 630

NOA
Spata_M 1 M5 37.98 23.93 144

Kantza M6 37.98 23.87 221
1 H denotes a hydrological station, while M denotes a meteorological station. 2 above sea level.

2.2. Flood Episodes Selection

The basis for choosing the fluvial inundation events in the study area was the examination of
historical floods in the 2017 SSW report on the Attica PSFR areas [39], as well as of information
associated with floods in weather-related databases including: (a) the European Severe Weather
Database (ESWD; https://www.eswd.eu/) operated by the European Severe Storms Laboratory (ESSL),
(b) the Emergency Events Database (EM-DAT; https://www.emdat.be/) operated by the Centre for
Research on the Epidemiology of Disasters (CRED), (c) the NOA database of high-impact weather events
in Greece (http://stratus.meteo.noa.gr/events; [9]), and (d) the rainfall events database of HOA/NTUA.
This initial investigation resulted in finding thirty-two flood-related incidents between 2004 and 2014.
Eighteen of these incidents were considered as significant flood episodes based on the hydrological
response intensity of the study catchment. In particular, the peak stream discharge over at least three
stations, including always the H_3 site (Figure 1b), which is close to the watershed’s outlet, was greater
than 10 m3/s for these events. Finally, twelve stream flood episodes were selected considering the
meteorological and socio-economic data availability.

2.3. Assessment Process

In order to understand the flood-related physical mechanisms and their relation to impact in the
Rafina catchment, the selected flood episodes were classified based on the: (a) associated synoptic
atmospheric conditions and lightning activity, (b) observed rainfall duration and severity, (c) observed
maximum stream discharge, and (d) intensity of the resulting socio-economic impacts. More specifically,
the synoptic meteorological analysis was conducted using the ERA5 surface and upper air reanalysis
data at 0.25◦ × 0.25◦ spatial and 1 h temporal resolution [43,44] provided by the European Centre for
Medium-Range Weather Forecasts (ECMWF), while the lightning activity, which is indicative of the
presence of convective motions, during each episode was qualitatively characterized using data from

http://hoa.ntua.gr/
https://www.eswd.eu/
https://www.emdat.be/
http://stratus.meteo.noa.gr/events
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the ground-based ZEUS lightning detection network operated by NOA (https://meteo.gr/talos/; [45,46]).
The rainfall duration of each event was defined by examining the observed hydrographs (time-series
of precipitation and stream discharge), while the precipitation severity was determined in terms
of maximum total and 1-h accumulation of rainfall considering the total and 1-h precipitation
accumulations recorded within the event duration at all the available meteorological stations inside
the study watershed. The maximum stream discharge for each episode was derived considering the
observations obtained from the measuring sites that are close to locations at risk inside the Rafina
stream basin (i.e., Rafina, Pikermi_H and Spata_H stations; Table 1). The socio-economic impact
analysis was implemented by investigating reports describing the flood damages and effects in the
NOA high-impact weather events database [9]. Also, fire service operations in flooded properties
provided by the Greek Fire Department were examined [47]. Each event was classified according to four
impact intensity categories that were defined based on the classification used by Papagiannaki et al. [9]
for the high-impact weather events database in Greece and by the United Kingdom (UK) Flood
Forecasting Services [48,49] for their operational flood guidance statement. As shown in Table 2,
each impact intensity class considers the type and magnitude of the flood-induced effects. The types of
impact include the key effects of flooding on society, i.e., the risk to human life, damage to property
(e.g., buildings) and public structures, and the disruption to transport and utilities (e.g., electricity),
while the magnitude of impact is associated with the severity and spatial and temporal extent of the
effects [9,48,49]. Finally, the investigation of the soil moisture conditions during the analysis of two
selected case studies, namely events #4 and #12, was carried out using the ECMWF ERA5 reanalysis
land hourly data at 0.1◦ × 0.1◦ horizontal grid resolution [50]. The selection of the case events was
conducted considering the different atmospheric and soil moisture conditions, as well as the different
hydrometeorological and socio-economic impact features, which characterized the episodes.

Table 2. Socio-economic impact intensity classification.

I0: Minimal I1: Minor I2: Significant I3: Severe

Human life Not expected

Risk for vulnerable
groups of people and/or

people involved in
endangered situations

Danger to life due to
physical hazards associated

with flooding water

Danger to life due to physical,
chemical and utility hazards

associated with flooding water

Damage to
properties and

public structures
Not expected Light damage to

individual properties

Important damage to many
properties and/or
public structures

Extensive damage to multiple
properties and/or
public structures

Transportation

Little or no disruption
to river crossings

and/or roads close to
the river/stream

Small-scale disruption
(local and short term)

Large-scale disruption
(broad or long term) and/or
important damages to the

transport network

Extensive disruption (broad and
long term) and/or extensive

damages to the
transport network

Utilities Not expected Small-scale disruption
(local and short term)

Large-scale disruption
(broad or long term)

Extensive disruption (broad and
long term) and/or loss of utilities

3. Results

3.1. Hydrometeorological and Socio-Economic Impact Analysis

Table 3 shows that all examined flood events took place during the wet period. This outcome
was expected, since heaviest precipitation amounts and greater resulting impact occur during the
wet season of a hydrological year compared to the period between May and September [14,51,52].
This is due to the global atmospheric circulation during the autumn and winter, which interacts with
the complex geomorphology and land-sea temperature contrast in the Eastern Mediterranean region,
favoring the development of cyclonic atmospheric conditions [14,53]. The studied flood episodes were
associated with this type of large-scale atmospheric circulation. In particular, the events were driven
by low-pressure systems, which, in most cases, affected the area of interest while moving from the
west towards the east. The surface low-pressure systems during the majority of the episodes were
accompanied by troughs and cut-off lows in the middle troposphere assisting their organization and
preservation over Greece (Table 3).

https://meteo.gr/talos/
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Table 3. Hydrometeorological and impact intensity characteristics of the examined flood episodes.

Event Nb Dates Driving Meteorological Mechanism Lightning
Activity

Rainfall
Duration (h)

Max Total
Rainfall (mm)

Max 1-h
Rainfall (mm/h)

Max Discharge
(m3/s) Impact Intensity Class

#1 17 November 2008 Surface low-pressure system accompanied
by an upper-level trough Low 7 49.3 23.7 22.3

I1 (light damage to buildings
and localized disruption

to transportation)

#2 25 October 2009
Surface low-pressure system accompanied

by an upper-level cut-off low

High 15 31.4 16.8 29.7

#3 3 November 2009

Low

10 36 16 22

#4 11 December 2009 11 84.6 18.6 25

#5 02 January 2011 Surface low-pressure system accompanied
by an upper-level trough 8 32 16.8 17.3 I0 (little or no effects on roads

close to the stream)

#6 3–4 February 2011 Exceptional atmospheric circulation 39 148.6 12.2 79.7

I2 (damage to many properties
and public structures,

and large-scale disruption to
transport networks)

#7 24–25 February 2011 Surface low-pressure system accompanied
by an upper-level cut-off low

19 92.2 26 37.9

I1 (light damage to buildings
and localized disruption

to transportation)

#8 6–7 February 2012 11 48.6 21.2 38.0

#9 29–30 November 2012 Surface low-pressure system associated
with extended upper-level troughs

Moderate

8 54.4 37 24.4

#10 29–30 December 2012 Surface low-pressure system accompanied
by an upper-level cut-off low 18 209 27 37.3

#11 16 January 2013 Surface low-pressure system associated
with extended upper-level troughs Low 4 20.8 15 16.6 I0 (little or no effects on roads

close to the stream)

#12 22 February 2013 Surface low-pressure system accompanied
by a negatively tilted upper-level trough High 10 138.8 39.4 152.8

I2 (damage to many properties
and public structures, and
large-scale disruption to

transport networks)
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This is evident in Figures 2–5, which demonstrate the synoptic conditions at approximately the
hour of maximum rainfall intensity for each event. During episodes #1 and #5, the surface cyclones
were located in the Ionian Sea south of Italy (see location in Figure 1b), affecting the study watershed in
combination with upper-level troughs (Figure 2a,b and Figure 3c,d). Similarly, the synoptic circulation
during events #9 and #11 was characterized by extended troughs at 500 hPa geopotential height over
the study area, associated with deep surface lows, which, in this case, were situated far away from the
Rafina catchment west of North Italy (Figure 4e,f and Figure 5c,d). In the course of events #2, #3, #4,
#7, #8 and #10, the study stream basin was affected by surface low-pressure systems combined with
cut-off lows in the middle troposphere (Figure 2c–f, Figure 3a,b, Figures 4a–d and 5a,b). The systems at
the examined hour were found over the Ionian and Adriatic Seas, except during event #4, where the
system was situated over Crete in southern Greece (see locations in Figure 1b). As shown in Table 3,
most episodes were characterized by low to moderate lightning activity indicating, respectively, low to
moderate convective activity.
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Figure 2. Sea-level pressure (contours; hPa) and 850 hPa equivalent potential temperature (shading; ◦C)
and wind barbs (a,c,e), and 500 hPa air temperature (shading; ◦C) geopotential height (contours; dm;
b,d,f) from the 0.25◦ × 0.25◦ ERA5 reanalysis data on 17 November 2008, 1500 UTC (a,b), 25 October
2009, 0900 UTC (c,d), and 3 November 2009, 1500 UTC (e,f).
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Figure 5. As in Figure 2 but for 30 December 2012, 0900 UTC (a,b), 16 January 2013, 0900 UTC (c,d),
and 22 February 2013, 0800 UTC (e,f). The red line in map (f) indicates the negatively tilted trough axis.

The above features represent typical cyclonic activity in Greece [14,54,55], which, in the present
analysis, contributed to the advection of warm, humid and highly unstable air masses over the
wider area of the Rafina watershed. Consequently, considerable precipitation amounts were produced
over the study catchment and a subsequent hydrological response that led mainly to minor impact
(I1 impact intensity class) associated with light damage to buildings and localized disruption to
transportation (Table 3). In particular, individual properties in the residential areas of the Rafina stream
basin were slightly affected during events #1, #3, #4, #7, #8, #9 and #10, while small-scale disruption to
transportation in the Penteli region took place in the course of event #2. Significant impact (I2 impact
intensity class) concerning many properties and public structures, as well as large-scale disruption
to transport networks were induced in the inhabited regions of the Rafina watershed during events
#6 and #12. In the first case, an exceptional atmospheric pattern affected Greece (Figure 3e,f) and
caused long-lasting and low-intensity rainfall over the study area (Table 3). Event #12 occurred due to
the development of a very deep surface cyclone associated with a 500-hPa trough, which exhibited a
negative tilt (Figure 5e,f) that led to local instability and, consequently, enhanced convective motions
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associated with high lightning activity across the trajectory of the surface low over Greece. As a result,
heavy precipitation of short duration was produced over the Rafina catchment (Table 3).

Figure 6 demonstrates that peak stream discharge increases as the duration of rainfall increases.
The two variables are highly correlated, as indicated by the nonparametric Spearman coefficient (rho),
which is equal to 0.72 (statistically significant at the 95% confidence interval; * p). A high positive
correlation (rho = 0.71), statistically significant at the 95% confidence interval (* p), is also evident for
the maximum discharge and total precipitation, whereas the low rho value (0.32), when the maximum
discharge and 1-h rainfall are examined, reveals a weak positive correlation between these parameters
(Figure 6). The latter outcome is mainly due to events #6 and #9. When these episodes are excluded
from the analysis, the Spearman coefficient between the peak discharge and maximum 1-h precipitation
is equal to 0.81 (statistically significant at the 99.9% confidence interval; *** p), showing a strong positive
relation between the parameters, with the correlation results for the rest of the variables not being
affected significantly (Figure A1). The peak discharge reached up to 80 m3/s approximately during
episode #6 despite the fact that it was characterized by the lowest 1-h rain intensity (12.2 mm/h; Table 3).
In this case, the ground saturation effect contributed primarily to flooding, with a significant impact
(I2 impact intensity class), as denoted by the long rainfall duration (39 h) and the substantial maximum
total precipitation (148.6 mm; Table 3). In the course of event #9, the significant accumulation of 1-h
precipitation (37 mm) in 8 h (Table 3) led to infiltration excess, contributing to the flood that induced
minor impacts (I1 impact intensity class). For event #12, which also led to a significant impact (I2 impact
intensity class), high values of maximum total and 1-h rainfall (138.8 mm and 39.4 mm/h, respectively)
were recorded in a short period (10 h; Table 3) as a result of the severe convective cloudbursts. Therefore,
both saturation and infiltration excess resulted in the intense flood with the maximum stream discharge
surpassing 150 m3/s (Table 3).

Peak discharges lower than 20 m3/s are reported for events #5 and #11, which are associated with
very low duration and maximum total and 1-h accumulations of precipitation (Figure 6). These events
resulted in minimal impact (I0 impact intensity class), i.e., little or no effects on roads close to the
stream, while minor impact (I1 impact intensity class), related mainly to individual properties affected,
was induced by the rest of the flood episodes, which are characterized by maximum stream discharges
that vary between 20 and 40 m3/s (Figure 6). The latter events include episode #10 that produced
large amounts of accumulated precipitation, but in considerably lower duration compared to event #6,
and episode #9, which led to high maximum 1-h rainfall but with significant lower maximum total
precipitation compared to event #12. The analysis illustrated in Figure 6 shows that the socio-economic
impact is higher when the peak stream discharge increases, with the two parameters being strongly
correlated (rho = 0.84; statistically significant at the 99.9% confidence interval; *** p). This outcome is
of great importance as preliminary discharge thresholds for impact-based warnings can be used for the
future pilot operational flood forecasting needs in the framework of the CyFFORS project.
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Figure 6. Maximum stream discharge against duration and maximum total and 1-h accumulations
of precipitation, and impact intensity against maximum stream discharge. The numbers indicate the
events IDs (Table 3), while rho values indicate the Spearman correlation coefficient, with statistical
significance, p value, being symbolized as: +p (>0.05; not significant), * p (≤0.05; 95% confidence
interval) and *** p (<0.001; 99.9% confidence interval).

3.2. Case Studies Analysis

3.2.1. 11 December 2009

The maximum total and 1-h precipitation in the course of flood event #4 was observed at Spata_M
(M_5) meteorological station, while the maximum streamflow was recorded at the Rafina hydrological
measuring site (see location in Figure 1b). In particular, 84.6 mm were recorded at the M_5 site, located in
the plain area of the Rafina stream basin, between 10 December 2009, 2100 UTC to 11 December 2009,
0700 UTC. For the same period, 30–40 mm and 60–70 mm of precipitation were observed at the M_4
and M_6 stations and in the mountainous areas of the catchment (M_1 and M_2 sites), respectively
(Figure 7).

Figure 8 shows that rainfall over Spata started on 2050 UTC 10 December and, after a short stop
of 50 min, it intensified reaching its 10-min peak (5.2 mm) around midnight. Significant amounts of
rain persisted during the first three morning hours of 11 December, while the precipitation ended on
0510 UTC 11 December. The basin-averaged soil moisture prior to the event was equal to ~0.32 m3/m3,
gradually increasing during the next hours and reaching up to ~0.39 m3/m3 at 0700 UTC 11 December,
due to the occurrence of precipitation in the watershed. The hydrologic response of the catchment at
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the Rafina station, characterized by an abrupt increase in stream discharge, occurred 4 h and 20 min
after the rainfall’s start and was followed by a mild streamflow decline until 0320 UTC 11 December.
The persistence of rain and the wetter soil moisture conditions in the course of the episode resulted in a
new increase of discharge with its main peak exceeding 20 m3/s (I1 preliminary threshold), occurring on
0520 UTC 11 December. Then, the streamflow decreased gradually and stabilized below 2 m3/s after
1620 UTC 11 December (Figure 8). The above hydrometeorological conditions led to localized flooding
in the Rafina stream basin with individual properties affected (I1 impact intensity class; Table 3).
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Figure 8. Timeseries of 10-min precipitation (blue bars; mm) and stream discharge (light blue filled
areas; m3/s) over Spata meteorological station and Rafina hydrological station, respectively, and of 1-h
basin-averaged volumetric (0–7 cm) soil water content (orange dots; m3/m3) from 10 December 2009,
1900 UTC, to 11 December 2009, 1800 UTC.
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The precipitation in the study area during the examined episode was produced because of a surface
low-pressure system, which developed in the Adriatic Sea (see location in Figure 1a) on 9 December
and moved eastward across Greece during the next day (not shown). On 2200 UTC 10 December,
the surface cyclone was located over the sea in southern Greece, close to the Crete island (see location
in Figure 1a), along with a cut-off low at 500 hPa (Figure 9a,b). The very low air temperatures (less than
−26 ◦C; Figures 3b and 9d,f) and the high positive vorticity (more than 30 × 10−5 s−1; Figure A2a,b)
that characterized the upper-level low, assisted the surface system to deepen and remain over the
south maritime Greece during the next hours (Figures 3a and 9c,e). Thus, the intensification of the
low-level convergence generated updrafts that led to the condensation of water vapour in the lower
tropospheric layers (Figure A2c,d). As a result, strong near-surface northwest winds were induced
over Attica, adverting warm and moist air to the plain area of the Rafina catchment, enhancing the
atmospheric instability in the area, which caused the intense rainfall (Figure 8).
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3.2.2. 22 February 2013

For episode #12, the highest values of total and 1-h rainfall were found at the Ayios Nikolaos
(M_2) weather station, while the maximum stream discharge was observed at the Rafina hydrological
monitoring site (see location in Figure 1b). More specifically, 138.8 mm of precipitation was recorded
over Ayios Nikolaos from 0200 UTC to ~1100 UTC of 22 February, as illustrated in Figure 10. In the
same short time period, the huge amounts of rainfall that fell in the Penteli Mountain region were also
evident over the M_1 site (over 130 mm), whereas less than 30 mm of precipitation occurred in the
monitoring stations located in the Spata plain (M_4, M_5 and M_6 sites).Water 2020, 12, x FOR PEER REVIEW 18 of 27 
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During the first three hours of rainfall over Ayios Nikolaos, a primary rainfall peak (7 mm at
0400 UTC) was observed, while high rainfall rates exceeding 10 mm were reported from 0500 UTC
to 0630 UTC and from 0710 UTC to 0820 UTC, with the maximum 10-min record reaching up to
11.4 mm at 0740 UTC (Figure 11). The basin-averaged soil water content was higher than 0.38 m3/m3

before the storm’s beginning, indicating a highly moist surface preconditioning, while the substantial
10-min rainfall amounts during the event led to peaks of soil moisture close to saturation (greater than
0.42 m3/m3) between 0600 UTC and 1100 UTC of 22 February. These conditions affected significantly
the hydrologic response of the watershed, with the temporal profile of the streamflow at the Rafina
station following the precipitation’s temporal variations. In particular, the discharge began to increase
at 0700 UTC, 5 h after the start of rain, with three peaks, which suppressed 20 m3/s (I1 preliminary
threshold), occurring during three different periods. The maximum streamflow (152.8 m3/s) occurred
at 1020 UTC, while its value fell below 60 and 40 m3/s (I2 preliminary threshold) after 1200 UTC and
1250 UTC, respectively (Figure 11). Significant impact (I2 impact intensity class; Table 3) was induced
by the aforementioned hydrometeorological conditions, as, according to the Greek Fire Department
(GFD) records, more than 10 operations related to flooded properties and public structures took place
in Rafina-Pikermi municipality on 22 February 2013, while the GFD also operated for flood water
pumping in the Pallini, Peania, Spata and Penteli regions.
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Figure 11. Time series of 10-min precipitation (blue bars; mm) and stream discharge (light blue filled
areas; m3/s) over Ayios Nikolaos meteorological station and Rafina hydrological station, respectively,
and of 1-h basin-averaged volumetric (0–7 cm) soil water content (orange dots; m3/m3) from 10 December
2009, 1900 UTC, to 11 December 2009, 1800 UTC.

As already mentioned in Section 3.1, the key synoptic feature that led to the severe rainfall
during event #12 was the evolution of the tilt of a middle-troposphere trough, which was related to
a deep low-pressure system (mean sea-level pressure lower than 1003 hPa), a tilt that turned from
positive to negative. This process occurred during the late-night hours of 21 February (not shown).
On 0200 UTC 22 February, the negatively tilted 500-hPa through axis extended over the Ionian Sea
with the surface low located west of the Crete island (see location in Figure 1a), while the system
moved eastward during the next hours (Figure 12). These atmospheric conditions are associated
with strong local instability, which in turn leads to intense convective activity that produces heavy
storms [56]. This is evident during the examined episode, especially when the highest rainfall values
were recorded over the area of interest around 0600 UCT and 0800 UTC of 22 February (Figure 11).
At these times, the negatively tilted axis of the upper-level trough was positioned across the Rafina
watershed (Figures 5f and 12f). As a result, highly unstable air masses with greater than 37 ◦C (310 K)
850 hPa equivalent potential temperature (Figures 5e and 12e), 500–1000 J/kg convective available
potential energy (CAPE) and lower than 100 J/kg convective inhibition (CIN; Figure A3a,b) were
found over the study area. Consequently, deep and moist convection was developed, as shown
by the high negative values of the vertically integrated moisture divergence (VIMD; Figure A3c,d)
that indicate large moisture convergence, resulting in rainfall intensification. The development of
strong convection, and the subsequent increase in precipitation, are also highlighted by the high
positive vorticity band developed across the negatively tilted upper-level trough axis accompanied
by a cloud-free zone across approximately the same area, indicating a dry intrusion in the middle
troposphere (Figure A4). As noted by previous studies [56,57], these dry and high positive vorticity
air masses penetrate into the warm and moist region ahead of the surface low, contributing to the
enhancement of instability and convection. This feature is supported in the current study by the large
number of lightning flashes detected by the NOA ZEUS detection network between 0600 UTC and
0800 UTC of 22 February eastwards of the high positive vorticity band (Figure A5). Moreover, it is
worth mentioning, that the highest total rainfall found over Ayios Nikolaos (M_2) and Diavasi Ballas
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(M_1), indicates that convention may be enhanced by the topography and steep terrain slope in the
north mountainous area (Mount Penteli) of the watershed (Figure 10), as also shown in previous
studies (e.g., [54]).
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4. Discussion–Concluding Remarks

The current work investigated, based on ground-based observations, ERA5 model reanalysis
data and impact reports and records, the hydrometeorological characteristics and socio-economic
impact of 12 stream flood events that occurred from 2008 to 2014 in the Rafina watershed in Attica,
Greece, which is one of the three targeted catchments where a pilot flood forecasting system will be
developed and validated in the framework of the CyFFORS project. The analysis revealed that most
episodes were related to a typical, for the examined area, wet-season cyclonic atmospheric activity
leading mainly to minor impact. The flood-related impact was significant for two events, namely #6
and #12, which occurred on February 2011 and 2013, respectively, and were associated with exceptional
synoptic-scale weather conditions. Low rainfall amounts were recorded for several hours during the
first episode resulting in a great total accumulation of precipitation, while high-intensity rainfall in
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a short period characterized the second flood. Overall, positive relationships characterized by high
correlations were found between the observed peak discharge and the duration and maximum total
accumulation of rainfall. Moreover, a strong positive correlation between the peak stream discharge
and flooding impact was evident, while the same outcome applied also for the maximum stream
discharge and 1-h precipitation, when the events #6 and #9 were excluded from the analysis.

The above findings show that precipitation monitoring in the Rafina catchment, which is
characterized as adequate in terms of spatial distribution of rain gauges, can assist in the characterization
of a storm’s potential to contribute to flood generation and, thus, provide generalized warnings.
Location-specific flood alerts can be issued according to socio-economic impact-based streamflow
thresholds. The present analysis provided some preliminary results in this direction. In particular,
minimal impact was reported when the peak discharge was lower than 20 m3/s (I1 preliminary
threshold). Maximum stream discharges that ranged from 20 m3/s to 40 m3/s were associated with
minor impact, while significant impact was induced by events that were characterized by peak stream
flows higher than 40–60 m3/s (I2 preliminary threshold). It should be noted that the reliability of the
derived thresholds is moderated by the analysis limitations related to the lack of discharge data at all
the locations at risk along the Rafina stream. However, they can be used primarily during the pilot
operational application of the river/stream flood forecasting system in the framework of the CyFFORS
project. The preliminary discharge thresholds will be evaluated, and possibly revised, based on future
modeling data and analysis.

The detailed investigation of two case studies that occurred on 11 December 2009 (event #4)
and 22 February 2013 (event #12), unraveled spatial and temporal differences in the generation and
development of the rainfall, as well as in soil water content conditions, and the accompanying flooding.
In the course of event #4, which led to minor impact (I1 impact intensity class; Table 3), the weather
forcing resulted in the recording of maximum precipitation over Spata_M. Consequently, the small
low-slope streams of Spata plain (see location in Figure 1b) contributed mainly to the hydrological
response of the main Rafina stream, which was also determined by the considerable basin-averaged
soil moisture values that varied from ~0.32 m3/m3 to ~0.39 m3/m3 prior to, and during, the episode.
In contrast, the atmospheric conditions, which interacted with the topography, during event #12 that
resulted in significant impact (I2 impact intensity class; Table 3), led to enhanced convection and to
the occurrence of the highest rainfall values over Ayios Nikolaos, affecting an already highly moist
surface (soil moisture range prior to and during the episode: 0.38–0.43 m3/m3) in the basin. As a result,
the hydrological response of the main Rafina stream originated from the small steep-terrain streams of
Mount Penteli (see location in Figure 1b) with both saturation and infiltration excess contributing to
flooding. The aforementioned outcomes highlight the importance of the spatiotemporal variability of
the flood-related storms’ forcing mechanisms and the need for operationally monitoring and forecasting
these mechanisms. They also demonstrate the significant role of soil moisture preconditioning in
the magnitude of flooding and in the intensity of the resulting socio-economic impacts. For this,
the simulation of soil water content and associated indices (e.g., soil moisture deficit) will be considered
during the pilot operational application of the CyFFORS flood forecasting system.
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