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Abstract. Floods are one of the most dangerous natural hazthat: (i) all global indicators allow for a fairly good repro-
ards in Mediterranean regions. Flood forecasting tools andluction of the selected flood events, providing much better
early warning systems can be very beneficial to reducingresults than those obtained from setting constant initial con-
flood risk. Event-based rainfall-runoff models are frequently ditions; (ii) the use of all the indicators yields similar results
employed for operational flood forecasting purposes becausehen compared with a standard continuous simulation ap-
of their simplicity and the reduced number of parameters in-proach that, however, is more data demanding; (ii) SCRRM
volved with respect to continuous models. However, the adds robust since it shows good performances in validation for
vantages related to the reduced parameterization oppose #significant flood event that occurred on February 2013 (af-
the need of a correct initialization of the model, especially ter calibrating the model for small to medium flood events).
in areas characterized by strong climate seasonality. In thi®ue to the wide diffusion of globally available soil mois-
case, the use of continuous models could be desirable but ture retrievals and the limited number of parameters used,
is very problematic in poorly gauged areas where continuoughe proposed modelling approach is very suitable for runoff
rainfall and temperature data are not available. This papeprediction in poorly gauged areas.
introduces a Simplified Continuous Rainfall-Runoff model
(SCRRM), which uses globally available soil moisture re-
trievals to identify the initial wetness condition of the catch-
ment, and, only event rainfall data to simulate discharge hy-l Introduction
drographs. The model calibration involves only three param-
eters. For soil moisture, besides in situ data, satellite prodin the context of climate change, in which runoff production
ucts from the Advanced SCATterometer (ASCAT) and the mechanisms appear to be exacerbated by the modification
Advanced Microwave Scanning Radiometer for Earth obser-0f climatic variables, the flood frequency regime is altered
vation (AMSR-E) sensors were employed. Additionally, the and an increasing frequency of extreme events is to be ex-
ERA-Land reanalysis soil moisture product of the EuropeanpeCted- The Report of Intergovernmental Panel on Climate
Centre for Medium-Range Weather Forecasting (ECMWF)Change (IPCC, 2001) on potential effects of climate change
was used. highlights that “flood magnitude and frequency are likely (a
SCRRM was tested in the small catchment of the Ra-66-90 % probability) to increase in most regions”. Notwith-
fina River, 109k, located in the eastern Attica region, Standing this issue, Europe seems to lack suitable and reli-
Greece. Specifically, sixteen recorded rainfall-runoff eventsaPle procedures to promptly address the fundamental issues
were simulated by considering the different indicators for Of flood-risk assessment and management. Even though sev-
the estimation of the initial soil moisture conditions from in €ralimportantlaws and directives, both at national and at EU
situ, satellite and reanalysis data. By comparing the perforlevel, have been issued addressing this point, i.e. European
mance of the different soil moisture products, we concludeFloods Directive 2007/60/CE, such legislative tools have not
succeeded yet in effectively reducing the devastating and
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catastrophic effects of extreme flood events (Barredo, 2006)products are globally and freely available from active and
To this end, flood forecasting and early warning systems haveassive microwave sensors, e.g. the Advanced SCATterome-
been identified as fundamental tools for prevention and proter (ASCAT) (Bartalis et al., 2007), the Advanced Microwave
tection from flood risk. Scanning Radiometer for Earth observation (AMSR-E) (Owe
The development of an early warning system for flood et al., 2008), and the Microwave Imaging Radiometer with
forecasting is particularly difficult for small- to medium- Aperture Synthesis (MIRAS) (Kerr et al., 2010). The ac-
sized basins (area 400 kn?) for which the hydrologic re- curacy and maturity of these satellite products have con-
sponse is extremely fast and an hourly (or finer) temporaltributed to the implementation of a fully operational near-
resolution is required (Younis et al., 2008). To accomplishreal-time (NRT) SM processing chain for ASCAT (Wagner et
this task, a rainfall-runoff (RR) model able to simulate the al., 2013) from the European Organisation for the Exploita-
runoff formation process (i.e. estimation of losses) and alsdion of Meteorological Satellites (EUMETSAT) since De-
the hydrological routing along hillslopes and channels has tacember 2008. Finally, modelled SM data obtained from nu-
be set up. Besides the spatial discretization (lumped versumerical weather prediction systems operated by international
distributed models) and the process description (physicallymeteorological centres (e.g. the ECMWEF, European Centre
based versus conceptual models), RR models applied for ofor Medium-Range Weather Forecasting) are also available
erational flood forecasting can be subdivided in two mainon a global scale. As an example, in the framework of the im-
categories: continuous and event-based (Brocca et al., 201plementation of EUMETSAT’s H-SAF project (Satellite Ap-
Paquet et al., 2013). On the one hand, continuous RR modplication Facility on Support to Operational Hydrology and
els simulate the temporal evolution of the soil moisture (SM) Water Management), an ASCAT root zone SM profile prod-
conditions of the catchment, thus being able to model theuct has been developed based on ASCAT surface SM data
complex interaction between rainfall and SM which is nec- assimilation into the ECMWF Land Surface Data Assimi-
essary to properly predict flood hydrographs (Camici et al. lation System (De Rosnay et al., 2013). All these SM data
2011). However, the different processes (infiltration, percola-sets, which are globally available, might be potentially used
tion, evapotranspiration, interception) involved in the simula-for the initialization of event-based RR models in different
tion of the SM temporal evolution may require a large num- catchments and regions worldwide, even for poorly gauged
ber of parameters to be identified. This could easily intro-areas.
duce significant uncertainties into the model prediction and Some studies attempted to relate the RR model initial con-
non-identifiable problems (Beven, 2006). Moreover, contin-ditions with different external indicators of SM estimated by
uous models require long-term and uninterrupted time sein situ, satellite and modelled data (Brocca et al., 2009a, b,
ries for the input data (at least rainfall and temperature) and®2011a; Tramblay et al., 2010, 2011, 2012; Beck et al., 2009;
this could be a strong limitation in many regions world- Coustau et al., 2012; Graeff et al., 2012). In situ data were
wide, mainly if hourly observations are needed (Viviroli et employed in many studies investigating the relationship be-
al., 2009). On the other hand, event-based RR models neeveen SM and runoff (e.g. Penna et al., 2011; Matgen et al.,
a reduced parameterization, and they are easy to be appliedp12; Graeff et al., 2012), thus indirectly determining their
even from users without extended hydrological expertise, angotential use for RR modelling. Brocca et al. (2009a, 2011b)
require low computational effort. For that, these types ofand Beck et al. (2009) used the SM products from ASCAT
models are very appealing, and frequently employed withinand AMSR-E for RR modelling in Italy, Luxembourg and
operational flood forecasting systems (Berthet et al., 2009Australia. However, the main purpose of these studies was to
Coustau et al., 2012). The major limitations of event-basednvestigate the relationship between modelled and observed
models lie in the definition of the initial SM conditions that antecedent wetness conditions, without explicitly building a
could be very different from one storm event to anothermodel that incorporates external SM data.
(Tramblay et al., 2012; Coustau et al., 2012, Van Steenbergen In this study, a Simplified Continuous RR Model
and Willems, 2013). This issue is particularly challenging (SCRRM) is proposed by exploiting SM provided by ground,
in regions characterized by strong seasonality of the climatesatellite and reanalysis data. This new approach offers the ad-
as it occurs in Mediterranean basins (Aronica and Candelayantages of continuous models, with the difference that the
2004). temporal evolution of SM over a long-term period is assessed
Nowadays, several SM data sources are available, also oby using SM directly from external sources, thus avoiding
a global scale. Specifically, SM information can be obtainedsimulating processes such as evapotranspiration, evapora-
from in situ and satellite sensors or from land surface mod-tion and groundwater flow. The “observed” SM time series
els. From in situ observations, it is worth mentioning the In- (i.e. those provided by external sources) are used to set the
ternational Soil Moisture Network (Dorigo et al., 2011), an initial saturation conditions of the catchment within an event-
international cooperation to establish and maintain a globabased model (Melone et al., 2001). In this way, the model is
in situ SM database that can be used for global analysispresented as “simplified continuous” since it links SM time
e.g. the validation of the retrieval algorithms applied to re- series and a conceptual model for flood prediction. Doing
motely sensed observations. Moreover, several satellite SMo, the benefits of the event-based simulation, e.g. model
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Fig. 1. Study area and locations of meteorological and runoff gauges stations used in the study.

parsimony, simplicity of use and no need for continuous rain-the maximum 909 ma.s.l.). Ground slope ranges from 0 to
fall and evapotranspiration data are achieved, while leaving37.8 % with a mean value of 7.5 %. Increased slopes and ir-
the temporal evolution of the SM balance assessed by exregular terrain exist mainly at the upstream parts of the area.
ternal sources. The results suggest that SCRRM can be paattica has a typical subtropical Mediterranean climate, with
ticularly advantageous for operational purposes, especiallyprolonged hot and dry summers succeeded by considerably
in poorly gauged areas, where there is a lack of continuousnild and wet winters. The mean annual precipitation is ap-
meteorological data sets and a need to reduce the model paroximately 400 mm, while snowfall is rare. Drought peri-
rameterization, as well as to simplify the model structure inods usually begin in May and last until October. The daily
order to facilitate the model setup by end users (Montaldo emean temperature ranges betweefiQduring the summer
al., 2005; Coccia et al., 2009; Todini, 2009). months and 11C during the winter months (Papathanasiou
In the following, we first describe the study area (Rafinaet al., 2013).
River basin, 109 krfy Greece), the meteorological data sets Geologically, the study area is part of the Attico—Cycladic
and the selected SM indicators to be used within SCRRM Massif. The Neogene and Quaternary deposits fill up the
then, besides the other models used (an event-based mod#tgradations and tectonic grabens of the east Attica Basin
and a standard continuous model) we describe the structurand consist of alluvial deposits and Mio-pliocene lacus-
of SCRRM. In the results, we present both the comparisortrine and terrestrial deposits, conglomerates, sand, marls,
between in situ and the selected SM indicators used and thelayey material, marly limestones and clays (Jacobshagen,
performance obtained from SCRRM compared to those 0b41986). Rafina catchment is covered by different and often
tained from the other models used in this study. conflicting land uses. More specifically, it includes forests
(~30%), arable soils and grasslands50 %) mainly lo-
cated upstream, and urban cells Z0 %) located down-

2 Study area and data sets stream (Alonistioti, 2011). The study area is under constantly
_ increasing urbanization, its northern part is forested with
2.1 Rafina catchment flammable material and sediment load transfer and soil erodi-

) ) ) ) bility are intense (Papathanasiou et al., 2009, 2012).
The study area is the Rafina river basin upstream from the

Rafina gauged section (109 kn 2.2 Hydro-meteorological data

This is a periurban area in the greater southeast Meso-
geia region in eastern Attica, Greece (Fig. 1). The area geThe Laboratory of Hydrology and Water Resources Man-
ographically extends from east of the Hymettus mountainsagement of the School of Civil Engineers of the National
to the coastline of Evoikos Gulf. The mean altitude of the re- Technical University of Athens (NTUA) operates the Hydro-
gion is 227 ma.s.l. (with the minimum altitude being 0 and logical Observatory of Athens (HOA), a dense monitoring
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Table 1. Main characteristics of the selected rainfall-runoff evef¢sepresents the in situ relative soil moisture at the beginning of each
selected event.

Dates Maximum Lag Total Direct Runoff Duration 6,
discharge time rainfall runoff coefficient [h] (in situ)
m3s~11  [h] (mm]  [mm] [-] (-]

21 Mar 2009 35 29 14.6 0.3 0.02 22 0.43

25 Oct 2009 10.7 3.8 27.8 1.3 0.04 25 0.22

26 Oct 2009 40 3 12.3 0.3 0.03 19 0.33

3 Nov 2009 44 4.1 21.0 0.3 0.02 24 0.38

11 Dec 2009 124 4.0 34.8 1.8 0.05 24 0.52

2 Jan 2011 3.3 55 18.5 0.2 0.01 30 0.40

3 Feb 2011 395 54 87.5 10.7 0.12 40 0.49

18 Feb 2011 75 4.1 12.5 0.6 0.04 19 0.42

24 Feb 2011 18.8 5.2 47.2 5.8 0.12 37 0.58

7 Mar 2011 55 5.0 17.0 0.8 0.05 26 0.48

17 Apr 2011 29 41 12.7 0.2 0.02 23 0.22

26 Apr 2011 50 538 28.6 1.0 0.04 37 0.27

12 Jun 2011 9.3 44 28.2 1.1 0.04 19 0.31

19 Dec 2011 6.7 85 18.8 1.0 0.05 35 0.09

10 Jan 2012 25 9.2 15.0 0.7 0.05 39 0.34

21 Feb 2013 137.2 4.6 107.1 14.5 0.13 38 0.67

hydrometeorological network in the greater Athens area.changes may have occurred during high flood events due to
HOA is the evolution from the METEONET network that erosion, sediment transport and deposition. Based on that, it
has been operating since 2005 and consists of several active likely that the rating curve contains inherent uncertainties,
meteorological and active runoff measuring stations, prop-which may affect the estimated runoff coefficients. However,
erly located in the area. The stations are equipped with serthis is the best data available. Moreover, this issue extends
sors that measure with 10-minute temporal resolution envibeyond the main goal of the paper and it is expected to not
ronmental parameters of hydrometeorological interest. Deaffect the results since the same errors are present for all the
tailed information of the instruments can be founchdps:  investigated configurations.
/lhoa.ntua.gr Parallel to that, the National Observatory of = The mean areal rainfall was calculated by the Inverse Dis-
Athens (NOA) also operates a dense meteorological networltance Weighting Method. Direct runoff was evaluated as in
in the greater Athens area also recording valuable meteoroMelone et al. (2002) by using an appropriate baseflow sepa-
logical information in 10-minute temporal resolution (NOA, ration technique.
2012,www.meteo.gr/meteosearch For this study, rainfall events were extracted by select-
For this study, rainfall data were extracted from six rainfall ing those with a continuous rainfall characterized by a to-
stations of HOA and NOA networks (Fig. 1). As the area ex- tal rainfall larger than 10 mm, and no rainfall in the preced-
tends over only 109 k&) this number can be considered ap- ing day. Eventually, 16 rainfall-runoff events were analysed
propriate to take into account the spatial variability of rainfall with cumulated rainfall and runoff coefficients ranging from
in the catchment. Temperatures were retrieved from the ther12.3 to 107 mm and from 0.01 to 0.13 mm, respectively (Ta-
mometer located in Pikermi. Measured stages at the Rafinale 1, Fig. 2). For the most significant event — occurring on
gauged site were used to develop updated rating curves aril February 2013 — the maximum recorded peak discharge
thus evaluate discharges at the locations of the gauge. Theas 137.2 Ais~1, while for the least intense event — recorded
period of analysis ranges from 12 March 2009 to 28 Febru-on 10 January 2012 — a peak discharge of 25 was
ary 2013. The main data analysis included a quality controlobserved.
to remove inconsistent values, and aggregation operations to
produce hourly based time-step temporal resolution. 2.3 Soil moisture indicators
The rating curve developed for the Rafina site was based
on velocity measurements carried out from the end of 2009-our different SM indicators were selected covering the pe-
for low to medium water levels. It was assumed that (i) theriod 2009-2013. In particular, the selected indicators were
instrument always worked under ideal conditions (as verified(i) ground SM obtained from measurements carried out at a
from the discharge data set), and, (ii) the geometry of gaugdepth of 25cm at Pikermi station (see Fig. 1); (i) ASCAT-
ing the cross-section was stable in time, even though somederived SM product (Wagner et al., 1999); (iii) AMSR-E-
derived SM product (Owe et al., 2001); and (iv) ERA-Land
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Table 2. Soil moisture indicators used in this study.

Soil LAT?! LONZ  Spatial Temporal Band Retrieval  Depth
moisture resolution  resolution [GHZ] algorithm  [cm]
indicator

Remote sensing soil moisture

In situ 37.9919 23.9194 N/A 10min N/A N/A 25
ERA-Land 38.2406 23.3417 80km 1 day N/A N/A 0-7, 8-28,
28-100
ASCAT 37.9326 23.8872 25km ~ 1 day 5.25 WARP 5.5 0-3
(Cband) v1.1
AMSR-E 37.875 23.875 56km ~ 1 day 6.90 LPRM 0-3
(C band)

1 AT =atitude, 2 LON = longitude.
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Fig. 2. Observed rainfall and discharge for the selected flood events.

SM product from the ECMWF (Balsamo et al., 2012). Given not considered. Table 2 summarizes the main characteristics

the catchment extension (about 100%rand the spatial res-  of the selected soil moisture indicators.

olution of the satellite (ASCAT and AMSR-E) and modelled

(ERA-Land), products-only data of the pixel nearest to the2.3.1 In situ soil moisture data

centroid of the catchment were used and the corresponding

relative surface SM time series were retrieved from the ap-SM data selected for this study were collected at Pikermi sta-

propriate database, that is, no spatial aggregation was carrigitbn (see Fig. 1). The station was installed at the beginning

out. Moreover, pixels near the sea or in mountain areas weref 2009 from HOA and can be considered representative of
the catchment in terms of land cover characteristics and soil
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properties. The sensor is a water content reflectometer Camsurface observations, the semi-empirical approach developed
bell Scientific CS616-L, installed in clay soil measuring vol- by Wagner et al. (1999) was adopted. The recursive formula-
umetric SM at a depth of 25 cm through frequency domaintion of the method relies on (Albergel et al., 2012)
reflectometry (FDR) technique. The measurements refer to

the period from March 2009 to February 2013 and have aSWI(t,) = SWI(t,-1) + K, [ms(t,) — SWI(#, — D], (1)
10-min temporal resolution. Since this station is the only one ) )
measuring SM within the catchment boundaries, it was asWWheréms(z,) is the surface SM observed by the satellite sen-

sumed that measurements reflect the temporal variability ofOh SWI, is the soil wetness index representing the profile-

the soil moisture in the catchment. averaged saturation degree and tiyis the acquisition time
of ms(t,). The gaink, at timez, is given by (in a recursive
232 Satellite soil moisture: ASCAT and AMSR-E form)

K1

Remote sensing soil moisture products were retrieved fromK, = PN (2

one active (ASCAT) and one passive sensor (AMSR-E). Both Ko_1+ e_( T )

of them allow the retrieval of surface SM (SM representative

of the first centimetres of the soil). In this section, after aWwhereT is the characteristic time length and represents the

description of each product we present the method for caltimescale of SM variation to obtain the SWI. For the initial-

culating the root zone SM from the remotely sensed surfacdzation of this filter, K3 and SWi were set to 1 anhs(r1),

SM. respectively (Albergel et al., 2012). The approach is also
ASCAT is a real-aperture radar instrument on board theknown as exponential filter. The reader can find a more de-

MetOp satellite. It measures radar backscatter at C-banéfiled description of this approach in Wagner et al. (1999)

(5.255GHz) in VV polarization. Its spatial resolution is and Albergel etal. (2012).

25km then re-sampled at 12.5 km. In the study area, mea- ) )

surements are available at least once a day (07:00—08:0%'3'3 ERA-Land soil moisture product (ECMWF)

UTC in descending orbit and/or 18:00-20:00 UTC in ascend- ; —
ing orbit). The surface SM product (equivalent to a depthThe ECMWF provides medium-range global forecasts for

o some environmental variables that include soil temperature,
of 2-3cm of the soil) is calculated from the backscatter b

measurements through a time-series-based change detectievaporation and SM. ERA-Land stems from ERA-Interim
. i § ., 2011) for the atmosphere, however its land sur-
approach previously used for the ERS-1/2 by Wagner e&rjee etal., 2011) for the atmosphere, however its land su

al. (1999). The SM is derived by selecting the historical Iow—tface components were completely revised to match ECMWF

est and highest backscatter measurement to which is respeﬁrT:-OSt recent developments, e.g. the HTESSEL land surface
tively assigned 0% (dry), and 100% (wet) reference. The odel (Balsamo et al., 2012, 2013; Albergel et al., 2012).

. HTESSEL uses the dominant soil texture class from the
ASCAT surface SM product used for this study covers the . .
period 2009-2013 considering both ascending and descen [AO (FAO, 2003) data set for each grid point. Albergel et

ing overpass I. (2012) provide further details concerning the integration
The AMSR-E sensor is the instrument on board the NASAOf the soil types into the ECMWE product.

Aqua satellite. It is a passive microwave radiometer measur; The ERA-Land SM product used in this study ranges
ing at 6.9GHz (C-Band) and five higher frequencies. Thefrom 1 January 1979 to 31 December 2012 and is available

sensor provided measurements from May 2002 to Octo_for 00:00, 06:00, 12:00 and 18:00 UTC with a spatial reso-

ber 2011 with daily ascending and descending overpasselu“on of about 80 km (T255) considering four layers of soil
and a spatial resolution of about 56 km (resampled at®).25 (07, 7-28, 28-100 and 100-289cm). In this study, the SM

. . values relative to the first two layers (0—28 cm) were com-
In this study the Land Parameter Retrieval Model (LPRM)ioared with in situ data, while the values of the first three soll

was used as a retrieval algorithm (Owe et al., 2001, 2008 :
. —1 for the RR f .
on data for the period 2009-2011 (AMSR-E sensor stoppe avers (0-100 cm) were used for the transtormation

working in October 2011). The LPRM was developed by

the University of Amsterdam (VU) in collaboration with 3 Flood modelling

NASA, and was successfully tested over many sites in Eu-

rope (e.g. Brocca et al., 2011c). In the following, we present a description of all the mod-
Remotely sensed products provide knowledge of soilels used in this paper: an event-based model “Modello Idro-

moisture for a very thin surface layer (ca. 0-5cm), howeverlogico Semidistribuito” (MISD, Melone et al., 2001), a con-

this is not sufficient for hydrological applications concern- tinuous model (MISDc model “ Modello Idrologico Semid-

ing RR transformation. Indeed, root-zone SM data are thdtribuito in Continuo”; Brocca et al., 2011b) and the “Sim-

main control parameters on the catchment response to a giveplified continuous rainfall-runoff model”, SCRRM, which

storm event (Brocca et al. 2010). To obtain the root-zonemight be viewed as an evolution of the previous two. It has to

SM product (SWI; soil water index) from the satellite-based be pointed out that external sources of SM, i.e. from satellite,
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from in situ or from ERA-Land products, are used here as a3.2 Continuous rainfall-runoff Model: MISDc
proxy of observations for the assessment of the wetness state

of the catchment (Beck et al., 2009; Brocca et al., 2009a, b)MlSDC is a continuous rainfall-runoff model SUCCESSfU”y
applied to the Tiber River for flood prediction and op-

3.1 Event-based rainfall-runoff model: MISD erational purposes http://www.cfumbria.it/MISDc). The
lumped version of MISDc model used in this study couples
The event-based RR model considered in this study is they sgil water balance model (SWB, Brocca et al., 2008) to
lumped version of MISD. simulate the soil moisture temporal pattern, and MISD as an
event-based RR model (MISD) for transferring the excess of
the rainfall to the outlet section of the catchment. The two
models are linked through an experimentally derived linear

3.1.1 Losses

MISD employs the Soil Conservation Service—Curve Num-

ber (SCS-CN) method for estimation of losses. The choice O{elgt|oqsh|p betweel O.f the SCS method, and the relative
the SCS-CN method is due to its wide use since 1980 (Kimson moisture at the beginning of the event. The MISDc struc-

and Lee, 2008) and its simplicity. In particular, for a storm ture was estal_)Iished by analysing th_e hydrolpgic response .Of
event the partitioning of rainfall into runoff using the SCS- a small experimental catchment equipped with an automatic

; ; - soil moisture monitoring system (Brocca et al., 2009a).
CN method is based on the following equation: X . .
ged The SWB model is a simple bucket model representing the

(P — Fa)? main processes needed for SM simulation: infiltration, per-
Q= P—Fa+ S P = Fa, (3) colation and evapotranspiration. More specifically, the pro-
i L i , i i cesses are represented for infiltration through the Green—
where Fa is the .Inltlal gbstractlonS is the soil potential Ampt equation, for drainage by a gravity-driven non-linear
maximum retention estimated as a function of land use, hyyg|ationship and for actual evapotranspiration by a linear re-
drological soil group, and total precipitation of the previous |a4anship with the potential evapotranspiration, calculated
five days;Q is the direct runoff depth; angt is the rainfall -, .4k 5 modified Blaney and Criddle method. The reader
depth. The quantitfa is considered linearly dependentSn g referred to Brocca et al. (2008, 2013) for the full descrip-
by tion of the model equations. The SM simulated by the SWB
Fa= AS, () is used to calculate the parametenf the SCS method by
means of an experimentally derived relationship betwgen
whereA is the initial abstraction coefficient (Soil Conserva- and SM (Brocca et al. 2009a, b):
tion Service, 1993). Equation (1) is extended for the time
evolution of the effective rainfall rates(r), within a given S = a (1 —6e), (7)

storm as (Melone et al., 2001 . . . . .
( ) whereg, is the modelled relative soil moisture at the begin-

40 _ p)(P() = Fa) (P(1) = Fa+25) P(t) > Fa (5)  Ning of the event and is a parameter to be estimated. Once

e(t) =
dr (P(t) = Fa+ 8)? the S parameter is estimated, MISD is used for simulating
; the flood hydrograph (see Sect. 3.1.2).
wherep is the rainfall rate and® (1) = [ p(<) dr. MISDc requires as input rainfall and air temperature data;
0 the model output is both the direct runoff hydrograph in cor-
3.1.2 Routing respondence to flood events and the catchment average rel-

ative soil moisture. In MISDc, seven parameters have to be

Once the time evolution of effective rainfall is computed, the €stimated, namely the maximum water capacity of the soil
routing to the outlet of the catchment is obtained from thelayer Wmax, the saturated hydraulic conductivifs, the ra-
convolution of the rainfall excess and the Geomorphologicaltio between the wetting front soil suction head and the soil
Instantaneous Unit Hydrograph (G|UH), such as proposedayer thiCkﬂESS/f/L, the pore size distribution inde’)(, the
by Gupta and Waymire (1980). In the model, the lag time iscorrection coefficient for potential evapotranspiratigrthe

evaluated through the relationship proposed by Melone et allag-area relationship parametgrthe initial abstraction co-
(2002) efficienta and the parameterof the S — 0 relationship (see

Brocca et al., 2011b for further details).
L = 11194933 (6)

. . . 3.3 Simplified continuous rainfall-runoff model:
with L being the lag time (h)A the area of the catchment SCRRM

(km?), andn a parameter to be calibrated (Moramarco et al.,

2005). Continuous RR models like MISDc simulate SM to take the
To sum up, the parameters of MISD model are the lag-areaariability of the wetness conditions prior to a rainfall event
relationship parameter/,, the initial abstraction coefficient, into account. They require as input’ Continuous|y measured
A, and the soil potential maximum retentidh, temperature or evapotranspiration and rainfall measurements
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Fig. 3. Structure of the Simplified Continuous RR Model (SCRRM).

to model SM and produce the discharge hydrograph. If thechanged while keeping the general model structure shown in
SM at the beginning of an event is provided by an exter-Fig. 3.

nal indicator, e.g. in situ or globally available SM observa-

tions such as satellite and model-based reanalysis products;4 Performance scores and data preparation

a new methodology approach can be derived, as schematized . )

in Fig. 3. SCRRM is similar to a continuous model but with 3-4-1 Performance in flood modelling

some significant differences. In particular, the temporal evo-
lution of the soil wetness conditions of the catchment is not
modelled from rainfall and temperature data like in MISDc

but it is integrated directly into the model from SM observa-

tions (i.e. SWB is replaced in SCRRM by SM observations).
Based on that, SCRRM uses SM indicators provided by ex-

For assessing the performance of the proposed models, the
Nash-Sutcliffe efficiency coefficient (NS) was used to eval-

uate the agreement between the simulated and observed hy-
drographs for each one of the selected flood events (Table 1):

ternal sources to infer the value ®parameter for runoff de- Tey

termination. Like in MISDc, the model exploits the observed > (Qobs — Osim)?

linear behaviour between the wetness state of the soil and theS = 1 — IT:1 , (8)
parametesS of the SCS method (Brocca et al., 2009a, b) via Ze‘:' (Qobs _ aobs)z

Eq. (7). Onces is known, the rainfall excess is calculated and =1

transferred to the outlet section as in MISD (see Sect. 3.1.2).

In synthesis, the SCRRM proposed in this paper uses th¥/N€re Qobs and Osim are the observed and simulated dis-
SM and the event rainfall data as sole inputs to simulateCharges at ,t'me respectl_vely,Qobs is the mean value of the
hourly flood hydrographs. Since the SM is provided by an ob_served dlsgharge during the e_vent gg&_i's the event du-
external indicator, the — de relationship becomes a model ration. In particular, as an objective function the mean Nash—

relation embedded in the model structure and it is used to>Uicliffe, NS was calculated as

estimate the value of for the analysed events. The calibra- Ney

tion of the model involves the following three parameters: > NS;

the coefficient of initial abstractioris the parametear ofthe g — /=2 )
S — 6 relationship, and the parametgof the lag time—area Nev

relationship.

and an hourly time step was used in the simulations. In

It has to be noted that the soil layer depth that controls th ) .
RR transformation is usually larger than few centimetres. AE.Eq' (9) Nev is the number of the events considered, whereas

o . . ._index j refers to the event of Table 1. For model calibration,

a result, the application of SCRRM with satellite products |s'a standard gradient-based automatic optimization method
- . ” . . ® ..
of SCRRM the characteristic time lengthof the exponen-  (‘fmincon” function in MATLAB ™) was used. In addition,
tial filter of Wagner et al. (1999) described in Sect. 2.3.2, orf0 évaluate the performance of the model in reproducing
by considering the appropriate soil layer depth for the ERA-fl00d events, the percentage error on peak discharge
Land reanalysis product (see Sect. 2.3.3). max — max(O«

For this study, a lumped model was employed, even though® g, = 100 (Qr::);)x(Q 5 (Qsim)
the same concept can be easily applied to spatially dis- ob
tributed models. Finally, it is highlighted that the different gnd the percentage error on direct runoff volume
components of the model (i.e. SCS-CN and GIUH) can be

(10)
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Fig. 4. Relative soil moisture temporal pattern for the different soil moisture indicators selected for this study (period March 2009—
February 2013). Comparison between the relative values of the ground soil moistyggggMbtained from measurements carried out at

a depth of 25 cm (number of datal,= 34 972 hourly data) witifa) ERA-Land soil moisture product from ECMWF (S8a-LAND(0-28cm)
obtained from the weighted mean of the 0—7 and 7—-28 cm proddctslé50);(b) SWI ASCAT-derived soil moisture product considering

the whole data set (SWkcar(aly N =1326,7 =147.5 days) and the data set with data in shaded windows removec\§8¥f{mask)

N =631,T =9.5 days)jc) AMSR-E-derived soil moisture product (S\Whsr-g, T =7.5 days;N =584). R refers to the correlation coeffi-

cient, RMSD are the root mean squared differences.

Tev Tev 4 Results and discussions
Z Qobs - Z Qsim
t t . . . .
Ey = 100 (11) 4.1 Assessment of the soil moisture indicators

ev
Z Qobs
t

Figure 4 compares the relative values of the ground SM
were both evaluated for each single event and as a mean ¢BMin situ) obtained from measurements carried out at a depth

all the selected events. of 25 cm with (i) ERA-Land SM product from ECMWEF, ob-
tained from the weighted mean of the 0—7 and 7-28 cm soil
3.4.2 SM data preparation layers, (Fig. 4a); (ii) ASCAT-derived SWI product (Fig. 4b);

and (iii) AMSR-E-derived SWI product (Fig. 4c). Data refer
ASCAT SMis given in percentage (indeX between 0 and 100)[0 the period March 2009_February 2013.
while AMSR-E, in situ and ERA-Land data are ir'm™2, ERA-Land (Fig. 4a), is satisfactorily correlated with in situ
therefore, to allow for a robust comparison and a homogeata (R =0.804) but it shows higher RMSD with respect to
nous parameter calibration, all soil moisture data sets (in situihe other products, (RMSD =0.200) likely due to its coarse
remotely sensed and modelled) were rescaled between [0, Kpatial resolution{ 80 km) and to errors in the meteorolog-
using their own maximum and minimum values over the pe-jca| forcing (mainly precipitation) that are obtained directly
riod of analysis. The evaluation of satellite and re-analysiSfrom the global model and not from ground observations.
SM data against in situ observations was carried out using Eqr remotely sensed SM indicators (Figs. 4b, c), the evalu-
the correlation coefficien®?, and the root mean squared dif- ation of SWI data was obtained from maximizing the correla-
ferences (RMSD) as in Brocca et al. (2011c). tion coefficientR by varying theT’ parameter of the exponen-
tial filter from 1 to 200 days at step of 0.5 days. For ASCAT,
an anomalous behaviour was observed in dry periods which
involved an anomalous increase without the occurrence of
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rainfall (see shaded areas in Fig. 3b). Such behaviour ha%able 3. Calibrated parameters of the models used in the study

been observed in other arid and semi-arid regions as wellpbtained from the maximization of the mean NS among all the

and it is assumed to be due to volume-scattering effects frongvents. MISIops=MISD using “observed” initial conditiorSops

dry sub-surface soil layers (Wagner et al., 2013). Given thafobtained from inverting Eq. 3); MISos=MISD model us-

to date there is no solution to this problem, the analysis wad"d constant observed initial conditions (equal to the mean of

carried out twice: once by considering the whole data set’obs @mong all the selected events); in situ=model SCRRM us-
. S . ing S estimated from in situ SM measurements; ASCAT = SCRRM

(SWilascarny in red in Fig. 4b) and once with removed

. L using S estimated from ASCAT SM measurements; AMSR-
anomalous data (SWéCAT(maSK)'n blue in Fig. 4b). In the E =SCRRM usingS estimated from AMSR-E SM measurements;

first case the parametdt is 147.5 days with a correlation gra-Land = SCRRM using estimated from ERA-Land SM mea-
coefficient R=0.707 and RMSD = 0153, whereas without surements; MISDc =MISDc model (Onty’ n and) are Shown)_
anomalous dat@ =9.5 days,k =0.702 and RMSD =0.105.

While the first result conflicts with the results of Wagner et Model a n A T

al. (1999), Ceballos et al. (2005) and Brocca et al. (2011c), [mm—1]

the second one is more similar to the studies of Wagner et

al. (1999) which foundr' equal to 20 days for an area of m:ggSObs g'gig 8'3813 B
about 600000 kM in the Ukraine. Therefore, in what fol- - Scost o ' ' -

. ! . In situ 1254 0.643 0.0010 -
lows, only the ASCAT data set without anomalous data is ASCAT 1250 0.645 00010 168.3
considered. For AMSR-E product (Fig. 4d),=7.5 days AMSR-E 1250 0.647 0.0021 120.0
with R =0.855 and RMSD =0.100. In this case, the lower ERA-Land 1057 0.634 0.0023 -
values ofT are due to the smoother behaviour of the AMSR- MISDc 1184  0.650 0.0010 -

E SM product with respect to ASCAT SM.
Overall, both ERA-Land and satellite products show good

correlation R > 0.7) with in situ data. For satellite products, Ngyalues range from 0.35 to 0.84, with a mean value of 0.61
apart from the scattering problem described for ASCAT in i gicating an acceptable fit of the model. Due to the low re-

dry periods, such good correlations exclude problems due tqapjity of the estimated rating curve as well as the weak re-

vegetation cover (Owe et al., 2008; Wagner et al., 2013)  gponse of the catchment to rainfall inputs in terms of runoff,
for low-magnitude flood events, the peak discharges are usu-

4.2 Model performances ally overestimated. Indeed, a successful application of what-

. ever rainfall-runoff model to this area may be very difficult
In the following, the performances of SCRRM and MISDC gjnce the contribution of the rainfall to runoff is very small

are presented for a simple split sample test procedure. Thesee the low runoff coefficients in Table 1). However, these

model parameters were calibrated on the first eight floodhaye 10 be considered the best possible results that can be
events (from 24 March 2009 to 18 February 2011), whereasyained for this catchment since the initial conditions are de-
the remainder of them (from 24 February 2011 to 21 Febru+jyed from observed values of rainfall and discharge.

ary 2013) was used in valid.ation. The results obta.ined with Theoretically, in validationSgsscannot be calibrated since
MISDc are used as a baseline to assess the consistency agcharge values are unknown. However, aiming only to have
the reliability of SCRRM. Table 3 summarizes the value of 5 paseline for comparing the performances obtained from the
the parameters obtained for all the models used in this studyyther models, the parameters obtained in calibration were
_ L . used to predict the last eight events assunfigig as known
4.2.1 MISD using “observed” initial conditions (i.e. best initial condition estimation). The results are pre-

i . ) sented in Table 4 and show performances very similar to
As a first analysis, to assess the optimal antecedent wetnesgggse obtained in calibration.

conditions for the selected events, the soil potential maxi-

mum retentionS, was expressed by using observed rainfall 4,2.2  MISD using constant initial conditions

and direct runoff depth by inverting Eq. (3) as in Beck et

al. (2009) and Brocca et al. (2009a). ThatSsis the value  If an event-based RR model is run without the knowledge of

of the potential maximum retention that reproduces the di-the initial conditions, a constant value for all the events has

rect runoff volume, henceforth it is indicated as “observedto be selected. To highlight this situation, in the calibration

S”, Sobs(Brocca et al., 2011b). period the initial condition for all the selected flood events
The calibration of the model was carried out by max- was set equal to the mean &fps (659.1 mm in Table 4 for

imizing NS for estimating at the same time asn and the flood events of the calibration period). The values. of

Sobs The value of the parameters obtained in calibration isandn parameters obtained in calibration are given in Table 3.

A=0.0015 and)=0.669 (Table 3), whileSops ranges from  In this case, mean and median NS is equal to 0.04 and 0.13,

254 t0 1188 mm (see Table 4), indicating a wide range of ini-respectively (Table 4). In validation, me&g,swas set equal

tial conditions at the beginning of the events. In calibration,to 451.04 mm (see Table 4, mean of thgs of the flood
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Table 4. Performance of the models used in the study in terms of Nash-Sutcliffe coefficierfighefers to “observed” soil poten-

tial maximum retention determined by using observed rainfall and direct runoff depth; §4h,3DNS obtained from MISD usinggpg
MISDscost= NS obtained from MISD using constant observed initial conditions (equal to the megggaEmong all the selected events);

in situ=NS obtained from SCRRM usingjestimated from in situ SM measurements; ASCAT =NS obtained from SCRRM Ssastj-

mated from ASCAT SM measurements; ERA-LAND = NS obtained from SCRRM usiegtimated from ERA-Land SM measurements;
AMSR-E = NS obtained from SCRRM usirgjestimated from AMSR-E SM measurements; MISDc =NS obtained from MISDc. Numbers

in brackets in the validation period refer to the statistics calculated for the flood events for the period 24 February 2011 to 12 June 2011 (the
only available for ASCAT).

Dates Sobs  MISDggps MISDgcost In situ ASCAT AMSR-E ERA-Land MISDc
(mm)
Calibration
21 Mar 2009 653.3 0.40 -0.04 0.40 0.40 0.43 0.43 0.28
25 Oct 2009 543.3 0.57 0.64 0.40 0.36 0.34 0.43 0.37
26 Oct 2009 372.0 0.35 0.20 0.12 0.06 0.06 0.10 0.08
3 Nov 2009 1051.2 0.68 -0.83 0.60 0.67 0.68 0.56 0.68
11 Dec 2009 599.1 0.84 0.84 0.87 0.86 0.73 0.87 0.76
2 Jan 2011 1187.5 0.64 -1.30 0.48 0.49 0.29 0.64 0.52
3 Feb 2011 612.5 0.80 0.79 0.80 0.79 0.82 0.78 0.79
18 Feb 2011 253.9 0.59 0.06 0.19 0.23 0.38 0.33 0.35
Mean 659.0 0.61 0.04 0.48 0.48 0.47 0.52 0.48
Median 605.8 0.62 0.13 0.44 0.45 0.41 0.50 0.44
Max 1187.5 0.84 0.84 0.87 0.86 0.82 0.87 0.79
Min 253.9 0.35 -1.30 0.12 0.06 0.06 0.10 0.08
Validation
24 Feb 2011 330.4 0.84 0.81 0.69 0.68 0.82 0.82 0.77
7 Mar 2011 323.8 0.81 0.45 0.44 0.63 0.80 0.81 0.79
17 Apr 2011 646.5 0.23 -0.54 0.16 0.18 0.04 0.16 0.20
26 Apr 2011 718.9 0.77 0.49 0.70 0.64 0.42 0.67 0.74
12 Jun 2011 329.9 0.53 -0.04 0.18 0.08 0.32 0.34 0.27
19 Dec 2011 302.1 0.53 —0.08 0.09 0.23 - 0.18 0.11
10 Jan 2012 289.9 0.46 0.15 0.09 0.13 - 0.11 0.03
21 Feb 2013 670.0 0.85 0.39 0.82 0.83 - 0.49 0.85
Mean 451.04 0.63(0.63) 0.20(0.23) 0.40(0.43) 0.43(0.48) (0.47) 0.45(0.56) 0.47 (0.55)
Median 330.15 0.65(0.76) 0.27 (0.45) 0.31(44) 0.43(0.62) (0.41) 0.42 (0.67) 0.51(0.74)
Max 718.9 0.85(0.84) 0.81(0.81) 0.82(0.70) 0.83(0.68) (0.82) 0.82(0.82) 0.85(0.79)
Min 289.9 0.23(0.23) —0.54 (-0.54) 0.09(0.16) 0.08(0.08) (0.04) 0.11 (0.16) 0.03(0.20)

events of the validation period) obtaining results similar to the event date. For ASCAT, only the results with removed
those achieved in calibration with poor prediction skills of anomalous data are presented. For AMSR-E, the validation
the model. Overall, these results highlight the importance ofwas carried out for only five events (from 24 February 2011
a correct selection of the initial condition for flood modelling to 12 June 2011, the results of this set of events for the other

in this catchment. SM indicators are presented in brackets) since for the last
three events AMSR-E SM was not available (AMSR-E sen-
4.2.3 SCRRM and MISDc models sor ceased working on October 2011). The calibration of both

models was carried out by maximizifgS. The calibrated
In the following, the performances of SCRRM and MISDc Values of the parameters are presented in Table 3. Note that
models are presented and compared for the selected calibrfor the two satellite products the characteristic time lerigth
tion and validation periods. In particular, SCRRM was run Was also calibrated as specified in Sect. 3.3. For MISDc, only
by considering in situ, ASCAT, AMSR-E and ERA-Land the parameters in common with SCRRM are shown. Table 4
SM data sets with the value of the SM at the beginning ofsummarizes the results in terms of NS for calibration and
the event picked up directly from time series by selectingValidation.
the SM value corresponding to the preceding date nearest to

www.hydrol-earth-syst-sci.net/18/839/2014/ Hydrol. Earth Syst. Sci., 18, 83853 2014



850 C. Massari et al.: Using globally available soil moisture indicators for flood modelling

——insitu
—— ASCAT
AMSR-E*
—— ERA-LAND
== MISDc

o
©
T
o
©

o
o
T
o
o

o
IS
T
o
~
T

in situ
—— ASCAT

AMSR-E* H
— ERA-LAND|
== == MISDc

60 80 100 120 0 20 40 60 80
[E, I [%] IEQPI (%]

Cumulative Frequency
Cumulative Frequency

o
)
o
)
T

0 20 40

Fig. 5. Cumulative frequency of absolute error in volufig, |(a), and absolute error in peak dischargEQp| (b). (a) was obtained from

the validation of the events from 24 February 2011 to 21 February 2013panding SCRRM with the initial condition calculated with in
situ data (in situ), with ASCAT data (ASCAT), AMSR-E data (AMSR-E) and with ERA-Land data (ERA_LAND). MISDc refers to the use
of “Modello Idrologico Semidistribuito in continuo (Brocca et al., 201TblResults for AMSR-E refer to only five events (AMSR-E sensor
ceased to work on October 2011).

NS values obtained from the calibration of SCRRM using E,, obtained in validation, respectively. Fak, all prod-
in situ SM data range from 0.12 to 0.80 wiN&=0.48. The  ucts and MISDc show the same performances whereas, when
calibration was also carried out to take into account the soilconsideringEg,, ERA-Land shows better scores with re-
layer depth influence on the RR transformation by using thespect to ASCAT and in situ data.
parametefl as it was done for the two satellite products. In To sum up, in validation SCRRM gives results similar
this case, the results only showed a little improvement ando MISDc, with ERA-Land SM slightly overperforming the
are not presented here for the sake of brevity. For ASCATsatellite products in terms of NS at,,. In situ data, which
and AMSR-ENS is equal to 0.48 and 0.47 and median NS is are based on soil moisture measurements at a depth of 25 cm,
equal to 0.45 and 0.41, respectively. Note that in this case, thbave a behaviour similar to the other indicators both in terms
calibrated values of’ (168.3 and 120 days for ASCAT and of mean NS and:y (Fig. 5a), but worse results in terms of
AMSR-E, respectively, see Table 3) are much higher thanmedianE g, (Fig. 5b).
the ones presented in Sect. 4.1. These results are consistent
with those of (Brocca et al., 2010) which highlighted an in- 4.2.4  Event of 21 February 2013
fluence of a deep soil layer in the RR transformation process. i , i i
For ERA-Land SM used in SCRRM, NS ranges from 0.10 The event of 21 February 2013 is particularly interesting for
to 0.87 with a mean of 0.52. The SM in this case was cal-the area since it is one of the largest recorded at the Ra-
culated by considering the weighted mean of the three SMIN& gauged site since the installation of the gauge. As a re-
available layers (07, 0-28, 28-100 cm) because it yieIdec?u”' it is particularly .useful in assessing the rob.ustness of
better results with respect to the first two layers. For MISDc the SCRRM model given that the model was calibrated for

the performance in calibration is similar to the ones obtained®M&!l to medium events. Unfortunately, for this event only
from SCRRM, with NS ranging from 0.08 to 0.79 and mean SM from ASCAT, in situ, and ERA-Land was available (not
NS equal to 0.48. from AMSR-E). Figure 6 shows the observed and predicted

Overall, in terms of mean NS, the performance scored!00d hydrograph for such an event obtained from SCRRM
of SCRRM are encompassed in the ones obtained by usin%ﬁ"ng SM from in situ, ASCAT and ERA-Land data (using
MISD with observed initial conditions, and those considering (N€ Parameter calibrated on the first eight events and shown in
a constanss. Moreover, they are similar to those of MISDc. 12ble 3) as well as results obtained from MISDc. As it can be
More significant events (e.g. 11 December 2009, 3 FebruS€en results are good using SCRRM with in situ and ASCAT
ary 2011, 2 January 2011), which are critical for flood fore- data: NS'is equalto 0.85 and 0.78, is equal to-14.5 and
casting, yield better results for all the selected indicators. —12-3% andEv is equal to 52.2 and 48 %, respectively.
ERA-Land slightly overestimates the peak discharge with

In validation, the results in terms of mean and median e p , - .
NS for SCRRM show a slight deterioration of the perfor- £0p = 9-5% butyields larger errors in NS=0.49 and in vol-
8% probably due to an overestimation of the

mances. The two satellite products perform in a quite sim-Ume Ev =93.8% natie _
ilar way when choosing the same number of events, wheregditial SM _conc_lltlons. Eventually, results are in line with
the results of ERA-Land are comparable with those obtained"'SP¢ which yields NS =0.82 and g, = —20.5 %.

through MISDc. Figure 5a, b plots the cumulative frequency

of the absolute error in volumey,, and in peak discharge,
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0

00.2.4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 3. satellite products perform similar to each other, yield-
z — rainfall ing results comparable with those obtained from
g 10 MISDc. Particularly for ASCAT, an anomalous be-
@ 5 haviour (already observed in several arid and semi-arid
150 5 regions) was observed in dry periods, which involved
Q"bs : an anomalous increase of the soil moisture despite the
QSM-nsw A absence of rainfall;
| QSMASW \ 4. SCRRM is robust since it provides good performance
%2 — QZ“::“AND [ in validation for one of the most significant events
= E } \ recorded at the Rafina gauged site, which occurred
50 on February 2013 (based on calibrated parameters ob-
\ tained for small to medium magnitude events).
‘ i Overall, the similarity of the performance between SCRRM
and a standard continuous simulation approach recommend

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 3
t[h] the use of global available products to overcome the lack of

ground data for hydrological applications in many areas of
Fig. 6. Validation of the event of 21 February 2013 at the Ra- gyrope. Moreover, the limited number of parameters used by
;:gﬁfﬁ;gf:gfgghgﬂgﬁga”ssgggﬁﬂwmniﬁﬁi%%zad pr‘id:;e_d the model along with the ever-increasing availability of glob-
CAT data Qsyascar). ERA-Land data QSM—ERA—I_iZT\iIlIUD)’ and ally ayallable soil moisture Qata_sets necessitates a greater
MISDC (QspiSno). e_ffort in research for the applicability of the model fo_r opera-
C.
tional flood forecasting purposes to poorly gauged sites of the
Mediterranean areas. Future studies need to assess the per-
5 Conclusions formance of the model in other catchments to support these
conclusions.
A Simplified Continuous RR Model (SCRRM) has been de-
veloped to simulate discharge hydrographs in a small Greek
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