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Abstract. The potentialities of ENVISAT ASAR (Advanced 1 Introduction

Synthetic Aperture Radar) multi-angle data for mapping sur-

face soil moisture (SSM) in Sahelian rangelands are investiSoil moisture monitoring over the Sahel is a major issue
gated at medium scale (30 000&km The Wide Swath data of the agenda of the AMMA (African Monsoon Multidisci-
are selected to take advantage of their high temporal repetlinary Analysis) project which aims at a better understand-
itivity (about 8 days at the considered scale) associated tdng of the West African Monsoon and its physical, chemical
a moderate spatial resolution (150 m). In the continuity of and biological environments (GEWEX-news, 2006). Moni-
previous studies conducted at a local scale in the same rdoring the spatio-temporal variability of soil moisture is also
gion, SSM maps are here processed over the whole AMMANeeded to better understand soil-vegetation-atmosphere in-
Gourma mesoscale site at 1 km resolution scale. Overall, théeractions and to address the role of soil moisture on West
generated maps are found to be in good agreement with fieldfrican monsoon dynamics (e.g. Monteny etal., 1997; Clark
data, EPSAT-SG (Estimation des Pluies par SATellite — Secet al., 2004; Taylor and Ellis, 2006). Moreover, surface
ond Generation) rainfall estimates and ERS (European Resoil moisture (SSM) is a key parameter for surface processes
mote Sensing) Wind Scatterometer (WSC) SSM productsWhich govern the incident solar energy partitioning between
The present study shows that the spatial pattern of SSM cafurface heat and water fluxes.

be realistically estimated at a kilometric scale. The result- For over 20 years, microwave remote sensing has been
ing SSM maps are expected to provide valuable informationdemonstrating capabilities to estimate SSM under a large va-
for initialisation of land surface models and the estimation riety of topographic and vegetation cover conditions. Sev-
of the spatial distribution of radiative fluxes. Particularly, eral large-scale field experiments that included aircraft mi-
SSM maps could help to desaggregate low-resolution prodcrowave radiometric measures were conducted within the
ucts such as those derived from WSC data. framework of HAPEX-Sahel, FIFE, Monsoon’90, SMEX
and NAFE'05 (Schmugge et al., 1992; Jackson et al., 2005;
Panciera et al., 2008; Mladenova et al., 2010). So far, pas-
sive and active sensors have been used to map SSM over
semi arid areas by using C- and L- band frequencies (e.g.
Chanzy et al., 1997; Frison et al, 1998; Wagner and Sci-
pal, 2000; Jarlan et al., 2002; Njoku et al., 2003; Zribi et

Correspondence td=. Baup al., 2008). These independent multi-frequency and multi-
BY

(frederic.baup@cesbio.cnes.fr) resolution sensors offer complementary information due to
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their different interactions with the surface components (soilconsidered region. Here, we use data collected at a sec-

and vegetation). L-band data are less influenced by the vegesnd sandy site and a rocky site located in the same region

tation contribution due to a higher wave penetration into thein Mali, (2) to generate time series of SSM maps at meso-

vegetation and thus are more correlated with SSM. Althoughscale (2 x 3°) with the help of a soil map, (3) to evaluate

C-band data are more influenced by the vegetation canopyhe validity of the generated SSM maps at meso-scale with

they are also strongly linked to SSM in semi-arid regions relevant and available SSM (Zribi et al., 2008) and rainfall

where the vegetation cover is low (Ulaby et al., 1982; Wag-products (Bergs and Chopin, 2004).

ner and Scipal, 2000; Zine et al., 2005; Zribi et al., 2008, To this end, we use HH-polarized ENVISAT/ASAR Wide

Wagner et al., 2008). Swath data which combine high spatial coverage, moderate
The last generation of spaceborne radars, such as thgpatial resolution and high temporal sampling. The paper

Advanced Synthetic Aperture Radar (ASAR) onboard EN-is organised as follows: the data used (ground and satellite)

VISAT or RADARSAT, provides images combining a high and the overall methodology are presented in Sect. 2. Then,

spatial resolution£150m) and a large spatial cover (up to the performance of the algorithm is evaluated using EPSAT-

500 km) at C-band frequency. Particularly, the ASAR Wide SG (Estimation des Pluies par SATellite — Second Gener-

Swath mode provides images with a high temporal sam-ation) rainfall products European Remote Sensing (ERS)

pling (3—4 days at local scale and 8 days at meso-scalejvind scatterometer SSM products and local raingauges data

associated to a moderate spatial resolution (150 m). Oth¢{Sect. 3). Conclusions on the relevance of ASAR SSM maps

ers ASAR modes such as Alternating polarisation or Im-and perspectives are given in Sect. 4.

age modes could also be used for improving SSM estimates

However, for the time being, their use is constrained by their

low spatial coverage that is lower than 100km (ENVISAT 2 Dataand methods

ASAR product Handbook, 2007). Besides, the Global Mon- :

L L 2.1 The study site

itoring mode offers a significantly better temporal resolution

(a few days) with a moderate spatial resolution (1 km). HOW-1he Gourma meso-scale site® W-2 W, 14.5 N-17.5 N)
ever, its poor radiometric performance in terms of radiomet-;¢ entirely located within the Sahel bioclimatic zone (Mou-

ric accuracy and stability limits its use to regional to global gin et al., 2009a). This region, mainly pastoral, is bracketed
analysis (e.g. Baup etal., 2007b; Pathe et al., 2009, Mladengy, the 150 and 500 mm isohyets. The rain distribution is

ovaetal., 2010). _ strictly mono-modal with rainfall starting in June and end-
SSM estimation can take advantage of the muItl—anguIaring in September with a maximum in August (Frappart et
capgbilities of SAR antenna providing complementary infor- al., 2009). This short rainy season is followed by a long dry
mation from the surface (soil and vegetatiomdeed, the  gea50n during which there is no green vegetation except for
influence of the green vegetation can be either neglected oy perennial herbaceous and the foliage of some of scat-
simply taken into account at low incidence angles and for lowie e trees and shrubs (Hiernaux et al., 2009). Bare soils are
vegetation density (Leaf Area Index — LAl<2mPm=2)as ¢ very much exposed during most of the dry season with
proposed in Tansey et al., 1999 and Moran et al., 2000. Atgntrasted colors, textures and roughness (Fig. 1a-b).
higher incidence angles, the vegetation effects on the radar During the wet season, rangeland vegetation is composed
signal can be corrected using the angular properties of they 5 |0 herbaceous layer dominated by annuals and a sparse
backscattering coefficient (Wfagn_er et al., 2000; Baup et a"woody plant population (mear5% cover). Annual herbs
2007a). Finally, the determination of SSM was found 10 4 th is governed by soil moisture regime itself driven by
be3po§S|bIe from ASAR data, for values higher than 4% hattern and magnitude of the rain events, and by run-off
(m*/m®).  Below this threshold, the radar signal instabil- ¢,nction of rain intensity, topography and soil texture (Case-
ity (£0.6 dB for ENVISAT/ASAR) combined with unknown - ,5y6 and valentin, 1989). Annual herbs germinate with the
surface temporal changes prevent from an accurate SSM egst marked rains, in June or July, and unless the plants wilt
timation (Moran et al., 2000; Mattia et al., 2006; Baup €t al., pefore maturity owing to a lack of rainfall, the senescence
20074; Zribi et al., 2008). _ _coincides approximately with the end of the rainy season,
In the framework of the AMMA project, meso-scale SiteS ggyerq| days after the drying up of soils. Evapotranspiration

have been instrumented in Mali, Niger and Benin, pro- over the grassland commonly ranges 1-3 mntdand can
viding ground data along the latitudinal gradient between q;ches 3—4mmday (Timouk et al., 2009).
Sahelian and Sudanian bioclimatic regions (Lebel et al., ’

2009; Cappelaere et al., 2009; Mougin et al., 2009a; de2.2 Ground data
Rosnay et al., 2009).

The aims of the present study are (1) to generalize a reThis section presents the available ground data collected in
cently proposed method for SSM monitoring over sandy soils2005 for the processing and the evaluation of the SSM maps.
of the Sahel (Baup et al., 2007a) to soil erosion (rocky) Three different datasets are described: Surface Soil Moisture,
surfaces. Both surfaces account for more than 90% of theainfall and soil types.
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Fig. 2. The AMMA mesoscale site in Gourma (Mali) {TW-
2°W/14.8 N-17.5 N) showing the location of the soil moisture
Fig. 1. Views of theAgoufou(a), Eguerit (b) sites during the dry  stations and automatic raingauges in 2005.

season in April.

During the dry season, SSM is close to 0.05% and reaches

2.2.1 SSM measurements values as high as 18% at Agoufou during the wet season. At
o ) ) i the Eguerit site, SSM values range between 3.5% and 15%.

The objectives of the soil moisture stations network are 10| oca| SSM measured by automatic stations typically range

collect information about the spatio-temporal variation of yarween 0.05 and 24% over the whole meso-scale site (de
soil moisture over the meso-scale window at different depthSRosnay etal., 2009).

(de Rosnay et al., 2009). From April to December 2005,

soil moisture was automatically recorded at 15 or 30 minutes2.2.2 Rainfall measurements

time step at two sandy local sites, namely Agoufou (1513

1.5 W), and Ebang Mallam (15°AN, 1.3 W) and one ero- Rainfalls are recorded by a network of 8 automatic rain

sion surface (rocky) site: Eguerit (18.8, 1.4 W) (Fig. 2).  gauges distributed along the latitudinal climatic gradient

Only measurements recorded at 5 cm depth are considered iffrig. 2). Rainfall data are summed over different time step

accordance with the microwave soil penetration depth (Ulabydepending of the site (Table 1). In the following, only

etal., 1981). the Agoufou (Ag) and the Tin Tadeini (TT) station data
In all sites, soil moisture is measured by reflectometersare detailed but all the stations are nevertheless used in the

(Campbell Scientific CS616). Sensors are calibrated by usingnalyses.

in situ gravimetric measurements and estimation of soil bulk

density. In this study, SSM is expressed in volumetric water

content (ni/m3) in accordance with the calibration method

presented in de Rosnay et al., 2009. Figure 3a and b illustrate

the temporal variation of SSM for the Agoufou sandy — and

Eguerit rocky- sites.
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Table 1. Raingauges acquisitions time step.

Space Agency) on 1 March 2002. The ASAR instrument
is a multi-mode sensor which operates at C-band (5.3 GHz)
at several polarizations (HH, VV, HV and VH), incidence
angles, and spatial/radiometric resolutions depending on the

Raingauge  Tin Ekia Eguerit Bangui Agoufou Hombori Kyrnia Kobou
location Tadeini Mallam
Acquisition  real real 15min real 15 min Daily real real
time step time time time time time
18 percentage varying from 0 to 100%. The sandy and rocky
® 2 soil classes contribute more than 90% of the study site.
g4 2.3 Satellite data
£
812
® | ENVISAT ASAR
510
é PN N St 10 11111 O The ENVISAT satellite was launched by ESA (European
K
3

— udkw- v Wl N B functioning mode (Desnos et al., 1999). At the C-band fre-
% 50 100 150 200 _ 250 300 350 quency, atmospheric perturbations, except originating from
s Day of Year (2005) strong precipitation systems, can be considered negligible
b) (Ulaby et al., 1981). ASAR data are provided by the
16 ScanSAR Wide Swath (WS) mode at HH polarization, at a
14 spatial resolution of 150 m and incidence angles range be-
£ d bl tween 16 and 43 (ENVISAT handbook, 2007). The con-
s \ fidence interval is estimated &t0.6 dB at b (whereos de-
s ai \ notes the standard deviation), over the 1 kn? sites (Baup
2 \ et al., 2007b).
? . \ \i From July to December 2005, 23 images were acquired
K \' at various incidence angles over the AMMA meso-scale site.
3 4 Only 7 images were analyzed: 5 for the wet season and 2
2 for the dry season (Table 2). The 16 other images have been
acquired during the dry season and are characterized by very
% 50 100 D;g% . Yeafggow 250 300 350 low and almost constant SSM. The 7 selected images are cal-

ibrated with the B.E.S.T. (Basic ENVISAT SAR Toolbox)
Fig. 3. Seasonal variation of surface soil moisture (SSM) at 5cm sof’Fware algo'rlthrn .descrlbed In Lgur et al. (1998). Then,
depth at theAgoufousandy(a) andEgueritrocky (b) sites in 2005,  their geolocation is improved by using ground control points

taken from a Landsat TM image at a spatial resolution of

30m. Mean offsets of 1 pixel (75 m) in latitude and 7 pixels
223 Soil map (525 m) in longitude have been observed and corrected for.

Over the Gourma region, nine soil types are mapped by Vi-ERS Scatterometer data

sual interpretation of a mosaic of Landsat TM images at a

resolution of 30 m and systematic field observations (Mou-The ERS WSC was initially designed to measure wind speed
gin et al., 2009a). Soil surface types are defined accordin@nd direction at the sea surface. The instrument consists of
to topography, terrain morphology, top soil texture and soilthree antennas, which transmit radar beams that are pointed
surface features. Soil types (initially divided in 9 classes)45° forward, 45 sideways, and 45backward with respect
are grouped in 4 dominant classes (clay, mixed, sandy antb the satellite nadir. The incidence anglearies over the
rocky) and presented in Figure 4 at meso-scale and supersiiastrument swath from F8to 47 for the midbeam antenna
scales. For best clarity, only main classes are presented fand from 25 to 59 for the fore-beam and aft-beam antennas
the meso-scale site. Each class is represented by its covéMougin et al., 1995; Frison and Mougin, 1996). The sensor
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Fig. 4. Soil types map of the AMMA meso-scale site in Mali. The 9 soil types (stacked bars) are grouped into 4 dominant soil texture classes
(polygons)

Table 2. Dates, time and orbit passes (Descending (D) orAscendingEPS'A‘T'SG data
(A)) of radar image used in this study.
EPSAT-SG (Estimation des Pluies par SATellite — Second

ASAR WSC Generation) precipitation products are generated at LMD
Season Date Time  Orbit Date (Laboratoire de Nteorologie Dynamique) within the frame-
wet 16/07/2005  10-03-41 D | 04/07/2005 work of AMMA. Satgllite ar]d rainggugg data are used to
wet 4/08/2005 10:06:28 D | 4/08/2005 produce high resolution rainfall estimations. The EPSAT-
wet 20/08/2005 10:03:36 D | 20/08/2005 SG algorithm is composed of two parts: the computation of
wet 3/09/2005 22:06:13 A | 3/09/2005 rainfall probability and the actual rainfall estimation (Besg
wet 8/09/2005 10:06:25 D | 8/09/2005 et al., 2005). Rainfall probabilities are computed using a
dry 19/12/2005 10:00:29 D - feed forward neural network from MSG (Meteosat Second
dry 20/12/2005 22:11:58 A - Generation), multi-spectral images and TRMM PR (Tropical

Rainfall Measuring Mission Precipitation Radar) data. For
every 15 minutes MSG image, a rainfall probability map is
produced (Bergs and Chopin, 2004). Then, potential rain-
operates at 5.3 GHz and VV polarization, like the ERS/SARfall intensity maps are computed merging GPCP-1dd (Global
instrument. Its spatial resolution is around 50 km, and mea-Precipitation Climatology Project at one degree of space res-
surements are repeated every three to four days. The data apéution) information with the rainfall probability map. The
processed using a grid with elementary 0.3§uare cells.  estimated rainfall intensity is the product of the rainfall prob-
The methodology presented in Zribi et al. (2008) enablesability and the potential intensity (Chopin et al., 2005).

SSM products to be obtained at regional scale over West he AMMA project provides rain rates within gridded sur-
Africa. Angular normalisation is applied for each cell and f5ce over West Africa (from 25\’ to 25 E and from 20N

local empirical surface soil moisture inversion functions are, 5° 5) estimated with the EPSAT-SG algorithm at a spatial
applied at larger scale. Vegetation and soil roughness variregoution of 0.1 and a temporal resolution of 30 min from
ations are interpreted as a “dry signal” as presented in Zribiy,ne 1o September (mid-October in 2005) over the 2004—
etal. (2008). The observed variations of the backscatteringoog period Ittp://bddamma.ips!.polytechnique)fr/ An
signal above the dry signal are attributed to SSM changes. eyajuation of EPSAT-SG 2005-products over the meso-scale
site with ground gauges shows that the EPSAT pentadal rain-
fall estimates are sufficiently accurate for comparing rainfall

www.hydrol-earth-syst-sci.net/15/603/2011/ Hydrol. Earth Syst. Sci., 15,6@32011
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Fig. 5. Chart of the surface soil moisture (SSM) mapping algoritbpTiaL andanorm respectively represent the initial acquisition angle
and the angle of normalization.

and soil moisture patterns. A relatively good agreement is the normalization function is derived from all data ac-
obtained for rainfall amounts lower than 20 mm whereas quired at various incidence angles to establish the an-

higher rainfalls are underestimated by EPSAT-SG. gular regression function which is approximated by a

For the need of the study, the rain rates are summed either  second order polynomial fit. For the wet season, a sim-
over 1 or over 5 days. ple normalization function is built by considering all of

the ASAR data recorded at the date of maximum green

2.4 Methodology of surface soil moisture mapping vegetation cover (Baup et al., 2007a). Vegetation ef-

fects are taken into account after the start of the herba-
The SSM maps are produced from satellite and ground data  ceous vegetation growth. This period is detected by
in a several process steps (Fig. 5). using Normalized Difference Vegetation Index (NDVI)
: images acquired by the Moderate Resolution Imaging
1. The pr.omsed methodqlogy consists 9f an angular- Spectroradiometer (MODIS). Here, a NDVI threshold
“OTW?‘"Za“O” of ASAR Images depe_:ndlng on the ac- of 0.14 is retained corresponding to the offset observed
quisition angle, soil type and vegetation. Despite a low on the MODIS data acquired during the dry season over
vegetation cover in this semi-arid region, a vegetation the sandy surfaces of the Malian meso-scale site (Mou-
correction is applied to take into account (1) the strong gin et al., 2009b). Over rocky erosion and hard pan
spatial heterogeneities of the vegetation cover, (2) the surfaces,,vegetation effects are neglected since the veg-

inter-an_nual varigtiops of the vegetation cover. Part_icu- etation cover remains generally very low, even during

larly, this cqrrectlon IS relevant for wet years for Wh'_Ch the wet season (Hiernaux et al., 2009). In accordance
t_he vegetation cover is well develpped. The normallzg— with previous studies (Baup et al., 2007a, b), the angu-
tion method consists in characterizing the angular vari- lar variation function is used to normalise the radar data

ation function of the backscattering coefficient for dif-
ferent soil types (Baup et al., 2007b). Over sandy soils,
two normalization functions are used depending on the 2. Normalized images are filtered to reduce speckle ef-
amount of vegetation. For the dry season (from Octo- fects using the spatial GAMMA filter of the ENVI 4.2
ber to May) when the green herbaceous layer is absent,  software (ENVI, 1998). The image resolution is thus

at 23 of incidence angle.
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Table 3. Statistical parameters of the soil roughness at AgoufouTable 4. Correlation coefficientsr§ between local surface soil
(sandy soil) during the dry and the wet seasons: hrms is the rootnoisture and normalized backscattering coefficient at the three con-
mean square value of the roughness height, Ic is the corellatiorsidered local sites. Only descending orbit dafg are considered
length, Std is the standard deviation. for the rockyEgueritsite.

hrms  Std (hrms) Lc  Std(lc) Site Agoufou Ebang Mallam  Eguerit

(cm) (cm) (cm) (cm) Soil type Sandy Sandy Rocky
Dry season 0.7 0.3 12.6 6.9 Correlation coefficient  0.85 0.48 0.53
Wetseason 0.5 0.3 135 7.0 Number of Samples 42 44 20

Regression Function a=2.5 a=3.1 a=4.5

Hum(%)=a.x(dB)+b b=36.7 b=42.6 b=66.5

degraded from 150 m to 1km as a result of the filter ap-
plication.

¥ WS HH, Ascending orbit
o WS HH, Descending orbit
o WS VV, Descending orbit

a) Agoufou (sandy soil)

3. The radiometric correction step consists of processing
the difference between one dry season image chosen
as a reference and the wet season image of interest
(I0l) (Wagner et al., 2000; Zribi et al., 2006). The
reference image is selected to be representative of the
soil roughness when no vegetation is present (here the
20 December). In situ measurements show that surface
soil roughness does not strongly vary between dry and
wet seasons over sandy soils. The instrumentusedisa -4
2m long needle like profilometer with a 1cm horizontal

Backscattering Coefficient (dB)

sampling distance, allowing the estimation of standard 16 i

deviation of roughness heights and the autocorrelation
length. Measurements were made in August 2005 (wet
season) and February 2006 (dry season) at the Agoufou
site (Table 3) with a total of 60 and 16 profiles for the

wet and dry seasons, respectively. Results show that
the roughness parameters for sandy soils do not signif-
icantly vary between the two contrasted seasons. Since
the surface of sandy soils are the most sensitive to mete-
orological conditions (wind, rain) and animal trampling,

Backscattering Coefficient (dB)

-10

100

150

200

250

300

i
350

Day of Year (2005)

b) Eguerit (hard pan)

v WS HH, Ascending orbit
o WS HH, Descending orbit
o WS VV, Descending orbit

-12

o

o

o " : =
it is assumed constant roughness values over time for @ E . Yo Y ";’ N ™
H o o o
the other soil types as well. » @ o 4aq
o}
. A mask of the Niger River is built from the soil map and
applied to the whole set of ASAR images. Masks are -16 B i00 it a0 59 36 3%
also applied over mixed surfaces for which the relation Day of Year (2005)

between SSM and? is unknown. _ o _
Fig. 6. Temporal variation of the normalized (23backscatter-

5. Finally, SSM maps are estimated at kilometric scaleing coefficient in 2005 for thé\goufousandy(a) and theEguerit
from the difference between the dry reference imagerocky (b) sites.
and images acquired during the wet season over the
meso-scale window by applying empirical inversion 3 Surface soil moisture maps
functions estimated for sandy and rocky soils. Coef-
ficients of these linear functions are given in Table 4. 3.1 Relationships between SSM and normalized°
Because of residual negative SSM values, a minimal

threshold of 0.5% is imposed. Figure 6 presents the temporal variation of the normalized

backscattering coefficient for the two main soil types at
the sandy Agoufou (Fig. 6a) and hard pan (rocky) Eguerit
(Fig. 6b) sites.
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As already indicated in Baup et al. (2007a, b), the =20 =
backscattering coefficient;%, over the Agoufou sandy site i géﬂgﬁ;o,l\‘,,;ﬁ:;d@andy) L [ [y
displays a strong seasonal dynamie$ @B), due both to the — Sandy surfaces } } ‘
growth of annual herbs and to high SSM values reached dur- _ 16/"S5uert (Rocky) O
ing the wet season. In contrast, the seasonal dynamie$ of e 14
recorded on the Eguerit rocky site is much weake® (IB) E 12
due to both a low vegetation cover (Hiernaux et al., 2009)
and overall low SSM.

Correlation coefficients betweer? and SSM for the three
considered local sites are presented in Table 4 and associate = ¢
regression functions are plotted in Fig. 7. The highest values ¢
are observed for the sandy site of Agoufeu<(0.85). The ‘
second sandy site, Ebang Mallam, exhibits a lower correla- 2/
tion coefficient ¢ = 0.48) due to a higher spatial heterogene- q
ity in terms of vegetation cover and soils.

For the rocky site, Eguerit, backscattering coefficients are
weakly correlated with SSMr(= 0.53), even for descend- Fig. 7. Surface Soil Moisture — Backscattering coefficient regres-
ing passes which show the higheé’tdynamics. This could sion functions estimated over the two sandy sites and the rocky
be explained by two main reasons. The first one is associsite. The final regression function used over sandy surfaces is also
ated to the difficulties of measuring soil moisture in such aPlotted.
medium composed of gravels and rocks for which the used
SSM probes are not specifically designed. The second dif- .
ficultyporiginates from t%e high Zpatialgheterogeneity of sail (17 m”_‘)- Overall, most of the SOSM val_ues are stil pelow
texture within the site due to the presence of sparsely dis-the noise threshold (a SS_M of 4%). This can be attributed
tributed sandy-loamy sheets. This justifies the exclusion oibom 1o speckle efiects Wh'Ch are not completely r_emoved at
mixed soil types in the SSM mapping process. Finally, the1km scalle, and to local hlg.her SSM values assomateq to to-
total of soil and land cover types excluded from the analysiSpO(~:]r"lehlc effects (depressions, small dunes) and to different

represent 28% of the meso-scale site: this also includes th oil textures. No WSC soil moisture product is available at

Niger River and seasonally flooded acacia forests. this da_lte over the whole me_so-scale site. . .
During the wet season (Figs. 9 and 10), soil moisture maps

3.2 SSM maps of sandy soils display different patterns. On 4 August (DoY
216), general large scale spatial trend of the SSM map shows
Following the methodology described in Sect. 2.4, ssman overall good agreement with the daily rainfall EPSAT-SG
maps are generated at meso-scale. On the resulting image®ap, especially in the Northern part of the considered win-
black pixels result from either the applied mask or the lackdoW (Fig. 9). Particularly, the SSM maps point out the high
of radar data (see for example Fig. 8). At meso-scale, thespatial heterogeneity qf SSM due to fine scale ralnfa_lls events
evaluation of SSM maps is a difficult exercise since no di-that are not observed in the ESPSAT-SG data. Besides, spots
rect comparison is possible with SSM ground data. Here Of h|gh.SSM values Iocateq in the South also indicate resid-
the ASAR SSM maps are thus interpreted with the help ofUal moisture due to past rainfall events support.ed by the cu-
EPSAT-SG rainfall estimations, WSC soil moisture products Mulative EPSAT-SG product (about 35 mm of rain cumulated
and raingauges data. Because they differ in spatial resolutioRVer the previous 4 days). This weak temporal signature of
(Lkm, 10km and 25 km, respectively), their spatial patternsSSM confirms the limit of 4 day_s to detect the occurrence
are compared in a first analysis. of ralinfgll events over sandy 50|_Is (Baup.et al., 2Q07b). A
Figure 8 shows the generated SSM map corresponding t§i9n infiltration rate on sandy soils associated to high evap-

the beginning of the 2005 rainy season (16 July, DoY 197)'oration rates explain the rapid decrease of SSM at the soil
Patches of high SSM to the North of Tin Tadeini can be surface. The finer spatial resolution of ASAR data provide
related to the precipitations that fell during the 4 previous INformation about the geographic distribution of rain events
days totalling 10 to 12mm (Fig. 8). Rainfall occurred on estimated by EPSAT-SG. Local SSM station data are in ac-

the same day (a total of 2mm estimated from EPSAT—SG)Cordance with satellite products in the Southern part of the
have a minor influence since this quantity is very small for mage, and with the recorded cumulative rainfall of about

such an arid area. Raingauge records at Tin Tadeini (6 mm$2 MM at Agoufou. _
confirm the occurrence of rainfall events. The large strip of WSC products show a strong agreement with ASAR prod-

high SSM to the South of Agoufou can be related to 25 mmUcts but with much higher SSM values estimated during the

cumulative estimated rainfalls (EPSAT-SG) over the 4 pre-dry season as already observed by Gruhier et al. (2010).
vious days confirmed by the raingauge records in Agoufou

ed (%

10

estimat

-14 -13 -12 -1 -10
Backscattering coefficient from ASAR (dB)
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Fig. 8. Soil moisture (SSM) maps established during the 2005 dry (December, 19) and wet (July, 16) seasons compared to EPSAT-SG
rainfalls estimates on the same day and over the four previous days and with rainfall recofdedifatuand Tin Tadeiniduring the five
same days.

WSC SSM Station data

products

EPSAT-SG mean
over 4 past days

ASAR SSM
maps
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Fig. 9. Comparisons of August soil moisture (SSM) map$ @hd 2@ derived from ENVISAT-ASAR and ERS WSC SSM products and
EPSAT-SG rainfalls estimates on the same day and over the four previous days and with rainfall recagiedaiandTin Tadeiniduring
the five same days.
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Fig. 10. Comparisons of September soil moisture (SSM) maif&a{ﬁd 8"y derived from ENVISAT-ASAR and ERS WSC soil moisture
products and EPSAT-SG rainfalls estimates on the same day and over the four previous days, and with rainfall resgodéoand Tin
Tadeiniduring the five same days.

On 20 August (DoY 232), the SSM map is highly con- days. In accordance with EPSAT-SG maps, no rains are
trasted with a large swath of saturated SSM values (20%)ecorded at Tin Tadeini nor at Agoufou during the day cor-
in the Southern Gourma that corresponds to the occurrenceesponding to the ASAR acquisition. Local patches of high
of a large convective system a few hours before the radaSSM values can also be observed in Northern and Central
image acquisition (EPSAT-SG product indicates 8mm andparts of the map. They are attributed to residual moisture in
Agoufou local station recorded 21 mm). High and medium depressions as no rainfall has been monitored.

SSM values are more scattered in Northern Gourma in rela- In contrast, soil moisture patterns derived from WSC data
tion with rain events that occurred during the previous daysare not in accordance with ASAR and EPSAT products. In-
(20 mm EPSAT-SG cumulated rains in the North, confirmeddeed, despite no rainfall occurred during the 4 previous days
by 11 mm recorded at Tin Tadeini over 3 days). The WSChbefore the radar acquisition (WSC and ASAR), only low res-
product exhibit high values in the South and in the North- olution products indicate high surface soil moisture in the
West part of the meso-scale site (up to 20%) in agreemenNorthern part of the image. This phenomenon is locally at-
with EPSAT-SG cumulative products. tributed to the presence of the Niger River and to flooded

On 3 September (DoY 246), the SSM map displays localvegetation which highly contribute to increase the backscat-
patches that can be related to local rain events observed digfing coefficient. High resolution data allow this specific
EPSAT-SG rainfall products during the previous days (about®gion to be masked and prevent from overestim&ei
20 mm along a Northeast to Southwest stripe) (Fig. 10). Thevalues.

Agoufou raingauge station also recorded a rainfall event but Overall, the temporal variation of SSM values (0 to 10%)
of only 2.5 mm during on DoY 244. that can be observed from 148 to 17 N is small during

On 8 September (DoY 251), the accumulation of mediumthe entire dry season (Gruhier et al., 2010).

SSM values in the Southern part of the site can be related to
the occurrence of a convective system during the 4 previous
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maps exemplify it well (Figs. 8 and 9). During the wet sea- % 15**BiaS=3*-*1*T:133%~~*3/ ****** R
son, higher values reach about 20% in accordance with local g ! N ! 16
automatic measurements. The dry season distribution indi- 2 /
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to radar signal instability:0.6 dB) during this period (Baup = s 9.' 15.5
etal., 2007a, b). £ e L LA
Among the different products used in this study, only the & / /E/ 15
ERS WSC ones can be used for a quantitative evaluation = / ! ! .é% ! !
of the ASAR SSM maps. Furthermore, both data sets are &3 0 1 el 1 1 14.5
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derived from radar sensors operating at the same frequenc!
(5.3GHz). To enable a direct comparison, 1km resolution SSM estimated from WSC (% m>.m™)

ASAR maps are aggregated to the WSC spatial resolution

(25km). Then, the comparison is made by considering theFig. 12. Comparisons of SSM values estimated from ENVISAT —
ASAR pixels corresponding to at least 95% of a WSC pixel. ASAR and ERS-WSC data for the 2005 dri¢s} and wettes(b)
Figure 12a and b shows the results obtained from SSM map@ates (8 September 2005 and 20 August 2005, respectively). The
generated for the driest and wettest dates in 2005 (8 anbocatlon of SSM pixels versus the latitude is also indicated.

20 September, respectively). For each selected pixel, its lati-

tudinal location is also indicated.

Dry and wet periods are separated in the analysis to bette3% is explained by the inversion method initially developed
discriminate between noise effects and radiometric change8Ver slightly wetter surfaces (see Zribi et al., 2008). In con-
related to SSM. During the dry season characterised by n&ast, ASAR-derived SSM show a higher stability with only
rainfall event, WSC-derived SSM of the order of 3%—10%, 2% of dynamic range and an offset of about 1%.
is obviously overestimated, as already mentioned by Gruhier Results obtained for the rainy season indicate a high cor-
et al. (2010) (Fig. 12a). The observed bias of 6% betweerrelation ¢2=0.91) between the two datasets with a low rms
ASAR SSM and WSC SSM also confirms this overestima-error (0.77%) despite the small number of considered sam-
tion. The highest SSM values are located in the Northernples ¢ = 11) which results from both the small number of
part of the site where the WSC signal is mainly affected byavailable ASAR images and the small size of the Gourma site
the Niger River and flooded vegetation. The initial offset of compared to the WSC product (at the resolution of 25km).
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The 11% bias observed during the wet season confirms th@ternational web sitehttps://www.amma-eu.org/) The authors

general overestimation trend of ERS/WSC SSM products. thank ESA for providing the ENVISAT data used in the present
study (Project ID 443, E. Mougin). The authors are grateful for all
the help they received during the field measurement campaigns,

5 Concluding remarks especially from their colleagues and collaborators from the national
institute for agronomic research in Mali, the “Institut d’Economie

A local empirical methodology inversion of SSM from EN- Rurale”.

VISAT/ASAR data has been generalized and applied at

meso-scale at the AMMA site in Mali. Resulting soil mois- Edited by: W. Wagner

ture maps take into account surface roughness, vegetation

density and angular variation e. They offer both a mod-

erate spatial resolution (1 km) and a large spatial coverags

(30000kn?) contrary to the maps derived from the Alter-

nate Polarization (AP) high resolution (Zribi et al., 2007) and

Global Monitoring (GM) low resolution modes (Wagner et

al., 2005) that were previously used for that purpose.

During the 2005 wet season, five dates are available char- L L
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