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Abstract. Spatial and temporal variations of soil mois- Fisher, 1996; Houser et al., 1998). Surface and root-zone
ture strongly affect flooding, erosion, solute transport andsoil moisture regulate the water and energy budgets at the
vegetation productivity. Its characterization, offers an av- soil-vegetation-atmosphere interface. Moisture content is an
enue to improve our understanding of complex land surfaceimportant parameter in watershed modeling as well, since it
atmosphere interactions. In this paper, soil moisture dynampartially controls the partitioning of rainfall, infiltration and
ics at soil surface (first centimeters) and root-zone (up tosurface runoff and thus the hydrodynamic of the riverflow at
1.5m depth) are investigated at three spatial scales: locahe outlet (Koster et al., 2003).

scale (field measurements)x8 km? (hydrological model) Despite the importance of soil moisture, its accurate as-
and 25¢<25kn? scale (ERS scatterometer) in a French wa-sessment is difficult due to strong spatial and temporal vari-
tershed. This study points out the quality of surface and root-ability, due primarily to the topography, variation of the soil
zone soil moisture data for SIM model and ERS scatterom-type and land use (Cosh et al., 2004; Famiglietti et al., 2008).
eter for a three year period. Surface soil moisture is highlyTeuling and Troch (2005) reviewed several studies dealing
variable because is more influenced by atmospheric condiwith soil moisture variability. They found that a simple
tions (rain, wind and solar radiation), and presents RMSEphysically-based model can capture the relationship between
up to 0.08 im~3. On the other hand, root-zone moisture mean soil moisture and variability. Vachaud et al. (1985)
presents lower variability with small RMSE (between 0.02 postulated that fields maintain spatial patterns of soil mois-
and 0.06 Mm~3). These results will contribute to satellite ture through time. If patterns are maintained, then it is pos-
and model verification of moisture, but also to better appli- sible to minimize the number of observations without sig-
cation of radar data for data assimilation in future. nificant loss of information. Grayson and Western (1998),
Mohanty and Skaggs (2001), Jacobs et al. (2004), and Cosh
et al. (2004) demonstrated that a few time stable sites well
represent the mean soil moisture within small watersheds.
However, these studies only examined time stability for near

Soil moisture is the water held in the pores of the unsatu-Surface soil moisture. _ _ o
rated zone. It is one of the most important soil variables There are three alternative sources to estimate soil mois-

relative to climatology, hydrology and ecology (Beven and {Uré dynamics over large areas: the first method is based
on hydrological modeling, the second on satellite observa-
tions and the third on representative Catchments Average

Correspondence tol. Paris Anguela Soil Moisture Monitoring sites (Grayson and Western 1998).
BY

(Thais.Paris@cetp.ipsl.fr) Land surface models, can synthesize spatially distributed

1 Introduction
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o Scatterometer data has the advantage to provide soil mois-
ture data two times per week, to be freely availaliiep(
Ilmww.ipf.tuwien.ac.at/radarand to provide global spatial

Table 1. Overview of ERS scatterometer root-zone soil moisture (
to 100 cm) retrievals compared with observations.

Sensor Data type and values Application Reference coverage since 1991. Moreover_, ERS scatterometer data has
RMSE- 0.05 A m=3 Ukraine Wagner already been supcessfully used in other stuphes (e.g._TabIg 1).
R2: 0.25 etal. (1999¢) Remote-sensing data, when combined with numerical sim-
g . ulation and other data, should provide estimates of soil mois-
3 3 RMSE:0.03100.07dm™3  Giobal Wagner ture with higher spatial and temporal resolution and less er-
g S R%0.25 etal. (2003) . . .
5 E ror than either remotely sensed data or model simulations
g § RMSE: 0.02i m—3 NW Spain Ceballos separately (Houser et al., 1998). In essence, the data assim-
o S R%0.75 et al. (2005) ilation system attempts in improving the land model perfor-
o = . . . . . .
u S RMSE: 0.05m-3 Russia, Ukraine,  Scipal mance using satellite retrievals in space and time. _V|a the
©  Rr20.80 Mongolia, US et al. (2005) land model, the system also propagates the surface informa-

tion from the satellite into the deeper soil and thereby pro-
vides improved estimates of root-zone soil moisture (Reichle
et al., 2007). A number of prior works deal with data assim-
ilation procedures (e.g., Francois et al., 2003; Houser et al.,
1998; Reichle et al., 2007; Sabater et al., 2007; Walker and

rainfall, land use, soil, and topographic maps to produce Surﬁouser, 2001).
X ' ' bograp P P The aim of this paper is to investigate the quality of dif-

face soil moisture predictions over large-spatial areas. How- . . .
. . ferent soil moisture products in order to be used for data as-
ever, the use of models is not free from errors, e.g. rainfall,

) ; . . .. .. 'similation. The soil moisture products compared are: TDR
soil texture, model calibration and parameter |dent|f|cat|on(_|_ime Domain Reflectometry) which is a local scale prod-
(Beven, 1993; Gupta et al., 1999). The SIM (SAFRAN- y P

ISBA-MODCOU) model is used at METEO-FRANCE in an uct; SIM model at &8 kn? scale; and ERS sgatterometer at
X X . a 25x 25 kn? scale. For each product, we will compare the

operational mode over the entire France since 2003 (Habetaata at two soil depths:

et al., 2008). The SIM model is a semi-distributed model that '

uses a grid cell of 88 kn? to simulate the water and energy

budget at the surface, the soil moisture and the discharge of

the main French rivers. 2. the root-zone (up to 1.5 m depth).

Considerable efforts have been made, over the past 3

decades, to develop remote sensing techniques for the chafhis investigation applies ERS and SIM products like they

acterization of the spatial and temporal variability of soil are delivered by Vienna University of Technology and

moisture over large regions. In particular, active and pasMéteo-France, respectively, for the purpose to see if they are

sive microwave techniques as well as interpretation tools@ble to represent the soil moisture in our particular water-

have been developed (Jackson et al., 1996). The effectiveshed. We do not have the aim or possibility to modify these

ness of low-resolution space-borne scatterometers (active mproducts.

crowave) for land surface characterization has been demon- The paper is set out as follows:

strated by a large number of studies related to moisture esti-

mation (e.g., Frison and Mougin, 1996; Wagner et al., 1999c;

Zribi et al., 2003). products;

Different studies (Quesney et al., 2001; Le Hegarat- 2 examination and discussion of the results and their im-
Mascle et al., 2002, Weisse et al., 2002, Oudin et al., 2003) p|ications over 3 years Study,

have been performed in Grand Morin watershed with the aim

to monitor soil moisture form space in an operational way, 3. concluding remarks.
in order to improve hydrological model simulations, using

soil moisture data form European Remote Sensing / Syn-

thetic Aperture Radar (ERS/SAR). One of the conclusions of, -
these studies is that soil moisture data assimilation showeg Study area and data validation

little improvements because of the scarcity of ERS/SAR dat® 1  Grand Morin

(temporal resolution of 35 days).

In order to overcome the temporal resolution problem,The Grand Morin (France) is a tributary of the Marne river,
we decided to work with ERS (European Remote Sensing85 km east of Paris (Fig. 1). The total length of the stream
Satellite) scatterometer soil moisture product from the Vi-is about 120 km, for a catchment area of 107¢Karound
enna University of Technology (Wagner et al., 1999c). ERS1/10 of the Marne catchment area, which is a main tributary

RMSE: 0.38 i m—3 European forests ~ Verstraeten
R2:0.44 et al. (2005)

1. the soil surface (up to 5 cm) which is more variable and

1. presentation of the study area and soil moisture data

Hydrol. Earth Syst. Sci., 12, 1415424 2008 www.hydrol-earth-syst-sci.net/12/1415/2008/
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Fig. 1. Location of Grand Morin watershed, TDR and ThetaProbe.

OT the Sein'e river).l At Gey la Chape!le the'm.ean annual Table 2. Location of TDR and Theta probe in Grand Morin water-
discharge is 7rhs™. The Grand Morin basin is affected gpqq

by a degraded oceanic climate, being subject to the semi-

continental influence of the East of France. The temperatures Location Date of X Lambert Y Lambert
are rather soft (average I@, 4C minimum, 19C maxi- installation Il (km) I (km)
mum). The average pluviometry calculated over the period Boissy-le-Clatel November 1996  659.1 24255
1997-2001 is 900 mm. The network drains two main geo- TDR  Voulton August 2006 674.7 2402.1
logical formations: the Oligocene (Rupelian limestone) and Suizy July 2006 692 24336
the Eocene (from Priabonian to Ypresian claystones). These Chevru February 2008  663.8 2414.6
two aquifer units are separated by a clayey aquitard. Soil sur- Theta  Cerneux February 2008 675.3 2414.7
Probes Esternay February 2008 691.5 2416.6

face elevation ranges from 40 m to 240 m. The slopes of the
river network range from 0.1% to 5.2%. The lower stream or-
ders mainly drain the Oligocene formation and are located on
the plateaux. The agriculture area covers 76% of the basinthe probes were horizontally inserted in the soil profile of the
whereas forests and urban areas represent 19% and 5% of thench at different depths without disturbing the soil layer.
basin, respectively. According to (Flipo, 2005), around 40% The last step consists in refilling the trench with the original
of the cultivated surface is covered by wheat. The other crop$Oil-
(corn, peas, colza...) vary each year. In our study, we only use data from the TDR at Boissy-le-
Chatel, which is the only in-situ data which presents tempo-
The hydrological observatory of Grand Morin watershed is ral overlap with SIM and ERS scatterometer data. At Boissy-
monitored since 1963 by the Cemagref research institute. Inle-Chatel, for each permanent TDR measurement, volumet-
situ measurements of volumetric soil moisture are availableric soil moisture is measured every 12 h, from the top to
three automatic TDR (time domain reflectometry) recorders155 cm of depth (in total 16 probes, with 2 probes for the first
and three ThetaProbe sensors (Fig. 1, Table 2). TDR probefive depths: 5, 15, 25, 35 and 45 cm). The deeper the probes
and ThetaProbe sensors were installed at different depths bgre, the smoother the response is. There is a good reaction
constructing a trench (16 probes for TDR to the depth of 1 mto the rainfall from 5 to 35 cm. For intermediary depths, the
and 2 probes for ThetaProbe at 5 and 20 cm depth). Thesoil moisture presents small variations (45, 55, 75cm). And

www.hydrol-earth-syst-sci.net/12/1415/2008/ Hydrol. Earth Syst. Sci., 12, 14P3-2008
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near the water table, soil moisture is under the influence otient using a change detection method, developed at the Insti-
the water table (95 to 155 cm). tute of Photogrammetry and Remote Sensing (IPF), Vienna

Surface soil moisture data corresponds to the moisture avUniversity of Technology (TU-Wien) described by Wagner
erage of the two probes inserted at 5cm. Root-zone soikt al. (1999a, 1999c). This method has been applied with
moisture data is obtained by averaging the values of thesuccess over different climatic regions, the Canadian Prairies
probes installed from 5 to 95cm depth. We note that there(Wagner et al., 1999a), the Iberian Peninsula (Wagner et al.,
are no differences for root-zone moisture average from 5 tal999b), Ukraine (Wagner et al., 1999c) and Western Africa
95 cm and from 5 to 155 cm due to water table influence.  (Wagner and Scipal, 2000). However, because of the indirect

nature of the measurements and the concurrent influence of
2.2 SIM hydrological model vegetation and soil, remote sensing techniques must be ver-

ified with on-site measurements of good quality in different
The SIM, SAFRAN-ISBA-MODCOU (Habets et al., 1999; regions.
Rousset et al., 2004), model is run operationally in real time |n the TU-Wien model, long-term scatterometer data are
by Méteo-France. The SIM model is the combination of used to model the incidence angle dependency of the radar
three independent parts. The first one is SAFRAN (Durandpackscattering signat®. Knowing the incidence angle de-
etal., 1993; Quintana Seget al., 2008), which provides an pendency, the backscattering coefficients are normalized to
analysis of the atmospheric forcing. SAFRAN analyses area reference incidence angle 30 Finally, the relative soil
performed in homogeneous climatic zones and assume a vemoisture data ranging between 0% and 100% are derived by
tical gradient of the variables in these zones. In each zonescaling the normalized backscattering coefficierft&0) be-
the atmospheric forcing is interpolated hourly and on a regutween the lowest/highest°(40) values corresponding to the
lar 8x 8 ki grid. driest / wettest soil conditions (Wagner, 1998).

The second part is ISBA (Boone et al., 1999; Noilhan and  The derived soil moisture product, surface soil moisture
Planton, 1989). The ISBA surface scheme is used to sim{m), represents the water content in the first 5cm of the
ulate the surface water and energy budgets on @k soil in relative units between totally dry conditions and to-
grid. Three soil layers are used: the surface layer of 1cmal water capacity. The spatial resolution is about 50 km cells
depth, a root-zone layer (with a depth depending on the vegwith 25 km grid spacing. The temporal resolution is approx-
etation, and which is set to 1.5m for most of crops types)imately of two measurements per week.
and the hydrological layer (usually down to 2m below the |n order to compare surface soil moisture,jrwith sur-
soil surface for most of crops types). The last component offace TDR measurements and surface modeled moistyre, m
the modeling system is the macroscale hydrological modeproducts were converted to physical units oimT3 by using
MODCOU (Gomez, 2002; Ledoux et al., 1989), which sim- the 90% confidence interval of a Gaussian distribution (Pel-
ulates the riverflow and the evolution of the aquifers. larin et al., 2006) equal tp+1.65x0, whereu ando are

There is only one previous study presenting a verifica-respectively the mean and the standard deviation of the TDR
tion of the SIM surface soil moisture product over France or simulated data (depending on which soil moisture product
(Rudiger et al., 2008). This study shows that good correla-m, is compared to) in volumetric units:
tion exists between ERS and SIM, generally for low altitudes
and low-to-moderate vegetation cover. 6(t) = My (1) X (Bmax — Omin) + Omin 1)

Our dataset comes from Seine basin simulation, which in- i _ _ ) —_
cludes the Grand Morin watershed, where two aquifers ardVhered (1) is the soil moisture content at a timgm® m~~],
explicitly simulated: the Eocene and the chalk aquifer. TheMs(?) i the ERS scatterometer surface soil m0|stu-|;¢ [
simulated variables include surface (1 cm) and root-zone soifit & timer, fmax is the maximum wetness value frm~2]
moisture at which is associated to a depth of 1.5m for the€dual 10 f1+1.65<0) andémin is the minimum wetness value

3 -3
Grand Morin watershed, both in volumetric units. [m®m~] equal to 1—1.65x0). o .
With the aim to investigate the soil moisture content in the

2.3 ERS scatterometer data soil profile, a two-layer water model (Wagner et al., 1999c)
was used to obtain root-zone soil moisture from surface soil
The ERS scatterometer radar (active microwave) operates dRoisture radar measurements, fiihe Soil Water Index data
C-band (5.3 GHz) in vertical polarization. It has been flown (SWI) was derived from musing, Eq. 2, and represents the
on board of the European Remote Sensing Satellites ERS-100t-zone soil moisture content in the first meter of the soil
(1991-1996) and ERS-2 (1995 up to present). Data sets ar@ rglative units ranging between wilting point and field ca-
not available in the period 2001 to end 2003 due to satellitePacity.
technical problems. Over land, the measured backscattering
coefficient depends on soil moisture, surface roughness, veg- Z m, (1) e~ (I
etation characteristics and the incidence angle. Soil moisSWI(t) = - S oG
ture data is retrieved from the radar backscattering coeffi-

i

for 1, <t 2)
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Fig. 2. Surface soil moisture (top left) and root-zone soil moisture (top right) and drawn together (bottom) measured by TDR and obtained
by ERS scatterometer from June 1997 to November 2000.

where m is the surface soil moisture estimate from the ERS scatterometer) were compared from June 1997 to November
scatterometer at time.tThe parametef, called the charac- 2000.
teristic time Iength, represents the time scale of soil moisture Surface soil moisture (5 cm depth) from radar data (Ob-
variations in units of time. In our cas&, is set equal to 10  tained from Eq. 1) is well correlated with in-situ measure-
days. ments (Fig. 2 top left). This variation is also correlated with
In order to compare root-zone soil moisture from ERS precipitations, which confirms that radar and TDR estimates
scatterometer (SWI) with TDR measurements and simulategre qualitatively coherent. The statistical results are reason-
moisture, SWI products were converted to physical unitsaple (efficiency of 0.48, RMSE 0.05%m~3, low bias and
(m*m=3) by using wilting point and field capacity values, g2 of 0.53) due to high variability of moisture in the five first
Eqg. 3: centimeters of soil (Le Morvan et al., 2008).

0(t) = SWIt) * (0 7c — Owitt) + Ol 3) ~ Root-zone soil moisture results are showed in Fig. 2 top
right. ERS scatterometer data slightly underestimates in-situ
wheredyi is the wilting point (0.14 Am~3) and6. isthe  measured moisture, with RMSE of 0.06 m—3. This may
field capacity (0.32hm~3) obtained for the Grand Morin  pe explained by two factors. The first one might be The
watershed from TDR measurements. parameter used in the semi-empirical water model (Eg. 2).
For the comparison of all datasets, four statistical parameagner et al. (1999c) showed that differéftvalues can
ters were calculated: the efficiency score (Nash and SU'[C”fprerform better values than others. The second one, are the
1970), the root mean square error (RMSE), the determinatiowalues of wilting point and field capacity used to convert di-
coefficient (R), and the bias between two data sets. mensionless values of SWI to physical units (Eq. 3), which
result from local scale data. However, ERS data suggests
soil moisture trends in the root-zone soil profile. These re-
sults are in coherence with those obtained in previous studies

3.1 Comparison between TDR and ERS scatterometer sofiTable 1).
moisture Fig. 2 bottom, shows that surface soil moisture is more dis-
persed than root-zone soil moisture. Root-zone soil moisture
Surface and root-zone soil moisture at a local scale (TDRis an average of moisture (0 to 100 cm depth), and extreme
measurements) and at a coarse scale of28kn? (ERS  values of moisture are smoothed. Moreover, it seems that

3 Results

www.hydrol-earth-syst-sci.net/12/1415/2008/ Hydrol. Earth Syst. Sci., 12, 14P3-2008
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Fig. 3. Surface soil moisture (top left) and root-zone soil moisture (top right) and drawn together (bottom) measured by TDR and simulated

by SIM model from June 1997 to November 2000.
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Fig. 4. Comparison of surface and root-zone soil moisturé g 3) for ERS scatterometer data (5cm and 1 m depth, respectively) and
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Hydrol. Earth Syst. Sci., 12, 1415424 2008 www.hydrol-earth-syst-sci.net/12/1415/2008/



T. Paris Anguela et al.: Analysis of surface and root-zone soil moisture dynamics 1421

there is no scale effect between the two data sources and that SIM model ERS scatterometer
ERS scatterometer data globally restores in-situ TDR data. 2480 -
Winter 2440 0.25 2440 0.25
3.2 Comparison between TDR and simulated soil moisture 1999 2420 a2 o 1
2400 0.15 2400 0:15
620 640 B0 680 700 B20 B40 660 630 700
We compare soil moisture data measured (TDR) and simu- 2450 2450 ¢
lated by SIM model (which corresponds to an average over S| SRR 035 2440 g
: H H H Summer | NG
8x8 km? grid, which includes the TDR at Boissy-le-&tel), 1999 2420 3 03 e i
from June 1997 to November 2000. e s e - i 5 e
Surface soil moistures (Fig. 3 top left) are correlated with ke S ———
precipitation. The local characteristics are not well repre- | T —_ -
sented by the model SIM, as for instance, it represents theAutumn i e ' =
§ : . . . . 1999 24201 G4 P 02 2420 nz
first centimeter of soil, which is more influenced by atmo- weSn Al
. . . . .. B = e 2
spheric conditions (rain, wind and solar radiation) than the W e P enememe o0

five first centimeters of soil (TDR data). RMSE is high

(0.08mPm=3). The comparison of surface soil moisture Fig. 5. Comparison of root-zone soil moisture {m~3) for SIM
(Fig. 3 bottom) shows that the simulated soil moisture is model and ERS scatterometer for the Grand Morin watershed for
highly variable and that globally underestimates in-situ dataVinter, summer and autumn period.

(negative bias).

Figure 3 top right, illustrates the comparison between mea- . .
sured and simulated root-zone soil moisture. Although soil(0'78)' There is no clear evidence of seasonal trends but of-

) ; . ten ERS root-zone soil moisture is higher than SIM moisture
moisture simulated takes into account for 1.5m, and TDR.” . . . )
in winter time. In summer, ERS moisture is drier than SIM

only 1 m (see Sect. 2.1.), the simulation is able to reproduce__ . . . ;
. . . s oisture. Temporal comparison of both soil moisture prod-
the main measured root-zone soil moisture. The statistica . -

X 53 ucts is presented in Fig. 4 bottom.
resuilts are reasonable, with an RMSE of 0. , and For illustration purpose we have chosen to represent the
good R? (0.90). These results are similar to those found purp P

by Pellarin et al. (2006), for two field sites in south-western spatial variation of root-zone soil moisture for model and
France (RMSE equal to 0.16 and 0.12 ak@lgreater than ERS scatterometer products at the watershed scale for three

0.87). Bias shows that simulated data slightly underesti-partICUIar days, which may represent the general trends for

mates TDR data (Fig. 3 bottom). However, if we Comparee_ach.season period in Grand Morin watershed (Fig. 4 top
TDR data to soil moisture simulated at the hydrological Iayer”ght)'

(from 0 to 2m depth) we will observe that the hydrologic
layer is more humid than the root-zone layer, because water
exchanges are limited by drainage to the water table. Thus,
soil moisture from the hydrological layer would lead to an 2 5 suymmer day which corresponds to dry period with
estimation of soil moisture closer to soil moisture measured  hjgh vegetation, and

by TDR.

1. awinter day which corresponds to a wet period with low
vegetation,

3. an autumn day which corresponds to a dry period with
3.3 Comparison between simulated and ERS scatterometer  |ow vegetation.
soil moisture
In winter time (Fig. 5 top), we observe similar wetness distri-
Surface and root-zone soil moisture obtained at local scaléyutions for the ERS scatterometer and the SIM model in the
(TDR measurements) have been successfully compared wittvatershed. Total moisture variation at watershed presents a
moisture data at two different scales: ERS scatteromemaximum of 0.01 m~3 variation at this date. One exam-
ter and simulated moisture data, respectively. Thereafterple at summer (Fig. 5 middle), shows that ERS scatterometer
we compare simulated (8 kn?) and ERS scatterometer moisture data is drier than SIM model moisture data, with a
(25x 25 kn?) moistures at a temporal and a spatial scale.  total moisture variation in watershed of 0.08m™3. This
Surface soil moisture comparison between SIM and ERScan be explained by the fact that the root-zone algorithm es-
(Fig. 4 top left) presents an efficiency of 0.36 aRd of timates the soil moisture in the lower layer after a specific
0.44, which may suggest again the high variability of the time given for percolation, and surface soil moisture events
first centimeter of soil. Owing to the high variability of are propagated with delay resulting, in this case, lower values
surface soil moisture, it is not possible to observe seasonadfter a long dry phase. In autumn (Fig. 5 bottom), we have
tendencies. RMSE is acceptable and bias is low (0.07 andhe same situation than in winter time, with low vegetation
0.01m?m~3, respectively). Root-zone soil moisture (Fig. 4 but drier conditions. The two datasets produce good spatial
top right) presents RMSE of only 0.022m~2 with good R? estimates of soil moisture also in autumn. We can conclude
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Table 3. Summary of the statistical results of the study.

TDR/ TDR/  SIM/
ERS SIM ERS

Efficiency 0.48 -0.08 0.36
Surface soil  R2 053 047 044 Edited by: N. Verhoest
moisture RMSE (dm=3) 0.05 0.08 0.07
Bias (Mm~3) 0.00 —0.05 0.01
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