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[1] The acquisition of reliable data sets representative of hydrological regimes and their
variations is a critical concern for water resource assessment. For the subsurface, traditional
approaches based on probe measurements, core analysis, and well data can be laborious,
expensive, and highly intrusive, while only yielding sparse data sets. For this study, an
innovative field survey, merging relative microgravimetry, magnetic resonance soundings,
and hydrological measurements, was conducted to evaluate both surface and subsurface water
storage variations in a semiarid Sahelian area. The instrumental setup was implemented in the
lower part of a typical hillslope feeding to a temporary pond. Weekly measurements were
carried out using relative spring gravimeters during 3 months of the rainy season in 2009 over
a 350 x 500 m” network of 12 microgravity stations. Gravity variations of small to medium
amplitude (<220 nm s~ %) were measured with accuracies better than 50 nm s 2, revealing
significant variations of the water storage at small time (from 1 week up to 3 months) and
space (from a couple of meters up to a few hundred meters) scales. Consistent spatial
organization of the water storage variations were detected, suggesting high infiltration at the
outlet of a small gully. The comparison with hydrological measurements and magnetic
resonance soundings involved that most of the microgravity variations came from the
heterogeneity in the vadose zone. The results highlight the potential of time lapse
microgravity surveys for detecting intraseasonal water storage variations and providing rich
space-time data sets for process investigation or hydrological model calibration/evaluation.
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Pfeffer, J., et al. (2013), Evaluating surface and subsurface water storage variations at small time and space scales from
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1. Introduction

[2] In Southwest Niger, as in many other parts of the
semiarid Sahelian belt (Figure 1a), hydrological processes
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this article.
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display marked variability over a wide range of spatial and
temporal scales, further impacted by climatic and land-use
changes [e.g., Dolman et al., 1997; Cappelaere et al.,
2009]. Driven by the West African monsoon, the wet sea-
son lasts only a few months and precipitation remains gen-
erally under 700 mm a~' [e.g., Balme et al., 2006]. Except
for the Niger River, river flows are intermittent. Sporadic
runoff is rapidly produced by intense convective storms
and confined to small endorheic watersheds of a few square
kilometers. The water accumulates in closed depressions
creating temporary ponds, where it generally infiltrates to-
ward the aquifer [Desconnets et al., 1997]. Although most
groundwater recharge occurs through these temporary
ponds, percolation processes may also occur episodically at
specific locations, such as sandy gullies [Massuel et al.,
2006; Descroix et al., 2012] or banded vegetation areas
[Bromley et al., 1997; Galle et al., 1999]. Infiltration
remains otherwise limited to the near-soil surface, mainly
due to high evapotranspiration demand [Cuenca et al.,
1997; Gaze et al., 1997; Peugeot et al., 1997; Esteves and
Lapetite, 2003 ; Massuel et al., 2006; Ramier et al., 2009].
Strong interactions between groundwater resources and
land surface conditions are well illustrated by the
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Description of the study area. (a) Location of the measurement site in Southwest Niger,

West Africa. The black square represents the AMMA CATCH Niger observatory including Niamey and
Wankama. Indicative limits of the Sahelian band are in gray, using the 200 and 700 mm mean annual
isohyets for the period 1951-1989. Modified after Cappelaere et al. [2009]. (b) Instrumental setup. The
terms CGS5 and FGS5 refer to the relative and absolute gravimeters, respectively. The main geomorpho-
logic features of the Wankama catchment are outlined. The background photograph is a Spot image
acquired on 23 October 2007 [Google Earth, 2010]. (c) Gravity network. Gray contour lines indicate the
altitude (m) of the digital elevation model (DEM). The background aerial photograph is by J. L. Rajot,
IRD, taken on 14 October 2008 (unpublished material); at this date, the pond water level was 1.15 m.

continuous rise in the groundwater table (~4 m) observed
over the past 50 years [Favreau et al., 2009], following
widespread land cover changes [Leblanc et al., 2008]. Land
clearance led to more runoff production and hence to more
focused groundwater recharge, in spite of severe drought
conditions [Séguis et al., 2004].

[3] Among the African Monsoon Multidisciplinary
Analysis—Coupling the Tropical Atmosphere and the
Hydrological Cycle (AMMA-CATCH) [Lebel et al., 2009]
observatories, dense instrumental networks were set up in
the one-square degree Niamey area in Southwest Niger to
investigate the relationship between climate, hydrology,
vegetation, and land surface processes at various scales
[Cappelaere et al., 2009]. The data and knowledge col-
lected pointed out the central role of land use and con-
firmed that, over a decadal time span, land cover changes
had a greater impact on runoff production and groundwater
recharge than the rainfall deficit [Seguis et al., 2004; Bou-
lain et al., 2009 ; Massuel et al., 2011]. However, finer pro-
cess understanding and modeling is needed to explain the
observed surface and subsurface fluxes and improve future
water management scenarios [Cappelaere et al., 2009]. In
particular, intensive field work is required to (1) better rep-
resent the hydrological regime and critical aspects of its
spatial variability, (2) refine the inventory of groundwater
recharge points, and (3) evaluate the range and distribution
of surface and subsurface properties [Cappelaere et al.,
2003; Massuel et al., 2011]. Hydrological data could be

supplemented with high-resolution geophysical surveys to
adequately resolve the system heterogeneity.

[4] Time-lapse gravity techniques are noninvasive and
directly sensitive to the water mass variations without any
petrophysical relationship. Gravity measurements integrate
all the water masses, including surface water, soil moisture,
and groundwater [e.g., Montgomery, 1971; Lambert and
Beaumont, 1977; Bower and Courtier, 1998; Kroner,
2001; Creutzfeldt et al., 2010a]. The volume sampled
around the gravimeter ranges from several tens to hundreds
cubic meters, typically to depths of a few meters to a few
10 m, depending on the spatial distribution of the water
mass [e.g., Leiriao et al., 2009; Creutzfeldt et al., 2008].
Gravity methods may be extremely useful to understand
water storage dynamics or to constrain hydrological models
[Hasan et al., 2006, 2008 ; Krause et al., 2009 ; Creutzfeldt
etal.,2010b, 2012 ; Naujoks et al., 2010].

[s] Absolute free-fall gravimeters of FG5 type are able
to detect hydrology-related variations in gravity, with accu-
racies in the range of 10-20 nm s2 [Niebauer et al., 1995],
which can be compared to a variation by an equivalent
water layer less than 5 cm thick. Absolute gravity measure-
ments were recently performed in Southwest Niger and
revealed a seasonal cycle linked to the West African mon-
soon of about 100 nm s~ 2, which led to consistent evalua-
tion of subsurface water storage variations [Pfeffer et al.,
2011]. However absolute gravity measurements can only
investigate the water storage variations with limited spatial
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and temporal resolutions, as measurements are very time
consuming. Easier to transport and to operate, relative
spring gravimeters are designed for intensive field work
[e.g., Jacob et al., 2010]. They allow spatial variations in
gravity to be determined from a given station to a base sta-
tion [e.g., Christiansen et al., 2011a]. In classical relative
gravity field surveys, the reference is chosen to be stable or
must be monitored by an absolute gravimeter. Indeed,
spring gravimeters are affected by a linear instrumental
drift, which can be estimated by frequent measurements at
the base station [e.g., Nawjoks et al., 2008; Jacob et al.,
2010]. Gravity differences can be achieved with an accu-
racy of 10-20 nm s 2 in laboratory conditions with the
Scintrex CG5 model [Merlet et al., 2008]. In the field, the
accuracy achieved with such sensors (usually 30—100 nm
s ?) depends on the number and quality of the instruments
used, the measurement procedure, and the exposure to
external perturbations [e.g., Bonvalot et al., 1998 ; Gettings
et al., 2008; Naujoks et al., 2008; Christiansen et al.,
2011b].

[6] One of the main objectives of time-lapse micrograv-
ity surveys is to evaluate specific yield values from coinci-
dent monitoring of spatiotemporal variations in gravity and
groundwater level over areas with contrasted hydrological
behavior [e.g., Pool and Eychaner, 1995; Pool, 2008 ; Geh-
man et al., 2009]. Seasonal variability in water storage has
also been evidenced by microgravity surveys in various ge-
ological settings such as karstic systems [Jacob et al.,
2009, 2010], shallow groundwater mounds [Chapman
et al., 2008], and abandoned underground coal mines
[Davis et al., 2008]. Combined with continuous high-preci-
sion gravity records, microgravity measurements have
demonstrated their potential for validating local hydrologi-
cal models [Naujoks et al., 2010]. Time-lapse microgravity
data have also been used to calibrate groundwater models
applied to an alluvial aquifer [Christiansen et al., 2011a] as
well as vadose zone models evaluated under forced infiltra-
tion conditions [Christiansen et al., 2011c].

[7]1 Our survey aimed to investigate the variations in
water storage over small time (from 1 week up to 3 months)
and space (from a couple of meters up to a few hundred
meters) scales in Sahelian Africa. The scale issue is a key
point in this area as the processes controlling water storage
dynamics (such as convective storms, Hortonian runoff or
focused groundwater recharge) typically take place at
scales from a couple of meters to a few hundred meters.
For these reasons, a small (~350 x 500 m?) network of 12
gravity stations was set up around a temporary pond in
Southwest Niger. Weekly gravity surveys were carried out
for 3 months during the 2009 wet season as part of the first
high-resolution gravity campaign in West Africa. Comple-
mentary and contemporary in situ observations were made
in the framework of the AMMA-CATCH Niger observa-
tory [Cappelaere et al., 2009], including continuous rain-
fall, pond level, soil moisture, and groundwater table level
measurements. In addition, magnetic resonance soundings
(MRS) were employed to map heterogeneities in aquifer
porosity. The data collected were analyzed to (1) test the
ability of modern relative gravimeters to detect small am-
plitude signals under challenging field conditions, (2) quan-
tify the variations in the water storage at small time and
space scales, and (3) identify dynamic water storage com-

ponents. All of these objectives should help to improve our
understanding and representation of the hydrological re-
gime and determine critical features of its spatial and tem-
poral variability. Such information would benefit further
modeling studies, aiming to close the water budget and dy-
namics at various scales in the semiarid Sahelian
environment.

2. Study Area

[8] The study area is part of a small (~2.5 km?) endo-
rheic catchment, located in Southwest Niger, about 60 km
east of the city of Niamey (Figure 1). The Wankama site
has been chosen to host one AMMA-CATCH observatory
[Cappelaere et al., 2009] and part of the Gravity and Hy-
drology in Africa (GHYRAF) project [Hinderer et al.,
2009, 2011], because it is typical for the semiarid cultivated
Sahelian environment regulated by the hydrological proc-
esses described earlier.

[o] The climate is tropical semiarid. Precipitation occurs
in the form of intense convective storms during the wet sea-
son that lasts from June to October. The year 2009 was
rather dry, with an annual rainfall of only 435 mm meas-
ured in Wankama compared with an average of 486 mm
for the period 1990-2009. During the 3 months of the study
period (7 July to 24 September 2009), daily air tempera-
tures ranged from 20°C to 38°C, the precipitation reached
355 mm, and the reference evapotranspiration reached 390
mm (from Penman Monteith equation with local meteoro-
logical data).

[10] The Wankama catchment extends 3 km from west
to east along a hillslope, reaching 260 m above mean sea
level (AMSL) at the lateritic plateau and falling to 203 m
AMSL at the pond (Figure 1b). The slopes on the west
shore of the pond are gentle (<2%), yet can reach 10% on
the eastern side of the study area (Figure 1d). Detailed to-
pography of the study area was achieved by a digital eleva-
tion model (DEM; Figure 1), derived from 3156
differential Global Positioning System (GPS) points col-
lected over the catchment, including 1470 points in the 0.5
km? pond area [Gendre et al., 2011]. The mean-square
error between interpolated and measured elevations
reached 0.03 m in the pond area (for a DEM with 5 m reso-
lution) and 0.20 m for the whole catchment (for a DEM
with a 20 m resolution). In addition, two permanent GPS
stations (one on the plateau and one near the pond, see Fig-
ure 1b) were set up from 7 July to 24 September 2009 to
evaluate the amplitude of the vertical displacements of the
ground. Unfortunately, these GPS stations suffered from
frequent power downs, increasing the level of noise in the
data set (presented in Appendix 3 only, supporting informa-
tion). The position of each gravimetric and hydrometeoro-
logical measurement point was evaluated with centimetric
vertical accuracy from differential GPS measurements
[Gendre et al., 2011].

[11] The drainage network of the Wankama catchment
includes several gullies conveying sporadic runoff toward
the pond or sandy spreading zones (Figure 1b, background
photograph from Google Earth [2010]). Part of the catch-
ment surface also drains directly into the pond. The water
accumulated in the pond then percolates toward the aquifer
and/or is lost by evaporation. The Wankama catchment is
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Table 1. Description of the Gravity Loops

Number of Name of Measurement
the Loop the Loop Sequence

1 West-East 12-3-4-5-1

2 South 1-6-7-8-1

3 North 1-11-10-9-1

4 Pond 1-12-1
Appendix 2 Plateau 1-13-14-15-16-1

(supporting information)

covered with numerous rain-fed millet fields; ligneous veg-
etation is concentrated near ponds, or subsists as fallow
[Séguis et al., 2004]. The soils mainly consist of sand with
a small fraction of fine particles (clay and silt) [Peugeot
et al., 2003]. They are classified as weakly leached tropical
ferruginous soils [Commission Pédologique de Classifica-
tion des sols, 1967] or Sandy Psammentic Haplustalf [Soil
Survey Staff, 1975] and highly prone to erosion and crust-
ing [Peugeot et al., 2003].

[12] The underlying unconfined aquifer, about 30 m
thick in average, belongs to the continental terminal (CT)
formation [Lang et al., 1990]. It is composed of loosely
cemented sandstones of tertiary origin, which may contain
a variable fraction of clays (e.g., 3%—41% in Massuel
et al., [2006]). The groundwater table is rather flat and lies
around 190-200 m AMSL. Its depth, in average about 50
m, depends on topography: it varies from 10 m below the
catchment pond to more than 60 m below the plateau. The
hydraulic gradient is less than 0.1%, except near the pond
where it can reach 1% during the seasonal aquifer recharge.
The hydrogeological properties of the CT aquifer, recov-
ered using MRS measurements and pumping tests, dis-
played high variability at both local (section 5) and
regional scales with permeability and specific yield ranging
between 1 x 107> to 3 x 10* m s ! and 1% to 9%,
respectively, in Vouillamoz et al. [2008] and Boucher et al.
[2009a, 2009b, 2012]. The aquiclude underlying the aquifer
is a continuous impermeable gray-clayed layer, several
dozen meters thick at an average depth of 80 m [Lang
et al., 1990].

3. Microgravity Measurements

3.1.

[13] Two relative spring gravimeters of CGS5 type
manufactured by Scintrex (CG5) were used in this
study. The device measures the difference in gravity
from one site to another with a reading resolution of
10 nm s~ 2 and a repeatability of less than 100 nm s *
[Scintrex Limited, 2009]. The gravity sensor is placed
in a thermostatically stable vacuum chamber, operating
with external temperature in the —40°C to +45°C
range [Scintrex Limited, 2009]. The measurement relies
on the extension of a vertical fused quartz spring,
which supports a proof mass sensed by a capacitive
displacement transducer. The external force required to
bring back the proof mass to its reference position is
proportional to the relative gravity value at the reading
site and measured by an electrostatic feedback sensor
[Scintrex Limited, 2009]. The natural creep of the

Instrument Principle

quartz spring induces a strong (~5000 nm s2dh
instrumental drift, which can be assumed linear over a
day in quiet environments [Bonvalot et al., 1998] and
evaluated by frequent reoccupation of the same base
station [Merlet et al., 2008]. During the measurement,
the spring is aligned to the local vertical in the arc
second range using a tripod especially designed for the
CGS5.

3.2. Experimental Strategy

[14] The survey aimed to detect hydrology-related grav-
ity variations of small amplitude (a few 10 nm s~ 2) at small
time and space scales. To reach these objectives, a trade-
off must be made between accuracy, spatial, and temporal
resolutions. Microgravity measurements were performed
four times per week during 3 months (7 July to 24 Septem-
ber 2009) using two CGSs (serial number 167 and 424)
over a small (350 x 500 m?) network of 12 stations. As
much as possible, gravity stations were colocated with
hydrological measurement sites and chosen to sample areas
of contrasted hydrological behavior. Distance between the
stations was kept within a few hundred meters to allow
transportation on foot and frequent reoccupation of the
base station. Both criteria contribute to reduced uncertainty
on gravity measurements. Several occupations per station
were required to compute reliable estimates of the relative
gravity values and associated uncertainties for each survey.
During the field campaign, each station was measured at
least 20 times in each survey, leading to accuracies better
than 50 nm s 2. The simultaneous use of two gravimeters
at each site during the same loop increased independence
between the measurements and the robustness of micro-
gravity estimates. The entire network was monitored in 4 to
5 days, leading to one gravity map per week over the study
area.

3.3. Measurement Protocol

[15] Challenging field conditions (high and variable air
temperature, no power network, and a bad access road)
were met during the campaign. To achieve the accuracy
required by hydrological studies (a few 10 nm s~?), the fol-
lowing protocol was implemented by each of the five oper-
ators performing the surveys:

[16] (1) The gravity network was measured in four loops
(Table 1), which started and ended at the station 1 (called
base station) used to evaluate the drift. The base station
was always reoccupied in less than 4 h to preserve the drift
linearity assumption. The base station was designed for
absolute gravity monitoring (carried out on 14 July, 15 and
22 September 2009) and was made up of a cubic (1 m?)
concrete pillar and protected from wind and rain by a tradi-
tional hut with a radius ~1.5 m. The absolute gravity meas-
urements of 14 July 2009 (only presented in Appendix 1,
supporting information) were perturbed by a violent storm
(20 mm of precipitation in 30 min at the closest rain
gauge).

[17] (2) The stations 2—11 were each equipped with a
concrete pillar of smaller dimensions (0.3 m”) to support
relative spring gravimeters. For each survey, the CGS5s
were installed exactly at the same azimuth and kept at con-
stant height by a brass ring fixed to the CGS5 tripod. In this
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Table 2. Number of Loops Selected Per Survey

Time in Loop 1 Loop 2 Loop 3 Loop 4
Survey 2009 « West-East»  « South»  «North»  «Pond »
1 7-10 Jul 4 4 4 0
2 13-16 Jul 3 3 4 3
3 20-23 Jul 3 4 3 1
4 28-30 Jul 3 4 4 2
5 3-7 Aug 3 4 4 0
6 11-13 Aug 4 4 3 0
7 17-20 Aug 3 3 3 0
8 24-27 Aug 4 3 4 2
9 24 Sep 4 4 3 2
10 7-9 Sep 3 4 4 1
11 14-17 Sep 4 4 3 3
12 21-24 Sep 4 3 4 3

way, errors related to variations in the height and position
were avoided.

[18] (3) Four measurements were made at each station
on two consecutive days with two different gravimeters.
The comparison of these rapidly repeated surveys should
return a gravity difference close to zero and help estimate
the repeatability of the measurements. Indeed, if there is no
heavy rain, no significant gravity variation should occur in
a period of 2 days.

[19] (4) The CG5 were set up to record five measure-
ments, averaging 60 s gravity series, performed at 6 Hz
sampling rate. The sets evaluated in situ to be unreliable
(conditions in (5)) were repeated one or two times. Taking
into account the four repetitions performed in a week, each
site was measured at least 20 times.

[20] (5) A selection process was applied to reduce the
noise level of the microgravity data. The data were
selected, if at least three consecutive measurements follow
these criteria: they deviated by less than 50 nm s 2 from
the mean gravity value measured at the station, their stand-
ard deviation was under 200 nm sfz, their tilts were com-
prised in the [—10; +10] arcsec range, the internal
temperature varied by less than 0.2 mK, and the drift was
less than 10 nm min~'. The number of loops selected each
week was listed in Table 2.

[21] (6) Vibrations caused by the wind were minimized
by placing a dustbin upside down over the gravimeter,
which was shaded from the sun by an umbrella. No meas-
urements were made during the hottest part of the day
(12:00-16:00, local time) to reduce heating effects.

[22] (7) The instruments were carefully transported from
station to station by foot.

[23] (8) When the instrument was not measuring, it was
left leveled in continuous monitoring. The power supply
was provided by a system of solar panels and batteries.

[24] The protocol was slightly modified for the pond sta-
tion (12 on Figure lc). The station was equipped with a
metal structure rising 2.53 m above the bottom of the pond
and accessed by row boat. The measurements had to be
taken in the absence of wind. They were set up to record 15
(instead of 5) 60 s gravity measurements sampled at 6 Hz.
The CGS5 “seismic filter” option, which removes low fre-
quency measurements, was activated to reduce the noise
caused by the vibrations of the structure. The loop lasted
only 1 h, as it included only the measurement at the pond
station. For four additional stations (13—16 in Figure 1b)

located higher on the hillslope and on the plateau, the
instrument was transported by car, yielding much noisier
measurements (only presented in Appendix 2, supporting
information).

3.4. Data Processing

[25] To investigate the variations in water storage, rela-
tive gravity measurements had to be corrected for all the
significant temporal effects within a loop (<4 h). On larger
time scale, the regional signals common to the stations of
each loop cancel each other out. Solid Earth tides were
removed using the WDD (Wahr Dehant Defraigne) param-
eters [Dehant et al., 1999] in Tsoft software [Van Camp
and Vauterin, 2005], ocean tide loading using the FES2004
(Finite Element Solution) ocean tide model [Lyard et al.,
2006], and the effects of atmospheric pressure using in situ
measurements performed at the VD station (Figure 1), with
an admittance of —3 nm s 2 h Pa~'. The effects related to
the polar motion were negligible (<1 nm s~?) within a few
hours. Large-scale hydrological effects, shown to be signif-
icant on annual absolute gravity chronicle [Pfeffer et al.,
2011], could be neglected (<1 nm s~) within a loop.

[26] Microgravity data were then corrected for linear
drift by least square adjustment using the software package
[Hwang et al., 2002] MCGRAVI [Beilin, 2006] based on
the inversion scheme of GRAVNET. The calibration cor-
rection factors of the CG5 167 and 424 were updated by
the operator with an accuracy of 10~* in June 2009 at the
Aigoual calibration line in the Montpellier region, South of
France. Each set of identical loop measured was processed
separately for each survey, so that the reoccupation time
between each individual surveys is minimized, and inaccur-
acies due to errors in the various applied corrections are
reduced. Using the base station (x() as the reference, the
relative gravity value ¢, (nm s °) at the station x can be
expressed as

&' =& — &y (1

where g, and g,, (nm s 2) are the absolute gravity values at
the stations x and x, at that same time.

3.5. Uncertainty Analysis

[27] Microgravimetric measurements are affected by
many sources of uncertainty [e.g., Christiansen et al.,
2011b], resulting from instrument-specific errors (e.g., var-
iations in internal temperature, sensitivity to microseismic-
ity), measurement procedures (e.g., quality of the leveling,
transport), and various corrections applied to the data (e.g.,
instrumental drift, calibration factor). The standard error,
computed as the standard deviation of all the residual from
least square adjustment inversion, provided an integral
value of different sources of uncertainty for each station
and each survey. As standard errors sometimes underesti-
mate systematic errors, a threshold of 50 nm s~ was added
to the standard deviations measured before the inversion
[e.g., Jacob et al., 2010]. No significant correlation (corre-
lation coefficient R=0.04, p value <0.001) was found
between the internal temperature and the microgravity val-
ues. As the instruments were leveled with care and the sites
were rather calm (low standard deviations during the meas-
urements), a significant part of uncertainty may be due to
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Figure 2. Mean uncertainties computed for the whole
campaign with respect to the base station.

the imprecision of the drift adjustment (nonlinearity, jump
due to the transportation). The standard errors reached on
g values were averaged over the campaign period (7 July
to 24 September 2009) and shown for all microgravity sta-
tions in Figure 2. The average standard errors were better
than 50 nm s for the stations 2—11. The uncertainty is
generally under 50 nm s~ for each station and each survey,
because the inversion scheme takes into account several
converging 60 s measurements following strict selection
criteria. The error was higher (66 nm s> on average) at the
pond site (12), because of the sensitivity of the metal struc-
ture to wind vibrations. The signal measured at this station
exceeded 9.5 times the average error and was therefore
considered significant.

3.6. Choice of the Relative Gravity Reference

[28] Microgravity values (g’) are evaluated for a given
station with respect to the base station (equation (1)). The
spatial differences are mainly influenced by topography
(from —135,000 to 7100 nm s> depending on the altitude
of the considered station), but their temporal variations dur-
ing the rainy season reflect the local variations in the water
storage. Double gravity differences (Dg in nm s %) were
introduced to estimate the time variable effects in gravity,
and defined as

Dg;:’,?n = (gx - gxo)t - (gx - gxo)tov (2)

where ¢ is time (s) and 7, initial time (s). The Dg values use
for reference the time variations of the gravity value at the
base station (gy,), which are unknown as no absolute meas-
urements are available. Besides, the singular instrumental
setup (a larger pillar and a hut) may have significantly
reduced the microgravity signal measured at the base sta-
tion, especially if induced by water storage variations
located near the soil surface [Pfeffer, 2011, Figure 4.11, p.
66; Deville et al., 2013].

[20] To avoid the reference to a possibly singular station,
a new variable denoted MDg (nm s~ ?) was defined at sta-
tion x and time ¢ as the deviation of Dg from the mean Dg
over the n =10 downstream stations (2—11):

Dg;__t,?l, - Dgf:& = (gx - gxo)t - (gx - gxo)t()
i (gxi - gxo); - (gxi - gxo),o

n

(€)

Xi=1

[30] The terms (gy,); and (g, ), related to the base station
both cancel out, making the expression independent from
the gravity value at the base station:

T "~ (8xi), — (gni)
Dg)t;_{&, - Dgfv—t)[c)o = (gx)f - (gx)[o - Z%v (4)

Xi=1

which can also be written as

n n
MDg! " = (gx - Z&> ~ (gx - Zg—> G
= "/, i1 "),

[31] In the final expression (equation (5)), MDg values
do not use as reference the gravity value at the base station,
but the mean gravity value over the » = 10 downstream sta-
tions. The interest of the new variable is to compare each
station with the spatial average state of the system rather
than with a particular station. The deviation from the mean
gravity difference, MDg, provides a more legible expres-
sion of the spatial variability over the study area and was
subsequently used to map variations in gravity in the vicin-
ity of the pond.

3.7. Microgravity Maps

[32] Weekly gravity maps were computed after the first
survey (fy) as the deviation from the mean gravity differ-
ence (MDg) measured over the microgravity network
(n=10 stations), excluding the pond station (Figure 3).
Contour lines were computed using a cubic interpolation
and indicated each 20 nm s~ 2. A positive MDg value indi-
cates that, since the beginning of the gravity survey, the
gravity increased more (or decreases less) at the considered
station than the spatial average of the gravity network.
Conversely, a negative MDg value indicates that the grav-
ity increased less (or decreased more) than the spatial aver-
age of the gravity network. MDg values ranged between
—120 and + 130 nm s~ 2 during the 7 July to 24 September
2009 period. The gravity measurements revealed signifi-
cant variations at small time and space scales, with a mean
variance of the MDg values reaching 280 nm s~ 2. Consist-
ent spatial and temporal patterns emerged over this small
(~350 x 500 m*) network. For example, the gravity signal
was always positive at stations 6 and 2, whereas stations 5,
8, and 9 showed negative values in most of the surveys.
Note that n, x¢, and ¢, are fixed for the gravity campaign, so
that the mean Dg depends only on ¢ and is noted <A, G>
on each map. The value of <A, G> increased during the
campaign, meaning that gravity increased faster on average
over the gravity network than at the base station. The larg-
est increase in gravity (630 = 145 nm s~ ) was recorded at
the pond station (Figure 4).

4. Hydrometeorological Measurements

4.1.

[33] Rainfall was measured at 1 min intervals by a tip-
ping-bucket rain gauge (Campbell Scientific RIMCO

Instrumental Setup
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Figure 3. Weekly maps of the measured gravity signal. The relative gravity measurements are
expressed as the deviation from the mean gravity difference (MDg; equation (5)). A positive MDg value
indicates that, since the beginning of the survey, gravity increased more (or decreased less) at the consid-
ered stations than the spatial average of the gravity network. Conversely, a negative MDg value indicates
that gravity increased less (or decreased more) than the spatial average of the gravity network. The dates
of the beginning and end of each survey are listed in Table 2. Marks on x and y axes represent 50 m

increments.

0.5 mm) located at the VD weather station (Figure 1). Rain-
fall data were not corrected for wetting losses or wind
effect. Atmospheric pressure and temperature were meas-
ured at the VD station with a 1 min sampling interval. The
pond level was measured at 5 min intervals, with a shaft
encoder (OTT Thalimedes). The groundwater table level
was evaluated at 20 min intervals with absolute pressure
transducers (Eijkelkamp Micro-Diver) located in four bore-
holes at 0 (P0), 64 (P1), 110 (P2), and 210 (P3) m from the
pond axis (Figure 1c). The atmospheric influence was cor-
rected using in situ measurements carried out in Banizoum-

bou test site (~13 km away from Wankama) with a
barometer (Eijkelkamp Baro-Diver). Direct measurements
with a contact gauge (OTT KL010) were used to check the
automatic piezometric data set. The soil volumetric water
content was measured at 1 min intervals at two typical mil-
let and fallow sites in the catchment by six reflectometers
(Campbell Scientific CS616) buried at 0.1, 0.5, 1, 1.5, 2,
and 2.5 m below the surface [Ramier et al., 2009]. Access
tubes for neutron probes were installed in the vicinity of
the boreholes at the beginning of the 2009 rainy season.
Weekly surveys were conducted with a neutron probe (ICT
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Figure 4. Comparison of the relative gravity signal meas-
ured at the pond station (red dots) with two models, taking
into account the variation in the pond water level (blue
line) or in the pond and groundwater levels table (black
line). The aquifer model considers a heterogeneous distri-
bution of porosities derived from MRS (Figure 6). The
number X of the survey is indicated by SX beside each
measurement point.

International CPN-503) down to a 10 m depth to estimate
variations in the soil water content.

4.2. Hydrological Cycle During the 2009 Rainy Season

[34] Time variations in the water storage of the main res-
ervoirs (pond, soil moisture, and groundwater) were contin-
uously monitored during the 2009 rainy season (Figure 5).
Just after the rainfall event on 7 July 2009, the pond started
to fill up from dry past conditions (Figure 5b). The pond
water level rose rapidly after each intense (> 20 mm) rain-
fall event and decreased during dry periods due to evapora-
tion and infiltration. When the pond level reached its peak,
the groundwater table rose by several meters in a few days
(+2 m at P1 between 3 and 7 September; Figure 5d). In the
meantime, a piezometric dome was formed below the
pond, peaking at Pl with a hydraulic gradient of 0.5%
between P3 and P1 (Figure 5a). The phenomenon was
explained by rapid infiltration processes occurring below
the pond, which increased when the water level reached the
sandy layers at the shores of the pond [Desconnets et al.,
1997]. On the long term, the groundwater table is rising in
Wankama, gaining in average 4+-0.25 ma~' from the begin-
ning of the piezometric measurements in 1993-2009.
Measurements were made with neutron probes to monitor
infiltration processes down to the groundwater table level
in the vicinity of the pond (Figure 1). Unfortunately,
weekly neutron probe measurements did not enable detec-
tion of significant variations in soil moisture at intraseaso-
nal scale (only presented in Appendix 4, supporting
information). The measurements made at the automatic soil
moisture stations gave alternative information about the
water storage processes in the first meters of soil under typ-
ical fallow and millet covers (Figure 5c). Major differences
(up to 100 mm) were observed between the water stocks

(S3m in mm) measured in the first 3 m of soil at the two
sites and computed as

S3m = 0.25 - 0p.1m + 0.5 - (90,5m + Om + 01.5m + ()zm) +0.75 - 05 5m,
(6)

where 0)s5m, 1m»> 1.5m> 2m, and s, are the volume water
content (m” m ™ °) measured at each probe. Such differences
gave a first indication of the strong spatial variations in the
water storage in the vadose zone.

5. Magnetic Resonance Soundings

5.1. Instrumental Setup

[35] A total of 17 MRS were performed over the study
area in 2009-2010. The MRS method is directly sensitive
to groundwater and allows the estimation of the vertical
distribution of groundwater content [Legchenko et al.,
2004]. The measurement is based on the detection of the
electromagnetic signal generated by the precession of the
nuclei of the hydrogen atoms in groundwater molecules af-
ter electromagnetic excitation at a specific frequency (i.e.,
resonance frequency). For electronic reasons, the MRS sig-
nal cannot be recorded during an instrumental dead time,
while the part of water which rapidly returns to equilibrium
is not detected. The residual part of the groundwater con-
tent, measured by MRS, is assumed to be close to the effec-
tive porosity [Legtchenko et al., 2004 ; Lubczynski and Roy,
2005].

[36] The NumisPlus equipment (Iris Instruments) was
used with eight-shape loops made of two squares,
whose sides measured 50 m. The radius investigated by
MRS is of the same order of magnitude than the size
of the loop (i.e., 100 m in our case). The depth of
investigation was regulated down to ~100 m by the
moment of the excitation pulse (in A ms). The MRS
data were inverted in 1-D with Samovar software,
assuming a homogeneous vertical distribution of the
water content over the whole depth of the saturated ag-
uifer. To decrease ambiguities in the interpretation, the
aquifer geometry (groundwater table and aquiclude
depths) was fixed using piezometric measurements at
PO, Pl, P3, and P3, time domain electromagnetic
(TDEM) soundings, and available geological data.
The methodology of the inversion, which takes into
account the vertical distribution of electrical resistivity
obtained by TDEM, was presented in detail in Boucher
et al. [2009a].

5.2. MRS Map

[37] The inversion of MRS measurements enabled to
determine the free water content of the saturated aquifer
(fmrs), assumed to be a good estimate of the effective po-
rosity [e.g., Vouillamoz et al., 2008]. Previous studies car-
ried out in the CT aquifer showed that fyrs values were
systematically higher than Sy values estimated from pump-
ing tests [Boucher et al., 2009a, 2009b] and time-lapse
absolute gravity surveys [Pfeffer et al., 2011]. The differ-
ence would correspond to that portion of capillary water
detected by MRS measurements, but that cannot be drained
by gravity forces alone [Boucher et al., 2009b; Pfeffer
etal., 2011].
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Figure 5. Hydrological parameters measured during the rainy season in 2009. (a) Cross section along
the piezometric profile showing the pond and groundwater table levels during survey 1 (minimum
groundwater table level) and survey 10 (maximum groundwater table level). The shape of the ground-
water table is assumed to be linear between each of the four boreholes (solid lines) and symmetric with
respect to the pond axis (dashed lines). The CGS stations are indicated by red triangles denoted STX.
Piezometers P1, P2, and P3 are collocated with CGS5 stations 3, 2, and 6. (b) Temporal variations in the
pond water level associated with the daily variations in rainfall measured at the VD gauge. The times of
the microgravity surveys are indicated by numbered gray stripes. The squares represent visual readings
of the water level. (¢) Temporal variations in soil water stocks between 0 and 3 m at the fallow and millet
sites. (d) Temporal variations in the groundwater table level recorded at the four piezometers. The
groundwater table level corresponds to the depth of the groundwater table with respect to the altitude of
the base station.

[38] The Oyurs values resulting from the inversions of
each sounding were attributed to the central position of the
corresponding loop and then interpolated by kriging (Fig-
ure 6a). The mean value of fyrs is 12.5% over the study
area. The fyrs values showed marked spatial variability
(7%—18%), which may be explained by local geological

heterogeneities. The CT aquifer is indeed made of sandy
to silty lenses of varying thickness and limited extent
[Lang et al., 1990]. The base station is located in a rather
low porosity area (Oyrs=10%), whereas station 10 is
located near the area with the highest porosity
(Ovrs = 18%).
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Figure 6. Modeled contributions of the aquifer to the relative gravity signal. (a) Distribution of the aq-
uifer water content estimated by MRS. The maximal level reached by the pond in September 2009 is rep-
resented by the white line. (b) Range of variations in the modeled double gravity differences (Dg;
equation (2)) over the whole gravity network (including stations 2—12). The models Sy, 2% and Sy, 6%
assume that Sy is constant and assigned to a value of 2% and 6% respectively, whereas in the model Sy,
MRS assumes that Sy equals the MRS water content distribution mapped in Figure 6a. The times of the
microgravity surveys are indicated by numbered gray stripes.

6. Water Storage Contributions to the
Microgravity Signal

[39] The spatiotemporal variations in the gravity field,
once corrected for large-scale geophysical effects, reflect
variations in water storage in the pond, in the aquifer and in
the vadose zone. As expected, the largest gravity variations
were measured at the pond station, indicating that the maxi-
mum water storage (including surface, soil moisture, and
groundwater reservoirs) occurred at the temporary pond.
More insight about the internal hydrological behavior of
the study area can be driven from the microgravity maps
presented in Figure 3. Positive MDg values indicate that
the water storage increased more (or decreases less) than
the mean between the two surveys considered. Such varia-
tion in water storage may be transient (e.g., station 4, 7, or
10) or persistent (e.g., station 6, 2, or 3) throughout the
rainy season. On the opposite, negative MDg values were
detected near the stations 5, 8, and 11, suggesting that the
water storage increased less (or decreased more) than aver-
age over the gravity network. The capacity to store more or
less water in particular areas during a certain amount of
time may be induced by structural heterogeneity (e.g.,
higher porosity) or dynamical processes (e.g., higher infil-
tration). When such trends are temporally persistent, a sta-
tistical relationship may be established between a specific
location and the hydrological behaviour [e.g., Vachaud
et al., 1985]. For example, the station 6 (positive MDg

values) may be considered as a preferential water storage
area, since more water than average is stored during the
rainy season. The investigation of such spatial patterns is
however limited by the strong intraseasonal variability evi-
denced by the microgravity measurements (Figure 3).
Besides, the temporal stability concept is generally used to
analyze the soil moisture variability [e.g., Brocca et al.,
2012], while microgravity measurements are sensitive to
the water storage variations occurring from the soil surface
down to the aquifer.

6.1. Contribution of the Pond

[40] The contribution of the pond was computed using
the pond water level measurements and the 5 m resolution
DEM produced for the pond area. The pond water volume
was modeled at each measurement time by a configuration
of right rectangular prisms, whose density equaled 10° kg
m . The gravitational attraction of each prism was com-
puted using its exact analytical expression [e.g., Haaz,
1953; Nagy, 1966], and the contributions of each prism
were summed. The resulting gravity variations were then
summed at each microgravity station throughout the rainy
season.

[41] A comparison between the modeled (in blue) and
measured (in red) Dg values is presented for the pond sta-
tion in Figure 4. Due to the difficulty of the measurement at
the station, only eight microgravity values (equation (1))
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Figure 7. Maximal modeled amplitudes of the contribu-
tions of the pond (in black) and groundwater table (in blue)
to the measured gravity signal (entire color bar). The resid-
ual measured signal (in green) is the difference between the
maximal measured gravity signal (entire color bar) and the
maximal contributions of the pond (in black) and aquifer
using MRS water content distribution (in blue). The red
error bars represent twice the uncertainty on double gravity
differences (equation (2)), averaged over the whole cam-
paign period.

were evaluated over the 12 surveys of the campaign. The
maximum gravity signal (630 = 145 nm s~ %) was measured
between surveys 3 and 10, while the pond water level rose
from 1.2 to 2.35 m (Figure 5b). The uncertainty on the
measurements varied from 10 to 145 nm s~ 2, depending on
the number of loops selected for the inversion (Table 2)
and on the noise incurred during the measurement (greatly
influenced by wind). The model of the pond fluctuations
explains a large proportion of the measured signal. The
agreement was particularly fair for the surveys 9 and 10,
which covered the highest stage of the pond. Some dispar-
ities were observed in the 100 nm s~ range for surveys 3
and 12, corresponding to the same order of magnitude than
the uncertainties on the microgravity values. Such differen-
ces could be explained by additional variations in the water
storage occurring in the aquifer or in the vadose zone.

[42] The contribution of the pond to the gravity signal
was found to be nonsignificant for the 10 other stations in
the network. According to the pond model, the biggest rise
in water level (4 2.5 m) generated a maximum gravity var-
iation of 8 nm s~ at the station 4. The effect was negligible
compared to the mean uncertainty (45 nm s~ ?) reached at
this station, and was even less at the other stations.

6.2. Contribution of the Aquifer

[43] The microgravity signal caused by the fluctuations
in the groundwater table was computed using two different
models, corresponding to minimum and maximum esti-
mates of the aquifer contribution. The variations in the ag-
uifer volume, calculated since 1 July 2009 (same initial
time for all calculations) until 1 October 2009, were

described identically in both models, using a configuration
of right rectangular prisms with a centimeter resolution in
height. The groundwater table level was assumed to be lin-
ear between the piezometric measurements, symmetric
with respect to the pond, constant in the north-south direc-
tion and flat beyond a radius of 500 m around the pond.
The density of each prism was set as the density of water
(10°> kg m ) multiplied by the specific yield Sy (nondi-
mensional number, defined as the fraction of groundwater
that can be drained under gravity forces). The two models
differ in their representation of the Sy values:

[44] (1) In the minimum aquifer model, the Sy value was
assumed uniform and comprised in the range (2%—6%)
determined by time-lapse absolute gravity surveys [Pfeffer
et al., 2011]. The contribution of the aquifer to Dg values
was then found <45 nm s~2 when Sy =6% and <15 nm
s, when Sy =2% (Figure 6b). The effect turned out to be
small (and even negligible in the case of Sy =2%), because
the only source of spatial heterogeneity was the hydraulic
gradient raised during the formation of the piezometric
dome (Figure 5a). The model was likely to underestimate
the microgravity signal generated by the groundwater table
fluctuations and could only be used as a lower limit for the
aquifer contribution.

[45] (2) In the maximum aquifer model, the Sy values
were assumed equal to the Oyrs distribution (Figure 6a).
The maximum amplitude (125 nm s~?) of the simulated
gravity signal was 2.8 times larger than with the previous
model (Figure 6b). Indeed, when the porosity contrast
between two stations was increased, the whole fluctuation
zone contributed to the microgravity signal proportionally
to the difference in Sy values. The real contribution of the
aquifer is however expected to be less than this simulation,
as Oyrs values tend to overestimate Sy values [Boucher
et al, 2009a, 2009b; Pfeffer et al., 2011]. The overestima-
tion could be only partially alleviated by the geometrical
model inaccuracies. Indeed, a variation of 0.15% on the hy-
draulic gradient (equivalent to an error of 30% on the maxi-
mum hydraulic gradient observed between P3 and Pl)
would have the same effect on the microgravity signal than
a variation of 1% in average fy\rs values. The (Sy = Oyrs)
model can thus be considered as an upper limit of the aqui-
fer contribution.

[46] The maximum contribution of the aquifer (using
Onvrs) was then compared to the maximum amplitude of
the measured gravity signal (Figure 7). Both maxima may
not occur at the same time, but their comparison gives an
idea of the weight of the aquifer contribution in the gravity
signal. At the pond station (12), most of the measured sig-
nal is explained by pond fluctuations. The contribution of
the aquifer was low at this station, but helped to reproduce
the gravity signal observed after the highest stage of the
pond (survey 11, Figure 4). Except for stations 3 and 10,
the maximum aquifer contribution was always less than
half the maximum measured signal. However, the residual
signal is expected to be larger than shown on Figure 7,
because (1) the modeled aquifer contribution was overesti-
mated, using fyrs as an estimate of Sy, and (2) the mod-
eled aquifer contribution was significant only during
surveys 9 and 10 (Figure 6b), while the measured micro-
gravity signal displayed high spatiotemporal variations
from the beginning to the end of the gravity campaign
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Figure 8. Weekly maps of the residual contribution of the vadose zone. The MDg values were cor-
rected for the pond and aquifer effects and converted into water equivalent heights. Positive values indi-
cate that the water storage in the vadose zone is above the mean of the whole gravity network, and
conversely for negative values. The dates of the beginning and end of each survey are listed in Table 2.
The marks on x and y axes represent 50 m increments.

(Figure 3). A large proportion of the gravity measurements
could thus be explained neither by the pond nor by the ag-
uifer contributions.

6.3. Contribution of the Vadose Zone

[47] The residual microgravity signal, evaluated after
correction of the measurements for the pond and aquifer
contributions, was attributed to the variations of the water
content in the vadose zone. The effect of the aquifer was
maximized using the upper limit (Sy = fyrs) model, so
that the residual gravity variations were the minimum
expected. The residual microgravity values, either
expressed with respect to gravity at the base station (Dg,
equation (2)) or to the mean areal gravity (MDg, equation
(5)), were converted into water equivalent heights (mm)
using the Bouguer plate approximation:

Ag =21GpH, (7

where Ag (m s~?) is the gravity increase due to the Var1a—
tion in water height H (m); G (6.67 x 011 N m? kg ) the
gravitational constant; and p (10° kg m’) the density of
water. Accordmg to equation (7) a grav1ty increase of 420
nm s~ corresponds to a 1 m increase in water height. The
Bouguer-based conversion is only carried out to provide an
order of magnitude of the water storage variations (in mm)
that could explain the residual microgravity variations. An
accurate inversion of the residual gravity signal would
require three-dimensional modeling of the water storage
variations in the vadose zone, including topographic effects
[Creutzfeldt et al., 2008]. Neglecting the topography leads
to a maximal error estimated at 10% of the vadose zone
amplitude for the station near the pond.

[48] At the pond station (Figure 4), the residual Dg val-
ues were evaluated in the 100—150 nm s~ range (equiva-
lent to 240-360 mm according to equation (7)), which can
be compared to a change of 4%—6% in the water content
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Figure 9. Mean seasonal residual contribution of the
vadose zone. The MDg values corrected for the pond and
aquifer effects are averaged over the whole gravity cam-
paign (7 July to 24 September) and converted in water
equivalent heights. The standard deviation (SD) values are
computed at each station, to provide an indicator of the
intraseasonal variability of the residual vadose zone signal.
The errors on the mean seasonal water storage anomaly,
ranging between 30 and 40 mm, are not displayed on this
map. The number of each station is indicated besides each
error bar. Contour lines are computed each 20 mm using a
cubic interpolation.

distributed down to a depth of 6 m (the average infiltration
depth determined by neutron probe measurements carried
out on annual scale). The order of magnitude (4%—6%) is
consistent with the Sy values estimated by gravimetry
(2%—6%) and with Oyrs values (7%—-18%), which are
known to overestimate Sy. Due to large uncertainties on
microgravity measurements and the absence of reliable
high-frequency soil moisture data, the interpretation of the
residual signal at the pond station is limited.

[49] Over the remaining network (stations 2—11), time-
lapse microgravity surveys enabled estimation of the
dynamic variations in the water storage in the vadose zone,
which ranged within =300 mm relative to the spatial mean
(Figure 8). Such variations appear plausible in view of the
soil moisture variability evidenced in the area [e.g., Cuenca
et al., 1997; Desconnets et al., 1997] (Figure 5c) or derived
from distributed hydrological modeling of the catchment
[Cappelaere et al., 2003 ; Boulain et al., 2009]. The distri-
bution of water in the vadose zone is indeed influenced by
many sources of heterogeneity, including the topography,
vegetation cover, state of the soil surface, and/or sharp spa-
tial variability of rainfall due to its convective nature [e.g.,
Peugeot et al., 2003]. Besides, very strong contrasts in
upper soil hydraulic conductivity over the study area trig-
ger water harvesting mechanisms at various scales,

whereby high infiltration areas collect large amounts of
water from high runoff surfaces [Cappelaere et al., 2009].
It results in a very large soil moisture variability, including
at very local (<10 m) scales [e.g., Gaze et al., 1997,
Esteves and Lapetite, 2003].

[s0] Preferential residual water storage areas were
detected at stations 2, 6, and 7 (Figures 8 and 9). The maxi-
mum water storage anomaly reached +310 mm at station
6, with respect to the mean over the gravity network (Fig-
ure 8). The accumulation of water in the vadose zone could
be explained by the release of the overland flow concen-
trated at the outlet of a small gully near station 6 (Figure
1b). The assumption is supported by frequent observations
of rapidly drained pools and by a denser vegetation cover
in the surroundings of the station 6 (Figure 1¢), which sug-
gests a greater availability of soil water at the outlet of the
sandy gully. Additional information is provided by the
mean water storage <A/He> values indicated on each
map. It corresponds to the mean Dg value (<A,G>) cor-
rected for the pond and aquifer effects and converted into
water equivalent heights. Positive <A,He> values (440
mm on average during the gravity campaign) were
observed, indicating that water storage was higher on aver-
age at the stations 2—11 than at the base station. The posi-
tive anomaly may be explained by soil crusting observed in
the vicinity of the base station, dramatically reducing the
infiltration capacity of degraded surfaces [Seguis et al.,
2004]. Human action can also significantly influence the
water storage dynamics in the vadose zone, through farm
work or trail tracking. Stations 15 and 5, located in millet
fields, both appeared to store a relatively small amount of
water in the vadose zone compared to the spatial average
(Figure 8). However, land use alone does not determine
point infiltration, as substantial variation can occur within a
single field (e.g., from 0.3 to 3.4 times the rainfall observed
by Gaze et al. [1997]). Photographic monitoring at the mil-
let station (Figure 1b) in 2010 confirmed the large spatial
variability of water distribution at the soil surface at a very
small (~1 m) scale.

[51] The mean seasonal changes in water storage in the
vadose zone were mapped over the gravity network in Fig-
ure 9 as a synthetic characterization of the vadose water
storage. Obtained from the mean MDg values corrected for
the pond and aquifer effects, they amount to the differences
in water storage measured since the first survey with
respect to the spatial mean over the gravity network, aver-
aged over the full measurement campaign (7 July to 24
September 2009). The mean water storage anomalies
ranged between —125 mm and +190 mm over the gravity
network, revealing significant spatial variability in the
vadose zone at local (~100 m) scale. Preferential water
storage areas (i.e., positive values) were detected near sta-
tions 6, 7, and 2, whereas less water appeared to be stored
on average at stations 5, 8, and 9 (values < —100 mm). The
vadose zone signals evaluated at the microgravity stations
display significant intraseasonal variability, as indicated by
the high standard deviation reached during the gravity cam-
paign (up to 140 mm at station 4). Detailed process-ori-
ented studies would be necessary to discriminate the
respective roles of infiltration, evapotranspiration, or geol-
ogy as drivers of the variability of the vadose water
storage.
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7. Conclusions

[52] Time-lapse microgravity surveying is a noninvasive
technique, directly sensitive to the variations in water stor-
age occurring over several tens to hundreds of cubic meters
from the soil surface to the aquifer. While relatively time
consuming, the time-lapse microgravity technique could be
particularly useful to capture small-scale hydrological sig-
nals that cannot be inferred from point measurements (e.g.,
soil moisture data or borehole) or catchment-scale data
(e.g., discharge data). The field survey presented the first
high-resolution microgravity measurements conducted in
the semiarid Sahelian environment. Main results can be
summarized as follows:

[53] (1) Time-lapse microgravity measurements were able
to detect small-to-medium amplitude hydrology-related sig-
nals (in the + 150 nm s 2 range) in challenging field condi-
tions. Transportation on foot, repeated measurements with
two gravimeters, and a careful data quality check were nec-
essary to achieve accuracies better than 50 nm s>,

[54] (2) Time-lapse microgravity measurements enabled
quantification of significant heterogeneity in the water stor-
age at small time (from 1 week up to 3 months) and space
(from a couple of meters up to several hundred meters)
scales.

[55] (3) Time-lapse microgravity measurements were
greatly influenced by the variations in the water storage in
the vadose zone. The maximum amplitude of those
dynamic variations, after correction for the pond and aqui-
fer effects, was evaluated in the order of =300 mm with
respect to the mean over the gravity network.

[s6] Time-lapse microgravity surveys are a promising
technique for water resource assessment in semiarid envi-
ronments. Further field campaigns would usefully include
supplemental absolute or superconducting gravity measure-
ments, to enable estimation of temporal variations in the
water storage at each station instead of only spatially rela-
tive signals. Neutron probe measurements would provide
additional information on the vertical variation in the water
content through the vadose zone, in and below the root
zone down to the groundwater table. Indeed, if percolation
processes have been evidenced under temporary ponds
[Desconnets et al., 1997], large alluvial fans [Massuel
et al., 2006] and main gully beds [Descroix et al., 2012],
the interpretation of microgravity data suggested here that
small gully outlets could also be concentrated infiltration
sites and possibly contribute to aquifer recharge. If high
and deep infiltration processes were confirmed by neutron
probe measurements, stormwater concentrating areas could
be identified at the outlet of small gullies (using aerial pho-
tograph or high resolution remote sensing imagery) and
partially bridge the gap in water balance estimations in the
area [Boucher et al., 2012; Massuel et al., 2011]. Further
progress in the understanding of the subsurface hydrology
dynamics could be achieved if the microgravity data were
used in combination with distributed hydrological model-
ing of the catchment (ecohydrological model such as that
of Boulain et al. [2009] and groundwater model as that of
Massuel et al. [2011]), in order to better constrain both data
interpretation and model trajectories and to ultimately
improve quality of projections for this sensitive and quickly
evolving environment. A gravity model could be associated

to the hydrological modeling in order to produce gravimet-
ric outputs that could be directly compared with the micro-
gravity measurements, and eventually to assimilate this
type of data into hydrological models.
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