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Abstract

Floods are one of the most dangerous natural hazards in Mediterranean regions. Flood
forecasting tools and early warning systems can be very beneficial to reduce flood risk.
Event-based rainfall runoff models are frequently employed for operational flood fore-
casting purposes because of their simplicity and the reduced number of parameters
involved with respect to continuous models. However, the advantages that are related
with the reduced parameterization face against the need for a correct initialization of
the model, especially in areas affected by strong climate seasonality. On the other
hand, the use of continuous models may be very problematic in poorly gauged areas.
This paper introduces a simplified continuous rainfall-runoff model, which uses globally
available soil moisture retrievals to identify the initial wetness condition of the catch-
ment, and, only event rainfall data to simulate discharge hydrographs. The model cali-
bration involves only 3 parameters. For soil moisture, beside in situ and modelled data,
satellite products from the Advanced SCATterometer (ASCAT) and the Advanced Mi-
crowave Scanning Radiometer for Earth observation (AMSR-E) sensors are employed.
Additionally, the ERA-LAND reanalysis soil moisture product of the European Centre
for Medium Range Weather Forecasting (ECMWF) is used.

The model was tested in the small catchment of Rafina, 109 km? located in the East-
ern Attica region, Greece. Specifically, fifteen rainfall-runoff events were modelled by
considering different configurations for the initial soil moisture conditions. Comparing
the performance of the different soil moisture products, it was found that all global in-
dicators allow reproducing fairly well the selected flood events providing much better
results than the situation where a constant initial condition is provided. ERA-LAND
slightly outperforms the satellite soil moisture products and in general, all the indica-
tors give the same performance obtained by ground and continuously simulated soil
moisture data. Due to the wide diffusion of globally available soil moisture retrievals
and the small amount of parameters used, the proposed modelling approach is very
suitable for runoff prediction in poorly gauged areas.
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1 Introduction

In the context of climate change, in which runoff production mechanisms appear to be
exacerbated by the modification of climatic variables, the flood frequency regime is al-
tered and an increasing frequency of extreme events is to be expected. The Report of
Intergovernmental Panel on Climate Change (IPCC, 2001) on potential effects of cli-
mate change highlights that “flood magnitude and frequency are likely (a 66—90 % prob-
ability) to increase in most regions”. Notwithstanding this issue, Europe seems to lack
suitable and reliable procedures to promptly address the fundamental issues of flood-
risk assessment and management Even though several important laws and directives
have been issued addressing this point, i.e. European Floods Directive 2007/60/CE,
these legislative tools have not succeeded yet in effectively reducing the devastating
and catastrophic effects of extreme flood events (Barredo, 2006). To this end, flood
forecasting and early warning systems have been identified as fundamental tools for
the prevention and the protection from flood risk.

The development of an early warning system for flood forecasting is particularly dif-
ficult for small to medium sized basins (area <400 km2) for which the hydrologic re-
sponse is extremely fast and an hourly (or finer) temporal resolution for datasets is
required (Younis et al., 2008). To accomplish this task, a rainfall-runoff (RR) model able
to simulate not only the runoff formation process (i.e. estimation of losses) but also
the hydrological routing along hillslopes and channels has to be set up. Besides the
spatial discretization (lumped versus distributed models) and the process description
(physically-based versus conceptual models), RR models applied for operational flood
forecasting can be subdivided in two main categories: continuous and event-based
(Brocca et al., 2011; Paquet et al., 2013). On one hand, continuous RR models simu-
late the temporal evolution of the soil wetness conditions of the catchment thus being
able to model the complex interaction between rainfall and soil moisture (SM) condi-
tions needed to properly predict flood hydrographs (Camici et al., 2011). However, the
different processes (infiltration, percolation, evapotranspiration, interception) involved
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in the simulation of the SM temporal evolution may require a large number of parame-
ters to be identified. This could easily introduce significant uncertainties into the model
prediction and non identifiably problems (Beven, 2006). Moreover, continuous models
require long-term and uninterrupted time series for the input data (e.g. rainfall and tem-
perature) and this could be a strong limitation in many regions worldwide, mainly if
hourly observations are needed (Viviroli et al., 2009). On the other hand, event-based
RR models need a reduced parameterization, and they are easy to be applied even
from users without a strong hydrological expertise and require a low computational ef-
fort. For that, this type of models are very appealing, and frequently employed within
operational flood forecasting systems (Coustau et al., 2012). The major limitations of
event-based models lie in the definition of the initial SM conditions that could be very
different from one storm event to another (Tramblay et al., 2012; Coustau et al., 2012,
Van Steenbergen and Willems, 2013). This issue is particularly challenging in regions
characterized by strong seasonality of the climate as it occurs in Mediterranean basins
(Aronica and Candela, 2004).

Nowadays, several SM data sources are available, also at a global scale. Specifi-
cally, SM information can be obtained from in situ and satellite sensors or from land
surface models. From in situ observations, it is worth mentioning the International Soil
Moisture Network (Dorigo et al., 2011) that is an international cooperation to estab-
lish and maintain a global in situ SM database that can be used for global analysis
e.g. the validation of the retrieval algorithms applied to remote sensing observations.
Moreover, several satellite SM products are globally and freely available from active
and passive microwave sensors, e.g. the Advanced SCATterometer, ASCAT (Bartalis
et al., 2007), the Advanced Microwave Scanning Radiometer for Earth observation,
AMSR-E (Owe et al., 2008), the Microwave Imaging Radiometer with Aperture Synthe-
sis, MIRAS (Kerr et al., 2010). The accuracy and maturity of these satellite products
contributed to the implementation of a fully operational near-real-time (NRT) SM pro-
cessing chain for ASCAT (Wagner et al., 2013) from the European Organisation for the
Exploitation of Meteorological Satellites (EUMETSAT) since December 2008. Finally,
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modelled SM data obtained from numerical weather prediction systems operated by
international meteorological centres (e.g. the ECMWEF, European Centre for Medium
Range Weather Forecasting) are also available at a global scale. As an example, in
the context of EUMETSAT’s H-SAF project (Satellite Application Facility on Support
to Operational Hydrology and Water Management), an ASCAT root zone SM profile
product has been developed based on ASCAT surface SM data assimilation into the
ECMWF Land Surface Data Assimilation System (De Rosnay et al., 2013). All these
SM datasets, which are globally available, might be potentially used for the initializa-
tion of event-based RR models in different catchments and regions worldwide even for
poorly gauged areas.

Some studies attempted to relate the RR model initial conditions with different ex-
ternal indicators of SM estimated by in situ, satellite and modelled data (Brocca et
al., 2009a, b, 2011a; Tramblay et al., 2010, 2011, 2012; Beck et al., 2010; Coustau
et al., 2012). In situ data were employed in many studies investigating the relationship
between SM and runoff (e.g. Penna et al., 2011; Matgen et al., 2012) thus indirectly de-
termining their potential use for RR modelling. Brocca et al. (2009a, 2011b) and Beck
et al. (2010) used the SM products from ASCAT and AMSR-E for RR modelling in Italy,
Luxembourg and Australia. However, the main purpose of these studies was to investi-
gate the relationship between modelled and observed antecedent wetness conditions,
without explicitly building a model that incorporates external SM data.

On these bases, a simplified continuous RR modelling approach is proposed in this
study. Specifically, an event-based RR model able to use external SM information as in-
put data is developed. This modelling approach shows the advantages of event-based
RR models (reduced data and computational requirements, limited number of param-
eters to be estimated, simplicity in application) but at the same time overcomes the
issues related to the selection of the SM initial condition. Therefore, the performance
of this RR modelling approach significantly relies on the accuracy of the SM indicator
used as input data. In this study, besides the description of the simplified continuous
RR model, different SM indicators are compared in terms of flood hydrographs pre-
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diction. A small catchment in Greece (Rafina river basin, 109 km2) is selected as a
case study. In fact, for this catchment an early warning system for floods and fire risk
management is going to be developed within the FLIRE project “FLoods and flre Risk
assessment and managEment”, a project co-financed by European Commission Gen-
eral Directorate for the Environment, LIFE financial instrument with 50 %.

2 Study area and datasets
2.1 Rafina catchment

The study area is the Rafina river basin upstream the Rafina gauged section (109 km2).
This is a periurban area in the greater southeast Mesogeia region in Eastern Attica,
Greece (Fig. 1). The area geographically extends from east of Hymettus mountain to
the coastline of Evoikos Gulf. The mean altitude of the region is 227 ma.s.l. (with the
minimum altitude being 0 and the maximum 909 ma.s.l.). Ground slope ranges from
0 to 37.8 % with a mean value of 7.5%. Increased slopes and irregular terrain exist
mainly at the upstream parts of the area.

Attica has a typical subtropical Mediterranean climate, with prolonged hot and dry
summers succeeded by considerably mild and wet winters. The mean annual precipi-
tation is approximately 400 mm, while snowfall is rare. Drought periods usually begin in
May and last until October. The daily mean temperature ranges between 27° C during
the summer months and 11° C during the winter months (Papathanasiou et al., 2013).

Geologically, the study area is part of the Attico—Cycladic Massif. Two main units
dominate in the geological structure of Attica: (a) the crystalline basement (Palaeo-
zoic—Upper Cretaceous), and (b) the Neogene—Quaternary clastic deposits. The base-
ment consists of schists and carbonate rocks. The Neogene and Quaternary deposits
fill up both the degradations and tectonic grabens of the East Attica basin and con-
sist of marly limestones, marls, clays, sandstones, conglomerates and other coarse,
unconsolidated sediments (Jacobshagen V., 1986).

11002

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

HESSD
10, 10997-11033, 2013

Flood modelling in
Mediterranean
catchments

C. Massairri et al.

' II“ III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/10997/2013/hessd-10-10997-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/10997/2013/hessd-10-10997-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Rafina catchment is covered by different and often conflicting land uses. More specif-
ically, it includes forests (~ 30 %), arable soils and grasslands (~ 50 %) mainly located
upstream and urban cells (~ 20 %) located downstream (Alonistioti D., 2011). The study
area is under constantly increasing urbanization, its northern part is forested with
flammable material and sediment load transfer and soil erodibility are intense (Pap-
athanasiou C. et al., 2009, 2011, 2012). The study area is particularly prone to both
flash floods and forest fires and also vulnerable to their combined impact.

2.2 Hydro-meteorological data

The Laboratory of Hydrology and Water Resources Management of the School of Civil
Engineers of the National Technical University of Athens (NTUA) operates the Hydro-
logical Observatory of Athens (HOA), a dense monitoring hydrometeorological network
in the greater Athens area. HOA is the evolution from the METEONET network that has
been operating since 2005 and consists of 13 active meteorological stations and 4 ac-
tive flow measuring stations, properly located in the area. The stations are equipped
with sensors that measure with 10-minutes-temporal-resolution environmental param-
eters of hydrometeorological interest (https://hoa.ntua.gr). Parallel to that, the National
Observatory of Athens (NOA) also operates a dense meteorological network in the
greater Athens area recording valuable meteorological information also in ten-minutes-
temporal resolution (NOA, 2012, www.meteo.gr/meteosearch).

Rainfall data selected for this study were extracted from Penteli, Pikermi, R400, R600
stations of HOA network, and, Kantza and Spata stations of NOA network (Fig. 1).
Temperatures were retrieved from Pikermi thermometer. Note that, except for Penteli
station — 2 km north outside of the catchment — all the stations are located within the
catchment boundaries. Measured stages at Rafina gauged site were used to develop
updated rating curves and thus evaluate discharges at the locations of the gauges.
The period of analysis ranges from 12 March 2009 to 7 December 2012. The main
data analysis included a quality control to remove inconsistent values, and aggregation
operations to produce hourly based time step temporal resolution.
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The rating curve developed for the Rafina site was based on velocity measurements
carried out occasionally from the end of 2009 from low to medium water levels. It was
assumed that (i) the instrument always worked in ideal conditions (as we realized from
the discharge dataset), and, (ii) the geometry of gauging cross-section was stable in
time, even though some changes may have been occurred during high flood events
due to erosion, sediment transport and deposition.

Mean areal rainfall was calculated by the Thiessen polygon method whereas direct
runoff was evaluated as in Melone et al. (2002) by using an appropriate baseflow sep-
aration technique.

For this study the events were extracted by selecting those with a continuous rainfall
characterized by a total rainfall larger than 10 mm, and, no rainfall in the preceding one
day . Eventually, fifteen rainfall runoff events were analysed with cumulated rainfall and
runoff coefficients ranging from 12.3 to 87.5mm and from 0.01 to 0.12, respectively
(Table 1). For the most significant event — occurred on 3 February 2011 — the max-
imum recorded peak discharge was 39.5 m>s~" while for the selected flood with the
lower intensity — recorded on 10 January 2012 — a peak discharge of 2.5 m3s~! was
observed.

2.3 Soil moisture indicators

Four different SM indicators were selected covering the period 2009—2012. In particu-
lar, the selected indicators were: (i) ground SM obtained from measurements carried
out at depth of 25 cm; (ii) ASCAT derived SM product (Wagner et al., 1999); (iii)) AMSR-
E derived SM product (Owe et al., 2001) and (iv) ERA-Land SM product from the
ECMWF (Balsamo et al., 2012).

2.3.1 Ground soil moisture data

SM data selected for this study were collected at Pikermi station (see Fig. 1) that is
the only station measuring SM data inside the catchment boundaries. The station was
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installed at the beginning of 2009 from HOA. The sensor measures volumetric SM
at a depth of 25cm through Frequency Domain Reflectometry (FDR) technique. The
measurements were scheduled from March 2009 with ten minute temporal resolution.

2.3.2 ASCAT soil moisture product (Technical University of Wien, TU-Wien)

ASCAT is a real-aperture radar instrument on board the MetOp satellite. It measures
radar backscatter at C-band (5.255GHz) in VV polarization. Its spatial resolution is
25km then re-sampled at 12.5km. In the study area, measurements are available at
least once a day (07:00-08:00UTC in descending orbit and/or 18:00-20:00 UTC in
ascending orbit).

The surface SM product (equivalent to a depth of 2-3 cm of the soil) is calculated
from the backscatter measurements through a time series-based change detection
approach previously used for the ERS-1/2 by Wagner et al. (1999). The SM is derived
by selecting the historical lowest and highest backscatter measurement to which is
assigned 0% (dry), and 100 % (wet) reference, respectively. The ASCAT surface SM
product used for this study covers the period 2009—2012 considering both ascending
and descending overpass.

2.3.3 AMSR-E soil moisture product (UvA-NASA)

The AMSR-E sensor is the instrument on-board the NASA’s Aqua satellite. It is a pas-
sive microwave radiometer measuring at 6.9 GHz (C-Band) and five higher frequencies.
The sensor has provided measurements from May 2002 to October 2011 with daily as-
cending and descending overpasses. Its swath with is 1445 km.

In this study the Land Parameter Retrieval Model (LPRM) was used as a retrieval
algorithm (Owe et al., 2001, 2008) on data of the period 2009-2011 (AMSR-E sensor
stopped working in October 2011). The LPRM was developed by the University of
Amsterdam (UvA) and NASA and was successfully tested over many sites in Europe
(Brocca et al., 2011c¢).

11005

Jaded uoissnosiq | Jadedq uoissnosiq | Jaded uoissnosiq | Jaded uoissnosiq

HESSD
10, 10997-11033, 2013

Flood modelling in
Mediterranean
catchments

C. Massairri et al.

' II“ III


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/10997/2013/hessd-10-10997-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/10997/2013/hessd-10-10997-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

2.3.4 ERA-Land soil moisture product (ECMWF)

The ECMWF provides medium range global forecasts for some environmental vari-
ables that include soil temperature, evaporation and SM. The ERA-Land SM produced
by ECMWEF is a land product developed at ECMWF exploiting most recent land mod-
elling advancements, e.g. H-TESSEL Land Surface Model (Balsamo et al., 2012; Al-
bergel et al., 2012). The SM analyses range from 1 January 1979 to 31 December 2012
and are available for 00:00, 06:00, 12:00 and 18:00 UTC with a spatial resolution of
about 80 km (T255) considering 4 layers of soil (0-7, 7-29, 29—100 and 100-289 cm).
In this study, the SM values relative to the first two layers (0—29 cm) were compared
with in situ data, while the values of the first three soil layers (0—100 cm) were used for
the RR transformation.

3 Methods
3.1 Simplified continuous rainfall runoff model

Continuous RR models simulate SM to take the variability of the wetness conditions
prior to a rainfall event into account. If SM at the beginning of an event is provided by
an external indicator, i.e. in situ or globally available SM observations such as satellite
and model-based reanalysis SM products, the structure of a simplified but continuous
RR model can be derived as schematized in Fig. 2.

The event-based RR model considered in this study employs the Soil Conservation
Service — Curve Number (SCS-CN) method for estimation of losses. The choice of
the SCS-CN method is due to its wide use since 1980 (Kim and Lee, 2008) and its
simplicity. In particular, for a storm the partitioning of rainfall into runoff using the SCS-
CN method is based on the following equation:

_(P-F)

Q_P—Fa+S -

(1)
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where F, is the initial abstraction, S is the soil potential maximum retention, Q is the
direct runoff depth, and P is the rainfall depth. The quantity F, is considered linearly
dependent on S by:

F,=1S 2)

where 1 is the initial abstraction coefficient. Equation (1) is extended for the time evo-
lution of the effective rainfall rate, e(t), within a given storm as (Melone et al., 2001):
_dQ _ p()(P(t) - F)(P(t) - F, +25)

== (PO-F+9P

P(t) 2 F, 3)

t
where p is the rainfall rate and P(t) = [ p(7)d.
0

If the standard SCS method is used, S is estimated based on dimensionless CN
calculated as a function of land use, hydrological soil group, and total precipitation of
previous 5 days, API5 (Soil Conservation Service, 1993):

1000
=254 —=_1
S=25 ( 0)

(4)
APl tries to reproduce the wetness state of the catchment by evaluating the cumu-
lative rainfall of the preceding five days. However, as shown by (Brocca et al., 2009a,
b; Tramblay et al., 2010) for several Mediterranean catchments, this approach is not
adequate and the use of different indicators for SM was advocated.

Based on that, the simplified continuous RR model proposed here uses SM indica-
tors provided by external sources (e.g. satellite data) to infer the value of S parameter
for runoff determination. The RR model exploits the observed linear behaviour between
the wetness state of the soil and the parameter S (Brocca et al., 2009a, b) by the fol-
lowing linear relationship:

S=a(l-6,) (5)
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In Eq. (5) 6, is the relative SM (or degree of saturation) and a is a parameter to be
estimated.

Once the time evolution of effective rainfall is computed, the routing to the outlet of
the catchment is obtained by the convolution of the rainfall excess and the Geomor-
phological Unit Hydrograph (GIUH), such as proposed by (Gupta and Waymire, 1980).
In the model the lag time is evaluated through the relationship proposed by (Melone et
al., 2002):

L = n1.194033 (6)

with L being the lag time (h), A the area of the catchment (km2), and n a parameter to
be calibrated (Moramarco et al., 2005).

In synthesis, the simplified continuous RR model proposed in this paper uses the
SM and the event rainfall data (i.e. continuous rainfall time series are not needed) as
input data to simulate hourly flood hydrograph. Since the SM is provided by an external
indicator, the S - 6, relationship becomes a model relation embedded in the model
structure and it is used to estimate the value of Sfor the analysed events. The calibra-
tion of the model involves only three parameters: the coefficient of initial abstractions
A, the parameter a of the S - 6, relationship and the parameter of the lag time-area
relationship.

For this study, a lumped model is employed even though the same concept can be
easily applied to spatially distributed models. Finally, we underline that the different
component of the models (i.e. SCS-CN and GIUH) can be changed while keeping the
general model structure shown in Fig. 2.

3.2 Exponential filter

Root-zone SM data is the main control parameter on the catchment response to a given
storm event. As a result, the knowledge of a very thin surface layer (ca. 0-5cm) from
remotely sensed SM products is not sufficient for hydrological applications concerning
RR transformations.
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To obtain the root-zone SM product (SWI, Soil Water Index) from the satellite-based
surface observations, the semi-empirical approach developed by Wagner et al. (1999)
is adopted. The approach is also known as Exponential filter and uses a single pa-
rameter T (characteristic time length) that represents the time scale of SM variation
to obtain the SWI. The reader can find a more detailed description of this approach in
Wagner et al. (1999) and Albergel et al. (2012).

3.3 The soil water balance model

Besides the use of SM data from in situ, satellite and global models, a Soil Water Bal-
ance (SWB) model driven by ground data observed in the study area is employed for
the initialization of the event-based RR model, as in the classical schemes of continu-
ous RR models (Brocca et al., 2011c). The SWB model is a simple bucket model rep-
resenting the main processes needed for SM simulation (infiltration, percolation, evap-
otranspiration). More specifically, the processes are represented for infiltration through
the Green-Ampt equation, for drainage by a gravity driven non-linear relationship and
for actual evapotranspiration by a linear relationship with the potential evapotranspira-
tion, calculated through a modified Blaney and Criddle method. The reader is referred
to (Brocca et al., 2008, 2013) for the full description of the model equations and param-
eterisation. It should be underlined here that five physically-based parameters have
to be estimated: maximum water capacity of the soil layer, saturated hydraulic con-
ductivity, wetting front soil suction head, pore size distribution index and a correction
parameter for potential evapotranspiration.

3.4 Performance scores

The Nash-Sutcliffe efficiency coefficient, NS, was used to evaluate the agreement be-
tween the simulated and observed hydrographs for each of the selected flood events
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(Table 1):

Tev
; (Qobs - Qsim)2

NS =1 - =L (7)
Tev —_—
t;(aobs - Qobs)2

where Qs and Qq;, are the observed and simulated discharges at time t, Q, is the
mean value of the observed discharge during the event and T, is the event duration.
In particular as objective function the mean of the NS calculated for each event, was
selected and an hourly time step is used in the simulations. A gradient-based method
is adopted as optimization algorithm.

In addition, to evaluate the performance of the model in reproducing flood events,
the percentage error on peak discharge:

max(Q,,s) — max(Qs
EQ =100 ( obs) ( S|m) (8)
P max(Qeps)
and on direct runoff volume
Tev Tev
Z Qobs - Z Qsim
E, = 100- - ! 9)
; Qobs

were both evaluated. The correlation coefficient, R, and the root mean squared er-
ror, RMSE, were used as performance scores in the comparison of the SM estimates
(Sect. 4.1).
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4 Results and discussions
4.1 Comparison of the soil moisture indicators

Figure 3 plots the relative, i.e. normalized between 0 and 1, SM temporal pattern for
the SM indicators selected for this study in the period March 2009—December 2012. In
particular, the relative values of the ground SM (SM,,, i) obtained from measurements
carried out at depth of 25cm, were compared with (i) simulated SM calculated by the
SWB model, SM,,,,4 (Fig. 3a), (i) ERA-LAND SM product from ECMWF, obtained by
the weighted mean of the 0—7 cm and 7-29 cm soil layers, (Fig. 3b), (iii) ASCAT derived
SWI product (Fig. 3c) and (iv) AMSR-E derived SWI product (Fig. 3d).

In Fig. 3a, SM,,.q, Was obtained by the calibration of the SWB model on
the ground SM at a depth of 25cm by minimizing the RMSE in the period
March 2009-December 2012. The SWB model performance was found satisfactory
with RMSE =0.095 and R =0.926. As expected, the other modelled product, ERA-
Land (Fig. 3b), provides lower performance (R = 0.760) likely due to its coarse spatial
resolution (~80km) and to errors in the meteorological forcing (mainly precipitation)
that are obtained directly from the global model (not from ground observations as for
the SWB model).

For remotely sensed SM indicators (Fig. 3c and d) the evaluation of SWI data was
performed by varying the T parameter of the exponential filter from 1 to 200 days. For
the ASCAT SWI, an anomalous behaviour was observed in dry periods which involved
an anomalous increase without the occurrence of rainfall (see shaded areas in Fig. 3c).
Such behaviour has been observed in other arid and semi-arid regions as well, and it
is hypothesized to be due to volume scattering effects from dry sub-surface soil layers
(Wagner et al., 2013). Given that to date there is no solution to this problem, the anal-
ysis was carried out twice by considering the whole dataset and the one with removed
anomalous data. The calibration of the parameter T in the first case yielded T =133
days with a correlation coefficient R =0.668, while, when anomalous data were re-
moved, T =21 days and R =0.817 were obtained. While the first result conflicts with
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the results of Wagner et al. (1999), Ceballos et al. (2005) and Brocca et al. (2011),
the second one is in accordance with the studies of Wagner et al. (1999) which found
T =20 days for an area of about 600000 km? in Ukraine. Therefore, in what follows,
the ASCAT data set without anomalous data were considered. For the AMSR-E SWI
product, (Fig. 3d) the calibration gave T =7.5 days with R =0.844. In this case, the
lower values of T are due to the smother behaviour of the AMSR-E SM product with
respect to ASCAT.

4.2 Event based rainfall-runoff modelling
4.2.1 Floods simulation by using “observed” initial conditions

As a first analysis, to assess the optimal antecedent wetness condition for the selected
events, the “observed” soil potential maximum retention, S, was determined by using
observed rainfall and direct runoff depth by inverting Eq. (1):

1

R (10)

Sops = <2/1P—/IQ+ Q- VI2QP-21CP + 44PQ + @P)
Then, the two remaining model parameters, 1 and n were calibrated by maximizing
the mean of the NS values estimated for each event. The value of the parameters
obtained in the calibration (Table 2) were 1 =0.0015 and n7=0.669 while S,,; ranges
from 254 to 1188 mm (see Table 3) indicating a wide range of initial conditions at the
beginning of the events. NS values range from 0.23 to 0.84, with a mean value of 0.60,
indicating a quite satisfactory fit of the model, with the three greatest events (peak
discharge > 12m®s™") showing the highest NS values (NS > 0.80). The observed and
simulated discharge hydrographs are shown in Fig. 4.

Due to the low reliability of the estimated rating curve as well as the weak response
of the catchment to rainfall inputs in terms of runoff, for low magnitude flood events, the
peak discharges are usually overestimated (Fig. 4). Indeed, a successful application of
whatever rainfall runoff model to this area may be very difficult since the contribution
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of the rainfall to runoff is very small (see the low runoff coefficients in Table 1). The
simulations with the “observed” initial conditions represent the best performance that
can be attained by the employed event-based RR model in the Rafina catchment.

4.2.2 Floods simulation by using constant initial conditions

If an event-based RR model is run without the knowledge of the initial SM conditions,
a constant value for all the events has to be selected. For that, the initial condition was
set by using the average of the CN values computed by inverting Eq. (4), in which S for
each event, was assumed equal to the S, obtained in the previous section and shown
in Table 3. This simulation serves to assess the performance obtained by considering
unknown and constant initial conditions (even though obtained from the S, values).
Results of the calibration for 1 and n parameters are given in Table 2. In this case, a
very low performance was obtained with a mean and median NS value equal to —0.41
and 0.10, respectively (Table 3).

4.3 Simplified continuous rainfall runoff modelling

To assess the capability of the proposed simplified continuous RR model, the calibra-
tion was carried out in two different ways: first, by considering the whole flood dataset,
then, by splitting the dataset in a calibration and a validation period. Normally, the soil
layer depth that controls the RR transformation is usually larger than 25cm. As a re-
sult, for the runoff modelling the parameters of the SM indicators presented in Sect. 4.1
were re-calibrated to give the best results in terms of runoff prediction by using only
discharges recorded at Rafina gauged site. That is, the SWB model parameters, the
T value for the ASCAT and AMSR-E products and the soil layers for the ERA-Land
product were optimized along with the other parameters of the proposed model.
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4.3.1 Model performance (calibration)

The results of the calibration using in situ data give NS values ranging from 0.16 to 0.85
with a mean of 0.44 (NS;, s, column in Table 3). Median Eop shows the largest value
among the other calibration results (see Fig. 5). When modelled SM of the SWB was
used, very similar results were obtained with NS varying from 0.07 to 0.81 and a mean
value equal to 0.45. In this case, the modelled SM obtained by calibrating the SWB
model on the observed discharges (not shown for brevity) showed smoother variations
in time with respect to the one in Fig. 3a (calibrated considering ground data).

For ERA-LAND SM, NS ranges from 0.13 to 0.86 with a mean of 0.49 (NSg,, column
in Table 3). In contrast with the results shown in Fig. 3b, the SM was calculated by
considering the weighted mean of the three SM available layers (0-7, 0-29, 0-100 cm)
because it supplied better results with respect to the first two layers.

For ASCAT, only the dataset with anomalous data removed was used in calibration,
while, AMSR-E results do not account the two last events (19 December 2011 and
10 January 2012) because of the unavailability of SM product in these two dates. Ta-
ble 3 shows results for ASCAT and AMSR-E. NS yielded 0.45 and 0.47 (mean) and
0.32 and 0.42 (median), respectively. Performances in volume and in peak discharge
are very similar for both products. For ASCAT, the calibration was also carried without
excluding anomalous data, leading to worse results for all the performance scores (not
shown for brevity).

Note that in this case, the calibrated values of T (162.4 and 101.8 days for ASCAT
and AMSR-E respectively) are much higher than the ones found in Sect. 4.1. These
results are consistent with previous ones which highlight an influence of a deep soll
layer in the RR transformation process (Brocca et al., 2010).

In the end, in terms of mean NS, the performance scores are encompassed in the
ones obtained in by using S, and those considering a constant CN. Although only
35 % of the events show NS greater than 0.6, the best results are obtained for the
largest events (e.g. 11 December 2009, 3 February 2011, 24 February 2011) which are
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more significant for flood forecasting purposes. Figure 5a and b display the cumulative
frequency in volume and absolute error in peak discharge, respectively. As expected,
best results in E, are obtained with the calibration using S, While the calibration
assuming a constant CN shows E, greater than 100 % for the 15 % of the events. By
contrast, using a constant CN seems to give good results in terms of Eop- However,
such a behaviour concerns only the smaller events. That is, the error rapidly increases
over the one obtained with the simplified continuous RR model for the most significant
events.

When using the continuous simplified RR model, ERA-LAND SM product obtains
the best performance in terms of median NS (Table 3) and median of error in peak
discharge EQp (45.3 %, Fig. 5b). The ground data, which are based on soil moisture
measurements at a depth of 25cm, yield similar behaviour with respect to the other
indicators both in terms of mean NS and E, (Fig. 5a), but worse results in terms of
median EQp (Fig. 5b). If the calibration using ground data is carried out to take into ac-
count the soil layer depth influence on the RR transformation by varying the parameter
T (not shown here for brevity), T yields 13.9 days with an improvement of the results
in median NS from 0.39 to 0.43, and a reduction in median Eop from 0.6 to 0.52.

The two remotely sensed SM products perform very similar although AMSR-E shows
better results in terms of mean NS and EQp' However, a direct comparison cannot be
accomplished since the number of events used is not the same. When the latter two
events are removed from ASCAT calibration, the latter slightly outperforms AMSR-E
both in terms of mean and median NS.

4.3.2 Model performance (calibration and validation)

Despite the low number of events available, a simple split sample test procedure was
performed by calibrating the model on the first eight events, then, the validation was
executed on the remainder of them. The value of the parameters obtained in calibra-
tion is very similar to those shown in Table 2, and hence, it is not shown for brevity.
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The validation was performed on seven events occurred from 24 February 2011 to
10 January 2012. Results in terms of mean NS are shown in Table 4. For AMSR-E the
latter two events were not available, therefore, the validation involved only five events
occurred from 24 February 2011 to 12 June 2011 (numbers in brackets in the validation
column of Table 4 refer to the mean NS calculated on this period). Figure 6 6 plots the
cumulative frequency of NS obtained in validation. Apart from the results of AMSR-E
(based on five events where the model behaves better), the best performances are
obtained for ERA-LAND, both in calibration and validation. The two satellite products
perform very similar when choosing the same events and the results are comparable
with those obtained with the SWB data. When using a constant S, instead of estimat-
ing it from the soil moisture indicator, the model performances (not shown) are very low
with negative Nash values and large Eop-

Figure 7 shows the observed and predicted hydrograph for the validation event of
24 February 2011 obtained by observed, modelled and ERA-LAND SM indicators
(a), and by ASCAT and AMSR-E SM products (b). The results are fairly similar with
ERA-Land and AMSR-E outperforming the other indicators in terms of NS (NS = 0.82)
and in Eop (14 and 15 %, respectively). Lower performances are obtained for ASCAT
(NS =0.64, Eop =37 %) and ground data (NS =0.69, Eop =31%).

5 Conclusions

A simplified continuous RR model has been developed to simulate discharge hydro-
graphs in a small Greek catchment located in Attica region. The model uses globally
available soil moisture and event rainfall data (i.e. continuous rainfall time series are
not needed) to simulate hourly flood hydrographs. The soil moisture provided by an
external indicator is used to infer the initial condition of the model through a linear re-
lationship previously introduced by Brocca et al. (2009a, b) directly embedded in the
model structure. This modelling approach shows the advantages of event-based RR
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models but also overcomes the issues related to the selection of the soil moisture ini-
tial condition.

Different SM indicators are compared in terms of flood hydrographs prediction (ERA-
LAND, ASCAT, AMSR-E, in situ and modelled data). In general, the model satisfactorily
reproduced the flood events although the uncertainties present in the available rating
curve. A soil layer thickness greater than 20-30 cm seems to control the rainfall runoff
transformation process for the investigated basin. The best results were obtained when
using the ERA-LAND SM product of ECWMF (0—100 cm). ASCAT and AMSR-E satel-
lite soil moisture products perform very similar obtaining results comparable of those
obtained by the SWB, which requires rain and temperatures measured in continuous.
The model robustness was also tested by a split sample test procedure. The results
were found good leading to the same general conclusions i.e. ERA-LAND performs
better with respect to the other indicators.

For ASCAT, an anomalous behaviour was observed in dry periods, which involved an
anomalous increase of the soil moisture without the occurrence of rainfall. Given that,
the analysis for ASCAT was performed with removed anomalous data. This behaviour
has already been observed in several arid and semi-arid regions and needs further
investigation in future studies.

Overall, the similarity of the performance scores obtained by the global indicators
such as ERA-LAND, ASCAT and AMSR-E with respect to the in situ and modelled
data recommend the use of global available products to overcome the lack of ground
data for hydrological applications in many areas of south Europe. Moreover, the small
number of parameters used by the model along with the ever-increasing availability of
global soil moisture retrievals, suggest a greater effort in research for the applicability
of the model for flood forecasting purposes to poorly gauged sites of the Mediterranean
areas. Future studies need to assess the performance of the model in other catchments
to support these conclusions.
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Table 1. Main characteristics of the selected rainfall-runoff events. Mediterranean

Maximum Lag Total Direct Runoff o catchments
discharge time rainfall runoff coefficient Duration o C. Massari et al
Dates m®s™  [h]  [mm] [mm] [-] [h] & ' '
21 March 2009 35 29 146 03 0.02 22 e
25 October 2009 10.7 3.8 27.8 1.3 0.04 25 S
26 October 2009 4.0 3 12.3 0.3 0.03 19 =
3 November 2009 4.4 41 21.0 0.3 0.02 24 a
11 December 2009 124 4.0 34.8 1.8 0.05 24 =
2 January 2011 33 55 18.5 0.2 0.01 30 -
3 February 2011 395 54 87.5 10.7 0.12 40 @
18 February 2011 75 44 12.5 0.6 0.04 19 %
24 February 2011 18.8 5.2 47.2 5.8 0.12 37 g.
7 March 2011 55 5.0 17.0 0.8 0.05 26 =)
17 April 2011 29 441 12.7 0.2 0.02 23 Ry
26 April 2011 5.0 5.8 28.6 1.0 0.04 37 8
12 June 2011 9.3 44 28.2 1.1 0.04 19
19 December 2011 6.7 85 18.8 1.0 0.05 35 —
10 January 2012 25 9.2 15.0 0.7 0.05 39 o
7
(=
7)
©
=}
T
QO
e
@
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Table 2. Calibrated parameters of the event based models by the maximization of the mean

NS.

Soil moisture

indicator a [mm"] n A T[days]
Sobs 0.669 0.0015 -
In situ 1029 0.667 0.0010 -
Modelled 1107 0.663 0.0010 -
ERA-Land 1097 0.659 0.0010 -
ASCAT 1074 0.667 0.0010 162.4
AMSR-E 1200 0.648 0.0021 101.8
Scost - 0.307 0.0010 -
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Table 3. NS performance of the event based models used in the study. Mediterranean

Dates Sobs MM] NS NSjpgry NSpog  NSgra  NSascar  NSawsre  NSscost o LGl
21 March 2009 6533 040 042 022 043 032 042 -0.62 z C. Massari et al.
25 October 2009 543.3 0.57 0.49 039 045 0.42 0.32 0.5 &
26 October 2009 372.0 0.35 0.18 0.10 0.13 0.10 0.02 0.28 g
3 November 2009 1051.2 0.68 0.48 0.67 0.53 0.61 0.68 -3.8 =
11 December 2009 599.1 0.84 0.82 0.78 0.86 0.84 0.73 0.58 Ry
2 January 2011 1187.5 0.64 0.31 0.46 0.62 0.27 025 -4.75 B
3 February 2011 612.5 0.80 0.82 0.81 0.77 0.82 0.80 0.75 a
18 February 2011 253.9 0.59 0.26 037 0.35 0.29 0.38 0.00 —
24 February 2011 330.4 0.84 0.85 0.79 0.80 0.73 0.83 0.75
7 March 2011 323.8 0.81 0.59 0.80 0.82 0.71 0.81 0.37 g
17 April 2011 646.5 0.23 0.16 0.19 0.16 0.24 0.09 -0.61 2!
26 April 2011 718.9 0.77 0.78 0.69 0.66 0.78 0.47 0.53 =
12 June 2011 329.9 0.53 0.34 0.31 0.36 0.23 028 -0.12 o
19 December 2011 302.1 0.53 0.18 0.14 0.20 0.23 - =017 %
10 January 2012 289.9 0.46 0.23 0.07 0.15 0.11 - 0.09 i)
Mean 547.62 0.60 0.44 0.45 0.49 0.45 047 -0.41 g
Median 543.3 0.59 0.39 0.39 045 0.32 0.42 0.09 .
Max 1187.5 0.84 0.85 0.81 0.86 0.84 0.83 0.75
Min 253.9 0.23 0.16 0.07 0.13 0.1 0.02 -4.75 O
8
=
(7]
()]
Z
=)
T
v
°
5
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Table 4. Summary of the model performance in terms of Mean NS in calibration (8 events,
from 21 March 2009—to 18 February 2011) and validation (7 events, from 24 February 2011
to 10 January 2011). Numbers in brackets in the validation column refer to the validation per-

formed on 5 events, (the only available for AMSR-E).

Calibration Validation
Period 21 March 2009-18 February 2011 24 February 2011-10 January 2011
(24 February 2011-12 June 2011)
# events 8 7(5)
Score Mean NS Mean NS
In situ 0.48 0.34 (0.43)
Modelled 0.48 0.42(0.55)
ERA-Land 0.52 0.44 (0.56)
ASCAT 0.48 0.37 (0.48)
AMSR-E 0.47 (0.47)
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Fig. 2. Structure of the simplified continuous RR model.
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Rexy0.688 T= 133 days
Ro,=0 816 =21 days

Relative soil moisture [-]

SMabs

SMmos = =SWIASCAT(a)  * SWIASCAT(b) === ERALAND 0-29cm) *++e++ SWIAMSRE

Fig. 3. Relative soil moisture temporal pattern for the different soil moisture indicators selected
for this study (period March 2009-December 2012). Comparison between the relative values of
the ground soil moisture obtained from measurements carried out at depth of 25 cm (Number
of data, N =32 783 hourly data) with: (a) simulated soil moisture calculated by the SWB com-
ponent (N =32783), (b) ERA-Land soil moisture product from ECMWF obtained by weighted
mean of the 0-7 cm and 7-29 cm products (N = 1367), (¢) SWI ASCAT derived soil moisture
product considering the whole dataset (N = 1018) (the shaded windows refer to the anomalous
data in the dry periods) and the dataset with data in shaded windows removed (N = 553), (d)
SWI AMSR-E derived soil moisture product (N = 584).
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Fig. 5. Cumulative frequency of absolute error in Volume E, (a) and absolute error in peak
discharge, Eop (b) calculated for the selected events.
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Fig. 7. Comparison of observed and predicted hydrographs for the validation event of 24 Febru-
ary 2011 at Rafina gauged site for ground SM, modelled SM and ERA-LAND SM (a); ASCAT

and AMSR-E (b).
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