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Abstract. Sources of spring predictability of the hydrologi- 1 Introduction
cal system over France were studied on a seasonal time scale

over the 1960-2005 period. Two random sampling experiyater resources are known to be unevenly distributed in
ments were set up in order to test the relative importance ngace and time on Earth. Moreover. in addition to the ex-
the Iand surface initial state and the atmospheric forcing. Th‘?sting climatic pressure, anthropogenic pressure is increasing
experiments were based on the SAFRAN-ISBA-MODCOU a4 the water demands of the human population grow. There-

hydrometeorological suite which computed soil moisture andgore water resource managers need decision support tools in
river flow forecasts over a 8-km grid and more than 880 river- ey 1o anticipate future water availability for human and

gauging stations. Results showed that the predictability ofiyqystrial consumption, hydropower or irrigation purposes.
hydrological variables primarily depended on the seasonapyegicting low flows and droughts several months in advance
atmospheric forcing (mostly temperature and total precipita~,o,1d be a useful tool for these managers. For example,

tion) over most plains, whereas it mainly depended on Sno\”Eredictions in the spring period (March-April-May) can be
cover over high mountains. However, the Seine catchmenyseq to detect signals of a drought onset in spring in order to

area was an exception as the skill mainly came from the iniyg |5 water resource managers taking decisions for the sum-
tial state of its large and complex aquifers. Seasonal Mmeer low-flow period

teorological hindcasts with the &o-France ARPEGE cli-

mate model were then used to force the ISBA-MODCOU Seasonal hydrological forecasting systems have been de-

veloped in several regions of the world in the last decade.

hydrological model and obtain seasonal hydrological fore- L .
casts from 1960 to 2005 for the entire March-April-May pe- They are based on p_redlctlor_ls of both the hyd_rologlcal_ Sys-
tem and meteorological forcing. The former is associated

riod. Scores from this seasonal hydrological forecasting suite

could thus be compared with the random atmospheric evaith the slow components of the hydrological system: soil

periment. Soil moisture and river flow skill scores clearly moisture, the presence of aquifers, and snow cover (Bierkens

showed the added value in seasonal meteorological forecas%nd Van Beek, 2009; Douville, 2009; Bohn etal., 2010). The

in the north of France, contrary to the Mediterranean are%;dLCt'?g t§\|/((l)|Irﬁjﬁ?hcslatzgs\;\g:hetsgl rg%'g;“re_l_rr?eer:s;)éer::)(f)f
where values worsened. p ( . ).

seasonal hydrological forecasts also depends on the season,
because of dry or wet land surface initial conditions (Wood
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and Lettenmaier, 2008; Li et al., 2009). Snow cover is es- France presents highly variable hydrometeorological con-
pecially influential during the spring period as it mostly con- ditions. A first evaluation of a seasonal hydrometeorological
tributes to mountain river flows and is thus the main sourceforecasting suite has recently been performed for the spring
of hydrological predictability for snowmelt dominated head- season (the entire March-April-May period) with an initiali-
water basins, such as the South Saskatechwan River Bassation at the beginning of February&f@n et al., 2010). This
in Canada (Gobena et al., 2010). The size of the river basirstudy showed a higher predictive skill for hydrological vari-
also has an important impact: for instance, in the Ohio Riverables than for near-surface atmospheric variables.
Basin with a wide range of basin sizes from a few hundred The objective of this paper was to continue the work of
to over a ten thousand square miles, Li et al. (2009) foundCéron et al. (2010) by undertaking a comprehensive assess-
that the larger the basin, the stronger the influence of ini-ment of the predictive skill of seasonal hydrological fore-
tial conditions. Meteorological forcings also contribute to casts. This work was performed for the whole of France and
the predictive skill of seasonal hydrological forecasts as totaincluded a determination of the main sources of prediction
precipitation has a predominant effect on river flow (Mate- skill at the seasonal scale. The focus remained on the spring
ria et al., 2010; Li et al., 2009). Nevertheless, the predictiveseason as it is a season marked by snowmelt and is also crit-
skill of a seasonal meteorological forecast depends stronglycal for the onset of agricultural and hydrological droughts
on the region and season considered and is usually weak aind low flows. Furthermore, thanks to the availability of
mid-latitudes (Kirtman and Pirani, 2008, 2009). a new hindcast dataset for the ARPEGE numerical climate
There are several sources of predictability of a hydrolog-prediction model (Weisheimer et al., 2009), the time period
ical system at the seasonal time scale according to the resf the study was extended to the 1960-2005 period. A set
gion of interest. Countries corresponding to different cli- of experiments was designed to identify the main sources of
matic regions therefore provide seasonal hydrological forepredictability of the hydrometeorological system. Then, the
casts based on different predictors. In Senegal, it is helpfubdded value of seasonal atmospheric forecasts was assessed
to consider the storage available at the end of the monsoothrough the comparison with forecasts using random atmo-
when programming water releases from a dam (Bader et al spheric forcings.
2006) whereas in Australia, Chiew et al. (2003) have demon- Section 2 introduces the different models and data sources
strated that a simple information based on ENSO-streamflowsed, with the description of the SIM hydrometeorological
teleconnection and serial correlation in streamflow leads ir-suite and the ARPEGE meteorological hindcast dataset. Sec-
rigators to take more informed risk-based management decition 3 describes the predictability experiments, the seasonal
sions. The North Atlantic Oscillation (NAO) or the Southern hydrological forecasting model and the forecast evaluation
Oscillation Index (SOI) is also used to provide the magnitudetools. Next, results in terms of soil moisture and river flows
of seasonal streamflow in Iran (Araghinejad et al., 2006).  are shown in Sect. 4. Results are discussed in Sect. 5 before
Once sources of predictability have been identified, an apperspectives are provided in the last section.
propriate methodology has to be chosen to provide the sea-
sonal hydrological forecasts. For instance, studies conducted
in the United States are mainly based on the macroscale Models and data sources
semi-distributed grid based hydrological model VIC (Vari-
able Infiltration Capacity, Liang et al., 1994). There are 2.1 The hydrometeorological
several ways of forcing the hydrological model. The first SAFRAN-ISBA-MODCOU (SIM) suite and
approach is to use statistical methods with simple or multi- reanalysis
ple linear regression between climatic phenomena (BbNi
Southern Oscillation and the Arctic Oscillation) or persis- The seasonal hydrological forecasting suite was the same
tence related to soil moisture and snow cover with the mearas that used by &on et al. (2010). It is based on the
seasonal river flow (Maurer and Lettenmaier, 2004). WoodSAFRAN-ISBA-MODCOU (SIM) operational model devel-
and Lettenmaier (2006) used an ensemble streamflow presped by Metto-France and Mines Paris-Tech at the scale of
diction system with several daily hydrological model out- France (Habets et al., 2008) and composed of three indepen-
puts provided by climate sequences resampled from previougent models.
years, taking the uncertainty of the initial atmospheric and/or First, SAFRAN (“Syséme d'Analyse Fournissant des
oceanic conditions into account. In order to improve sea-Renseignements A la Neige” for “Analysis system contribut-
sonal hydrological forecasts, more complex approaches havimg to information for snow”) is a near-surface meteorologi-
also been applied. Dynamic methods have been used witbal analysis system (Durand et al., 1993; Quintana-Segu
temperature and precipitation, with a Bayesian method mergal., 2008; Vidal et al., 2010a). It combines meteorological
ing observations with multiple seasonal forecasts (Luo andnodel outputs with surface observations to produce hourly
Wood, 2008). This method allowed the hydrological fore- values of meteorological variables. SAFRAN computes
casting system to be evaluated for historical phenomena suckeven variables (10-m wind speed, 2-m relative humidity, 2-
as the 2007 US drought (Li et al., 2008). m air temperature, incoming solar and atmospheric/terrestrial
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radiation, snowfall and rainfall) over 615 climatologically simulations (Habets et al., 2008). The French environment
homogeneous zones at several elevations, which are iministry uses outputs from the SIM model (snow cover, soil
terpolated onto a 8-km grid covering France (total area:moisture and effective rainfall) for the Hydrological Moni-
544000knd). The long-term SAFRAN reanalysis derived toring Bulletin (http://www.eaufrance.jr
by Vidal et al. (2010a) over the 1958—-2008 period was used The SAFRAN reanalysis has also been used to run the
as a meteorological reference for all experiments in thisSISBA-MODCOU hydrological model in order to build a SIM
study. reanalysis from 1958 to 2008 (Vidal et al., 2010b), taken
Next, ISBA (“Interface Sol-Biospére-Atmospkre” for here as the hydrological reference run for all experiments for
“Interaction between Soil-Biosphere and Atmosphere”, the March-April-May (MAM) period. In addition, the SIM
Boone et al., 1999; Noilhan and Planton, 1989) is a soil-reanalysis allowed us to provide hydrological variables on
vegetation-atmosphere transfer (SVAT) scheme, used to sim31 January for building the hydrological initial state used in
ulate the exchanges in heat, mass and momentum betweel experiments.
the continental surface (including vegetation and snow) and
the atmosphere. ISBA was applied here in its 3-layer force2.2 The ARPEGE meteorological seasonal forcings
restore version (Boone et al., 1999) with the 3-layer snow o
scheme of Boone and Etchevers (2001). A subgrid runoffindcasts of the ARPEGE ("Action de Recherche Pe-
scheme (Habets et al., 1999a) and a subgrid drainage scherfji® Echelle Grande Echelle”,’ for “Research Project on
(Habets et al., 1999b) have been implemented to tackle theMall Scale and Large Scale”) global coupled atmosphere-

issue of physical processes occurring at scales smaller thac€@n climate model were used at a resolution of.2.5
the 8-km grid. ISBA thus simulates runoff through the Dunne 1 "€S€ data were produced within the ENSEMBLES project

mechanism over saturation. For soil moisture below the satu{Veisheimer etal., 2009) and covered the 1960-2005 period.
ration point, the subgrid runoff is activated, its amount being SPring seasonal forecasts started on 1 February en ended on

smaller below the field capacity, and zero below the wilting 31 May. These forcings, called ARPEGE-ENSEMBLES in

point. Next, drainage is produced for soil moisture above thethe following, consisted of an ensemble of 9 runs correspond-

field capacity, and residual drainage is effective below thising.to 9 initial conditions constructed by different realistic
value where no aquifer layer is explicitly modelled by the estimates of observed states of both the atmosphere and the

MODCOU hydrogeological model. With respect to ISBA, 9¢€an , ,
the variables of interest for the present study are the to- 1€ ARPEGE-ENSEMBLES atmospheric forcing dataset

tal snow cover and the soil moisture (related to agriculturalWaS downscaled to the SIM horizontal resolution of 8km
drought) described by the Soil Wetness Index (SWI) aver-With the simple method proposed by Rousset-Regimbeau et
aged over the soil depth: al. (2007) for ensemble medium-range river flow forecasts

and adapted to seasonal forecasting leyad et al. (2010).
swi = ¥ — Wit (1)  This dowscaling method is explained hereafter. The orig-
Wic — Wit inal ARPEGE-ENSEMBLES temperature and total precipi-

with W the soil water content¥s. the water content at field tatipn fields were first converted into gnomalie.s,. b_y removing
capacity and¥yir the water content at the wilting point. the!r mean value, and then stqn(jardlzed by dividing t_hem by

Last, the MODCOU (MORle COUpg for coupled their mtgranngal standard deV|at!on..They were then mtgrpo-
model) hydrogeological model computes the temporal andated with an inverse-square Wel'ghtlng.onto the 615 climat-
spatial evolution of aquifers with several layers using the dif- ICally homogeneous zones considered in the SAFRAN anal-
fusivity equation (Ledoux et al., 1989). In addition to cal- ¥SiS (Quintana-Seguet al., 2008). Finally, they were com-
culating the interaction between the aquifer and the river, the?ined with SAFRAN long-term means and interannual stan-
model routes the runoff on the surface and within rivers usingd@rd deviations to provide realistic 8-km atmospheric forc-

an isochronistic algorithm to estimate river discharge with aings thatincluded local-scale spatial variability. The partition
time step of 3h. The time step used to compute the evolu-

between snowfall and rainfall was based on a critical thresh-
tion within the aquifer is about 1 day. In the version of Sim ©!d temperature of 0.5C. As in Ceron et al. (2010), the other
used here, aquifers are explicitly modelled in only two river 2&tmospheric variables required by ISBA (wind speed, rel-

basins: the Seine basin (three layers) and than@hasin ative humidity, incoming solar and atmospheric radiations)
(one layer). were taken from the SAFRAN climatology over the same

The SIM hydrometeorology suite has previously been val-1960-2005 period. As the ARPEGE dataset was available
idated on four large French river basins: Adour (Habets,EVery 6h for temperature and at a daily time step for total
1998), Rlbne (Etchevers et al., 2001), Garonne (Voirin- precipitation, a temporal disaggregation was also required:

Morel, 2003) and Seine (Rousset et al., 2004). It was therihe total precipitation was evenly distributed throughout the
appliéd to the whole of France and vé\Iidated over a 10-day whereas temperatures were linearly interpolated between

year period for 881 French stations to produce realistic watefVO time steps.
and energy budgets, streamflow, aquifer levels and snowpack
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Céron et al. (2010) use seasonal hindcasts producec]
within the DEMETER project (Palmer et al., 2004) from
an older version of ARPEGE, called ARPEGE-DEMETER
in the following. Seasonal hindcasts were taken here B
from ARPEGE-ENSEMBLES runs rather than ARPEGE-
DEMETER runs for two main reasons. Firstly, the
ARPEGE-ENSEMBLES seasonal forecasting model is cur- |
rently closer to the operational seasonal forecast model
than the ARPEGE-DEMETER one. Secondly, the time pe-
riod was extended from 1971-2001 to 1960—-2005. Finally,
the ENSEMBLES predictions were significantly better than
those from DEMETER, with improved discrimination, res-
olution and reliability in the northern midlatitudes for the
spring season (Alessandri et al., 2011). Moreover, before
being used here, the ARPEGE-ENSEMBLES meteorolog- |
ical seasonal forecasts had been evaluated and compare
with the ARPEGE-DEMETER ones. The results (not shown
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observed that the prediction skill was higher for tempera-
ture than that for total precipitation in both expenment Set.S'Fig. 1. Orography (m), hydrographic network over France, and lo-
Then, we observed that there were an overestimation of rainz v on of gauging stations for catchment case studies

fall and an underestimation of snowfall in both ARPEGE- '
ENSEMBLES and ARPEGE-DEMETER forcings. Finally,

for both seasonal atmospheric forcing, lower skill scores cargntrasting with very low flows in summer). Table 1 sum-

be found over the Mediterranean area. marizes the characteristics of the six catchments studied in

L Sect. 4.3.2 and identified on Fig. 1.
2.3 Description of catchments

France presents highly variable hydrometeorological con-3 Methods and experiments

ditions with total precipitation about 500 mnTyr for dry

regions and more than 2000 mntyrfor mountains. In- 3.1 Predictability experiments

deed, there are two high mountain regions (Pyrenees and . ) ) )

Alps) and several medium-elevation mountain ranges (VOS_TWO academic experlments werelconducted, with the aim of

ges, Jura, Massif Central and Corsica) distributed over thé€tter understanding the respective roles of the land surface

territory (Fig. 1). These regions are usually associated withinitial state and the atmospheric forcings in the predictive

higher amounts of precipitation and the presence of season&Kill of the complete hydrometeorological system. They con-

snow cover with a nival and nivo-pluvial flow regime, for ex- Sisted of runs initialised on 1 February for a period ending on

ample for the Durance catchment at Embrun in the Alps and_31 May, W|thou.t conS|d_er|ng the first month. Data constitut-

the Ariege catchment at Foix in the Pyrenees (see Fig. 1 foind meteorological forcings came from the SAFRAN reanal-

gauging locations). ysis over the 1960—2005 period. I.n order to av0|q pptentlal
Among the four main rivers representing more than 62 o, Diases due to different ensemble sizes on probabilistic scores

of the territory, the Réne has the most mountainous catch- WNen comparing the results, both experiments were based on

ment area and is strongly influenced by snowmelt in springthe 9-member ensembles, following the size of the ARPEGE

and summer and is subject to anthropogenic pressure witgeasonal atmospheric ensemble hindcasts used later for com-

numerous dams. The Seine river basin is marked by a largB2/isons. All experiments in this paper followed the general
and complex aquifer system with very specific hydrologi- Scheme described in Fig. 2.
cal behaviour, but the flow regime is essentially pluvial with A Process was designed to select 9 random years for each
floods in autumn and winter (from December to April) and a year simulated from the 1960—-2005 period with atmospheric
low flow period in spring and summer. forcings or land surface initial conditions depending on the
From a meteorological point of view, France is charac- experiment. In order to preserve consistency between the
terized by westerly flows corresponding to an Atlantic in- different meteorological or land surface variables for each
fluence, with the exception of the south-east region, WhiChexperiment, the process selected all variables from the same
has a Mediterranean climate with dry and highly variable Year- Moreover, the random years selected are the same for

meteorological conditions (high flows in autumn and winter the two experiments described below.

Hydrol. Earth Syst. Sci., 16, 201216, 2012 www.hydrol-earth-syst-sci.net/16/201/2012/



S. Singla et al.: Predictability of soil moisture and river flows over France for the spring season

Table 1. Characteristics of the six catchment studied and located on Fig. 1.

205

Durance at Heraultat Ariege at Eureat Seineat Moselle at
Embrun Gignac Foix  Cailly-sur- Paris Custine
Eure

Basin area 2170 1312 1340 4598 43800 6830
(km?)
Outlet 787 32 375 21 26 184
altitude
(m)
Mean flow 52 29.2 39.6 17.9 305 113
(m3s~1)

Atmospheric Forcing

A — Temperature and
total precipitation

l

S reanalysis on the 315 of January

B- Land surface initial condition

Seasanal hindcasis —

Hydra-SF or SAFRAN
rearalysis (RAF/ RIS)

ISBA-MODCOU
hydrolo gical model

Other foreings -

P Ensemble forecasts for
the Soil Wetness Index
and river flow from

March to May

wind, humidity, solar and
infrared radiations

(SAFEAN climatology)

Fig. 2. General scheme of the ensemble seasonal hydrological forecasting suites used in this study (see Table 2).

The first experiment, called Random Atmospheric Forc-3.2 The Hydrological Seasonal Forecasting suite
ing (RAF) tested the impact of a realistic land surface ini- (Hydro-SF)
tial state. The land initial conditions for soil moisture,
snow cover and aquifers were taken from the SIM reanaly-In order to perform seasonal hydrological forecasts over the
sis on 31 January. The RAF forecasts were performed usind960—2005 period and for the entire spring period, follow-
9 members, each member corresponding to the atmosphering the general scheme described in Fig. 2, the land initial
forcing (temperature and total precipitation) for a random conditions for soil, snow cover and aquifers were taken from
year selected from the 46-year SAFRAN reanalysis. the SIM reanalysis on 31 January for each year from 1960

The second experiment, called Random land surface Inito 2005 as in the RAF experiment (see Table 2). Then, at-
tial State (RIS) was complementary to the RAF experimentmospheric forcings were provided by the 9 members of the
and evaluated the atmospheric forcings predictive skill. TheARPEGE-ENSEMBLES meteorological seasonal forecasts
atmospheric forcings used here came from the SAFRAN reinitialised on 1st February of each year (see Sect. 2.2). The
analysis for each target year and the RIS ensemble forecasteasonal hydrological forecasting suite, called Hydro-SF in
used 9 land surface initial conditions randomly chosen withinthe following, thus provided 9 runs of soil moisture and river
the 46-year SIM reanalysis. flow forecasts over the entire March-April-May period.

Table 2 summarizes the atmospheric forcings and land sur-
face initial states used in the two experiments. 3.3 Evaluation methods

Seasonal forecasts are basically ensemble forecasts and thus
provide both probabilistic and deterministic — using the en-
semble mean — forecasts. They can thus be evaluated on both
aspects and, consequently, the evaluations have to refer to
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Table 2. Description of the RAF and RIS experiments testing the predictability of the hydrological system and the Hydro-SF suite. RAF:
Random Atmospheric Forcing; RIS: Random land surface Initial State; Hydro-SF: the hydrological seasonal forecasts (see Fig. 2).

Experiment  Atmospheric forcings Land surface initial states (soil moisture,
snow cover and piezometric level)

RAF 9 random years from the SAFRAN reanalysis  Actual states from the SIM reanalysis

RIS Actual years from the SAFRAN reanalysis 9 random states from the SIM reanalysis

Hydro-SF 9 ARPEGE seasonal hindcast runs Actual states from the SIM reanalysis

both probabilistic and deterministic scores. In this paper.the considered event. For all hydrological variables, the SIM
time correlation and Brier score and its decomposition areclimatology over the 46 years was used to determine terciles
shown as examples of deterministic and probabilistic scoresnd the corresponding thresholds of tercile categories. In this
respectively, but many other scores (dispersion, root meaipaper, we tested the skill of the system to predict above aver-
square error, standard deviation, spatial correlations, Relativage (upper tercile) or below average (lower tercile) values.
Operating Characteristic curves and areas...) were computed In order to make comparisons between the seasonal hydro-
and gave results similar to those presented below. logical forecasting suite and the random atmospheric forc-
The prediction skill of experiments was calculated over theing experiment, a bootstrapping method (Hesterberg et al.,
1960-2005 period and the entire MAM period, with the SIM 2005) was used with a Student test on the Brier Skill Score
reanalysis as the reference (see Sect. 2.1). It was computd®SS) (Eq. B1) and the difference of time correlations (see
over each 8-km grid cell for the SWI (see Eg. 1) and usingAppendix B).
all 881 river gauges for river flows.
Time correlations were used to characterize the ability of4 Results
the hydrometeorological suite to match the reference inter-
annual variability. They were calculated from the ensemble,
mean as this is considered to be the best representation of

a deterministic forecast from an ensemble seasonal atMCEjgure 3a shows the SWI predictive skill for spring using cor-
spheric forecast. In the following, we consider that only re|ation between the RAF experiment and the reference value
time correlations higher than approximately 0.3 are signif- ghtained from SIM reanalysis. About one third of France ex-
icant (based on the Student test over a sample of 46 yeangjpited significant correlations. Correlations were maximum
with a significance level of 95 %). in the highest mountains (South and Central Alps, Pyrenees),
Next, the skill of the system for a threshold exceedanceput were also higher than 0.4 in most parts of the other
was assessed through the probabilistic Brier Score (BSmountain ranges (Vosges, Jura, Massif Central and Corsica).
Brier, 1950) using the whole ensemble distribution (Eq. Al These high scores could be attributed to the influence of the
in Appendix A). The BS and its associated skill score (BSS)snow cover initial state. In addition, significant correlations
(Brier, 1950) are well known and often used as probabilisticwere found in some plain areas scattered over the country:
scores for hydrological ensemble forecasts (Cloke and Papthe Alsace plain, the south-west of Paris, the Lauragais re-
penberger, 2009; Randrianasolo et al., 2010; Thirel et al.gjon close to the Mediterranean sea, and the lowedrieh
2010). The lower the score the better the forecast, with a peryalley. These last two regions are amongst the driest regions
fect forecast corresponding to a BS of 0. BS can also be deof France, whereas the south-west of Paris, for instance, is
composed as the sum of 3 terms: reliability, uncertainty andcovered by forests and has deep root layers with an evap-
resolution (Murphy, 1973), see Eq. (A2) in Appendix A. The otranspiration/precipitation ratio exceeding 0.75 (Habets et
reliability term describes the capacity of the system to predicta|., 2008). Because of these diverse factors associated with
correct probabilities and is negatively oriented. In principle, the soil moisture memory, the interannual variability of ini-
it can be reduced by good calibration (Murphy, 1986). A tial SWI values was large enough to lead to some predictive
small value of the reliability indicate a reliable forecast. The skill during the spring season. In contrast, in more rainy areas
resolution term gives the ability of the system to correctly such as western Brittany and the French part of the Basque
separate the different categories (whatever the forecast prolgountry, the soil water content is often close to the field ca-
ability), i.e. it measures how much the conditional probabili- pacity, hence the soil moisture interannual variability in win-
ties differ from the climatic average. Itis positively oriented: ter is low, cancelling the soil moisture predictive skill. This
the higher the resolution, the better the forecast. Finally, themeaning that the interannual variability is low compared with

uncertainty is exactly the BS (Eq. Al) for the sample clima- summer periods when the interannual variability is high.
tology as the uncertainty is the variance of observations for

RAF
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Fig. 3. Correlation maps of SWa) and river flows(b) between the RAF experiment and the SIM reanalysis reference run for the spring
(MAM). Scores are calculated over the 1960—2005 period.

When looking at river flow forecast skill (Fig. 3b) some
spatial differences can be spotted. On average (excluding the
case of the Seine river basin, which will be discussed later)
locations associated with a significant skill were fewer than
those for soil moisture. Most areas where the soil moisture
predictive skill came from the initial soil moisture did not ex-
hibit any skill for river flow (e.g. Alsace, south-west of Paris).
Indeed, below the field capacity, the bottom runoff produc-
tion stopped (except for the residual drainage), cancelling the
transmission of the soil moisture signal to river flows. In the
case of mountains, the river flow skill was maximum in the
Southern Alps. For example, the maximum value was asso-
ciated with the Durance river at Embrun (cf. Fig. 1), a high
mountain catchment (up to 4000 ma.s.l.). For this river, the
annual snowmelt maximum occurs in May and the simulated
cumulated discharge during the spring period corresponds to
47 % of the annual discharge. Hence, this experiment cap-
tured a large part of the predictive skill contained in the snow
cover initialized at the end of January. In contrast, in the o .
Northern French Alps, the annual maximum of discharge oC_F_lg. 4._ Map of percentage of groundw_ater contrlbunon_to spring
curs mostly in June, and the spring discharge represents Onl&ver dllsc_harge over the 1960-2005 period, calculated with the SIM
around 25 % of the annual value (22 % for the Arc at Lansle- canalysis.
bourg, 32 % for the ksre at Moutiers, see Fig. 1 for catch-
ment locations). As the forecast ended at the end of May,
the predictability associated with the snowmelt in June wasio 0.9 depending on the hydrogeology (Fig. 3b). The Seine
not captured in this experiment. In other mountain rangeshydrological features are very complex as there are several
the river flow skill was lower because of more limited snow aquifer layers stacked on each other with a specific geologi-
cover due to either a warmer climate (Pyrenees and Corsicajal layout. Figure 4 presents the percentage of groundwater
or lower elevations (Vosges, Jura and Massif Central). contribution to spring river discharge which is indeed the per-

In addition, some significant river flow skill appeared in centage of the amount of water transferred form the aquifer to
the Seine catchment, where a large multilayer aquifer systenthe river compared to the amount of water flowing at a given
simulated by the MODCOU model influences river flows and station. This calculation is directly computed by the MOD-
the configuration of the river-aquifer exchanges at the scal&COU model for each time step and “river” grid meshes. In-
of each sub-catchment. The time correlation varied from 0.3deed, if the groundwater table level is upper than the river
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-1.00

Fig. 5. Correlation maps of SW(a) and river flows(b) between the RIS experiment and the SIM reanalysis reference run for the spring
season. Scores are calculated over the 1960—2005 period.

level, the water is transferred to the river using a transfer , . . 1
coefficient: Table 3. Contingency table of biases on river ﬂow:im ) of RAF

and RIS experiments for Durance river basin at Embrun (Alps) over
Q =TP(H — Ho) the 1960-2005 period. RAF: Random Atmospheric Forcing; RIS:

) ) Random land surface Initial State.
with H the river level;Ho, the groundwater table levelP, a

transfer coefficient. The river flo@ exchanged is thus pos- RAF
itive (negative) when the groundwater (river) gives water to
the river (groundwater). The latter case is not implemented

0-20 2040 =40

in the present version of SAFRAN-ISBA-MODCOU. Gen- 0-20 15 8 3
erally, we see on Fig. 4 that the skill increases with the rela- RIS 20-40 14 1 1
tive importance of water coming from the aquifer in the cu- >40 3 1 0

mulated spring discharge. However, the alluvial aquifer in

the S@&ne/RIdne valley did not generate any significant pre-

dictability, showing that only aquifers with a sufficient de-

layed time response and water holding capacity can lead to Table 3 shows the RAF error on spring discharge as a func-

predictability at seasonal scales for the spring season. tion of the RIS error in a contingency table for the Durance at
Embrun, a mountain river basin (cf. Fig. 1 for location) over
4.2 RIS the 1960—2005 period. This highlights that, when river flows

) are well simulated for a year in the RAF experiment, the river
Conversely to the RAF experiment, we focused here Oniseharge is badly simulated in RIS and vice versa. So, the
the reduction of hydrological prediction skill as actual at- ¢onyipytions of the land surface initial state and atmospheric

mospheric forcings from the SAFRAN reanalysis were ¢, cings vary and depend on years, introducing a predicting
used. The fact that the SWI prediction skill was signifi- g for specific years.

cant and high almost everywhere was therefore not surpris-

ing (cf. Fig. 5a). The only exceptions were some parts of theg 3 aAdded value of seasonal atmospheric forecasts
Alps, and a very small region in the eastern Pyrenees, con-

firming the importance of the snow cover initial state inthese4 31  sw| forecasts

high-elevation areas.

On Fig. 5b, the river flow prediction skill was significant Figure 6a shows the time correlation between SWI forecasted
everywhere. It was greater than 0.9 in most regions wheregsing Hydro-SF experiment and its reference value obtained
the surface initial state influence was negllglble It reaChEdfrom the SIM reana]ysis_ A Comparison with Corresponding
a minimum in the regions mentioned above for RAF: moun- resuylts for RAF (Fig. 3a) is presented in Fig. 7a, showing the
tainous regions (Alps and Pyrenees) and associated downmpact of using the ARPEGE-ENSEMBLES seasonal fore-
stream areas (snow influence), as well as most of the Seingasts instead of random forcings from the SAFRAN reanaly-
catchment (aquifer). sis. The Student variable of the difference in correlations (see
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Fig. 6. Correlation maps of SWE&) and river flowgb) between Hydro-SF and the SIM reanalysis reference run for the spring season. Scores
are calculated over the 1960—2005 period.
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Fig. 7. Maps of Student variable of the difference of correlation (cf. Appendix B) between Hydro-SF and the RAF experiment fay SWI
and river flowg(b) for spring.

Appendix B) for spring clearly showed a north/south parti- Table 4 displays values of the SWI Brier Score (Eq. Al)
tion of France. The Student variable was significantly pos-averaged over the whole of France. It shows that the pre-
itive in the north, showing a higher skill of Hydro-SF com- dictive skill of Hydro-SF was similar to that of the RAF ex-
pared to the RAF experiment. Conversely, negative Studenperiment (it was equivalent or lower), thus hiding the highly
variables in the south showed a higher skill of the RAF ex-variable spatial patterns. This clearly highlighted the need to
periment. Between negative and positive values, a large aregesort to a spatial representation in order to properly assess
exhibited non-significant skill. seasonal hydrological forecasts.

Differences between Hydro-SF and RAF inferred from
probabilistic scores were more complex than the time cor4 32 River flow forecasts
relation (Fig. 8) as no clear delineation appeared. Hydro-
SF still worsened the results in _the Mediterranean part 0fFigure 6b shows the time correlation between river flow fore-
France for SWI fqr the upper te_r cile and the south of FranCecasted using Hydro-SF experiment and its reference value
for the lower tercile. However, it must be noted that results

were improved in the south west of Paris, which still s:howedObtained from the SIM reanalysis. Here again, the Alps
’ P ispl high fi .3100.7), th
the highest scores for both RAF and Hydro-SF experiment and Pyrenees displayed higher scores (from 0.3 to 0.7), the

f Figs. 3 46 Seine river basin had values up to 0.9, whereas the other
(cf. Figs. 3a and 6a). regions showed no significant predictability of river flows.
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Fig. 8. Maps of Student variable of Brier Skill Score (B1) for SWI between Hydro-SF and the RAF experiment for the spring season for the
upper tercilga) and the lower tercilgb).
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Fig. 9. Maps of Student variable of Brier Skill Score (B1) for river flows between Hydro-SF and the RAF experiment for the spring season
for the upper tercil¢a) and the lower tercilgb).

Consequently, at first sight, the spatial distribution of scoresscores, Hydro-SF was better than RAF for river flows over
was quite similar to that of the RAF experiment (Fig. 3b).  this region.

Secondly, by looking at the Student variable of difference Finally, the BS and its three terms of decomposition (relia-
of time correlation (see Appendix B) on Fig. 7b, it can be bility, resolution and uncertainty) (Eg. A2) on river flow fore-
noted that scores on river flows were significantly positive casts for Hydro-SF and RAF were shown in Fig. 10 for some
over most of France, meaning that Hydro-SF improved rivercatchment case studies: two catchments located in plains, the
flow forecasts compared to the RAF experiment, except forMoselle at Custine (north-east of France) and the Herault at
the Mediterranean area. Moreover, the Student variable ofsignac (Mediterranean area); two catchments in the Seine
BSS for river flow between Hydro-SF and RAF (Fig. 9) river basin, the Eure at Cailly-sur-Eure (with high ground-
did not show any clear skill for the upper tercile while the water influence) and the Seine at Paris (less influenced by
skill was significantly positive in the north-east of France groundwater); and, finally, two catchments located in moun-
for the lower tercile. This showed that, for probabilistic tainous regions, the Durance at Embrun (Southern Alps) and
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Fig. 10. Histograms of the decomposition of Brier Score (reliability, resolution, uncertainty) (A2) and Brier Score (A1) for river flow
forecasts from RAF (left panel) and Hydro-SF (right panel) for Spring over the 1960—2005 period. Graphs show the results from 6 different
river catchments for the upper (left bar) and lower (right bar) tercile categories.

Table 4. Brier score (Eq. A1) averaged over France from 1960 5 Discussions and conclusions

to 2005 for the spring period and the evolution for each month . . . .
with the RAF experiment and Hydro-SF for SWI (Eq. 1) forecasts. In this study, several numerical experiments covering a 46-

RAF: Random Atmospheric Forcing; Hydro-SF: the hydrological Year period were performed using the SIM hydrometeoro-

seasonal forecasts. logical suite in order to investigate the sources of spring pre-
dictability of soil moisture and river flows over France. Ob-
Tercile March Aprii  May spring viously it should be relevant to use a large ensemble size for

the experiments (e.g. Li et al., 2009 used 19 members and
Wood and Lettenmaier, 2008 used 21 members).
However we used 9 randomly selected initial states and
Hydro-SF Upper 022 0.25 026 0.24 atmospheric forcings for RIS and RAF experiments, respec-
Lower 021 026 026 0.24 tively. The objective of choosing 9 random members only
is to keep those experiments fully consistent with Hydro-
SF experiment that uses 9 members of the ENSEMBLES
dataset. Consequently, we verified that our random selec-
the Ariege at Foix (Pyrenees) (see Fig. 1 for gauging loca-jon did not bias the results toward drier or wetter year. We
tion). Firstly, Brier Scores showed a lower skill (higher val- especially checked that dry or wet years were not over- or
ues) for catchments located in plains than for mountainougnder-represented in the samples. Let's assume that a year
catchments in both experiments. This observation was partlys gry if it pertains to the driest 20 % of the sample (below
due to the resolution term as the worst resolution (smallesfower quintile). Theses years are present in the random se-
value) was for the river basins located over plains. Secondly|ection 18 % of the time. For the wetter years (above upper
the uncertainty term was not very different from one exper-quintile), the percentage is 19.3 %. These values are not sta-
iment to another because it was based on the observed refistically different (95% confident interval) from the 20 %,
erence data. However, the reliability term (which should beyhich suggests that the random selection did not generate
small) was the term that changed most between the two expizsed samples.
periments, at least for the lower tercile. For instance, for girsly, the main conclusions of this study allowed us to
the Herault, Arege and Durance catchments, all located inconfirm that the snow cover initial state was by far the most
the south of France, the reliability worsened from 0.04 for jmportant source of spring predictability in mountain areas.

RAF 0 0.17, 0.1 and 0.07 respectively for Hydro-SF for the gt the soil moisture and river flow predictive skill varied
lower tercile. In contrast, the Moselle catchment in the north-5156 among regions, according to climate and elevation. For

west of France showed a decrease of BS from 0.1 to 0.05 fofstance, for medium-elevation mountains (Massif Central,

the lower tercile. This probably explained BSS features OMypsges) and high mountains in dry areas (south-east of the
Fig. 9. The skill worsening in the south of France for Hydro- pyrenees, Corsica) the influence of snow cover was signifi-
SF thus appeared as a reliability problem, which was encourgant on soil moisture but not on river flows. For the southern
aging because we could expect to improve it using calibrationy|ps and the rest of the Pyrenees, scores for both variables
of probabilities and more ensemble members in the future. \yere significant at the seasonal scale. But scores were not

significant over the Northern Alps, the most snowy area in

RAF Upper 0.20 0.24 025 024
Lower 0.20 0.23 024 0.23
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Fig. 11. Map representing ratios of river flow forecasted by the

SIMmodeloverriverflowobserved,calculatedoverthe1960—2005F_ 12 ¢ lati f i flow betw the SIM del
period on Spring (March-April-May). ig. 12. Correlation maps of river flow between the mode

and observations, calculated over the 1960—2005 period on Spring
(March-April-May).

France, because of the delayed snowmelt in this region, with

its maximum in June. The soil moisture and river flow pre-

dictive skill could therefore still prove significant with an ex- ~ Finally, the use of meteorological forcings from
tended forecast range in this region. Such a forecast, mad@RPEGE-ENSEMBLES seasonal forecasts was then com-
possible by the 7-month forecast range of operational sysPared with a random forcing experiment. While a signifi-
tems, is very promising, especia”y for the management 0'[Cant improvement of river flow skill could be observed in
low-flow periods. the north-east of France, scores reduced in the Mediter-

Secondly, the study showed that the presence of a deefnean area. This can be explained by the worsening of sea-
aquifer could also be an important source of river flow pre- sonal atmospheric forecasts skill in the Mediterranean area
dictability. The Seine aquifer system is the largest and deep©f France.
est in France, with a great water holding capacity. While In this study, we compared hydrological seasonal forecasts
there was no impact on soil moisture forecasts over the catchwith its reference value obtained from SIM reanalysis, not
ment, the skill of river flow forecasts increased with the from observations. The next step will be to compare hydro-
aquifer-river exchanges. In the eastern part of the basin (withogical seasonal forecasts with observations.
higher amounts of precipitation), river flows are mostly in- However, as a first step, we can study the behaviour of the
fluenced by runoff, whereas other tributaries are strongly in-SIM model compared with observed river flow in order to
fluenced by the aquifer. It should be noted that results orbetter characterize the reliability of the results. The discharge
the Seine cannot be generalized to other major aquifers. Itatio in Spring (ratio of simulated vs. observed river flows)
is likely that the introduction of the Somme aquifer (north and the interannual correlation between simulated and ob-
of Paris) into the model (Habets et al., 2010) will improve served spring mean river flows are shown on Figs. 11 and 12
the results for this river and its tributaries because it belonggespectively.
to the same hydrogeological unit. For alluvial aquifers, as The first criterion qualifies the ability of SIM to repro-
shown for the Sane/Ridne aquifer already explicitly mod- duce the observed volume. Results are similar to already
elled, the signal will probably remain non-significant as the published comparisons over the whole year (Habets et al.,
response of the aquifer is not delayed on a time scale relevar2008). The discharge ratio is generally close to 1, with some
for spring seasonal forecasts. important exceptions on the Alps. It is partly the conse-

Next, the present study showed that for most plains, thequence of an accumulation of numerous dams used for hy-
part of the skill associated with the soil moisture initial state dropower production, thus influencing river flow observed.
was usually very low. Nevertheless, some specific regiondHowever as Lafaysse et al. (2011) showed, the overestima-
were associated with a significant soil moisture skill. Thesetion of river flow over the Alpine region can also be explained
were usually dry regions and/or regions with high vegetationby the grid discretization (the elevation range by each 8 km
and large soil reservoirs (e.g. the region south-west of Paris)square grid is often wider than 1000 m). The consequence is
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a poor estimation of meteorological variables (like snowfall), and accurate seasonal forecasts are therefore important in this
vegetation and snow cover. Moreover, in the Alpine region,time of year. However, for other seasons, the skill associated
the SIM model does not include water storage and releasavith the initial state might differ. In summer, the influence
from aquifers nor ice melt from glaciers, inducing a time lag of the snow will probably remain significant — at least for
of snowmelt which occurs earlier in model results than in June — in the Northern Alps, and large aquifers might im-
observations prove the scores for river flows. In autumn and winter, the
The second criterion qualifies the ability of SIM to simu- main sources of skill are hard to anticipate but we can in-
late the interannual variability. This criterion is very impor- fer that the atmospheric forcing might play a more important
tant in the framework of seasonal forecast. In most cases theole than the initial state.
correlation is very high (above 0.85), indicating that SIM is  Third, the quality of atmospheric forcing may be improved
able to correctly predict this variability, even if the score on by a refined downscaling of seasonal forecasts. In an ad-
the discharge ratio is poorly simulated. For the Durance aditional experiment (not shown) based on the RAF experi-
Embrun, a typical Alpine river not influenced by dams, the ment, we used all variables in the meteorological forcings
discharge ratio is very poor (overestimation of 40 % of the of the randomly chosen year instead of only temperature
discharge in Spring because of grid discretization and lack ofand total precipitation. The only significant difference with
local aquifers and glaciers in the model), while the interan-RAF was an improvement in the shape of Talagrand dia-
nual correlation on spring discharge with observation is 0.88grams (not shown), but other scores remained unchanged.
Hence, it is relevant to use SIM for seasonal prediction onThis confirmed the crucial role of temperature and precip-
this particular catchment. itation forecasts (including the snow/rain partition) in the
forcing terms of the SVAT model. A downscaling approach
based on weather types (Fagf al., 2009) is planned in order
6 Perspectives to better account for large-scale atmospheric patterns. This
method was developed by Bet al. (2006) and validated us-
All the above conclusions confirmed and extended the resulting SIM over the Seine basin. It has also been applied for
of Céron et al. (2010) on selected basins. A number of pera climate impact assessment on hydrology over France (Bo
spectives can be envisaged based on the above conclusionst al., 2009) and is promising for applications in seasonal
First, this study confirmed the importance of the land sur-forecasting.
face initial state. Although we considered that the accu- Another source of improvement of meteorological forc-
racy of the SIM suite was high for the simulation of the ings would be the use of a multi-model approach, rather than
main components of the continental hydrological cycle atthe single ARPEGE model. In a second step, the multi-model
the scale of France (Habets et al., 2008), there is still roomapproach should be expanded to the hydrological modelling
for improvement in its quality. This system will be com- step as it represents a major source of uncertainty in the fore-
pleted in the future by new aquifers, which, hopefully, will casting suite. The ensembles technique could also be applied
lead to an improvement of scores in the corresponding reto the surface initial state in order to take account of the un-
gions, e.g. the Somme area (Habets et al., 2010) and theertainty of this component, which appears to be important,
Rhine basin (Thierion et al., 2011). Improvements in the especially for mountainous areas.
snow simulation can be achieved by taking better account
of the orography over mountain catchments. Obviously, an- )
other source of improvement may lie in the assimilation of APPENdix A
observed variables. The assimilation of remotely sensed soil ) .
moisture may be a good way to improve the soil moisture ini-Brier Score and its decomposition
tial statg (e..g. Draper et al., 2011). Congernlng Show, a C.or:I'he Brier Score (BS) quantifies the ability of an ensemble
rect estimation of the snow cover amount is probably dec:|S|veforecast to predi i
) . predict an exceedance (or non-exceedance) of a
(Wood and Lettenmaier, 2006), but space-based Ob‘c'erv"’montﬁreshold Indeed, BS is a quadratic measure of error in prob-
of the amount of snow in mountains are difficult to achieve _, .0~ .= ’ )
abilistic forecasts (Mason, 2004) :

and the representativeness of in situ observations is poor. The
N

present approach based on the snow model of ISBA forced 1 .

by a mesoscale meteorological analysis like SAFRAN thatBS = + 2 (k — o))" with0 < BS < 1 (A1)
explicitly accounts for altitude effects may still be one of the k=1

best choices at these medium-range spatial scales. with y, the probability of the forecasted event, amdthe

Second, an extension to other seasons is needed. This fira€tual outcome of the event at instarfequal to 1 if the event
study was limited to the spring season in order to evaluatds observed, equal to 0 if is not observed)is the number of
the skill associated with snow cover in comparison with theforecasting instances (Brier, 1950). Here, we consider three
other sources of predictability. Spring is also a critical sea-probability categories compared with the climatology as a
son for the onset of agricultural drought (Vidal et al., 2010b) reference(below normal, normal and above normal).
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But BS can also be decomposed into three terms (Mur-
phy, 1973): reliability, resolution and uncertainty as:
BS = Reliability— Resolution + Uncertainty

INSU

1Y _ 1 Suaet . -
BS = — Z ne Ok — o1)° — — Z ni (0 — o5)2 Institut national des sciences de I'Univers
N = N =
The publication of this article is financed by CNRS-INSU.
+0(1 -0 (A2)
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