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Abstract: The Mediterranean region is characterized by intense rainfall events giving rise to
devastating floods. In Maghreb countries such as Morocco, there is a strong need for forecasting
systems to reduce the impacts of floods. The development of such a system in the case of ungauged
catchments is complicated but remote sensing products could overcome the laclsitaf in
measurementsthe soil moisture content can strongly modulate thenitade of flood events and
consequently is a crucial parameter to take into account for flood modeling. In this study, different soil
moisture products (ESECI, SMOS, SMOSC, ASCAT satellite products and ERAS reanalysis) are
compared to irsitu measurenmmés andone continuous soil moisture accounting (SMA) model for
basins located ithe HighAtlas Mountains, upstream of the city Marrakech. The results show that

the SMOSIC satelliteproductand the ERA5 reanalysis drestcorrelated wittobservedoil moisture

and with the SMA modeadutputs The differentsoil moisture datasetsere alsocompared to estimate

the initial soil moisure condition for an eveiitased hydrological model based on the Saoll
Conservation Service Curve Number (SCH). The ASCAT, SMOSC and ERA5 products
performed equally well in validation to simulate floods, outperformdady in situ soil moisture
measurements that may not be represem of thewhole catchmentsoil moisture conditionsThe
resultsalsoindicated that the daily time step may fdly represent the saturation state befofwod

event, due to the rapitkecayof soil moistureafter rainfallin these semarid environnents.Indeed, &

the hourly time step, ERA5 and-#itu measurements were foundietterrepresent the initial soil
moisture conditionsf the SCSCN modelby comparison with the daily time stephe results of this

work could be used to implement effioteflood modelling andforecasting systemi semiarid

regions where soil moisture measurements are lacking
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1 Introduction

The Mediterranean regionébaracterized by intense rainfaltentsgeneratingloods with a very short
response tim¢Gaume et al., 2004; Merheb et al., 2016; Tramblay et al., 20h&)sociceconomic
consequencesf these floodsre very importanin terms of fatalities or damages to the infrastructures

in particular for Southern countri€ginet et al., 2016)This highlights theneed forforecasting system

to reduce the impacts of floods. Unfortunately, the development of such systesry complicated in

the case of ungauged catchmdftreutin and Borga, 2003Jch as in North Africa and requires remote
sensing products tmvercomethe lack of in situ measuremenksirthermore, while several studies have
been focused on northern Mediterranean catchments for flood modelling, only a few studies are

available on southern basins, yet those probably the most vulnerable to floods.

The Moroccan catchments a®posed to intenstashfloods, such as the event of August 17, 1805
the Ourikariver where the max dischargeachedn 45 minutesa peak discharge 4030 m3/s causing
extensivedamage andmore than 20@asualtiegSaidi et al., 2003}ewstudieshave beerarried out

in Moroccoto minimize the impact of flooddy improving the forecasting systemmeither by event
basedmnodelingof floods(El Alaoui El Fels et al., 2017; Boumenni et al., 2017; El Khalki et al., 2018)
or by hydregeomorphological approach@ennani et al., 2019) identify the areas at risk of flooding
The severity of floodi these serarid regionds controlled byseverafactors including precipitation
intensity, soil permeabilitysteepslopes and soil moisture content at the beginning of €iztithalki

et al., 2018; Tramblay et al., 2012) Mediterranean regionthe soil moisture content varidsetween
eventsand is known to strongly modulate the magnitude of flo@tscca et al., 2017Tuttle and
Salvucci, 2014andparticularlyto beuseful for flood modeling and forecasting systéBi®cca et al.,
2011; El Khalki et al., 2018; Koster et al., 2009; Marchandise and Viel, 2010; Tramblay et al., 2012)
However, studies in North African dias are lacking to document the rainfaihoff relationship with

soil moisture during floodéMerheb etl., 2016)

In most Mediterranean regions and partidylan North Africa, only a few measurements of soil
moisture are availabld o represent spatial variability, several measureraedifferent locationsre
needed due to thaotentiallylarge spatial variability of soil moisture for a wide range of sqilessari

et al., 2014; Schulte et al., 2005; Western and BlI64&99. However eventhe insitu datamay not
represent the spatial variabjliover a very wide arga the case of large basir®dn the contrarysatellite
soil moisture products provide coverage of the earth's surface by microwave s€heogsare two
types of microwave sensors, active and passive, noting: 1) The Advanceaddeater (ASCAT) soil

moisture product is on board MetOp with goodeatktric accuracy and stabilityhis product provides



75  a spatialresolutionof 25 km with atemporal resolution of 1 daginceJanuary 2007{Wagner et al.,
76  2013) 2) The Soil Moisture and Ocean Salinity Mission (SMOS) product, which bieglasuary 2010
77  with a spatiatesolution of 50kn{Kerr et al., 2012)The improvement of the robustness of satellite soil
78  moisture productsan be achievelly merging passive and active microwave senasisitiated and
79  distributed by ESACCI (European Space Agency Climate Change Initiatité) et al., 2011)
80 providing data from 1978 t@018 However, emote sensing products might suffer from several
81 problems in complex topography or very dense vegetation and snow(Boweca et al., 2017)or
82 this reason and before any use the data, it is necessary to vdiglatéAl-Yaari et al., 2014; Van
83 doninck et al., 2012; Ochsner et &013) either by irsitu measurements, if they exist,oyrusingSaoll
84  Moisture Accounting modsl(Javelle et al., 2010; Tramblay et al., 20i@¥imulate soil moisturé
85 the ungauged basins.
86
87 In this context, with an increasing number of satellite products becoming available to estimate soil
88  moisture, clear guidelines and recommendations about the most suitable products to estimate the initial
89  soil moisture content prior to floodgselacking for the semiarid basins of North AfricaThere is a
90 knowledge gap on the evaluation of soil moisture products in North Aflimag and Wang, 2018)at
91 the present study aimed to filthe purpose ofhis study is tacomparedifferent satellitesoil moistue
92  productswith in-situ soil moisture measuremengnd the recently developeBRA5 reanalysisto
93 estimate the initial soil moisture before flood eveffite goal is to identify the best products to be used
94  for floodmodeling thatouldimprove forecasting systemnighis comparison iperformedor two basins
95 representative ofmediumsize catchments of North Africaéhat are the most sensitive to flash flood
96 events.The validation othe differentsoil moisture productis made witha Soil Moisture Accounting
97 (SMA) mode] totest thecapabilities of thelifferent soil moistureproductsfor the sake of estimating
98 the initial conditiondor an evervbased hydralgical model for floodsThe paper is organized as follow:
99 In section 2, an overview of the study area and all used data {matemrological and soil moisture
100 products). Section 3 explains the methods adopted in this paper. Section 4 presersiglthelhe
101  conclusion and perspectives are given in the last section.
102
103 2 Study areaand data
104
105 2.1Rheraya and Issyl catchments
106
107 The Rheraya research catchmglarlan et al., 20153 located in the Moroccan High Atlas Mountains
108 (Figurel) with an altitude ranging from 1027 to 416amd anarea of 225km2. The climate in the basin
109 is semiarid, strongly influenced by altitude, with a mean annual piatipn of 732mm, including 30%
110 as snowin altitudes abov@000m(Boudharet al., 2009) The geology is characterizeoly volcanic

111 formations that are consideredpermeable in the highest elevation areas, while the lowest elevation
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areas arenadeof granites with clays and marls the highest elevation areas very steep slapes
foundwith an average of 19%Chaponniéere et al., P8). The vegetation cover inly located in the
lowest areas with a concentration of cultivated areas found along thechiaenel Thesenatural
conditions favor runoff generatioffhere is very low human disturbance for runoff, with only some

local water uptake in the lower part of the river.

The Issyl basir(Figure 1) is located in thefoothills of the MoroccanHigh Atlas Mountains with an
altitude ranging from 632 to 2300m, an area of 160, mmda mean annual precipitation of 666min.

is an ephemeral river with discharge occurring only after rainfall evEnésclimate is servarid to arid

and the downstrea part of the basin reaches the city of Marrakddte geological formations inith
downstream are alluvial conglomeratiesat arerelatively permeable. The upstream of the basin consists
of clays and calcareous mailhe basinarea includesgricultural activitiesthat are irrigated in the
downstream part of the basin. The irrigation comes freeguias eartheamade channels that
traditionallydrawtheir waer supply from the river itselby buildingsmalldivertingdamson the side

of the river(Pérennes, 1994The seguiaschannels are usually filled up during floodsd water is
distributed to the neighboring agricultural parcé&lse map on theseguiasn the Issyl basin can be seen
in Figure 1, covering the northern part of the basin. The system is unmonitoredaaoantext ohigh
evaporation rates the portion of runoff diverted from the stream is not quarilifiedo the temporg
nature ofseguiasthey can be partially destroyed during large floods and consequently their hydraulic
properties and the amount of water collected can be modified ovetrithe.Ourika catchment located
upstream of the Issyl, Bouimouass et al. (@0&stimated that irrigation by streamflow diversion due to

seguiascould represent up to 65% of the total surface runoff.

2.2 Hydro-meteorological data

In the Rheraya basin,emused rainfall stationgTable 1) 5 of themfrom the datanetwork ofthe Joint
International Laboratory Télédétection et Ressources en Eau en Méditerranédseent Livi

TREMAG @arlan et al., 2015; Khabba et al., 20a8) the renaining onesrom theTensift Hydraulic
Basin AgencyThe data is covering from 2008 to 20F®r the Issyl basimgnly 2 rainfall gaugesare
availablefrom the Tensift Hydraulic Basin Agengogoveringthe yeardrom 2010 to 2015n this type
of basin, the spatial variability of rainfall is very importé@haponniére et al., 2008Jhe hydrometric
data was provided by radsensori nst al | ed i n each cbvairgonhitlteyearut | et .
2014for Rherayasince thesensor was installed at the end of 2GR®jthe year2010 to 2015 for Issyl.

The discharge data provideal with a time step of 10min converted into hourly time step as for rainfall

The precipitation data is missifigr some events, especialiyat high altitude gaugeduring snowfall

events. Thepercentage of missing value rasgrom 2.4% at PR30 10.85% at PR7The highest

4
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percentage ofmissing data i49.7% at PR1 where the gaugederwentechnical problemsOverall,

the total percentage of missing val{é.8%) is low, henceand no gagdilling method is usedThe
discharge data is missing in some events that are not selected. For this reason we considered only the
events with complete discharge daBme of the flood events msidered in this study (Tabl®
occurred in winter season, where rainfall can be in the form of snow above 2000m elevation. According
to El Khalki et al(2018) the snowdoes notcontribute to runoff duringvinter seasorin the Rheraya
basinbecause it does not melt during the coldest mofitlaghouji et al., 2018)where only 17% of

basin area is occupied by snotihe runoff coefficientis calculatedby relating the amount afirect

runoff to the amount of precipitatioior each selected eventh is larger when the basin has low
infiltration and lower for permeable basins. In our caseoff coefficientrangesfrom 13.1 t034.1%

for Rheraya and from 1.2 to P4&2for Issyl. This indicates the important role of initial conditionbath

basins with a much higher infiltration capacity in the Issyl basin in addition to potential water loss due
to irrigation We used 5 temperature stations located in the Rheraya basimetemperature station
located in the Issyl basimith anhourly timestepto calculate the average temperatover each basin,
ranging from 2008 to 201G his dataenabledus to calculate potential evapotranspiration (P&ith

Oudin formula(Oudin et al., 2005)equiring temperature onlyf his formula wagpreviously applied in
Morocco (Marchane et al., 2017; Tramblay et al., 204/3) in TunisigDakhlaoui et al., 2020)

2.3 Soil moisture data

We used 7 different types of soil moisture data over the Rheraya basin andif thipdssyl basin due
to the absence of measurements in this basin. Covering the same period of rainfall data mentioned in the
2.3 section, we used:
1. In-situ measurement with three Thetaprobes at 5cm and 30cm depth in the Rheraya basin,
located at the SMR7 station (Figure 1).
Simulated soil moisture from a Soil Moisture Accounting model (SMA)
ASCAT satellite soil moisture
SMOS satellite soil moisture
SMOSIC satellite soil moisture

ESA-CCI satellite soil moisture

N o o bk~ D

ERADS reanalysis soil moisture

2.3.1 In-situ measurements

Soil moisture measurements are availabtmelocationwith three Thetaprobes at two different depths

(5cm and 30cm). In this study we used Thetaprobes with 5cm depth, which is comparable with the

depths of satellite produdfslassari et al., 2014)The site is located in Rherapasin with an altitude
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of 2030manda slope of 30% (Figre1). The data is coverinigpe time periodrom 2013 to 2016, with
30min time step converted to dailyne step

2.3.2 Soilmoisture accountingmodel

The SMA is a continuous Soil Moisture Accounting model that can be used in the absence of soil
moisture datdo represent thdegre of saturation for flood modely (Anctil et al., 2004; Tramblay et

al., 2012) In this study, a simplified versn of the SMA model is used, adoptitige same approach

used byTramblay et al(2012) and Javelle et a2010) The SMA calculates the levedf the soail
reservoir(S/A), ranging between 0 and ly calibratingits single parameteA, which representthe
maximumreservoircapacityof the soil An interpolated daily rainfall datat createdby the Inverse
Distance method and evapotranspiration dataputed from daily temperature with Bedinequation

(Oudin et al., 20053re used as inputs to the SMA maodel

2.3.3 Soil moisture products

In this study we usettree different types of satellite produarsd a Reanalysis prodydtable 3)

1. The Advanced SCATterometer (ASCAIE) a Soil Moisture producgnboard MetogA
and MetopB anda MetopC satellite isa Gband (5.255 GHz3catterometeonboard the
Metop satellite seriedt has a spatial sampling of 12.5 km and 1 to 2 observations per da
(Wagner et al., 2013)The SM productwas provided within the EUMETSAT project
(http://hsaf.meteoam.it/) denoted as H115.

2. The Soil Moisture and Ocean Salinity (SMOS) missi®a radiometer operating at L band
(1.4 GHz), providing Soil Moisture data with ~50km as spatial sampling and 1 observation
per 2/3 daygKerr et al., 2001)Centre Aval de Traitement des DoeaéEMOS (CATDS,
https://www.catds.f)/ provided the version RE04 (level3) for this study. This vergon
gridded on the 25km EASEvVZid.

3. The Soil Moisture and Ocean Salinity INRZESBIO (SMOSIC) is an algorithm
designed by I nsitut National de | a Recherc
Spatiales de la Biosphére (CESBIO) for a global retrieval of Soil Moisture afd.

Two paramaedrs of inversion of thedMED model are used in the SMAGS (Wigneron et
al., 2007)with a condileration of the pixel as homogeneous. This version is 105 and has a
spatial senpling of 25km with EASEV2 gd (FernandeMoran et al., 2017)

4. The ESACCI soil moisture product (http://www.esailmoisturecci.org/)regroups active
and passive microwave sensors to measure soil moisture, divagtype of products:
Active, Passive and Combined d#ve + Passive). In this paper, the EEEI V4.51

6
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Combined product is us€Borigo et al., 2017; Gruber et al., 2017, 201%)e produchas
been validatedto be usefuby 600 grounebased measurement points around the globe
(Dorigo et al., 2015)as well as ivascompared with ERAnterim productgAlbergel et
al., 2013) In the field of hydrological modeling, several global studies have used the ESA
CCI product to initiate th hydrological mode{Dorigo et al., 2012, 2015; Massatri et al.,
2014)at thescale of MoroccdEl Khalki et al., 2018) We extracted for each basin the
pixel that corresponds ta

5. ERAS5 (Copernicus Climate Change Service (C3S), 2@Exeloped by European Centre
for MediumRange Weather Forecasts (ECMWF), it is the lateioe of atmospheric
reanalysis available for public since February 2019. The ERplaced ERANterim with
improvemeniat different scalesparticulaty, a higher spatial and temporal resolutiang
a better global balance of precipitation and evaporafitve spatial resolution is 31km
instead of 79kmhourly resolutionis usedinstead of 6 hoursand the covered period will
be extended to 1950 in futuréhe ERAS product was applied in some recgotlies in
hydro-climatic field (Albergel et al., 2018; Hwang et al., 2019; Mahto and Mishra, 2019;
Olauson, 2018)We selected therolumetric soil waterof the first soillayer. This new
product is tested in our gty for the first time in MoroccoAn alternative dataset, ERA5
Land using an improved larglirface scheme with a spatial resolution of 10km, was also
tested, providing the sze results as ERAS since there is a strong correlation between soil

moisture simulated by the two products.

It should be noted that the soil moisture products have a different percentage of missivgesah

basin (Table4). The ESA-CCI product show an important percentage of missing valweer the
Rheraya basicompaedto ASCAT that isincludedin the ESACCI product. Thigs due to the filter

used in the ESACCI product to ensure the data qualifihe difference in thpercentage ofmissing

values between Rheraya and Issyl is related to the complex topography and also to the frozen zones in
the Rheraya basimore descriptiorabout the applied filtersan be found i{Dorigo et al., 2017)
Howeve, the percentage of missing values for 88OS product are quite similar between the two
basins, which is related to the low temporal resolution (1 observation per 2/3 days).

3 Methods

3.1 Evaluation of different soil moisture datasets

In-situ data preparation consists of averadibcm depth probes in order to get a single value to work

with and take into account the pietale variability of the measaments This data is considered as a

referencefor soil moisture data in the Rheraya basin, so thahalbther soil moiatre products are



259 compared to itThe different soil moisture products are compdcethe observed soil moistuoser the
260 entire period and alsona seasondlasis.
261
262 The SMA model is used to represent the soil moisture aggregated at the catchmenhscakionale
263  behind the use of such modwdreis that continuous rainfall and temperature series are often available
264  in monitored catchments, unlike soil moistureg ancalibrated SMA model caometimegpalliate the
265 lack of soil moisture measuremer{leramblay et al., 2012)For the SMA modelthe A parameter
266  representing the soil water holding capadiyalibrated to obtain the best correlati@miween observed
267 and simulated soil moistur&fA). The calibrationwith observed dataan only be performed in the
268 Rheraya basin whessil moisture is measurelh additionto this calibrationother values of Aranging
269  from 1 to 1000mm, are tested in the SMA molds maximize the correlations with the different soil
270  moistureproducts.The choice of this approachtis check if thereare any possibleuncertaintieghat
271  can beelated to the irsitu soil moisture measurementscated on ateep slope plot thataynot fully
272  represent the averageil moistureconditions over thevholebasin. Inthe case athe Issyl basinsince
273 there is no observed soil moisture data, the model is run for a range of different values of the A
274  parameter. Té best value of the A parameter is selected as the one yielding the best cosmitttion
275 thedifferentsatellite products.
276
277  Thevalues fromASCAT and SMA are given in percentage (values are ranging between Owhidiel)
278 SMOS, SMOSIC, ERA5, ESACCI andobservationsire in ni m. To allow a comparison for all soil
279  moisture datasets a rescaling procedure is ne@iddre applying therescalng procedure, @ording
280 to Albergel et al(2010) a 95% confidence interval is chosen to define the higher and lower values to
281 exclude any abnormal outliers using equatioand 2 The resulted data is then rescaled to their own
282 maximum and minimum valuesonsideringthe whole periodiusing the equation. 3he issue in the
283 validation of satellite soil moisture products and reanalysis product wihuirmeasurements is the
284  spatial resolutior(Jackson et al., 2010peveral studies méoned that, in the case of the temporal
285 stability introduced by Vachaud et #1985) one insitu measurement point can represent the soil
286  moisture condition of a larger ar€¢@rocca et al., 2009b, 2010; Loew and Mauser, 2008; Loew and
287  Schlenz, 2011; MartineZernanéz and Ceballos, 2005; Miralles et al., 2010; Wagner et al., 2008)
288  According to(Massari et al., 2015}he coarse satellite observations can be baakfior small basins,
289 in the case if the Hsitu observation falls in the satellite product pixehis means that the -situ
290 measurements can regent a good benchmdikiu et al., 2011)In this study we considered thesiiu
291 measurement asbenchmark to validate different soil moisture product
292
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Where™ny andl ¢ 0 arethelimits of the confidence intervathe upper and the lower 95%

3- —, 3)

The correlation coefficient of Pearson equatidh dnd the Root Mean Square Deviation (RMSD)
equation §) are used to compare-gitu measurements ahdimidity modeled by SMA model and the
different soil moisture products.

o B B B , (4)
B B B B
. 5
. 3g ® ] 5)
Wwith YO is the insitu measurements of soil moistuwe SMA model whichare considered as

reference”Y0 is the soil moisture from satellite or reanalysis and N is the number of values.
3.2 Event-based hydrologicalmodel for floods

In this study, we used the Soil Conservation Service Curve Number@8IE&odel for each basin,
implemented in théwydrologic Engineering SystemHy dr ol ogi ¢ Mo HEGHMB&G6 Sy st e
software(US Army Corps of Engineers, 2019his model is known by itwidespread popularityand

to the simplicity of the application meth@@iliani et al., 2011) SCSCN isoften used in the serairid
context(Brocca et al., 2009&! Khalki et al., 2018; Tramblay et al., 2010; Zewgtaal., 2017) Our

methodology is based on the use of STU$model as a production function to compute net rainfall, by
automatically anananually calibrating the Curve Number parameter (fbNyrder b obtaina realistic

hydrogrgh shape. fie value of CN is nedimensional ranging from 0 (dry) to 100 (wet). The potential

maximum retention, S, is related to CN as follows:

3 — ¢curx (6)

The transformation of precipitation excess into runoff is provided by Clark Unit hydrograph model
(transfer function)The calibration procedure is based on calibrating the Clark Unit hydrograph model
parameters; Storage Coefficient (Sc) and Time of Concentration (Tc). The two functions (production
and transfer) are calibrated separately to avoid the parameter depeamdketieecalibration is based on

NashSutcliff criterion.



324

325 The validation procedure is based on two steps; first, testing the relationship between soil moisture data
326  (In-situ, SMA, ERA5, ASCAT, SMOS, SMOK and ESACCI), at two differentimescales (daily and

327 hourly) and the S parameter of the evbased model of all the flood events. The hourly time step
328 concerns only the igitu data and ERA5 by choosing the soil moisture state 1 hour before the starting
329 time of rainfall for each evenOnly the ERAS product can be used in the Issyl basin at the hourly time
330 step due to the absence of observed ddten the soil moisture products that are well correlated with
331 S parameter are uséd validate the model by calculating the S parametan filoe linear equation

332 obtained between soil moisture and S, using the leae®ut resampling procedure; each event is
333 successively removed and a new relationship betweerretihaining event is reomputed The

334 relationship is good when the correlatiomésar to r=1. The negative correlation is related to the fact
335 that, the storage capacity (S) is larger when the soil is dry (soil moisture is neaftie @stimated S

336  parameter for a given event is then used in the-SNSmodel in validation. For th€lark Unit

337 Hydrograph model, the average of the Sc and the Tc parameters are used in valittatieaveone

338 out resampling methodhe parameters are-calibrated with the remaining events and the mean of
339 calibrated values are used in validation

340

341 For the evaluation of the flows simulated by the flood event model, we compared the simulated
342 dischargewith those observed using thefficiency coefficientof NashSutcliffe (Ns) (Nash and

343  Sutcliffe, 1970)quation 7) as well aghrough thebias onpeak flow andnvolumeequationg).

344

. B 4
. 0p 3 3 ™)

IR B ®

345

346  Wherel s the simulated dischargk, is the observed discha@ndn is the number of events
347 TheNs ranges betweeild and 1, t Msendidatesvttat the essimwated discharge perfectly
348 match he observed hydrograp

349

350 4 Resultsand discussions

351

352 4.1Relationship between satellite soil moisture data and ieitu measurements

353

354  The comparisobetweemeasuredoil moisture at 5cm depth atteedifferentproducts of soil moisture
355 show that the SMOSC and ERA5provide the best correlationsjth r=0.77 and r=0.67 respectively
356  but it should be noted thatl the correlationsvith the different productarealsosignificant. Figire 2

357 shows that SMOSC and ERAS reproduce dry periods well, whereas ERA5 reproduces well wet

10
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periods This result is in accordae wih the results of Massari et a20(14 who found that ERA_and

is well correlated with Irsitu data ASCAT product shows a correlation of r&®which is less than the
correlation given inAlbergel et al. (2010yvho found r values ranging fro@59to 0.64, the lower
correlation may be caused by the orography and the coarse resdiutamt, this results shows that the
use of a combined product as EELI give an obvious advances in term of r values than iogées
satellite soil moisture produdiia et al., 2019; Zeng et al., 2015)

4.2 Relationship betweenthe SMA model outputs and soil moisture products

The best correlation between observed soil moisture and the soil moisture level (S/A) modeled by the
SMA model is obtained for A=8mm with r=0.86. But it shows higher RMSD than observations (RMSD
=0.23) which is due to the overestitioa of the wet periods (Figure 3). This can be related to the
averaging of rainfall data in the SMA model over the bagiich codd be higherthanrainfall in the

soil moisture measurement site. It should be noted that the value of the A parametgsisaleby
comparing to previous studi€davelle et al., 2010;ramblay et al., 2012)ndicating a much lower soail

storage capacity.

We correlated the SMA model output (for A=8mm) with the Satefliteducts of Soil Moisture, and

the best correlations are found for SM@@Sand ERA5, with r=0.74 and r=0.63 respectively (Figure

4). Other values of A that maximize the correlations with the different soil moisture products have also
been tested. Optimahklues of A are ranging from 1 mm with ASCAT (with r= 0.4), 8 mm for SMOS
(r=0.56), SMOSIC (r=0.74) and ESACCI (r=059) up to 16mm for ERA5 (r=0.68). Comparing the
Figure 2 and Figure 4 we notice that the soil moisture products better reproditceneasurements
thanmodeledsoil moisture with the SMA model, expect for E€AI and SMOS. This improvement

is directly related to the SMA model performance, which overestimates soil moisture, and should be

compared to Figure 2 where ESXCIl and SMOS productiso overestimate igitu measurements.

For the Issyl basies mentioned above, no observed soil moisture data is available to calibrate the A
parameter of the SMA model. Therefore, different values of A are tested to correlate the SMA outputs
with thedifferent soil moisture datasets. Over all datasets, the value of A best correlated to the majority
of soil moisture products is 30mm. The best correlation is given by A=30mm with r=0.78, 0.82 and 0.79
for ASCAT, SMOSIC and ESACCI respectively. As for SKAS and ERAD5, the best correlation is
given for A=40mm with r=0.7 and A=60mm with r=0.8, respectively. In order to choose a single value
of A that represents the basin, we have considered A=30mm, the optimal value yielding the best
correlations with the diérent soil moisture products. Figure 5 shows that the best correlation between
satellite products and S/A is obtained with SMI@Yr=0.82) and ESACCI (r=0.79). As observed over

the Rheraya basin, the SM@GS and ERAS products showed a good reprodudborry periods with
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a better reproduction of wet periods with ERAS, these results are similar to thidseatfal. (2019)

who found that SMO3C performs well in arid zones with a median r value of 0.6. Overall, the higher
value for the A parameter found for this basin is cehewith the fact that this basin is located in a
plain area with a much higher soil moisture storage capacity than in the mountainous Rheraya basin.

4.3, Comparison of soil moisture datassetsby seasons

Seasonal evaluation of satellite soibisture and reanalysis data showdierRheraya basthatduring
thesummerseasorthere are loveorrelatiors (average=0.34) for all the products which essiblydue

to very low precipitation amounts mostly l€alized convective precipitatiqilbergel et al., 2010)

On the contrary, better performance are obtained with SMA model (=0.59 that considers
catchmeniscaleprecipitations. Better correlations are obtained in fall with anaaeeof r=0.61 and
0.58 for them-situ data and SMA respective[Jable5). In the winter we found a poor correlation using
SMOS and ESACCI that can be related to the important percentage of missing vehrethe Issyl
watershed, theatellite productshow good correlationwith the SMA modeloutputs (on average
r=0.76)exceptfor the SMOS produatspecially in winterThe highest mean correlations (i.e. averaged
for all the different products) are found during fall in the Rlya basin, with r=0.61 with in situ data
and r=0.58 with SMA soil moisturét should be noted that correlations with SMA outputs in summer
aresimilarwith r=0.59 For the Issyl basin, the correlations are aligierin the fall with a mean r=0.87
for the SMA model The ERA5 product shows good correlatidmsmost season€omplementary to
this comparison of the different soil moisture products, an Extended Collocation Analysis has also been

performed, comforting the results obtained (see supplementsrials).

4.4 Calibration of the eventbasedhydrological model

Calibration result§Table6) ontheindividual flood event®f Table2 showthatthe difference between
the values of the potential maximum soil moisture retentioro{f®pch basin is very importantith
larger values for the Issyl basin where the soil depth is prominent. We noticechéh&nporal
variablity of soil moisturecan leimportant between two successive eventstlieevents of 02/04/2012
and 05/042012for the Issyl basinThe SCSCN model reproducesell thefloods of theRheraya basin
with average Nof 0.67 and bias on runoff peak BIASg) of 4% (Table6). The SCSCN model in
calibration is able to reproduce the shape of the different flood events even for the most complex ones
(21/04/2014 and 22/11/2018imilarly, for the Issyl basithe SCSCN model gives good resuligth
average Nsf 0.66 and an averadias on runoff peak of 6.93%hesimulated hgrographsare in good
agreement with the observatioi$ie lowerNs coefficients obtained for the321/2014 event in the
Rheraya and fathe 03/04/2011 and 28/09/2012 events in the Isagin are caused by a slight shift in

the hydrograph probably due to a time lag in instantaneous precipitation measurérettis.Clark
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432 Unit Hydrograph model, the averages of calibrated Tc and Sc parameters are considered for validation
433 (Sc=1.42 an@.54 hours and Tc = 2.85 and 3.64 hours for Rheraya and Issyl respectively).

434

435 The Sparametegof the hydrological models, for the two basins,then compared to theoil moisture

436  products For theRherayabasin, there ardgnificant correlationsof the S parametewith in-situ soil

437  moisturedatg ERA5and SMOSIC (Table7). The correlatios usingobserved soil moistur&SACCI

438 and SMOSJatacan becomputedwith only 8 and 6eventsrespectivelydue to thegresence omissing

439 values.The time step of the soil moisture data in the Rheraya Isagms tqlay akey role in the

440 representation of soil moisture conditiohsdeed, he daily time step shows a weakness to effectively
441  represent thantecedent soil moistuoendtionsin the SC3nodel,whichindicates the rapidchange of

442  soil moisturecontentin such a semarid mountainous basifor the Isgl basin,ESA-CCI is the only
443  satellite product that is significantly correlatedtb@ S parameteat thedaily time step.The ERA5

444  product isalsosignificantly correlated witltheS parameteut at thehourly time stepThe daily output

445  of the SMA model ilsoableto estimate the initial condition of the model for the Issyl basin, with a
446  correlation of-0.8 with S. Interestingly, the SMA model does not provide a good performance in the
447  Rheraya basin. It can be due to the fact thatuch a mountainous basin, thés a strong spatial
448 variability of rainfall and it is difficult to obtain reliable precipitation estimates for continuous
449  simulations (Chapponiere et al., 2005)

450

451 45 Validation of the eventbased hydrological model

452

453  The validation othe eventbased hydrologicahodel is performed on the events of Rheraya and Issyl
454  usingonly the soil moisture datasets that shahatively goodcorrelationswith the initial condition (S)
455  of the modefrom Table8. These products include SMAS, ERAS5 and bserved soil moisture for the
456  Rheraya, and ES&CI, ERA5, SMOS and SMA for IssyThe validationof the eventbased model is
457  performed withS calculated from thinearequation obtaineffom the correlation analysksetween the
458  differentsoil moisture products and the calibrated paramet&h& validation results show that for the
459  Rheraya basin the events are well validated usatlgdaily (Figure6) and hourly(Figure7) time step

460  of soil moisture productslhe best validatiomesult atthe daily time step i©btained withSMOSIC

461  with an average Ns of 0.58r all eventgmedian Ns =0.63)This result should beomparedwith the

462  results found in tl previous sections where SM@OS showed the best correlationdth observed soil
463 moisture ASCAT and ERA5 showgimilar resultdn term of average Ns (~0.48)n the contrarythe

464  daily observed soil moisture shew lower performance withn average Ns of GGZmedian Ns =0.9).

465 The hourly time step enhanced the performance of the medklan average Ns usintje ERA5S

466  product of 0.64 (median Ns = 0.7@)dalso a better performance witke hourlyin-situ datavith mean

467 Ns =0.54 (median Ns = @1). These results show that the hourly time siefterrepresents the

468  saturation contentdfore theflood evens in this basin For thelssyl, the validation reswdtare quite
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469  different (Figure 8). For only 5 events (thed3/04/2011, 02/05/2011, 19/05/2011, 05/04/2@
470  25/03/2015) the eveiitased model can be validated using the ERA5 hourly data with an agage
471  coefficient of 0.46For the event®f the16/05/2011 and 06/06/20,14n importanspatial variabilityof
472  precipitationis observedwith no precipitationin the PQI station. In addition to these evetiieflood
473  ofthe28/09/2012 showed an overestimation of the validated value of S compared to the calibrated value.
474  This overestimation is related to the ERA5 estimation that considers the soil more dahamati is.
475  Forall other events and with different soil moisture productsNbeoefficients are negativand the
476  hydrographs not adequately reproducHaesevalidation results should be put in perspective with the
477  fact thatthe Issyl basin has a land udsaracterized bggriculturalactivitieswith possible large water
478 uptake in the diver channel during floofds irrigation. Some simple methods to compeedat the
479  water losses due to irrigation, such ks application of aarying percentagef runoff added to the
480 observed discharg® compensate the part of water lésit irrigation, have been tested but with no
481 improvementof the results. This is probgbbecause the quantity takéor irrigationis not constant
482  from one event to anothéepending on the farmer needs shown by field surveyand this amount
483 mayalsodepend on discharge thresholds.

484

485 5 Conclusiors

486

487  This studyperformedan evaluationof different soil moisture products (ASCAT, ESZCI, SMOS,
488 SMOSIC and ERA5)using insitu measurements aadsoil Moisture Accounting model (SMA)ver
489  two basins located ithe Moroccan High Atlag order to estimate thieitial soil moistureconditions
490 Dbefore flood everst The results indicatethatthe SMOSIC productis well correlated withhoththe in

491  situsoil moisturemeasurements arsimulated soil moisture frothe SMA modebverthetwo basins
492  Besidesatellite products, theew ERAS reanalysigeproducedilsowell the insitu measuremesbver
493 the mountainous basin, which indicates the robustness of this ptodistimate soil moisture in these
494  semiarid environmentsThe seasonanalysis showetbr both basins that the highest correlations are
495 found in autumn, which encourage the use othese remote sensinoducs for flood forecasting
496  because the majority of evemtscurin autumnand early wintem these regionél Khalki et al., 2018

497  One of the maifinding of the present studg that different products, in particular SM@S, ASCAT
498 and ERAD5, are efficient to estimate the initial soil moisture conditions in an-basathydrological
499  model, that could improve the forecasting capability in-datae environments.

500

501 This studyalso showedthat the hourly temporal resolutiofior soil moisture may provide a better
502 estimate oftheinitial soil moisture condition$or both basinsindeed, he use ofhourly in-situ soil
503 moisturemeasuementsand ERASprovidedbetterperformancdo estimate the initial condition dtie
504 hydrological modelThese resultdicate that theemporal variability osoil moisturein these sermi

505 arid basins under high evapotranspiration rages bevery importantcausing a quick decay of soll
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506  moisture following a rainfall evenEor this type of basior others under even more arid conditidhe,

507 use ofsoil moistureproducts withan hourly temporal resolutiortould be required to estimawgth

508 accuracythe soil moisture content prior to flood everiiBis constitute a research challenge to monitor
509 soil moisture at the suthaily timescale without ground measurements, since most remote sensing
510 products at present are not available at the hourly time Ageghown by this studyatmospheric

511 reanalysiscoupled with dand surface model, such as ERAS5, could provide a valuable alternative,
512  particular since the resolution of these products is constantly improving along with a more realistic
513 representationfavater balance.

514

515 Forthe catchment that is the most influenced by agricultural activitieslssylbasinlocatednearby

516  Marrakech the water uptake for irrigatiomade difficultthe validation of the hydrological modéihe

517  modeloverestimates runoff for some flood eversiacethe water uptake during floods from the river

518 channel by small artisanal structures is not monitored and thus cannot be represented in the hydrological
519 model. This examplshowsthe difficulty in the implementation of a flood forecasting system in such
520 basin without a good knowledge on the human influences on river discli&igesituation is not a

521 particular case but deemed common in serd areas wherrivers with a high risk of flooding are also

522  a substantial water resource for agriculture. Therefore, as shown by our results, a hydrological model
523 thatis not accounting for water use and irrigation may not be efficient at reproducing flood events in an
524  operational contextThe resolution of thisssue would require the development of an irrigation

525 monitoringsystemthat wouldneedintensive field surveys and mapping lalgo the agreement of the

526 local farmerghat benefit from this system.

527

528 Thisstudyis a first stegowards thalevelopnent ofoperational flood forecasting systsfim semiarid

529  North Africa basinshighly impacted by floods. Indeed, the evaluation ofrttoest suitablesatellite or

530 reanalysigproducsto estimate soil moisture for timeonitoring of the basin saturation conditidrefore

531 floods isa necessaryirst step priorto implement flood warning systems based on rainfall and soil
532 moisture thresholdsr coupled hydreneterological modeling (Javelle et al., 2016; Norbiato et al.,

533 2008) Threeimportant aspestthat should be addressed in further research aiming at developing a flood
534 forecasting systerare: (1) the application of assimilatiomethodsto correct the initial soil moisture

535 condition of the basiand to increase the latency of soil moistoyeaising the observed discharge before
536 the flood even{Coustau et al., 2013However,the applicatiorof assimilationmethodsis limited in

537 thebasins where the hydrometric dataddcontinuous (2) Joint assimilation of soil moisture and snow

538 cover in order to better preditbods in the mountainous basif&aba et al., 2018; Koster et al., 2010)

539 (3) Theselection of soil moisture data based on the latenspibfmoistureproducts For instancethe

540 ERAS reanalysis is available withindays latency when ASCAT or SMOS satellite products could be
541 available with 3hours latencyWith the issue of the latency to obtain some products, it should be noted

542  also that the mismatch of spatial resolution betwlagge scale remote sensing products and very local
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smallscaleapplications could be an additional issBgor to these developments, this type of evaluation
should be generalized Moroccoand other sites in North Africa where soil moisture measurenaee
available for the development akliableflood forecasing systemsising the outputs of meteorological
models
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TABLES

Table 1: Stations with observed precipitation and river discharge

Catchment Gauges Code Altitude [m] Source Type Time step Period
. LMI
Asni PR1 1170 TREMA
Imskerbour PR2 1416 LM
TREMA
Matate PR3 1753 ABHT
. LMI
Oukaimeden PR4 3239
TREMA P 30min 20082016
Rheraya . ched PRS5 2336 LM
achedert TREMA
Tamatarte PR6 1906 ABHT
Armed SMPR7 2030 ABHT
LMI
Neltner PR8 3177 TREMA
Tahnaout QR 990 ABHT Discharge 10min 2014
Ait Precipitation
: PQI1 623 and .
Issyl Bouzguia discharge 10 minutes 20102015
Ouaguejdit PI2 1039 Precipitation

24



864  Table 2: Characteristics of the selected flood events

Rheraya
Max Discharge  Volume Precipitation .
Runoff Coefficient [%0]
[m¥s] [10° m?] Volume [10° m?]

23/01/2014 17.1 459.2 2749.5 16.7
29/01/2014 39.7 602.8 2632.5 22.9
10/02/2014 19.2 543.2 2904.7 18.7
11/03/2014 19 557 1633.5 34.1
21/04/2014 38.2 1070 5431.5 19.7
21/09/2014 24.4 440.6 3363.8 13.1
05/11/2014 46.5 1027 5737.5 17.9
09/11/2014 42.2 869.3 4575.2 19

22/11/2014 99.5 3868.9 17586 22

28/11/2014 76.4 3797.2 11940.8 31.8

Issyl

25/03/2011 63.8 385.28 27520 1.4
03/04/2011 16.6 550.656 30592 1.8
29/04/2011 19.7 246.4 11200 2.2
02/05/2011 17.1 303.36 10112 3.0
16/05/2011 45.8 361.12 9760 3.7
19/05/2011 27.6 315.392 7168 4.4
06/06/2011 18.3 212.352 5056 4.2
02/04/2012 16.8 216.576 18048 1.2
05/04/2012 20 543.744 7552 7.2
28/09/2012 22.7 126.72 7040 1.8
05/04/2013 154 365.376 16608 2.2
28/11/2014 37.2 489.6 28800 1.7
25/03/2015 16.2 767.424 18272 4.2

865

866  Table 3: Summary of the soil moisture productsconsidered

Temporal Spatial
resolution resolution

1 to 2observations per

Product Type Source

EUMETSAT project

ASCAT Active 12.5 km (H115)

day (http://hsaf.meteoam.it/)

SMOS  Passive °bser‘éggg” PEr2/3 o\ m (EASEV2)  CATDS, (hitps://www.catds.fr/)
SMOS-IC Passive Daily 25 km (EASEV2) Wigneron et al., 2007
ESA-CCI  Combined Daily 25km http://www.esa-soilmoisturecci.org/

ERAS Reanalysis Hourly 31 km Copernicus Clima2t%1C7hange Service (C3

867
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Table 4: Percentage of missing valuefr the different soil moisture products

Percentage of missing values

In-Situ ASCAT SMOS SMOS-IC ESA-CCI ERA5
Rheraya 12% 0% 18.70% 6.82% 46% 0%
Issyl - 0% 17.19% 9.10% 2.20% 0%

Table 5: Results ofthe correlation analysisbetweenthe different soil moisture data in-situ

measurements and SMA modebutputs (significant correlations are represented in bold)

Winter Spring Summer Fall
Rheraya
In-situ SMA A=8mm 0.82 0.83 0.67 0.75
In-situ 0.47 -0.03 0.18 0.70
ASCAT
SMA A=8mm 0.32 0.09 0.54 0.65
In-situ 0.01 0.68 0.61 0.16
SMOS
SMA A=8mm -0.09 0.75 0.58 0.54
In-situ 0.80 0.68 0.45 0.85
SMOSIC
SMA A=8mm 0.80 0.72 0.62 0.57
In-situ 0.12 0.28 0.41 0.60
ESACCI
SMA A=8mm 0.15 0.30 0.67 0.51
In-situ 0.74 0.73 0.04 0.73
ERA5
SMA A=8mm 0.86 0.76 0.54 0.65
In-situ 0.43 0.47 0.34 0.61
Mean
SMA A=8mm 0.41 0.52 0.59 0.58
Issyl
ASCAT 0.77 0.86 0.70 0.90
SMOS 0.39 0.76 0.47 0.74
SMOSIC SMA A=30mm 0.85 0.81 0.56 0.93
ESACCI 0.70 0.89 0.77 0.89
ERA5 0.88 0.82 0.70 0.88
Mean SMA A=30mm 0.72 0.83 0.64 0.87
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881 Table6: Calibration results of SCSCN model, S is the potential maximum soil moisture retention,
882  BIASq is the difference between the observed and calibrated peak discharge of the event, BIAS
883  the difference between the observed and calibrated volume of the eve
Rheraya Issyl
BIASo BIASy BIASq BIASv
Events S[mm] Ns Events S[mm] Ns
(6] (6] [%] [%]
23/01/2014 191 -0.58 1.18 -5.76  25/03/2011 679.8 0,83 29,94 -13,5
29/01/2014 24.5 0.87 6.43 29.14 03/04/2011 7305 0,02 -12,05 27,93
10/02/2014 34.6 0.71  -4.00 2.85 29/04/2011 218.1 0,83 0 10,36
11/03/2014 9.5 061 -17.39 257 02/05/2011 113 0,91 -0,58 44,39
21/04/2014 55.8 0.73 6.41 2.0 16/05/2011 176.5 0,61 17,69 -26,31
21/09/2014 34.6 0.77 27.08 -6.87 19/05/2011 136.7 0,87 1,09 9,64
05/11/2014 39.6 0.97 15.38 0.88 06/06/2011 108.8 0,75 0 -5,38
09/11/2014  40.7 0.83 6.30 -0.32  02/04/2012 440.3 0,56 0 15,26
22/11/2014 43.1 0.78 -5.06 2.38 05/04/2012 1251 0,56 13,5 -1,91
28/11/2014 71.6 0.97 3.66 -6.22  28/09/2012 159.7 0,11 32,16 23,41
05/04/2013 388.2 0,9 6,49 -4,16
28/11/2014 254 0,74 1,88 0,71
25/03/2015 356.6 0,89 0 12,32
Mean 0.67 4.00 2.09 Mean 0,66 6,93 7,14
Median 0.77 4.98 1.59 Median 0,75 1,09 9,64
884
885
886  Table7: Correlation betweenthe different soil moisture productsand the S parameter of the SCS
887  CN hydrological model
Rheraya Issyl
S Numberofevents S  Number of events
In-situ [Daily] -0.71 - -
In-situ [Hourly] -0.83 - -
SMA A=8mm -0.32 10 - -
SMA A=30mm 0.02 10 -0.69 13
ASCAT -0.55 10 -0,29 13
ESA-CCI -0,29 -0.66 11
SMOS 0.12 -0,59 6
SMOSIC -0.81 10 -0.34 13
ERAS [Daily] -0.46 10 -0.37 13
ERAS [Hourly] -0.80 10 -0.63 13
888
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889  Table 8: Performance of the SCSCN model in term of Nash Coefficiensfor the Rheraya and Issyl events,
890 usingthe daily or hourly time stepsfor the different soil moisture products.

891

Daily Hourly

ASCAT ESACCI  SMOS S'\I/'gs’ ERAS5 :tu SMA 30mm ERA5  In-situ

RHERAYA

Min  -0.15 i - 004 073 -1.88 : 001l 015

Mean  0.48 i ; 058 045 0.25 : 064 054

Median  0.57 i , 063  0.66 0.49 : 073 061

Max  0.85 i , 084  0.82 0.83 : 081 071

ISSYL

Min - -56041 -1938 - - - -96.08 11;1_6) -

Mean ! 14138 -324 - - - 2477 ‘-16.74 :

Median - 254 1.0 ; - - 2.46 085 -

Max i 2.10 052 ; - - 0.78 0.83 :
892
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923  Figure 22 Comparison betweenmeasurements of soil moisturé5cm depth) and different products of soil

924  moisture (Rheraya basin)
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928  Figure 3: Relationship between S/A and observed soil moisture data between 08/04/2013 and 31/12/2016

929 for different values of A (Rheraya basin)
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