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Abstract

This paper presents the ground soil moisture measurementsgsformed over the so-
called Gourma meso-scale site in Mali, Sahel, in the contexbf the African Monsoon
Multidisciplinary Analysis (AMMA) project. The Gourma mes o-scale soil moisture
network is part of a complete land surface processes obseng and modelling strat-
egy and is associated to vegetation and meteorological eldneasurements as well as
soil moisture remote sensing. It is spanning 2in latitude between 15 N and 17 N.
In 2007, it includes 10 soil moisture stations, of which 3 stdons also have meteoro-
logical and ux measurements. A relevant spatial sampling $rategy is proposed to
characterise soil moisture at di erent scales including Ical, kilometer, super-site and
meso-scales. In addition to the local stations network, transect measurements were
performed on di erent coarse textured (sand to sandy-loam)sites, using portable

impedance probes. They indicate mean value and standard déation (STD) of the
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surface soil moisture (SSM) at the kilometer scale. This papr presents the data set
and illustrates soil moisture spatial and temporal features over the Sahelian Gourma
meso-scale site for 2005-2006. Up-scaling relation of SSM investigated from (i)
local to kilometer scale and (ii) from local to the super site scale. It is shown to
be stable in space and time (2005-2006) for di erent coarseextured sites. For the
Agoufou local site, the up-scaling relation captures SSM dgamics at the kilometer
scale with a 0.9% accuracy in volumetric soil moisture. At the multi-site scale, an
unique up-scaling relation is shown to be able to representilometer SSM for the
coarse textured soils of the meso-scale site with an accuramof 2.2% (volumetric).
Spatial stability of the ground soil moisture stations network is also addressed by
the Mean Relative Di erence (MRD) approach for the Agoufou super site where 5
soil moisture stations are available (about 25km 25km). This allows the identi -
cation of the most representative ground soil moisture staion which is shown to be
an accurate indicator with low variance and bias of the soil noisture dynamics at
the scale of the super site. Intensive local measurementspgiether with a robust up-
scaling relation make the Gourma soil moisture network suigble for a large range of
applications including remote sensing and land surface maalling at di erent spatial

scales.

Key words: Soil Moisture, ground measurements, up-scaling, Sahel, AMA

1 Introduction

West Africa, and more speci cally the Sahel, is pointed out by Koster et al. (2004)
to be one of the regions of the world with the strongest feedbek mechanism between

soil moisture and precipitation. This hot spot "indicates where the routine monitor-

Corresponding author: Tel: +44 118 949 9625, Fax: +44 118 986 9450
Email address: Patricia.Rosnay@ecmwf.int (P. de Rosnay).
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ing of soil moisture, with both ground-based and space-basksystems, will yield the
greatest return in boreal summer seasonal forecasting." Omof the key objectives of
AMMA (African Monsoon Multidisciplinary Analysis) projec t, is to improve our un-
derstanding and our modelling capabilities of the e ect of land surface processes on
monsoon intensity, variability and predictability (Redel sperger et al. 2006). AMMA
is supported by a very strong observational program. Three mso-scale sites are
instrumented in Mali, Niger and Benin, providing informat ion along the North-
South gradient between Sahelian and Soudanian regions (Retsperger et al. 2006).
The instrumental deployment in the Gourma region (the sahelan site of Mali) fo-
cuses on quanti cation of water, CO2 and energy uxes betwee the surface and
the atmosphere(Mougin et al., this issue) . Among the surface processes under
consideration, emphasis is put on evapotranspiration whib is the most important
process coupling the physical, biological and hydrologidaprocesses at the conti-
nental scale. Soil moisture is a crucial variable that a ects many processes includ-
ing land-surface-atmosphere interactions (Taylor et al. D07; Taylor and Ellis 2006;
Monteny et al. 1997; Nicholson et al. 1997), land surface wes (Timouk et al. this
issue; Lloyd et al. 1997), vegetation phenology (Seghierital. this issue), and soil
respiration (Le Dantec et al. 2006). The diversity of proceses and the correspond-
ing large range of spatial and temporal scales involved in tB monsoon dynamics
require accurate estimate of soil moisture dynamics at lodascale, meso-scale and
regional scale. Ground measurements provide vertical soihoisture pro les with a
high accuracy but they are limited to the local scale. In contrast, remote sensing ap-
proaches provide spatially integrated measurements of sfisice soil moisture (SSM)
but they are limited to the very rst top centimetres of the so il (Kerr 2007). Soil
moisture estimation from microwave remote sensing was invaigated during the Hy-
drological and Atmospheric Pilot Experiment in the Sahel (HAPEX-SAHEL), using
both passive microwave radiometry from airborne measurenms (Schmugge 1998;

Chanzy et al. 1997; Calvet et al. 1996) and active microwave @mote sensing with
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ERS satellite data (Magagi and Kerr 1997). These studies wex based on local soill
moisture ground measurements acquired for a few month durig the 1992 sum-
mer campaign. Extensive eld measurement campaigns have lBm conducted in
other regions of the Earth to characterise the soil moisturevariability, as for exam-
ple in the U.S. Midwest, South Central Georgia and Southern Geat Plains (SGP)
(De Lannoy et al. 2007; Bosch et al. 2006; Famiglietti et al. £99), and in Australia
(Rediger et al. 2007). Using airborne based remote sensingnformation, Kim and
Barros (2002) examined the statistical structure of soil masture (40 x 250 km)
obtained during the SGP 1997 hydrology experiment. In Sahelwhere eld instru-
mentation and extensive eld campaigns are more di cult, ex tensive soil moisture
measurements were not available until now. In the frameworlof AMMA the Gourma
meso-scale site has been instrumented for soil moisture mearements. It is described
in this paper.

For the purpose of satellite validation it is of crucial importance to address up-scaling
issues of ground soil moisture measurements. Baup et al. (R@) used ground soil
moisture measurements over the Agoufou local site, in Malifor the purpose of EN-
VISAT/ASAR soil moisture inversion. To this end they used surface soil moisture
measurements from one local station, up-scaled to the 1km reotely sensed pixel for
2005. In the present paper, surface soil moisture up-scalgnof ground measurements
is investigated at the single site scale and extended to (i)he multi-site spatial scale,
within the Gourma meso-scale windows, and (ii) the inter-amual temporal scale.
A complementary approach, suitable for larger scale appliations, consists of de-
riving spatially representative soil moisture estimates fom ground observation net-
works. The method, rst proposed by Vachaud et al. (1985), isbased on the Mean
Relative Di erence (MRD) and deviation between stations of the same network. It
was applied by Cosh et al.(2004) to the Soil Moisture EXperinent (SMEX) 2002
(Jackson et al. 2003) for the validation of the Advanced Miclowave Scanning Ra-

diometer on Earth Observing System (AMSR-E) soil moisture. De Lannoy et al.
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(2007) used the MRD approach combined with cumulative distibution function
matching to estimate the spatial mean soil moisture. Based o the MRD, Gruhier
et al. (2008) used the Gourma meso-scale soil moisture measments to validate
the soil moisture products obtained for 2005 from AMSR-E.

Ground soil moisture measurements are also highly relevanto validate Land Sur-
face Models (LSMs). As for satellite validation, up-scalirg is crucial to characterise
soil moisture at the scale of the LSM. In turn, land surface malels allow for the ex-
tension of local scale measurements to larger spatial scaleThis is being addressed
over West Africa through the AMMA Land Surface Model Interco mparison Project
(ALMIP, Boone et al. 2008).

The main purpose of this paper is to describe the Gourma messeale soil moisture
network and to presents soil moisture measurements for 2008006. Based on local
and transect measurements and using the Mean Relative Di eence method, this
paper also presents some features of the soil moisture chataristics and investi-
gates the potential of the Gourma soil moisture measuremernt to address surface
soil moisture up-scaling. Next section describes the Gouria meso-scale soil mois-
ture network. Section 3 presents the soil moisture dynamicgor di erent stations
along the 15N to 17 N climatic gradient for 2005 and 2006. Section 4 focuses on
surface soil moisture up-scaling. Representativity of grand soil moisture station is
addressed in section 5 for the Agoufou super site, where the dn Relative Di er-

ence approach is applied to the Gourma soil moisture networkSection 6 concludes.
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2 Experimental design and ground soil moisture measurement S

2.1 The Mali site

The AMMA project aims at providing a better understanding of the African mon-

soon processes. AMMA relies on an extensive eld campaign e@eriment for which

three meso-scale sites are instrumented in Benin, Niger att Mali (Redelsperger et al. 2006).

Instrumental deployment over the Mali site includes three monitoring scales de-

scribed hereafter(Mougin et. al, this issue)

The Gourma meso-scale site (30,000kfn 14.5 N-17.5 N; 1 W-2 W) is shown in
Figure 1. The location of the soil moisture stations (10 statons) is indicated on
the map by white stars. Each soil moisture station also inclules a rain-gauge for
rainfall measurements and three stations (in Bamba, Egteit, Agoufou) include
complete weather station and ux measurements. More detailon rainfall measure-
ments over Gourma are provided in Frappart et al. (this issug, while Lebel and
Ali (this issue) investigate the rainfall regime uctuatio ns in Sahel. The Gourma
meso-scale site is characterised by a Sahelian to saharoksdian climate (isohyets
500-100 mm). Soil is coarse textured (sand, loamy sand, sagdoam) for 65% of
the area, where vegetation is composed of a layer of naturalrmual herbs with
scattered trees and shrubs (Hiernaux et al. this issue). 28%f the meso-scale site
is characterised by at and shallow soils and rock outcrops lpamy colluvium,
schist, sandstone outcrops and hard pan). Vegetation on th&e rocky-loam areas
consists of scattered shrubs. The remaining 7% of the area arclay plains, tem-
porarily ooded woodlands and ooded depressions. Data on krbs and woody
vegetation are collected on 43 local sites among which someeaalso used for vali-
dation of remote sensing products (LAI, Net Primary Productivity, soil moisture)

derived form SPOT-VGT, MODIS, AMSR-E, ENVISAT/ASAR, ERS (G ruhier
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et al. 2008; Zribi et al. this issue; Baup et al. 2008; Jarlan tal. 2008).

The Agoufou super site (2,250km, 15.3 N-15.58 N; 1.38 W-1.65 W) is shown
in Figure 1 (right). At this scale, ground measurements focts on land surface
uxes measurements as well as on spatial heterogeneities afxes and vegetation

characteristics.

The Agoufou local intensive site (1kn?, 15.3 N; 1.3 W) is indicated on Figure
1. Annual mean precipitation is 370mm (1920-2003). The sitdhas measurements
of vegetation, soil moisture, meteorology and land surfaceuxes (energy, water,
CO02). The data collected on this site are used to parameteris, test and validate
LSMs. The Agoufou local site is also a main validation site fo remote sensing

products.

2.2 Ground soil moisture measurements

The colours in Figure 1, obtained from a Landsat image, indiate the surface types
on which the stations are deployed, with green for gently undlating coarse tex-
tured dune systems, dark green for clay soil types and browipink for at rocky-
loam plains. Table 1 provides detailed information concering soil moisture stations
(number, name, soil type, location, sensors types and depthdate of installation).
The same installation protocol is used for all the soil moistire stations, where Time
Domain Re ectometry sensors are used (Campbell CS616), erpt for the Kelma
station. For the later, Delta-T Theta Probe sensors are usedsince they are equipped
with short rods which is more suitable for clay soils (a menton of the manufacturers
is for information only and implies no endorsement on the pat of the authors). The
Gourma soil moisture stations all include a rst measuremert at 5cm depth, except
in Egterit (rocky) where the rst measurement is at 10cm depth. Soil moisture pro-

les are measured down to 50cm depth for Egierit, and down to 4m for Agoufou



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

at the bottom of a hillslope. In order to capture the fast soil moisture dynamics,
the vertical resolution of automatic soil moisture measurenents in the soil is very
ne at the surface, and measurements are acquired at 15 mings time intervals.
For remote sensing and land surface modelling purpose, botkoil moisture and soil
temperature pro les are monitored. For each station and eab sensor depth, cal-
ibration was performed, based on local soil density and grametric soil moisture
measurements. Gravimetric measurements were performed @i erent stages of the
rainy season to ensure calibration robustness in various gomoisture conditions.
Soil moisture values provided in this paper are expressed iterms of volumetric
units.

Soil texture measurements were performed for the rst meterof soil, in the Agoufou
local intensive site at the top and bottom of a hillslope (Table 2). Soil texture of the
top 10cm of soil is slightly di erent between the top and bottom of the hillslope,
with silt and clay content higher at the bottom than at the top of the hillslope.
However the soil is very coarse textured, with more than 74% ad 94% of sand
particles at surface for the bottom and top of the hillslope respectively.

The Gourma soil moisture network documents soil moisture dypamics along the
North-South climatic gradient, as well as at the dune scalewith three stations lo-
cated on the Agoufou local site at di erent levels of a typicd hillslope (top, middle
and bottom). Eight stations are located on coarse textured sils (sandy to sandy-
loam) which represents 65% of the meso-scale site area. On@tion, in Kelma (site
21) is implemented on a clay soil, covered by acacia forestgpresenting 7% of the
meso-scale area, and one station is located in Egterit, on aocky surface that rep-
resents 28% of the area.

In addition to the local stations network, transect measurements have been man-
ually performed every year since 2004 during the rainy seaso They consist in
monitoring surface soil moisture (0-5cm) by the means of a pdable impedance

probe (Theta probe) every 10m along a 1km straight transect.The location of each
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point measurement along the transect is chosen to be dieren(separated by a
few centimetres) from one transect date to another. This engres avoiding soil dis-
turbances that would a ect the soil moisture measurements. This method allows
estimating, for each transect measurement, both the mean Vae and standard de-
viation of the surface soil moisture along the 1km transect.For practical reasons it
is not possible to perform transect measurements on rocky staces (too hard to use
the probe), nor in ooded plains (under water). Thus transect measurements have
been performed on coarse textured soils, which represent ghdominant soil texture
type at meso-scale. Intensive transect measurements camigas were performed on
the Agoufou local site where soil moisture is the most intensely documented. For
this site the 1km transect is the same as that used for vegetédn measurements
(Hiernaux et al. this issue). It is located on the Agoufou site with the starting and
closest point located about 100m from the Agoufou bottom of he hillslope sta-
tion (P1) and about 300m from the top of hillslope (P3) and middle of hillslope
(P2) stations. In 2005 and 2006, transect measurements weralso extended to the
other coarse textured sites of Bangui Mallam, Ekia and Bamba For these 3 sites,
the 1km transects start exactly from the soil moisture stations. The 1km transects
aim to provide information on mean surface soil moisture at he kilometer scale.
These measurements are not combined with topography measements. In 2006 an
additional transect was de ned on the Agoufou local intensive site for the purpose
of hydrological applications and vegetation monitoring in relation to soil moisture
along a topographic pro le. SSM measurements performed alug the hydrological
transect are combined with elevation measurements. In comast to the 1km tran-
sects, this hydrological transect is not straight. It is 125%m long and cuts across 7
catchments located partly within the Agoufou intensive site. It starts from the top
of hillslope (P3) station, passes on the bottom of hillslopestation (P1) and it is at a
distance of about 100m from the middle of hillslope station P2). Table 3 indicates

the number of transect measurements performed on each sitoff these two years.
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Remote sites, more di cult to access, are less documented, 1in Bamba where only

1 transect measurement was performed.

[Table 1 about here.]

[Table 2 about here.]

[Table 3 about here.]

[Fig. 1 about here.]

3 Soil Moisture Dynamics over the Gourma meso-scale site

3.1 Temporal dynamics

Inter-annual variability between 2005 and 2006 is shown in kgure 2 for the surface
(5¢cm depth) soil moisture monitored for eight stations locaed along the north-south

gradient and for di erent soil types. The horizontal axis in dicates the Day of Year
(DoY). Note that the vertical axis is identical for each station except Kelma (P9,

bottom right). Kinia (P11) and Agoufou middle (P2) are not pr esented since the
data set is not complete for the considered period. In the In Aket station, the 2005
data set is limited to DoY 198-228, which provides one month 6data between the
station installation in July and its theft in August. The 200 6 data set is complete
after the station was reinstalled. Data are missing for Egerit in early 2006 for tech-

nical reasons. So inter-annual variability in monsoon onskis not visible for these

two last stations.

The top panel shows SSM of the most northern stations in Bambaand In Zaket.

They both present similar features in their surface soil mosture dynamics which is

relatively slow and low amplitude. The second panel shows th surface soil mois-
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ture dynamics for Ekia and Bangui Mallam and the third panel presents surface
soil moisture for two stations located in the Agoufou super ge at the top and bot-
tom of the hillslope. Surface soil moisture is characterisg by higher values and a
larger temporal variability on these sites than on the northern sites. The bottom
panel shows the surface soil moisture evolution for the two an-sandy sites of the
Gourma soil moisture network, located in Egterit (rocky) and in Kelma (clay).
They both show a lower temporal variability in surface soil moisture. The Kelma
site is characterised by much higher soil moisture values, wk to the clay soil texture
in this area. In addition, this site is ooded during the rain y season as indicated
by the maximum soil moisture values maintained at saturation for more than one
month during the monsoon season. For the top three panels, wibh present surface
soil moisture monitored on coarse textured sites, di erenes between the sites are
mainly governed by the strong North-South climatic gradient and by the precipita-
tion variability. In contrast, for the bottom panel, the dis tances between the sites
is less (all sites are within the super site) and the precipiation variability between
the sites is lower. Accordingly, di erences in soil moisture dynamics are mainly gov-
erned for these sites by di erences in surface properties ¢l texture and vegetation
cover) and subsequent land surface processes (partitionjnbetween evapotranspira-
tion and runo ).

For coarse textured soils the in ltration rate is very high according to the large
amount of sand particles (higher than 74%). Surface pondingccurs rarely on these
soils and it is located in very speci ¢ and limited areas (a fav square meters) for very
short periods (a few hours after rain). None of the soil moistire stations installed
on coarse textured soils are a ected by ponding. Despite termoral dynamics and
absolute values of soil moisture being di erent between stdons depending on both
surface properties and location along the climatic transet; all the stations capture
the later monsoon onset in 2006 than in 2005 that was descriloeby Janicot et al.

(2008).
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[Fig. 2 about here.]

3.2 \Vertical dynamics

Figure 3 (top) depicts the temporal evolution of soil moisture at di erent depths
at the Bangui Mallam station during the 2006 summer. It clearly shows that soil
moisture dynamics is very fast at the surface, with rapid soi moisture response to
precipitation occurrence, and fast soil drying afterwards Soil moisture dynamics is
getting slower with increasing depth, and at 120cm, 180cm ath 250cm depth, soil
moisture shows variability mainly at the seasonal time sca.

A major rainfall event (61.5mm at this station) occurred in t he early morning of the
DoY 210. It was associated with a large convective system thagave precipitation
from Kelma to Ekia (Figure 1), as can be seen on Figure 2 with tle surface soil
moisture increasing on DoY 210 in 2006 for the 6 stations comgned. This event
is chosen here to illustrate the vertical soil moisture dynanics at the Bangui Mal-
lam site which is representative of vertical dynamics of coese textured sites of the
Gourma region.

Figure 3 (middle) shows the vertical structure of soil moisture evolution of the Ban-
gui Mallam station at four di erent dates around this precip itation event, between
July 28 (DoY 209) and August 2 (DoY 214) 2006. Figure 3 (bottom) shows the wa-
ter budget as estimated from ground observations of soil maiture and precipitation
for this period for the Bangui Mallam site. In particular it i ndicates the accumulated
precipitation since DoY 209, and the variation in total soil water content (W) for
the 0-1m soil layer and for the 1-2m soil layer (dW 0-1m and dW 12m respectively).
Vertically integrated soil water content is computed for each time step by the means
of a linear vertical interpolation and integration of volum etric soil moisture pro les.
Accordingly it must be taken with caution due to uncertainti es associated to the

vertical pro les. This is particularly the case for the second meter of soil where the
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vertical sampling of soil sensors is more sparse (Table 1).ffer a rainfall event, the
presence of a wetting front, associated to a discontinuity m the soil moisture pro le,
is also expected to a ect the accuracy of the vertical interpolation. Despite of these
uncertainties, when considering its temporal evolution, te vertically integrated wa-
ter content provides an estimate of the time evolution of the soil water budget.
Soil moisture pro les shown in Figure 3 (middle) indicate very dry conditions (vol-
umetric soil moisture below 2% ) on DoY 209 at all soil depths & the Bangui
Mallam station. The strong precipitation event that occurr ed on DoY 210 led to
a fast response of soil moisture in the rst half meter of soil with an increase to
12.5% (volumetric) at 10cm depth. However the wetting front didn't reach yet the
80cm deep soil moisture sensor for which the volumetric soinoisture was steady
bellow 2%. The vertical pro le depicted for DoY 211 shows tha 1.5 days after the
rain occurred, the wetting front got deeper, down to 80cm, while the rst 30cm of
soil already started to dry out. A few days later (DoY 214) while 2 rainfall events
occurred (21.5mm each) in the morning and evening of the DoY 22, the vertical
pro le of soil moisture shows that the wetting front reached 120cm depth. Figure 3
(bottom) shows that the cumulated rainfall between DoY 209 and 214 is 104mm.
The total soil water increase (dW0-1m + dW1-2m) for this period is 85.3mm. The
lower value of total soil water increase compared to accumalted precipitation, is
explained by several processes, including direct soil evapation, water uptake for
plant transpiration and surface runo. It is interesting to note that, for each of
the three rainfall events, the 0-1m soil water content decrased rapidly as soon
as the rain stopped. It is due to direct soil evaporation and &ong rates of plant
transpiration. In addition, the downward propagation of th e wetting front, when
it reached the 1-2m soil layer, strongly contributed to the 0-1m layer drying after
DoY 213 (2.75 day after the rst rainfall event). At the same t ime, dW1-2m started
to strongly increase accordingly on DoY 213, due to deep soih ltration from the

rst meter to the second meter of soil.
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[Fig. 3 about here.]

4 Surface soil moisture up-scaling

Results of transect measurements are presented in this seoh. The local to kilo-

meter up-scaling relation is investigated at the single-gi scale, considering annual
and inter-annual temporal scales, as well as at the multi-de scale. As described
in section 2 and Table 3, transect measurements were perforad in 2005 and 2006
during intensive eld campaign measurements conducted dung the monsoon sea-

son.

4.1 Bangui Mallam site

Figure 4 illustrates the surface soil moisture variability along the Bangui Mallam
1km transect, for which measurements were performed at di eent dates between 11
and 16 August 2006. A strong precipitation event occurred orAugust 9 (DoY 221),
2 days before the rst transect measurement, followed by a lag drying period. This
gure illustrates the strong spatial variability along the transect. However, values of
standard deviation (STD) indicated on the gure for the thre e dates, also show that
surface soil moisture spatial variability decreases whendil is drying. The relation-
ship between the soil moisture mean value and its spatial vaability is investigated
further in section 4.3 at the multi-site scale. Figure 4 alsoshows the very fast tem-
poral dynamics associated with the soil drying after a pregpitation event. In ve
days, volumetric surface soil moisture drops from 10.8% to 0%. This fast drying
of the soil surface is due to fast in Itration rates of coarsetextured soils and large

evaporation rates.

14



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

[Fig. 4 about here.]

Based on transect measurements and local station measuremis at Bangui Mal-
lam acquired at the same time, a relationship is establishedetween the averaged
1km transect surface soil moisture §SMya 1km) and the local station surface soil

moisture (SSMgtaoc) for the Bangui Mallam site in 2006:

where both SSMya 1km and SSMgiioc are in % (volumetric). The slope larger than
1 (1.5458) indicates slightly stronger surface soil moistte changes on the transect
compared to the local station. This is explained by the di erence of sensing depth
between the local station and transect measurements. The fofew centimetres of the
soil are characterised by very strong soil moisture (and sbitemperature) gradients.
The very surface soil moisture, which is more directly exposd to the atmosphere,
depicts slightly larger variations than at 5cm depth, where the variations are al-
ready slightly attenuated. Thus the time evolution of the surface soil moisture is
sensitive to the depth of measurement. This issue has impoant implications for
remote sensing applications which measure about the top lcn2ecm and 5¢cm soill
moisture at X-band, C-band and L-band respectively, as indcated by Le Morvan
et al. 2008 and Jackson et al., 1997. In our study the rst sener of the station is
horizontally placed at 5cm depth, whereas the transect meagements measure the
averaged value between 0 and 5cm deep. Shallower measurensetead to slightly
larger soil moisture variations along the transects than atthe station. This is ex-
pressed by a slope larger than one between transect and stati measurements. This
relationship applied to the station surface soil moisture neasurements, allows ex-
trapolating to the kilometer scale, for which SSMgta1km Will be used. Table 4 (rst

line) shows the statistical results of the comparison betwen the kilometer surface
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soil moisture obtained from extrapolated station measurenents (SSMgta1km) and
from the transect measurements §SMya 1km ). Comparison is based on several indi-
cators including Root Mean Square Error RM SE ), correlation coe cient ( R),
E ciency (Nash coecient, EFF) and BIAS. Although only seven transects are
considered to determine this relation for the Bangui Mallam site in 2006, the very
good agreement between the station and the transect measumgents (R = 0:89,
RMSE =1:6%, EFF =0:8, BIAS =10 %), indicates that the up-scaling relation
provided in equation 1 is highly suitable to extrapolate from local station measure-
ments at the Bangui Mallam site, to the kilometer scale. Sine the station operates
automatically, this approach is suitable to derive the kilometer scale surface soil
moisture continuously at a ne temporal resolution (15 minute time step). These
statistics are obtained when the complete transect data araised. They include 100
measurements for each transect (1 measurement every 10 m)h€ sensitivity of the
correlation to the spatial sampling along the transect is rdatively low (not shown).
For this site the correlation values stay in the range 0f0.87 when measurements
are taken every 200m (only 5 measurements), to 0.92 when measurements
are taken every 80m (13 measurements). The stability of theeémporal correlation for
di erent spatial sampling distances indicates that the surface soil moisture temporal
variability is rather homogeneous along the transect. Thisexplains the robustness

of the kilometer scale up-scaling relation.

4.2 Up-scaling relation for the Agoufou site

Measurements performed in 2005 and 2006 on the Agoufou siteeaused here to
investigate the inter-annual stability of the up-scaling relationship between surface
soil moisture at the local station scale and at the kilometerscale. As indicated in
Table 3, 34 1km-transect observations were made for this pé&d on the Agoufou

site. The transects cover a wide range of soil moisture contions. The Agoufou

16



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

site includes 3 soil moisture stations, of which the data fron two stations (top and
bottom) are available for the whole 2005-2006 period (Tablel). The up-scaling
relationship between local and kilometer surface soil motsire is computed and
indicated below for theses two stations.

For the Agoufou top of hillslope station:

For the Agoufou bottom of hillslope station:

Lower slope and intercept parameters are obtained for the bibom of hillslope sta-
tion than for the top of hillslope one. As expected, this is dwe to generally higher
values of soil moisture content at the bottom than at the top of hillslope. These two
relations are applied to the data continuously monitored by the stations in order to
estimate the kilometer scale surface soil moisture. Figuré shows the scatter-plot
of the comparison of the kilometer scale surface soil moiste between station and
transect. Statistical results are indicated in Table 4 for Agoufou 2005-2006. Bottom
of hillslope up-scaled soil moisture shows a slightly nonihear behaviour related to

a pronounced saturation e ect for high values of soil moistue.

[Fig. 5 about here.]

[Table 4 about here.]

For this two-year period, best results are obtained with thetop of hillslope station,
for which the up-scaling relation matches the transect measrements with an ac-
curacy better than 1% (volumetric), and a correlation coe cient of R =0:97.

Values of e ciency are also very high for both stations with 0.94 and 0.73 for the top
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and bottom station respectively. These statistical results indicate that the up-scaling
relation between local surface soil moisture and averagedusface soil moisture along
the 1km transect is very stable at the inter-annual scale.

Further analysis is conducted to compare surface soil moistre up-scaling perfor-
mances from the three stations of the Agoufou site, which wasnly possible for
2006. Statistical results are shown in Table 4. The top of hislope station (P3) is
shown to be the most suitable to up-scale surface soil moiste to the kilometer

scale.

4.3 Multi-site up-scaling relation

The spatial stability of the 1km up-scaling relation is addressed here at the multi-
site scale. The 1km transects acquired on the Agoufou site ahon the other coarse
textured sites are considered for this study. Since much ma measurements were
acquired on Agoufou, only the year 2006 is considered for thisite, while 2005 and
2006 are considered for the other sites. According to the imr-annual robustness of
the surface soil moisture up-scaling relation on Agoufou, léninating 2005 data for
Agoufou does not introduce any bias in the selected data sett also equilibrates the
number of transect measurements between Agoufou and the o#r sites. Accordingly,
21 transect measurements are available, of which 9 for Agoafi and 12 for the other
sites (Table 3). For each transect, the temporally collocaed surface soil moisture of
the station of the considered site is compared to the transdcvalue. Based on the
21 transects de ned above, the multi-site 1km up-scaling réation is determined to

be:

Figure 6 (left panel) shows the correspondence between thal&meter scale volumet-

ric surface soil moisture measured from transect measuremes and the volumetric
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the soil moisture extrapolated from corresponding local sations. Statistical results
are presented in Table 4. Although the dispersion RMSE = 2:2%) is larger than
that obtained at the single-site scale for the Agoufou and Bagui Mallam sites
(0.9% and 1.6% respectively), highcorrelation value ( R = 0:82) and high e -
ciency (EFF =0:66) clearly show good skill of this up-scaling relation to decribe
the 1km volumetric surface soil moisture on the di erent coase textured sites of
the Gourma region. The robustness of the up-scaling relatio at the multi-site scale
indicates that surface soil moisture scaling characterigts are similar on the di er-
ent coarse textured sites considered at meso-scale.

As mentioned above for the Bangui Mallam site (Figure 4), hidher values of sur-
face soil moisture are associated to higher values of abstdusurface soil moisture
variability. This relation between surface soil moisture and its spatial variability
is investigated at the multi-site scale in Figure 6 (right panel). With a correlation
of R = 0:82, it is shown to be representative at the meso-scale, where altoarse

textured sites are considered.

[Fig. 6 about here.]

The multi-site results presented above indicate that (i) the up-scaling relation given
in equation 4 describes the 1km scale volumetric surface damnoisture from any
station of the meso-scale site with an averaged accuracy of.Z%, and that (ii)
characteristics of surface soil moisture variability are #milar for the di erent sites
of the meso-scale window, with &R = 0:82 correlation obtained between surface soil
moisture and its spatial variability at 1km.

This underlines the high degree of representativity of the sil moisture stations
for the kilometer scale. The result also suggests highly ralst scaling relation of
surface soil moisture. It justi es the approach to use a uniqie multi-site relation for
extrapolating kilometer scale soil moisture for each coars textured site equipped

with a soil moisture station. The stability of these relatio nships across period longer
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than 2 years needs to be con rmed for future up-scaling appbations. But for the
considered years 2005 and 2006 this data set is shown to be tlile to validate
of satellite products with ground station measurements (Guhier et al. 2008; Zribi

et al. this issue; Baup et al. 2008).

4.4 Hydrological transect over the Agoufou site

In addition to the 1km transect performed on di erent sites, an hydrological transect
was de ned. This transect cuts across 7 catchments located ithin and next to

the Agoufou local site. It is 1255m long and not straight in order to follow the
landscape features. Measurements of surface soil moistufevery 10m) along this
transect was repeated 10 times in 2006 as indicated in Table.3he elevation was
assessed by means of a Global Positioning System, so that $ace soil moisture
variations are monitored in relation with topography infor mation. Figure 7 shows
surface soil moisture monitored along this transect at 4 dierent dates, just after
rain on 19 August 2006 am and pm, and a few days before, on Augud3 and 15
where no rainfall occurrence led to drying conditions. Top@graphy (elevation in m)

is indicated on the bottom panel.

[Fig. 7 about here.]

Hydrological transect measurements aim at studying hydrobgical processes at dif-
ferent levels of the hillslope. Although they are limited to surface soil moisture, they
provide complementary information compared to the three lacal stations of Agoufou
which provide a complete vertical pro le. Figure 7 gqualitat ively shows the in uence
of topography on the surface soil moisture value. In particlar, persistent higher

soil moisture values are observed near 500m, 875m, 1200m whiall correspond to
low elevation areas. At 1200m there is a relative elevation rimimum. It is not very

pronounced in the direction of the transect but more important in the orthogonal
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direction. This explains the maximum soil moisture at this location. The correlation
values,R, between the SSM and the elevation are provided in the gure. They show
that the surface soil moisture pro le along the transect is negatively correlated to
the elevation. This indicates that relatively wet condition are encountered in low
elevation areas, while salil is getting dryer when elevationncreases. These signi cant
negative correlation values also indicate limited precipiation heterogeneities along
the transect. The negative correlation is stronger for wet onditions than for dry
conditions. This shows that for wet conditions the soil wate distribution along the
transect is largely related to the soil topography. For drye soils the negative corre-
lation is less strong which indicates that other processessuch as evapotranspiration
or slight variations in soil texture, also in uence the spatial distribution of surface
soil moisture. However negative correlation values persisfor a large range of soil
moisture conditions from very wet (19 August am, a few hours #&er precipitation)
to very dry conditions (15 August, after 10 days without rain).

Figure 8 displays the amplitude of the Discrete Fourier Transform (DFT) of the sur-
face soil moisture and the soil elevation along the hydroloigal transect. The DFT
represents the partitioning of the sample variance into spéal frequency components
(Greminger et al., 1985). In Figure 8 DFTs are obtained with aHamming window.
They are represented on a logarithmic scale and expressed terms of spatial pe-
riod. The soil moisture DFTs are provided for 3 of the 4 cases ansidered in Figure
7, which allow the consideration of di erent soil moisture conditions. For the clarity
of the gure the spectrum for the intermediate case of August19pm is not shown.
Process scales occur at spectral peaks, whereas spectrapgaiepresent spatial scales
with minimum spectral variance. The dominant spectral peaks shown for the soil
elevation are dominated by long wavelengths (spatial perid larger than 100m). The
dominant periods are the transect length, 250m (extendingfom 180m to 300m) and
100m. The variability of soil moisture at long wavelength isin relatively good agree-

ment with that of soil elevation. For wet conditions, signi cant peaks are shown for
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periods of 100m and 200m in agreement with the soil elevatiorariability. For dryer
soil conditions (Aug. 15), these two peaks are still charaatrising the soil moisture

variability but their amplitude and spatial extention are r educed.
[Fig. 8 about here.]

Much less agreement between topography and soil moisture ghown for short spatial
periods (below 80m). This indicates that surface soil moistire variations at smaller
spatial scales are less related to the topography than largescale variations. It is
also clear from Figure 8 that smaller scale surface soil mdisre variations are of

lower amplitude than variations at larger scale.

5 Temporal stability of the Gourma soil moisture network

In this section the representativity of the ground soil moisture station is investigated
further by the means of Mean Relative Di erence method. Built on the Vachaud

et al. (1985) approach,MRD ; is computed for each stationi, as:

MRD - = 1X SSM;; SSM;
ot SSM;

()

where| is the time step, t is the number of time steps,SSM;; is the surface soil

moisture of station i at the time step j, SSM; is the surface soil moisture aver-
aged over the di erent stations at the time step j. The value of MRD ; quanti es

the agreement of SSM between stationi and the stations average. Its temporal

standard deviation ST D;, computed from (SSM;;  SSM;)=(SSM;) time series,
guanti es the agreement of surface soil moisture between th local stationi and the
stations average in term of temporal variability.

This method is applied for the whole year 2006, to the Agoufowsuper site (Figure 1,

right): the three stations of Agoufou are considered togetler with those of Bangui
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Mallam and Egterit. These 5 stations encompass an area of atut 25km  25km,
with soil surface types representative of 90% of the Gourma mso-scale site. Soll
moisture data from each station are weighted according to tle soil type distribution

over the super site.

[Fig. 9 about here.]

Results of the MRD analysis on the Gourma super site are plotd in Figure 9 on a
circle plot where the angle deviation from 45 gives the MRD value of each station
and the radius indicates its standard deviation (STD). This gure clearly shows
that the Agoufou middle of hillslope station, for which the M RD value is close to
zero, captures almost perfectly the mean annual value of thesuper site averaged
surface soil moisture. Lower values of MRD for the stationsdcated at the top of the
hillslope in Agoufou and in Bangui Mallam indicate that these sites are generally
dryer than the super site average. In contrast Egierit and Agoufou Bottom have
higher values of their surface soil moisture MRD which indiate that they are wet-
ter than the super site average. These results are in agreemewith the qualitative
features shown in Figure 2.

Beside its absolute value, surface soil moisture temporalariability is of highest im-
portance. Standard deviation of MRD indicates for each staton its representativity
at the super site scale in terms of soil moisture temporal vaability. The Agoufou
top of hillslope station is shown to have the lowest STD (0.2}, which shows that
is in best agreement with SSM variability at the super site sale. The Bangui Mal-
lam STD is 0.28, showing this site provides a good estimate d6SM variability as
well. STD values of the three other stations are much higher \ith more than 0.4
for Agoufou middle of hillslope, more than 0.6 for Agoufou bdtom of hillslope and
almost 0.7 for Eglerit. This indicates that, although surf ace soil moisture is low-

biased for two of these stations, its temporal variability does not match with that
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observed at the super site scale.

The Agoufou top of hillslope station, with lowest STD and reasonable MRD, is the
most representative station of the surface soil moisture atthe Agoufou super site
scale. This is in agreement with the up-scaling analysis catucted in the previous
section at the kilometer scale where the same station is showto be representative

of the kilometer scale SSM through a linear regression.

6 Conclusion

This paper presents the Gourma (Mali) meso-scale soil moisire network which has
been implemented in the framework of the AMMA project. This soil moisture net-
work is a component of the AMMA's multidisciplinary and mult i-scale observing
system (Redelsperger et al. 2006). Initially implemented m the context of the En-
hanced Observing Period (EOP, 2005-2007), it has been exteed to the Long term
Observing Period (LOP, 2005-2009) of AMMA.

The Gourma soil moisture network aims at documenting soil masture dynamics
in the sahelian region of Mali, for a large range of temporal ad spatial scales at
which land surface processes and surface-atmosphere inketion occur. To this end
a set of 10 soil moisture stations is spanning 2between 15N and 17 N. Di erent
types of soil surfaces are instrumented according to their gatial distribution over
the meso-scale site. Observing results from the 2005-2006pod are presented in
this paper.

Soil moisture measurements on coarse textured sites, whictepresent 65% of the
meso-scale area, clearly show that the temporal surface $anoisture dynamics is
highly in uenced by the climatic condition and the rainfall variability along the
North-South transect (section 3). Northern stations of Bamba and In Zaket are
characterised by lower soil moisture values and lower time ariability, while stations

located within the super site depict higher soil moisture vdues and variability. Soil
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moisture dynamics is also strongly in uenced by surface prperties (soil and veg-
etation types, topography). Flat rocky-loam surfaces, which represent 28% of the
meso-scale site are shown to be characterised by a relatiyeslow temporal vari-
ability. Clay area, covered by acacia forest is distinguisled by its high values of soll
moisture, due to the soil texture and to the soil ooding during the monsoon season.
Beside these di erences in soil moisture dynamics along th&l-S gradient and for
di erent surface types, all the soil moisture stations of the Gourma network show
a 2005-2006 inter-annual variability which is characteri®d by a later monsoon in
2006. This is in agreement with atmospheric observations deribed in Janicot et al.
(2008).

A case study is investigated, based on Bangui Mallam measuneents, to address the
vertical structure of soil moisture dynamics on coarse textired soils (Figure 3). Soil
water budgets are computed for soil boxes between 0-1m and 2m, and compared
to precipitation input for a 6-day period between July 28 and August 2 2006 (DoY
209-214). Fast soil water in Itration is depicted for the r st meter of soil. After the
61.5mm precipitation event that occurred on DoY 210, the weting front is shown to
reach 80cm depth 1.5 days after the rain. The 1-2m soil waterantent signi cantly
increased about 2.75 day after a strong precipitation eventoccurred, whereas the
0-1m soil moisture budget already decreased. While the rstmeter of soil is charac-
terised by very fast response of soil moisture to the atmospéric forcing, deeper soil
is shown to respond at the seasonal time scale to atmospherforcing and resulting
land surface processes (in ltration and water uptake).

An up-scaling analysis of surface soil moisture is conductkin this paper, based
on kilometer scale transect measurements performed in 200&nd 2006 on di erent
coarse textured sites of the meso-scale area (section 4). Ap-scaling relationship is
determined and shown to be highly suitable to extrapolate kiometer scale surface
soil moisture on the Bangui Mallam site for 2006 (equation 1) The accuracy is

shown to be 1.6%, with a0.89 correlation with transect measurements. The high
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number of transect measurements performed at the Agoufou lgal site in 2005 and
2006 allows showing the inter-annual stability of the up-saling relation for this site.
Accordingly, equation 2 extrapolates surface soil moistue at the scale of 1km from
the Agoufou top of hillslope station, with an accuracy better than 1% in volumetric
soil moisture. Based on the 2006 data set, the Agoufou top of ilislope station is
shown to be the most representative station to derive the kibmeter scale surface
soil moisture at the Agoufou site.

This paper shows that the relationship between surface soimoisture and its 1km
spatial variability is very stable among the di erent sites of the Gourma meso-scale
for the two studied years. Due to this consistency among the ites, the use of an
unique multi-site up-scaling relation is shown to be accur#e within 2.2% (volumet-
ric) to retrieve 1km scale surface soil moisture from statim measurements.

This paper introduces measurements performed along an hydtogical transect where
elevation measurements were also performed. Discrete Faer Transform of surface
soil moisture and soil elevation show that signi cant variations of surface soil mois-
ture are dominated by spatial periods of 250m and 100m. Sameaininant periods
are shown for the soil elevation, which indicates that the sd moisture spatial vari-
ability is related to the soil topography along the transect. Soil moisture variations
at scales smaller than 80m are of lower amplitude and less raled to topography.
More investigations are however required to address the rative role of land surface
cover, soil texture class and precipitation variability on the small scale soil moisture
variability.

Surface soil moisture scaling is investigated further in setion 5, where the Mean
Relative Dierence approach is applied to the Gourma super #e. The Agoufou
top of hillslope station is shown to be the most representatie of the surface soil
moisture variability (lowest standard deviation of the MRD ) at the super site scale.
Consistency of the results at di erent scales, from local tokilometer and from local

to super sites scale, and with di erent approaches (transets and MRD), indicates
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that up-scaling features of surface soil moisture are consient at the three con-
sidered spatial scales (local, 1km, super site). Based on #ise preliminary results,
additional measurements are required to address the relabn between local, transect
and super site measurements. Measurements along a 50km tregct were performed

in 2006 and 2007 (not shown here) and will be addressed in funer studies.

The robustness of the surface soil moisture up-scaling ref@n for di erent coarse
textured sites indicates that the Gourma meso scale soil mature network is highly
suitable for remote sensing and land surface modelling apjglations for which soil
moisture is also required at larger scale than the station masurement. With the
Benin and Niger soil moisture networks, the Gourma soil moisture network has
been selected to be a validation site for the future SMOS (SbiMoisture and Ocean
Salinity Mission) (Kerr et al. 2001). Coordinated measuremnents of soil moisture,
meteorological and ux measurements as well as vegetation Basurements over
the meso-scale site, makes the Gourma meso-scale soil maig network of high
interest in many research areas related to land surface prasses and land-surface-
atmosphere interaction studies.
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Bangui Mallam - 1km transect N-S
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Fig. 4. Transect measurements of surface soil moisture at tiee di erent dates in
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standard deviation (STD) are indicated.
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Site Location Sensors types and depth (cm) date
Number Name Soil Text. Lat. Lon. Soil Moisture Temperature
Agoufou

17 - P1 bottom  Sandy-Loam| 15.341N 1.479W | 7CS616 4 PT108 04-2005
5, 30, 60, 120, 150, 250, 400 5, 30, 60, 120

17 - P2 middle Coarse 15.345N 1.479W | 6 CS616 2 PT108 04-2006
5, 30, 60, 120, 180, 250 5, 30

17 -P3  top Sand 15.345N 1.479W | 5 CS616 2 PT108 04-2004
5, 10, 40, 120, 220 5, 40

BB - P5 Bamba  Coarse 17.099N 1.402W | 6 CS616 5 PT108 04-2004
5, 40, 80, 120, 180, 250 5, 10, 40, 80, 120

4 - P6 In Zaket Coarse 16.572N 1.789 W | 7 CS616 4 PT108 07-2005
5, 10, 30, 80, 120, 180, 250 5, 10, 30, 80

12 - P7 Ekia Coarse 15965N 1.253W | 7 CS616 4 PT108 06-2005
5, 10, 30, 80, 120, 180, 250 5, 10, 30, 80

EM - P8 Bangui Coarse 15.398N 1.345W | 7 CS616 4 PT108 04-2005

Mallam 5, 10, 30, 80, 120, 180, 250 5, 10, 30, 80

20-P9 Kelma Fine 15.218N 1.566 W | 4 Theta-probes 4 PT108 06-2005
5, 20, 80, 100 5, 20, 80, 100

40 - P10 Eguerit  Rock 15.503N 1.392 W | 2CS616 4 PT108 04-2005
10, 50 10, 50

25 - P11 Kinia Coarse 15.051N 1.546 W | 7CS616 4 PT108 03-2007
5, 10, 30, 80, 120, 180, 250 5, 10, 30, 80

Table 1

Soil Moisture stations installed at the Gourma meso-scaleite. Name and location
of each stations are indicated, as well as the depth of measements and date of in-
stallation. Qualitative indication of surface soil textur e is indicated for each station,
expect for Egierit which has rocky soil. US Department of Agriculture (USDA) soil

texture is given for Agoufou top and bottom of hillslope, where texture measure-
ments were performed (Table 2).
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Bottom of hillslope

Depth (cm) | Clay Fine Silt Coarse Silt Fine Sand Coarse Sand

5 96 89 69 352 394
10 53 31 28 338 550
20 68 31 18 348 535
30 78 32 15 355 520
40 87 31 19 392 471
50 82 27 15 377 499
60 90 26 26 438 420
70 86 26 11 445 432
80 90 22 12 505 371
90 86 18 15 524 357

100 78 13 19 544 346

Top of Hillslope
Depth (cm) | Clay Fine Silt Coarse Silt Fine Sand Coarse Sand

5 34 11 13 385 557
10 34 14 13 421 518
20 37 18 6 418 521
30 44 11 4 431 510
40 47 8 1 507 437
50 42 9 3 469 477
60 40 6 8 448 498
70 42 2 5 462 489
80 36 4 4 465 491
90 33 3 2 453 509

100 29 11 8 533 419

Table 2

Vertical pro le of soil texture on the Agoufou local site. Fr action are indicated in per
thousand. Particles size are de ned according to the USDA dssi cation scheme,
with clay (< 0.002mm), ne silt (0.002-0.02mm), coarse silt (0.02-0.08m), ne sand
(0.05-0.2mm), coarse sand (0.2-2mm) (Gee and Bauder 1986).

a7



Site 2005 2006 Direction

Agoufou 25 9 West

Bangui Mallam 1 7 South
Bamba 1 0 North
Ekia 1 2 South

Agoufou-hydro 0 10 Topographical
Total 28 28

Table 3
Number of transect measurements performed in 2005 and 200énAgoufou and

some of the others coarse textured sites.
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Site Year RMSE (%) R EFF BIAS | N
Bangui Mallam 2006 1.6 0.89 0.8 104 |7
Agoufou 2005-2006
Top (P3) 0.9 097 094 104 |34
Bottom (P1) 1.9 0.86 073 104 |34
Agoufou 2006
Top (P3) 0.97 097 094 104 |9
Bottom (P1) 1.7 091 083 10° |9
Middle (P2) 1.4 094 088 104 |9
Multi-site 2005-2006 | 2.2 0.82 066 104 |21
Table 4

Statistical results of the comparison between the kilomete scale surface soil mois-
ture obtained by up-scaling of local station measurementsSSMgia1km » @and transect
measurements SSMy, 1km (S€e text). For each row a data set is selected correspond-
ing to di erent sites and di erent years. The number of observations is indicated by

N in the last column.
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Abstract

This paper presents the ground soil moisture measurementsgsformed over the so-
called Gourma meso-scale site in Mali, Sahel, in the contexbf the African Monsoon
Multidisciplinary Analysis (AMMA) project. The Gourma mes o-scale soil moisture
network is part of a complete land surface processes obseng and modelling strat-
egy and is associated to vegetation and meteorological eldneasurements as well as
soil moisture remote sensing. It is spanning 2in latitude between 15 N and 17 N.
In 2007, it includes 10 soil moisture stations, of which 3 stdons also have meteoro-
logical and ux measurements. A relevant spatial sampling $rategy is proposed to
characterise soil moisture at di erent scales including Ical, kilometer, super-site and
meso-scales. In addition to the local stations network, transect measurements were
performed on di erent coarse textured (sand to sandy-loam)sites, using portable

impedance probes. They indicate mean value and standard déation (STD) of the

Preprint submitted to Elsevier 19 December 2008



surface soil moisture (SSM) at the kilometer scale. This papr presents the data set
and illustrates soil moisture spatial and temporal features over the Sahelian Gourma
meso-scale site for 2005-2006. Up-scaling relation of SSM investigated from (i)
local to kilometer scale and (ii) from local to the super site scale. It is shown to
be stable in space and time (2005-2006) for di erent coarseextured sites. For the
Agoufou local site, the up-scaling relation captures SSM dgamics at the kilometer
scale with a 0.9% accuracy in volumetric soil moisture. At the multi-site scale, an
unique up-scaling relation is shown to be able to representilometer SSM for the
coarse textured soils of the meso-scale site with an accuramof 2.2% (volumetric).
Spatial stability of the ground soil moisture stations network is also addressed by
the Mean Relative Di erence (MRD) approach for the Agoufou super site where 5
soil moisture stations are available (about 25km 25km). This allows the identi -
cation of the most representative ground soil moisture staion which is shown to be
an accurate indicator with low variance and bias of the soil noisture dynamics at
the scale of the super site. Intensive local measurementspgiether with a robust up-
scaling relation make the Gourma soil moisture network suigble for a large range of
applications including remote sensing and land surface maalling at di erent spatial

scales.

Key words: Soil Moisture, ground measurements, up-scaling, Sahel, AMA

1 Introduction

West Africa, and more speci cally the Sahel, is pointed out by Koster et al. (2004)
to be one of the regions of the world with the strongest feedbek mechanism between

soil moisture and precipitation. This hot spot "indicates where the routine monitor-

Corresponding author: Tel: +44 118 949 9625, Fax: +44 118 986 9450
Email address: Patricia.Rosnay@ecmwf.int (P. de Rosnay).
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ing of soil moisture, with both ground-based and space-basksystems, will yield the
greatest return in boreal summer seasonal forecasting." Omof the key objectives of
AMMA (African Monsoon Multidisciplinary Analysis) projec t, is to improve our un-
derstanding and our modelling capabilities of the e ect of land surface processes on
monsoon intensity, variability and predictability (Redel sperger et al. 2006). AMMA
is supported by a very strong observational program. Three neso-scale sites are in-
strumented in Mali, Niger and Benin, providing informatio n along the North-South
gradient between Sahelian and Soudanian regions (Redelsmger et al. 2006). The
instrumental deployment in the Gourma region (the sahelian site of Mali) focuses
on quanti cation of water, CO2 and energy uxes between the arface and the
atmosphere (Mougin et al., this issue). Among the surface prcesses under con-
sideration, emphasis is put on evapotranspiration which isthe most important
process coupling the physical, biological and hydrologidaprocesses at the conti-
nental scale. Soil moisture is a crucial variable that a ects many processes includ-
ing land-surface-atmosphere interactions (Taylor et al. D07; Taylor and Ellis 2006;
Monteny et al. 1997; Nicholson et al. 1997), land surface wes (Timouk et al. this
issue; Lloyd et al. 1997), vegetation phenology (Seghierital. this issue), and soil
respiration (Le Dantec et al. 2006). The diversity of proceses and the correspond-
ing large range of spatial and temporal scales involved in tB monsoon dynamics
require accurate estimate of soil moisture dynamics at lodascale, meso-scale and
regional scale. Ground measurements provide vertical soihoisture pro les with a
high accuracy but they are limited to the local scale. In contrast, remote sensing ap-
proaches provide spatially integrated measurements of sfi@ice soil moisture (SSM)
but they are limited to the very rst top centimetres of the so il (Kerr 2007). Soil
moisture estimation from microwave remote sensing was invaigated during the Hy-
drological and Atmospheric Pilot Experiment in the Sahel (HAPEX-SAHEL), using
both passive microwave radiometry from airborne measurenmgs (Schmugge 1998;

Chanzy et al. 1997; Calvet et al. 1996) and active microwave eamote sensing with
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ERS satellite data (Magagi and Kerr 1997). These studies wex based on local soill
moisture ground measurements acquired for a few month durig the 1992 sum-
mer campaign. Extensive eld measurement campaigns have lBm conducted in
other regions of the Earth to characterise the soil moisturevariability, as for exam-
ple in the U.S. Midwest, South Central Georgia and Southern Geat Plains (SGP)
(De Lannoy et al. 2007; Bosch et al. 2006; Famiglietti et al. £99), and in Australia
(Rediger et al. 2007). Using airborne based remote sensingnformation, Kim and
Barros (2002) examined the statistical structure of soil masture (40 x 250 km)
obtained during the SGP 1997 hydrology experiment. In Sahelwhere eld instru-
mentation and extensive eld campaigns are more di cult, ex tensive soil moisture
measurements were not available until now. In the frameworlof AMMA the Gourma
meso-scale site has been instrumented for soil moisture mearements. It is described
in this paper.

For the purpose of satellite validation it is of crucial importance to address up-scaling
issues of ground soil moisture measurements. Baup et al. (R@) used ground soil
moisture measurements over the Agoufou local site, in Malifor the purpose of EN-
VISAT/ASAR soil moisture inversion. To this end they used surface soil moisture
measurements from one local station, up-scaled to the 1km reotely sensed pixel for
2005. In the present paper, surface soil moisture up-scalgnof ground measurements
is investigated at the single site scale and extended to (i)he multi-site spatial scale,
within the Gourma meso-scale windows, and (ii) the inter-amual temporal scale.
A complementary approach, suitable for larger scale appliations, consists of de-
riving spatially representative soil moisture estimates fom ground observation net-
works. The method, rst proposed by Vachaud et al. (1985), isbased on the Mean
Relative Di erence (MRD) and deviation between stations of the same network. It
was applied by Cosh et al.(2004) to the Soil Moisture EXperinent (SMEX) 2002
(Jackson et al. 2003) for the validation of the Advanced Miclowave Scanning Ra-

diometer on Earth Observing System (AMSR-E) soil moisture. De Lannoy et al.
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(2007) used the MRD approach combined with cumulative distibution function
matching to estimate the spatial mean soil moisture. Based o the MRD, Gruhier
et al. (2008) used the Gourma meso-scale soil moisture measments to validate
the soil moisture products obtained for 2005 from AMSR-E.

Ground soil moisture measurements are also highly relevanto validate Land Sur-
face Models (LSMs). As for satellite validation, up-scalirg is crucial to characterise
soil moisture at the scale of the LSM. In turn, land surface malels allow for the ex-
tension of local scale measurements to larger spatial scaleThis is being addressed
over West Africa through the AMMA Land Surface Model Interco mparison Project
(ALMIP, Boone et al. 2008).

The main purpose of this paper is to describe the Gourma messeale soil moisture
network and to presents soil moisture measurements for 2008006. Based on local
and transect measurements and using the Mean Relative Di eence method, this
paper also presents some features of the soil moisture chataristics and investi-
gates the potential of the Gourma soil moisture measuremernt to address surface
soil moisture up-scaling. Next section describes the Gouria meso-scale soil mois-
ture network. Section 3 presents the soil moisture dynamicgor di erent stations
along the 15N to 17 N climatic gradient for 2005 and 2006. Section 4 focuses on
surface soil moisture up-scaling. Representativity of grand soil moisture station is
addressed in section 5 for the Agoufou super site, where the dn Relative Di er-

ence approach is applied to the Gourma soil moisture networkSection 6 concludes.
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2 Experimental design and ground soil moisture measurement S

2.1 The Mali site

The AMMA project aims at providing a better understanding of the African mon-

soon processes. AMMA relies on an extensive eld campaign e@eriment for which

three meso-scale sites are instrumented in Benin, Niger att Mali (Redelsperger et al. 2006).

Instrumental deployment over the Mali site includes three monitoring scales de-

scribed hereafter (Mougin et. al, this issue).

The Gourma meso-scale site (30,000kfn 14.5 N-17.5 N; 1 W-2 W) is shown in
Figure 1. The location of the soil moisture stations (10 statons) is indicated on
the map by white stars. Each soil moisture station also inclules a rain-gauge for
rainfall measurements and three stations (in Bamba, Egteit, Agoufou) include
complete weather station and ux measurements. More detailon rainfall measure-
ments over Gourma are provided in Frappart et al. (this issug, while Lebel and
Ali (this issue) investigate the rainfall regime uctuatio ns in Sahel. The Gourma
meso-scale site is characterised by a Sahelian to saharoksdian climate (isohyets
500-100 mm). Soil is coarse textured (sand, loamy sand, sagdoam) for 65% of
the area, where vegetation is composed of a layer of naturalrmual herbs with
scattered trees and shrubs (Hiernaux et al. this issue). 28%f the meso-scale site
is characterised by at and shallow soils and rock outcrops lpamy colluvium,
schist, sandstone outcrops and hard pan). Vegetation on thge rocky-loam areas
consists of scattered shrubs. The remaining 7% of the area arclay plains, tem-
porarily ooded woodlands and ooded depressions. Data on krbs and woody
vegetation are collected on 43 local sites among which someeaalso used for vali-
dation of remote sensing products (LAI, Net Primary Productivity, soil moisture)

derived form SPOT-VGT, MODIS, AMSR-E, ENVISAT/ASAR, ERS (G ruhier
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et al. 2008; Zribi et al. this issue; Baup et al. 2008; Jarlan tal. 2008).

The Agoufou super site (2,250km, 15.3 N-15.58 N; 1.38 W-1.65 W) is shown
in Figure 1 (right). At this scale, ground measurements focts on land surface
uxes measurements as well as on spatial heterogeneities afxes and vegetation

characteristics.

The Agoufou local intensive site (1kn?, 15.3 N; 1.3 W) is indicated on Figure
1. Annual mean precipitation is 370mm (1920-2003). The sitdhas measurements
of vegetation, soil moisture, meteorology and land surfaceuxes (energy, water,
CO02). The data collected on this site are used to parameteris, test and validate
LSMs. The Agoufou local site is also a main validation site fo remote sensing

products.

2.2 Ground soil moisture measurements

The colours in Figure 1, obtained from a Landsat image, indiate the surface types
on which the stations are deployed, with green for gently undlating coarse tex-
tured dune systems, dark green for clay soil types and browipink for at rocky-
loam plains. Table 1 provides detailed information concering soil moisture stations
(number, name, soil type, location, sensors types and depthdate of installation).
The same installation protocol is used for all the soil moistire stations, where Time
Domain Re ectometry sensors are used (Campbell CS616), erpt for the Kelma
station. For the later, Delta-T Theta Probe sensors are usedsince they are equipped
with short rods which is more suitable for clay soils (a menton of the manufacturers
is for information only and implies no endorsement on the pat of the authors). The
Gourma soil moisture stations all include a rst measuremert at 5cm depth, except
in Egterit (rocky) where the rst measurement is at 10cm depth. Soil moisture pro-

les are measured down to 50cm depth for Egierit, and down to 4m for Agoufou
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at the bottom of a hillslope. In order to capture the fast soil moisture dynamics,
the vertical resolution of automatic soil moisture measurenents in the soil is very
ne at the surface, and measurements are acquired at 15 mings time intervals.
For remote sensing and land surface modelling purpose, botkoil moisture and soil
temperature pro les are monitored. For each station and eab sensor depth, cal-
ibration was performed, based on local soil density and grametric soil moisture
measurements. Gravimetric measurements were performed @i erent stages of the
rainy season to ensure calibration robustness in various gomoisture conditions.
Soil moisture values provided in this paper are expressed iterms of volumetric
units.

Soil texture measurements were performed for the rst meterof soil, in the Agoufou
local intensive site at the top and bottom of a hillslope (Table 2). Soil texture of the
top 10cm of soil is slightly di erent between the top and bottom of the hillslope,
with silt and clay content higher at the bottom than at the top of the hillslope.
However the soil is very coarse textured, with more than 74% ad 94% of sand
particles at surface for the bottom and top of the hillslope respectively.

The Gourma soil moisture network documents soil moisture dypamics along the
North-South climatic gradient, as well as at the dune scalewith three stations lo-
cated on the Agoufou local site at di erent levels of a typicd hillslope (top, middle
and bottom). Eight stations are located on coarse textured sils (sandy to sandy-
loam) which represents 65% of the meso-scale site area. On@tion, in Kelma (site
21) is implemented on a clay soil, covered by acacia forestgpresenting 7% of the
meso-scale area, and one station is located in Egterit, on aocky surface that rep-
resents 28% of the area.

In addition to the local stations network, transect measurements have been man-
ually performed every year since 2004 during the rainy seaso They consist in
monitoring surface soil moisture (0-5cm) by the means of a pdable impedance

probe (Theta probe) every 10m along a 1km straight transect.The location of each
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point measurement along the transect is chosen to be dieren(separated by a
few centimetres) from one transect date to another. This engres avoiding soil dis-
turbances that would a ect the soil moisture measurements. This method allows
estimating, for each transect measurement, both the mean Vae and standard de-
viation of the surface soil moisture along the 1km transect.For practical reasons it
is not possible to perform transect measurements on rocky staces (too hard to use
the probe), nor in ooded plains (under water). Thus transect measurements have
been performed on coarse textured soils, which represent ghdominant soil texture
type at meso-scale. Intensive transect measurements camigas were performed on
the Agoufou local site where soil moisture is the most intensely documented. For
this site the 1km transect is the same as that used for vegetédn measurements
(Hiernaux et al. this issue). It is located on the Agoufou site with the starting and
closest point located about 100m from the Agoufou bottom of he hillslope sta-
tion (P1) and about 300m from the top of hillslope (P3) and middle of hillslope
(P2) stations. In 2005 and 2006, transect measurements weralso extended to the
other coarse textured sites of Bangui Mallam, Ekia and Bamba For these 3 sites,
the 1km transects start exactly from the soil moisture stations. The 1km transects
aim to provide information on mean surface soil moisture at he kilometer scale.
These measurements are not combined with topography measements. In 2006 an
additional transect was de ned on the Agoufou local intensive site for the purpose
of hydrological applications and vegetation monitoring in relation to soil moisture
along a topographic pro le. SSM measurements performed alug the hydrological
transect are combined with elevation measurements. In comast to the 1km tran-
sects, this hydrological transect is not straight. It is 125%m long and cuts across 7
catchments located partly within the Agoufou intensive site. It starts from the top
of hillslope (P3) station, passes on the bottom of hillslopestation (P1) and it is at a
distance of about 100m from the middle of hillslope station P2). Table 3 indicates

the number of transect measurements performed on each sitoff these two years.
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Remote sites, more di cult to access, are less documented, 1in Bamba where only

1 transect measurement was performed.

[Table 1 about here.]

[Table 2 about here.]

[Table 3 about here.]

[Fig. 1 about here.]

3 Soil Moisture Dynamics over the Gourma meso-scale site

3.1 Temporal dynamics

Inter-annual variability between 2005 and 2006 is shown in kgure 2 for the surface
(5¢cm depth) soil moisture monitored for eight stations locaed along the north-south

gradient and for di erent soil types. The horizontal axis in dicates the Day of Year
(DoY). Note that the vertical axis is identical for each station except Kelma (P9,

bottom right). Kinia (P11) and Agoufou middle (P2) are not pr esented since the
data set is not complete for the considered period. In the In Aket station, the 2005
data set is limited to DoY 198-228, which provides one month 6data between the
station installation in July and its theft in August. The 200 6 data set is complete
after the station was reinstalled. Data are missing for Egerit in early 2006 for tech-

nical reasons. So inter-annual variability in monsoon onskis not visible for these

two last stations.

The top panel shows SSM of the most northern stations in Bambaand In Zaket.

They both present similar features in their surface soil mosture dynamics which is

relatively slow and low amplitude. The second panel shows th surface soil mois-
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ture dynamics for Ekia and Bangui Mallam and the third panel presents surface
soil moisture for two stations located in the Agoufou super ge at the top and bot-
tom of the hillslope. Surface soil moisture is characterisg by higher values and a
larger temporal variability on these sites than on the northern sites. The bottom
panel shows the surface soil moisture evolution for the two an-sandy sites of the
Gourma soil moisture network, located in Egterit (rocky) and in Kelma (clay).
They both show a lower temporal variability in surface soil moisture. The Kelma
site is characterised by much higher soil moisture values, wk to the clay soil texture
in this area. In addition, this site is ooded during the rain y season as indicated
by the maximum soil moisture values maintained at saturation for more than one
month during the monsoon season. For the top three panels, wibh present surface
soil moisture monitored on coarse textured sites, di erenes between the sites are
mainly governed by the strong North-South climatic gradient and by the precipita-
tion variability. In contrast, for the bottom panel, the dis tances between the sites
is less (all sites are within the super site) and the precipiation variability between
the sites is lower. Accordingly, di erences in soil moisture dynamics are mainly gov-
erned for these sites by di erences in surface properties ¢l texture and vegetation
cover) and subsequent land surface processes (partitionjnbetween evapotranspira-
tion and runo ).

For coarse textured soils the in ltration rate is very high according to the large
amount of sand particles (higher than 74%). Surface pondingccurs rarely on these
soils and it is located in very speci ¢ and limited areas (a fav square meters) for very
short periods (a few hours after rain). None of the soil moistire stations installed
on coarse textured soils are a ected by ponding. Despite termoral dynamics and
absolute values of soil moisture being di erent between stdons depending on both
surface properties and location along the climatic transet; all the stations capture
the later monsoon onset in 2006 than in 2005 that was descriloeby Janicot et al.

(2008).
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[Fig. 2 about here.]

3.2 \Vertical dynamics

Figure 3 (top) depicts the temporal evolution of soil moisture at di erent depths
at the Bangui Mallam station during the 2006 summer. It clearly shows that soil
moisture dynamics is very fast at the surface, with rapid soi moisture response to
precipitation occurrence, and fast soil drying afterwards Soil moisture dynamics is
getting slower with increasing depth, and at 120cm, 180cm ath 250cm depth, soil
moisture shows variability mainly at the seasonal time sca.

A major rainfall event (61.5mm at this station) occurred in t he early morning of the
DoY 210. It was associated with a large convective system thagave precipitation
from Kelma to Ekia (Figure 1), as can be seen on Figure 2 with tle surface soil
moisture increasing on DoY 210 in 2006 for the 6 stations comgned. This event
is chosen here to illustrate the vertical soil moisture dynanics at the Bangui Mal-
lam site which is representative of vertical dynamics of coese textured sites of the
Gourma region.

Figure 3 (middle) shows the vertical structure of soil moisture evolution of the Ban-
gui Mallam station at four di erent dates around this precip itation event, between
July 28 (DoY 209) and August 2 (DoY 214) 2006. Figure 3 (bottom) shows the wa-
ter budget as estimated from ground observations of soil maiture and precipitation
for this period for the Bangui Mallam site. In particular it i ndicates the accumulated
precipitation since DoY 209, and the variation in total soil water content (W) for
the 0-1m soil layer and for the 1-2m soil layer (dW 0-1m and dW 12m respectively).
Vertically integrated soil water content is computed for each time step by the means
of a linear vertical interpolation and integration of volum etric soil moisture pro les.
Accordingly it must be taken with caution due to uncertainti es associated to the

vertical pro les. This is particularly the case for the second meter of soil where the
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vertical sampling of soil sensors is more sparse (Table 1).ffer a rainfall event, the
presence of a wetting front, associated to a discontinuity m the soil moisture pro le,
is also expected to a ect the accuracy of the vertical interpolation. Despite of these
uncertainties, when considering its temporal evolution, te vertically integrated wa-
ter content provides an estimate of the time evolution of the soil water budget.
Soil moisture pro les shown in Figure 3 (middle) indicate very dry conditions (vol-
umetric soil moisture below 2% ) on DoY 209 at all soil depths & the Bangui
Mallam station. The strong precipitation event that occurr ed on DoY 210 led to
a fast response of soil moisture in the rst half meter of soil with an increase to
12.5% (volumetric) at 10cm depth. However the wetting front didn't reach yet the
80cm deep soil moisture sensor for which the volumetric soinoisture was steady
bellow 2%. The vertical pro le depicted for DoY 211 shows tha 1.5 days after the
rain occurred, the wetting front got deeper, down to 80cm, while the rst 30cm of
soil already started to dry out. A few days later (DoY 214) while 2 rainfall events
occurred (21.5mm each) in the morning and evening of the DoY 22, the vertical
pro le of soil moisture shows that the wetting front reached 120cm depth. Figure 3
(bottom) shows that the cumulated rainfall between DoY 209 and 214 is 104mm.
The total soil water increase (dW0-1m + dW1-2m) for this period is 85.3mm. The
lower value of total soil water increase compared to accumalted precipitation, is
explained by several processes, including direct soil evapation, water uptake for
plant transpiration and surface runo. It is interesting to note that, for each of
the three rainfall events, the 0-1m soil water content decrased rapidly as soon
as the rain stopped. It is due to direct soil evaporation and &ong rates of plant
transpiration. In addition, the downward propagation of th e wetting front, when
it reached the 1-2m soil layer, strongly contributed to the 0-1m layer drying after
DoY 213 (2.75 day after the rst rainfall event). At the same t ime, dW1-2m started
to strongly increase accordingly on DoY 213, due to deep soih ltration from the

rst meter to the second meter of soil.
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[Fig. 3 about here.]

4 Surface soil moisture up-scaling

Results of transect measurements are presented in this seoh. The local to kilo-

meter up-scaling relation is investigated at the single-gi scale, considering annual
and inter-annual temporal scales, as well as at the multi-de scale. As described
in section 2 and Table 3, transect measurements were perforad in 2005 and 2006
during intensive eld campaign measurements conducted dung the monsoon sea-

son.

4.1 Bangui Mallam site

Figure 4 illustrates the surface soil moisture variability along the Bangui Mallam
1km transect, for which measurements were performed at di eent dates between 11
and 16 August 2006. A strong precipitation event occurred orAugust 9 (DoY 221),
2 days before the rst transect measurement, followed by a lag drying period. This
gure illustrates the strong spatial variability along the transect. However, values of
standard deviation (STD) indicated on the gure for the thre e dates, also show that
surface soil moisture spatial variability decreases whendil is drying. The relation-
ship between the soil moisture mean value and its spatial vaability is investigated
further in section 4.3 at the multi-site scale. Figure 4 alsoshows the very fast tem-
poral dynamics associated with the soil drying after a pregpitation event. In ve
days, volumetric surface soil moisture drops from 10.8% to 0%. This fast drying
of the soil surface is due to fast in Itration rates of coarsetextured soils and large

evaporation rates.
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[Fig. 4 about here.]

Based on transect measurements and local station measuremis at Bangui Mal-
lam acquired at the same time, a relationship is establishedetween the averaged
1km transect surface soil moisture §SMya 1km) and the local station surface soil

moisture (SSMgtaoc) for the Bangui Mallam site in 2006:

where both SSMya 1km and SSMgiioc are in % (volumetric). The slope larger than
1 (1.5458) indicates slightly stronger surface soil moistte changes on the transect
compared to the local station. This is explained by the di erence of sensing depth
between the local station and transect measurements. The fofew centimetres of the
soil are characterised by very strong soil moisture (and sbitemperature) gradients.
The very surface soil moisture, which is more directly exposd to the atmosphere,
depicts slightly larger variations than at 5cm depth, where the variations are al-
ready slightly attenuated. Thus the time evolution of the surface soil moisture is
sensitive to the depth of measurement. This issue has impoant implications for
remote sensing applications which measure about the top lcn2ecm and 5¢cm soill
moisture at X-band, C-band and L-band respectively, as indcated by Le Morvan
et al. 2008 and Jackson et al., 1997. In our study the rst sener of the station is
horizontally placed at 5cm depth, whereas the transect meagements measure the
averaged value between 0 and 5cm deep. Shallower measurensetead to slightly
larger soil moisture variations along the transects than atthe station. This is ex-
pressed by a slope larger than one between transect and stati measurements. This
relationship applied to the station surface soil moisture neasurements, allows ex-
trapolating to the kilometer scale, for which SSMgta1km Will be used. Table 4 (rst

line) shows the statistical results of the comparison betwen the kilometer surface
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soil moisture obtained from extrapolated station measurenents (SSMgta1km) and
from the transect measurements §SMy, 1km ). Comparison is based on several in-
dicators including Root Mean Square Error RMSE ), correlation coe cient ( R),
E ciency (Nash coecient, EFF) and BIAS. Although only seven transects are
considered to determine this relation for the Bangui Mallam site in 2006, the very
good agreement between the station and the transect measuments (R = 0:89,
RMSE =1:6%, EFF =0:8, BIAS =10 %), indicates that the up-scaling relation
provided in equation 1 is highly suitable to extrapolate from local station measure-
ments at the Bangui Mallam site, to the kilometer scale. Sine the station operates
automatically, this approach is suitable to derive the kilometer scale surface soil
moisture continuously at a ne temporal resolution (15 minute time step). These
statistics are obtained when the complete transect data araised. They include 100
measurements for each transect (1 measurement every 10 m)h€ sensitivity of the
correlation to the spatial sampling along the transect is rdatively low (not shown).
For this site the correlation values stay in the range of 0.87when measurements
are taken every 200m (only 5 measurements), to 0.92 when maa®gments are taken
every 80m (13 measurements). The stability of the temporal orrelation for di erent
spatial sampling distances indicates that the surface soinoisture temporal variabil-
ity is rather homogeneous along the transect. This explainghe robustness of the

kilometer scale up-scaling relation.

4.2 Up-scaling relation for the Agoufou site

Measurements performed in 2005 and 2006 on the Agoufou siteeaused here to
investigate the inter-annual stability of the up-scaling relationship between surface
soil moisture at the local station scale and at the kilometerscale. As indicated in
Table 3, 34 1km-transect observations were made for this pé&d on the Agoufou

site. The transects cover a wide range of soil moisture contions. The Agoufou
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site includes 3 soil moisture stations, of which the data fron two stations (top and
bottom) are available for the whole 2005-2006 period (Tablel). The up-scaling
relationship between local and kilometer surface soil motsire is computed and
indicated below for theses two stations.

For the Agoufou top of hillslope station:

For the Agoufou bottom of hillslope station:

Lower slope and intercept parameters are obtained for the bibom of hillslope sta-
tion than for the top of hillslope one. As expected, this is dwe to generally higher
values of soil moisture content at the bottom than at the top of hillslope. These two
relations are applied to the data continuously monitored by the stations in order to
estimate the kilometer scale surface soil moisture. Figuré shows the scatter-plot
of the comparison of the kilometer scale surface soil moiste between station and
transect. Statistical results are indicated in Table 4 for Agoufou 2005-2006. Bottom
of hillslope up-scaled soil moisture shows a slightly nonihear behaviour related to

a pronounced saturation e ect for high values of soil moistue.

[Fig. 5 about here.]

[Table 4 about here.]

For this two-year period, best results are obtained with thetop of hillslope station,
for which the up-scaling relation matches the transect meagrements with an accu-
racy better than 1% (volumetric), and a correlation coe cie nt of R = 0:97. Values

of e ciency are also very high for both stations with 0.94 and 0.73 for the top and
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bottom station respectively. These statistical results indicate that the up-scaling re-
lation between local surface soil moisture and averaged stace soil moisture along
the 1km transect is very stable at the inter-annual scale.

Further analysis is conducted to compare surface soil moistre up-scaling perfor-
mances from the three stations of the Agoufou site, which wasnly possible for
2006. Statistical results are shown in Table 4. The top of hikslope station (P3) is
shown to be the most suitable to up-scale surface soil moiste to the kilometer

scale.

4.3 Multi-site up-scaling relation

The spatial stability of the 1km up-scaling relation is addressed here at the multi-
site scale. The 1km transects acquired on the Agoufou site ahon the other coarse
textured sites are considered for this study. Since much ma measurements were
acquired on Agoufou, only the year 2006 is considered for thisite, while 2005 and
2006 are considered for the other sites. According to the imr-annual robustness of
the surface soil moisture up-scaling relation on Agoufou, léninating 2005 data for
Agoufou does not introduce any bias in the selected data sett also equilibrates the
number of transect measurements between Agoufou and the o#r sites. Accordingly,
21 transect measurements are available, of which 9 for Agoafi and 12 for the other
sites (Table 3). For each transect, the temporally collocaed surface soil moisture of
the station of the considered site is compared to the transdcvalue. Based on the
21 transects de ned above, the multi-site 1km up-scaling réation is determined to

be:

Figure 6 (left panel) shows the correspondence between thal@meter scale volumet-

ric surface soil moisture measured from transect measuremes and the volumetric
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the soil moisture extrapolated from corresponding local sations. Statistical results
are presented in Table 4. Although the dispersion RMSE = 2:2%) is larger than
that obtained at the single-site scale for the Agoufou and Bagui Mallam sites
(0.9% and 1.6% respectively), high correlation value R = 0:82) and high e ciency
(EFF = 0:66) clearly show good skill of this up-scaling relation to dscribe the
1km volumetric surface soil moisture on the dierent coarsetextured sites of the
Gourma region. The robustness of the up-scaling relation athe multi-site scale in-
dicates that surface soil moisture scaling characteristis are similar on the di erent
coarse textured sites considered at meso-scale.

As mentioned above for the Bangui Mallam site (Figure 4), hidher values of sur-
face soil moisture are associated to higher values of abstdusurface soil moisture
variability. This relation between surface soil moisture and its spatial variability
is investigated at the multi-site scale in Figure 6 (right panel). With a correlation
of R = 0:82, it is shown to be representative at the meso-scale, wherall coarse

textured sites are considered.

[Fig. 6 about here.]

The multi-site results presented above indicate that (i) the up-scaling relation given
in equation 4 describes the 1km scale volumetric surface damnoisture from any
station of the meso-scale site with an averaged accuracy of.Z, and that (ii)
characteristics of surface soil moisture variability are #milar for the di erent sites
of the meso-scale window, with &R = 0:82 correlation obtained between surface soil
moisture and its spatial variability at 1km.

This underlines the high degree of representativity of the sil moisture stations
for the kilometer scale. The result also suggests highly ralst scaling relation of
surface soil moisture. It justi es the approach to use a uniqie multi-site relation for
extrapolating kilometer scale soil moisture for each coars textured site equipped

with a soil moisture station. The stability of these relatio nships across period longer
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than 2 years needs to be con rmed for future up-scaling appbations. But for the
considered years 2005 and 2006 this data set is shown to be tlile to validate
of satellite products with ground station measurements (Guhier et al. 2008; Zribi

et al. this issue; Baup et al. 2008).

4.4 Hydrological transect over the Agoufou site

In addition to the 1km transect performed on di erent sites, an hydrological transect
was de ned. This transect cuts across 7 catchments located ithin and next to

the Agoufou local site. It is 1255m long and not straight in order to follow the
landscape features. Measurements of surface soil moistufevery 10m) along this
transect was repeated 10 times in 2006 as indicated in Table.3he elevation was
assessed by means of a Global Positioning System, so that $ace soil moisture
variations are monitored in relation with topography infor mation. Figure 7 shows
surface soil moisture monitored along this transect at 4 dierent dates, just after
rain on 19 August 2006 am and pm, and a few days before, on Augud3 and 15
where no rainfall occurrence led to drying conditions. Top@graphy (elevation in m)

is indicated on the bottom panel.

[Fig. 7 about here.]

Hydrological transect measurements aim at studying hydrobgical processes at dif-
ferent levels of the hillslope. Although they are limited to surface soil moisture, they
provide complementary information compared to the three lacal stations of Agoufou
which provide a complete vertical pro le. Figure 7 gqualitat ively shows the in uence
of topography on the surface soil moisture value. In particlar, persistent higher

soil moisture values are observed near 500m, 875m, 1200m whiall correspond to
low elevation areas. At 1200m there is a relative elevation rimimum. It is not very

pronounced in the direction of the transect but more important in the orthogonal
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direction. This explains the maximum soil moisture at this location. The correlation
values, R, between the SSM and the elevation are provided inhte gure. They show
that the surface soil moisture pro le along the transect is negatively correlated to
the elevation. This indicates that relatively wet condition are encountered in low
elevation areas, while solil is getting dryer when elevationncreases. These signi cant
negative correlation values also indicate limited precipiation heterogeneities along
the transect. The negative correlation is stronger for wet onditions than for dry
conditions. This shows that for wet conditions the soil wate distribution along the
transect is largely related to the soil topography. For drye soils the negative corre-
lation is less strong which indicates that other processessuch as evapotranspiration
or slight variations in soil texture, also in uence the spatial distribution of surface
soil moisture. However negative correlation values persisfor a large range of soil
moisture conditions from very wet (19 August am, a few hours #&er precipitation)
to very dry conditions (15 August, after 10 days without rain).

Figure 8 displays the amplitude of the Discrete Fourier Transform (DFT) of the sur-
face soil moisture and the soil elevation along the hydroloigal transect. The DFT
represents the partitioning of the sample variance into spéal frequency components
(Greminger et al., 1985). In Figure 8 DFTs are obtained with aHamming window.
They are represented on a logarithmic scale and expressed terms of spatial pe-
riod. The soil moisture DFTs are provided for 3 of the 4 cases ansidered in Figure
7, which allow the consideration of di erent soil moisture conditions. For the clarity
of the gure the spectrum for the intermediate case of August19pm is not shown.
Process scales occur at spectral peaks, whereas spectrapgaiepresent spatial scales
with minimum spectral variance. The dominant spectral peaks shown for the soil
elevation are dominated by long wavelengths (spatial perid larger than 100m). The
dominant periods are the transect length, 250m (extendingfom 180m to 300m) and
100m. The variability of soil moisture at long wavelength isin relatively good agree-

ment with that of soil elevation. For wet conditions, signi cant peaks are shown for
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periods of 100m and 200m in agreement with the soil elevatiorariability. For dryer
soil conditions (Aug. 15), these two peaks are still charaatrising the soil moisture

variability but their amplitude and spatial extention are r educed.
[Fig. 8 about here.]

Much less agreement between topography and soil moisture ghown for short spatial
periods (below 80m). This indicates that surface soil moistire variations at smaller
spatial scales are less related to the topography than largescale variations. It is
also clear from Figure 8 that smaller scale surface soil mdisre variations are of

lower amplitude than variations at larger scale.

5 Temporal stability of the Gourma soil moisture network

In this section the representativity of the ground soil moisture station is investigated
further by the means of Mean Relative Di erence method. Built on the Vachaud

et al. (1985) approach,MRD ; is computed for each stationi, as:

MRD - = 1X SSM;; SSM;
ot SSM;

()

where| is the time step, t is the number of time steps,SSM;; is the surface soil

moisture of station i at the time step j, SSM; is the surface soil moisture aver-
aged over the di erent stations at the time step j. The value of MRD ; quanti es

the agreement of SSM between stationi and the stations average. Its temporal

standard deviation ST D;, computed from (SSM;;  SSM;)=(SSM;) time series,
guanti es the agreement of surface soil moisture between th local stationi and the
stations average in term of temporal variability.

This method is applied for the whole year 2006, to the Agoufowsuper site (Figure 1,

right): the three stations of Agoufou are considered togetler with those of Bangui
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Mallam and Egterit. These 5 stations encompass an area of atut 25km  25km,
with soil surface types representative of 90% of the Gourma mso-scale site. Soll
moisture data from each station are weighted according to tle soil type distribution

over the super site.

[Fig. 9 about here.]

Results of the MRD analysis on the Gourma super site are plotd in Figure 9 on a
circle plot where the angle deviation from 45 gives the MRD value of each station
and the radius indicates its standard deviation (STD). This gure clearly shows
that the Agoufou middle of hillslope station, for which the M RD value is close to
zero, captures almost perfectly the mean annual value of thesuper site averaged
surface soil moisture. Lower values of MRD for the stationsdcated at the top of the
hillslope in Agoufou and in Bangui Mallam indicate that these sites are generally
dryer than the super site average. In contrast Egierit and Agoufou Bottom have
higher values of their surface soil moisture MRD which indiate that they are wet-
ter than the super site average. These results are in agreemewith the qualitative
features shown in Figure 2.

Beside its absolute value, surface soil moisture temporalariability is of highest im-
portance. Standard deviation of MRD indicates for each staton its representativity
at the super site scale in terms of soil moisture temporal vaability. The Agoufou
top of hillslope station is shown to have the lowest STD (0.2}, which shows that
is in best agreement with SSM variability at the super site sale. The Bangui Mal-
lam STD is 0.28, showing this site provides a good estimate d6SM variability as
well. STD values of the three other stations are much higher \ith more than 0.4
for Agoufou middle of hillslope, more than 0.6 for Agoufou bdtom of hillslope and
almost 0.7 for Eglerit. This indicates that, although surf ace soil moisture is low-

biased for two of these stations, its temporal variability does not match with that
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observed at the super site scale.

The Agoufou top of hillslope station, with lowest STD and reasonable MRD, is the
most representative station of the surface soil moisture atthe Agoufou super site
scale. This is in agreement with the up-scaling analysis catucted in the previous
section at the kilometer scale where the same station is showto be representative

of the kilometer scale SSM through a linear regression.

6 Conclusion

This paper presents the Gourma (Mali) meso-scale soil moisire network which has
been implemented in the framework of the AMMA project. This soil moisture net-
work is a component of the AMMA's multidisciplinary and mult i-scale observing
system (Redelsperger et al. 2006). Initially implemented m the context of the En-
hanced Observing Period (EOP, 2005-2007), it has been exteed to the Long term
Observing Period (LOP, 2005-2009) of AMMA.

The Gourma soil moisture network aims at documenting soil masture dynamics
in the sahelian region of Mali, for a large range of temporal ad spatial scales at
which land surface processes and surface-atmosphere inketion occur. To this end
a set of 10 soil moisture stations is spanning 2between 15N and 17 N. Di erent
types of soil surfaces are instrumented according to their gatial distribution over
the meso-scale site. Observing results from the 2005-2006pod are presented in
this paper.

Soil moisture measurements on coarse textured sites, whictepresent 65% of the
meso-scale area, clearly show that the temporal surface $anoisture dynamics is
highly in uenced by the climatic condition and the rainfall variability along the
North-South transect (section 3). Northern stations of Bamba and In Zaket are
characterised by lower soil moisture values and lower time ariability, while stations

located within the super site depict higher soil moisture vdues and variability. Soil
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moisture dynamics is also strongly in uenced by surface prperties (soil and veg-
etation types, topography). Flat rocky-loam surfaces, which represent 28% of the
meso-scale site are shown to be characterised by a relatiyeslow temporal vari-
ability. Clay area, covered by acacia forest is distinguisled by its high values of soll
moisture, due to the soil texture and to the soil ooding during the monsoon season.
Beside these di erences in soil moisture dynamics along th&l-S gradient and for
di erent surface types, all the soil moisture stations of the Gourma network show
a 2005-2006 inter-annual variability which is characteri®d by a later monsoon in
2006. This is in agreement with atmospheric observations deribed in Janicot et al.
(2008).

A case study is investigated, based on Bangui Mallam measuneents, to address the
vertical structure of soil moisture dynamics on coarse textired soils (Figure 3). Soil
water budgets are computed for soil boxes between 0-1m and 2m, and compared
to precipitation input for a 6-day period between July 28 and August 2 2006 (DoY
209-214). Fast soil water in Itration is depicted for the r st meter of soil. After the
61.5mm precipitation event that occurred on DoY 210, the weting front is shown to
reach 80cm depth 1.5 days after the rain. The 1-2m soil waterantent signi cantly
increased about 2.75 day after a strong precipitation eventoccurred, whereas the
0-1m soil moisture budget already decreased. While the rstmeter of soil is charac-
terised by very fast response of soil moisture to the atmospéric forcing, deeper soil
is shown to respond at the seasonal time scale to atmospherforcing and resulting
land surface processes (in ltration and water uptake).

An up-scaling analysis of surface soil moisture is conductkin this paper, based
on kilometer scale transect measurements performed in 200&nd 2006 on di erent
coarse textured sites of the meso-scale area (section 4). Amp-scaling relationship
is determined and shown to be highly suitable to extrapolatekilometer scale sur-
face soil moisture on the Bangui Mallam site for 2006 (equatin 1). The accuracy

is shown to be 1.6%, with a 0.89 correlation with transect meaurements. The high
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number of transect measurements performed at the Agoufou lgal site in 2005 and
2006 allows showing the inter-annual stability of the up-saling relation for this site.
Accordingly, equation 2 extrapolates surface soil moistue at the scale of 1km from
the Agoufou top of hillslope station, with an accuracy better than 1% in volumetric
soil moisture. Based on the 2006 data set, the Agoufou top of ilislope station is
shown to be the most representative station to derive the kibmeter scale surface
soil moisture at the Agoufou site.

This paper shows that the relationship between surface soimoisture and its 1km
spatial variability is very stable among the di erent sites of the Gourma meso-scale
for the two studied years. Due to this consistency among the ites, the use of an
unique multi-site up-scaling relation is shown to be accur#e within 2.2% (volumet-
ric) to retrieve 1km scale surface soil moisture from statim measurements.

This paper introduces measurements performed along an hydtogical transect where
elevation measurements were also performed. Discrete Faer Transform of surface
soil moisture and soil elevation show that signi cant variations of surface soil mois-
ture are dominated by spatial periods of 250m and 100m. Sameaininant periods
are shown for the soil elevation, which indicates that the sd moisture spatial vari-
ability is related to the soil topography along the transect. Soil moisture variations
at scales smaller than 80m are of lower amplitude and less raled to topography.
More investigations are however required to address the rative role of land surface
cover, soil texture class and precipitation variability on the small scale soil moisture
variability.

Surface soil moisture scaling is investigated further in setion 5, where the Mean
Relative Dierence approach is applied to the Gourma super #e. The Agoufou
top of hillslope station is shown to be the most representatie of the surface soil
moisture variability (lowest standard deviation of the MRD ) at the super site scale.
Consistency of the results at di erent scales, from local tokilometer and from local

to super sites scale, and with di erent approaches (transets and MRD), indicates
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that up-scaling features of surface soil moisture are consient at the three con-
sidered spatial scales (local, 1km, super site). Based on #ise preliminary results,
additional measurements are required to address the relabn between local, transect
and super site measurements. Measurements along a 50km tregct were performed

in 2006 and 2007 (not shown here) and will be addressed in funer studies.

The robustness of the surface soil moisture up-scaling ref@n for di erent coarse
textured sites indicates that the Gourma meso scale soil mature network is highly
suitable for remote sensing and land surface modelling apjglations for which soil
moisture is also required at larger scale than the station masurement. With the
Benin and Niger soil moisture networks, the Gourma soil moisture network has
been selected to be a validation site for the future SMOS (SbiMoisture and Ocean
Salinity Mission) (Kerr et al. 2001). Coordinated measuremnents of soil moisture,
meteorological and ux measurements as well as vegetation Basurements over
the meso-scale site, makes the Gourma meso-scale soil maig network of high
interest in many research areas related to land surface prasses and land-surface-
atmosphere interaction studies.
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