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Basile Hector,1 Luc Séguis,2 Jacques Hinderer,1 Marc Descloitres,3

Jean-Michel Vouillamoz,3 Maxime Wubda,3 Jean-Paul Boy,1 Bernard Luck1

and Nicolas Le Moigne4
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S U M M A R Y

Advances in groundwater storage monitoring are crucial for water resource management and

hydrological processes understanding. The evaluation of water storage changes (WSC) often

involve point measurements (observation wells, moisture probes, etc.), which may be inappro-

priate in heterogeneous media. Over the past few years, there has been an increasing interest in

the use of gravimetry for hydrological studies. In the framework of the GHYRAF (Gravity and

Hydrology in Africa) project, 3 yr of repeated absolute gravity measurements using a FG5-type

gravimeter have been undertaken at Nalohou, a Sudanian site in northern Benin. Hydrological

data are collected within the long-term observing system AMMA-Catch. Once corrected for

solid earth tides, ocean loading, air pressure effects, polar motion contribution and non-local

hydrology, seasonal gravity variations reach up to 11 µGal, equivalent to a WSC of 260-mm

thick infinite layer of water. Absolute temporal gravity data are compared to WSC deduced

from neutron probe and water-table variations through a direct modelling approach. First, we

use neutronic measurements available for the whole vertical profile where WSC occur (the

vadose zone and a shallow unconfined aquifer). The RMSD between observed and modelled

gravity variations is 1.61 µGal, which falls within the error bars of the absolute gravity data.

Second, to acknowledge for the spatial variability of aquifer properties, we use a 2-D model

for specific yield (Sy) derived from resistivity mapping and Magnetic Resonance Soundings

(MRS). The latter provides a water content (θMRS) known to be higher than the specific yield.

Hence, we scaled the 2-D model of θMRS with a single factor (α). WSC are calculated from

water-table monitoring in the aquifer layer and neutronic measurements in the vadose layer.

The value of α is obtained with a Monte–Carlo sampling approach, minimizing the RMSD be-

tween modelled and observed gravity variations. This leads to α = Sy/θMRS = 0.63 ± 0.15,

close to what is found in the literature on the basis of pumping tests experiments, with a

RMSD value of 0.94 µGal. This hydrogeophysical experiment is a first step towards the use of

time-lapse gravity data as an integrative tool to monitor interannual WSC even in complicated

subsurface distribution.

Key words: Time variable gravity; Hydrogeophysics; Hydrology; Africa.

1 I N T RO D U C T I O N

Water Storage Changes (WSC) in unsaturated soils and aquifers are

a key variable for water resource management, yet still challenging

to estimate (Scanlon et al. 2002; Healy & Scanlon 2010; Dubus &

Dubus 2011). This is particularly true in the weathered hard-rock

basement of the Sudanian zone in West–Africa, where the total stor-

age volume is low, but shows strong annual variations (MacDonald

et al. 2012). There, urban development relies on the ability to pro-

vide enough fresh water along the year through high yield bore-

holes. These are still difficult to implement and the knowledge

of local recharge is particularly important for their sustainability.

C© The Authors 2013. Published by Oxford University Press on behalf of The Royal Astronomical Society. 1
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2 B. Hector et al.

For instance, in the surroundings of the Nikki town in the hard-

rock area of northern Benin, half of the boreholes drilled in 2011

were considered as dry (Direction Générale de l’Eau, Cotonou, per-

sonal communication, 2012), despite a high mean annual rainfall

of 1300 mm. Furthermore, Achidi et al. (2012) found a 62 per cent

success rate for water drillings in crystalline basement at the coun-

try scale, against up to 90 per cent for coastal sedimentary aquifers.

Seasonal WSC is thus of critical concern in this highly sensitive

area, and broadening the range of methods available to monitor this

key variable is a major challenge.

There are numerous approaches for the evaluation of WSC that

are usually based on distributed (or not) point measurements in one

or several compartments responsible for WSC [i.e. top soil, vadose

zone (VZ), water tables]. For instance, Time-Domain Reflectometry

(TDR) is now widespread for water content monitoring, but has

several limitations such as the small sampling volume (10−3 m3) of

a single measurement and its limitation to the upper layers of the VZ.

Deriving WSC from water-table monitoring strongly depends on the

knowledge of the specific yield (Sy) parameter, and only provides

WSC for the water-table fluctuation zone (WTFZ). Geophysical

methods are often used to characterize underground structures for

extending these point measurements. WSC at the field scale can

be estimated by the interpolation of these point measurements, or

by several methods such as water budget estimations or numerical

modelling (Healy & Cook 2002; Scanlon et al. 2002). As noticed by

Creutzfeldt et al. (2010b), Christiansen et al. (2011b) and several

others, deriving WSC from limited point measurements is still an

arduous task, despite recent developments that are often limited to

the upper layers of the ground (spatial TDR measurements, high-

precision lysimeters, cosmic ray neutron probes, etc.). This led some

open space for the emerging hydrogravimetry method which allows

to perform direct non-invasive monitoring that can be derived into

integrative WSC estimations if other components affecting gravity

are correctly removed (Pfeffer et al. 2011).

Water mass redistribution leads to variations in the Earth’s grav-

ity field, which can be measured by gravimeters. Superconducting

Gravimeters (SGs) provide continuous relative gravity monitoring

with very high accuracy (about 1 nm s−2). Apart from very recent

developments on new SGs, they are drift-prone and can hardly be

moved, which are their main drawbacks for hydrological studies.

For further details on SGs, see for instance Goodkind (1999) and

Hinderer et al. (2007). Spring-based gravimeters are lower accuracy

(few µGal) relative gravimeters for field prospecting. They give ac-

cess to spatial gravity variations with respect to a base station, and

can thus provide spatiotemporal variations with repeated measure-

ments (Naujoks et al. 2008; Jacob et al. 2010; Pfeffer et al. 2013).

Their lower accuracy puts them on the edge of detection for many

hydrological cases for which much care must be taken to achieve the

best results, leading to a second drawback, the time consumption.

However, they can be a powerful tool when used together with a

SG or an absolute gravimeter (AG) as a base station. AGs have the

advantage to be drift-free, allowing for monitoring gravity changes

at long timescales, by repeating measurements without leaving the

instrument at the same place. They give direct measurements of

the earth gravity field with a 10–20 nm s−2 (1–2 µGal) precision

for the most accurate one, the FG5 model (Niebauer et al. 1995).

The FG5 AG measures the successive positions of a free falling

corner cube in a vacuum chamber, using a laser interferometer and

an atomic clock. The actual gravity value along the direction of the

local vertical is obtained for every drop.

Until recently, the hydrological signal has mainly been seen by the

geodesy community as ‘noise’ to be removed from the SGs time-

series—often calibrated with absolute gravity measurements—to

recover small geodynamics signals. Many site-specific hydrogravi-

metric studies can be found in the literature (e.g. Bower & Courtier

1998; Harnisch & Harnisch 2006; Imanishi et al. 2006; Kroner &

Jahr 2006; Van Camp et al. 2006; Creutzfeldt et al. 2008; Longuev-

ergne et al. 2009; Creutzfeldt et al. 2010a,b; Naujoks et al. 2010).

However, only very few studies use AGs as field instruments for

measuring temporal changes due to the redistribution of water (Ja-

cob 2009; Pfeffer et al. 2011). This allows to investigate other areas

than single SGs observatories without being affected by the drift

and accuracy limitations of the microgravimeters.

Gravity measurements are often compared to hydrological mon-

itoring, by calculating the gravity effect of these measured WSC in

a direct modelling approach (Creutzfeldt et al. 2008; Jacob et al.

2008; Creutzfeldt et al. 2010a; Pfeffer et al. 2011). A few recent

studies also successfully calibrated conceptual or physical hydro-

logical models in a coupled hydrogeophysical inversion framework

such as defined by Ferré et al. (2009) (see also Creutzfeldt et al.

2010b; Christiansen et al. 2011a,b). However, to successfully com-

pare gravity data and hydrological monitoring, the hydrogravimetry

method is also limited by the poor spatial extent of hydrological

point measurements, and by the integrative character of gravity

data. The latter requires some knowledge of the WSC of each com-

partment in the footprint area of the gravimeter. Very few stud-

ies consider the contribution of each layer, and the VZ is usually

poorly or not documented (Christiansen et al. 2011b). Creutzfeldt

et al. (2010a) presented the first study which comprehensively mea-

sured WSC in all relevant storage components, namely groundwa-

ter, saprolite, soil, topsoil and snow storage, and compared them to

gravity measurements.

A usual byproduct of hydrogravimetric surveys is an estimation

of the specific yield (Sy) parameter, as it relates water-table fluctua-

tions (an observation easily available) to unconfined aquifer storage

variations. This can be done for various levels of precision, using

relative spring-based gravimeters (Montgomery 1971; Pool & Ey-

chaner 1995; Gehman et al. 2009), absolute gravity data (Jacob et al.

2008; Pfeffer et al. 2011) or even GRACE (Gravity Recovery and

Climate Experiment) satellite products (Shamsudduha et al. 2012).

However, Creutzfeldt et al. (2010a) pointed out that ‘interpreting

the regression coefficient [between gravity and water table level]

in a physical way is problematic and only valid if the correlation

between groundwater and other water storages can be neglected or

the water mass variations in all other storages are small compared

to the groundwater mass variation’. One may also add that the as-

sertion is valid if WSC in other storages are known and their gravity

effect can be calculated and removed from the regression analysis.

At the field scale, Sy estimates are derived from classical hydrolog-

ical experiments such as pumping tests or water budgets estimates.

More recently, the emerging geophysical method of Magnetic Res-

onance Soundings (MRS) which determines a ‘MRS water content’

parameter (θMRS) was also used for estimating Sy (Healy & Cook

2002; Vouillamoz et al. 2005; Boucher et al. 2009). Comparing

Sy obtained from pumping tests to θMRS, these authors observed

lower Sy values with respect to θMRS, as summarized by the study

of Vouillamoz et al. (2012) who found Sy/θMRS = 0.4 for a clayey

sandstones aquifer in Northern Cambodia.

In this paper, we present an AG survey carried out in a tropical

weathered hard-rock unconfined aquifer context of subhumid West

Africa (Nalohou, Benin: 1.6056◦E–9.7424◦N) during 3 yr (2009–

2011) using high accuracy FG5 measurements (four measurements

a year). These measurements have been carried out in the framework

of the GHYRAF (Gravity and HYdRology in AFrica) project that
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Figure 1. Study area, measurement settings: gravimeters (FG5 and SG) and their shelters. Neutron probe borehole and observation well are respectively located

9 and 7 m to the FG5 location. The circle shows the 100-m radius zone of influence for gravity variations at the FG5 site. Google Earth image, 2010 February

4.

aims at evaluating the ability of AGs to measure water storage varia-

tions in West Africa (Hinderer et al. 2009; Hinderer et al. 2012). This

project studies the strong seasonal monsoon signal within different

aquifers (sedimentary in Niger and weathered hard rock in Benin)

and climatic contexts (Sahelian and Sudanian zones). We also used

the intensive hydrological monitoring that has been carried out at

Nalohou site since 1992 in the frame of the AMMA-Catch long-

term observing system (www.amma-catch.org; Lebel et al. 2009),

which is an observatory of RBV (Réseau des Bassins Versants), the

French critical zone exploration network (rnbv.ipgp.fr). The data

are available upon request via the AMMA-Catch online database

(http://database.amma-international.org/).

The objective of this study is to compare absolute gravity mon-

itoring with seasonal WSC deduced from independent hydrologi-

cal data (neutronic measurements and water-table levels). This is

achieved through a direct modelling of the gravity variations in-

duced by WSC. First, we evaluate the observed gravimetric vari-

ations against an integrative WSC model obtained with neutronic

measurements from a single borehole that samples the whole pro-

file (from surface down to the lowest level of the water table).

Secondly, in order to take into account the spatial variability of Sy

in this weathered hard-rock context, we distinguish between two

layers to calculate the WSC: a shallow layer never saturated where

WSC are deduced from neutron probe (NP) measurements and a

deep layer where we use water-table data and a spatial distribution

of Sy. The 2-D model for Sy is obtained by coupling resistivity

mapping and MRS measurements that are scaled with a simple fac-

tor (α). The value of α is obtained with a Monte–Carlo sampling

approach, minimizing the RMSD between modelled and observed

gravity variations.

2 S T U DY A R E A

The Upper-Ouémé catchment in northern Benin (14 000 km2) is a

humid Sudanian area. It has been chosen for hydrological moni-

toring and accurate water budget estimations in the frame of the

AMMA-Catch multidisciplinary project. A dense monitoring net-

work dedicated to water redistribution processes studies has been

developed since 2003 on a small, embedded, microcatchment close

to the village of Nalohou (22.6 ha, Fig. 1), well suited for grav-

ity measurements (Hinderer et al. 2012). Mean annual rainfall is

1195 mm yr−1 (over the period 1950–2004) at the Djougou weather

station—8 km from the Nalohou site—(Kamagaté et al. 2007) and

mean annual reference evapotranspiration is 1393 mm (over the pe-

riod 2002–2006 at the Djougou weather station; Séguis et al. 2011).

The Nalohou site has been equipped with observation boreholes

(water table and neutronic measurements) and complementary geo-

physical surveys (electrical methods, MRS) have been undertaken.

This contributed to some understanding of the prevailing hydrolog-

ical processes and first estimates of the hydrological budget terms:

the two main terms of the annual water budget are evapotranspi-

ration (75–90 per cent of total rainfall amount) and streamflow

(10–15 per cent). The residual term forms the interannual under-

ground water storage variation (Kamagaté et al. 2007; Guyot et al.

2009; Descloitres et al. 2011; Séguis et al. 2011).

The unconfined aquifer is located in a weathered layer 7–22 m

thick (Kamagaté et al. 2007; Descloitres et al. 2011) over a fresh

metamorphic basement (gneiss, micaschists, quartzites). Geological

structures are north–south oriented, and the mean dip angle is 20◦

east. Regional soils are of ferruginous tropical leached type, but

slightly vary depending on the topography and local basement.

Groundwater recharge occurs by direct infiltration of rainfall water

through the VZ during the rainy season.

The land cover in the vicinity of the gravimeter is governed by

crop (maize, sorghum, manioc and yam) and fallow rotations with

some remaining trees (Parkia biglobosa, vitellaria paradoxa, adan-

sonia digitata) kept for consumption purposes and a small cashew

trees (Anacardium occidentale) orchard. Fallow is composed by

trees (e.g. Isoberlinia Doka) and herbaceous cover, and the latter is

usually burnt at the beginning of the dry season.

FG5 measurements are undertaken within a 3 × 4 m2 shelter,

close to another shelter for the SG. NP borehole and observation

well (OW) are respectively located 9 and 7 m to the FG5 location

(Fig. 1c). FG5 measurement site is located on the crest of a gentle

sloping hill as shown by contour lines (Fig. 1a).

Except for large towns (such as nearby Djougou), the socioeco-

nomical activity of the region is mainly rural, and the population

density is close to 30 inhabitants per km2, with an annual growth
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of 3.48 per cent (1992–2002; Direction des études démographiques

2003). As there is almost no irrigation (rain-fed crops) so far, water

consumption is mainly domestic, through the use of village wells,

and is negligible in the water budget (about 0.2 mm yr−1, on a basis

of 20l per inhabitant per day; Séguis et al. 2011).

3 H Y D RO M E T E O RO L O G I C A L

M O N I T O R I N G

Rainfall is monitored by a tipping-bucket raingauge located 100

m away from the FG5 measurement site (Fig. 1a). Cumulative and

daily rainfall are shown on Fig. 2b and exhibit the seasonal rainfall

pattern characteristic of the West African monsoon with wet and

dry seasons. About 60 per cent of the total annual amount falls be-

tween July and September (Kamagaté et al. 2007). The interannual

variability of rainfall is very marked in this area (e.g. Le Barbé et al.

2002; Le Lay & Galle 2005), and explains the divergence of these

annual rainfall amounts with the mean calculated over a longer pe-

riod (see section Study area), especially for 2009 and 2010 which

were two particularly wet years.

Water table is measured every 2 d in a 10 m-deep OW at about

7 m of the FG5 measurement site since 2009 March (Fig. 1c).

Other OWs located in the surroundings show similar variations in

amplitude and phase. WSC in the WTFZ (W SCP , [L]) are linked

to water-table variations (1h, [L]) through the specific yield Sy,

using

W SCP = Sy1h. (1)

Water-table time-series is shown in Fig. 2a. Maximal water-table

depth occurs at the end of June/early July and is 6.3 m in average.

The increase of minimum storage from 2008 to 2010 is probably

linked to an early start of the rainy season and high annual rain-

fall in 2009 and 2010 as shown in Fig. 2(b). The late onset of the

rainy season in 2011, after the wet year of 2010 is responsible for

the drop in the minimum storage in 2011 June. These observa-

tions clearly show important interannual storage variations. Note

that the thickness of the never-saturated VZ is about 1.7 m. From

September to the following June, the groundwater depletion rate is

regular and slow (12 mm d−1). It has been shown that permanent

groundwater does not drain into rivers through baseflow, instead

groundwater depletion during the dry season (as in Fig. 2a) is more

likely explained by root water uptake, even if deep drainage through

fracture zones has not been discarded so far (Séguis et al. 2011).

Another borehole located about 100 m from the gravimeter shows

very similar water-table variations (less than 10 cm difference for

the seasonal amplitude of about 4 m for the years 2009–2010, and

much more, about 70 cm for the much drier year 2011—not pre-

sented in the study—and for which we suspect some problems).

Another borehole also located about 100 m from the gravimeter,

does exhibit similar water-table variations (less than 30 cm differ-

ence on the seasonal amplitude). This indicates that there are some

small spatial variations of the water table, yet not directly linked to

the topography or to a possible base level.

4 WAT E R S T O R A G E M O N I T O R I N G

4.1 Method

About 9 m close to the OW is another 7.5-m deep borehole, but en-

closed at its bottom, in which weekly measurements of soil moisture

[θ,(%)] by NP are undertaken since 2009 March. For further details

on NPs, the reader is referred to the IAEA training courses (IAEA

2003). Neutronic measurements are neutron counts measured in

each layer of material and normalized by neutron counts acquired

in the standard medium, that is, a water tank, giving counting rates

(C R). Calibration is needed to transform these counting rates into

Figure 2. Hydrological data. (a) Water-table time-series. (b) Rainfall data: daily (blue) and cumulative (black). There is a gap in the rainfall data in 2011 May,

but regional data show a deficit with respect to past years.
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soil moisture. Water contents were obtained by weighting drilling

residuals from each depth (i.e. 0.15, 0.3, 0.5 m and every 0.5 m

down to 7.5 m) during the drilling process to avoid any loss of wa-

ter, and by further weighting these samples (about 100 cm3) after

they have been dried in an oven. Dry bulk densities were obtained

from gamma-probe measurements at same depths and were used to

get volumetric water contents. After each drilling, a 63-mm diam-

eter PVC access tube (enclosed at its bottom) was tight fitted into

the borehole (65 mm diameter). The eventual thin gap between the

tube and the surrounding soil was filled with fine drilling cuttings.

NP measurements were undertaken immediately after the drilling,

at the end of the day and the following day. This was done to check

if there was no further evolution of the CRs after the drilling, may

be due to the closing of some cavities around the access tube in

soft areas. If none was detected, and no rain happened in between,

the CR associated with the calibration was the mean of the three

measurements. After calibration, WSC[L] are deduced from the NP

moisture variations (1θ ) using the formula

WSC = l1θ, (2)

where l[L] is the investigated thickness (IAEA 2003).

Calibration curves are inferred from recent drillings of about

33 boreholes in 2011 April (dry season), and subsequent calibra-

tion drillings in following September (wet season), resulting in 775

(C R, θ ) couples. These couples have been associated to three qual-

itatively defined textural classes based on drill logs analysis. The

calibration curve has been inferred for each class, based on the

assumption that in such a heterogeneous medium (weathered hard

rock), equivalent physical properties can be defined for major units.

The three different classes are: soil, lateritic layers and alterite. Clas-

sification of each layer has been undertaken qualitatively according

colour and texture of cuttings (Fig. 3a).

Statistical parameters of the regression analysis for each class

have been used to calculate error estimations on water storage

variations, following an approach that takes into account covari-

ance terms between horizons that have the same calibration curve

(Vandervaere et al. 1994). The total variance σ 2(WSC) of storage

variations inferred from NP measurements between two dates is

given by

σ
2 (WSC) = σ

2
I (WSC) + σ

2
c (WSC) + σ

2
int (WSC) , (3)

where σ 2
I (WSC), σ 2

c (WSC) and σ 2
int(WSC) are the total variance on,

respectively, the instrument measurement, the calibration and the

integrative method used to interpolate between investigated depths

(here we use the trapezoidal method).

NP calibration is based on a linear relationship between counting

rates [C R(%)] and water content [θ(%)]:

θ = a + C R · b. (4)

4.2 Results

Calibration results are shown in Table 1. Corresponding regression

analysis is shown in Figs 3(b)–(d) for each class. Only the borehole

close to the gravimeter is used in this study because others are too

recent and do not cover the time period of the study.

Soil moisture evolution is shown on Fig. 4, together with the

water-table level and daily rainfall. High frequency variations (up

to a few days) are not present because of the sampling rate of NP

measurements (about 1 week, with some gaps). After a rain event,

the top soil rapidly dries out, by evapotranspiration and infiltra-

tion. Top soil moisture increases when the first consequent rains

fall and water-table rise when water infiltrates deep enough, with

a time lag of up to 3–4 months (e.g. the increase in NP-derived

Figure 3. (a) Drilling log of the NP borehole and (b), (c) and (d) calibration regressions for each layer. Dotted lines represent the 1σ confidence interval.
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Table 1. Results of NP calibration for each class. m is the number of couples used for calibration, using the

equation θ = a + CR·b + eσ (CR,θ ) is the covariance between counting rates (CR) and moisture contents (θ ),

σ
2() are variance terms for each parameter of the regression analysis and σ (a,b) is the covariance between a

and b.

Type m σ (CR,θ ) b a σ
2(e) σ

2(b) σ
2(a) σ (a,b)

Soil 142 0.0058 3.15E-01 −1.20E-03 1.80E-03 6.76E-04 7.12E-05 −2.19E-04

Laterite 260 0.0045 3.71E-01 −5.54E-02 1.40E-03 4.65E-04 1.24E-04 −2.41E-04

Alterite 373 0.0078 3.51E-01 −5.83E-02 2.00E-03 2.36E-04 7.07E-05 −1.29E-04

Figure 4. Time-depth evolution of water content derived from NP monitoring. Solid black line is the water-table level and daily rainfall is shown on an

independent axis.

Figure 5. NP derived WSC and associated date-to-date errors.

storage in 2010 May has no obvious consequence on the water-

table level). Noise in the data can be observed in the saturated zone,

for which water content is supposed to remain constant. The up-

per part of the profile exhibits a higher water content, as can be

expected from this weathered hard-rock basement context. During

the dry season, storage variations in the WTFZ (i.e. below 1.7 m)

are related to drainage process as evidenced by the analysis of

suction data from nearby tensiometers. The two recession periods

(from 2009 September to 2010 May and from 2010 September

to 2011 July) produce seasonal WSC in the WTFZ of 117 and

125 mm, respectively. Once divided by the associated thickness,

this gives average water content variations of 2.8 and 2.9 per cent,

respectively. Because water content variations in the WTFZ during

these recession periods are caused by drainage process, these val-

ues provide an estimate of vertically averaged Sy value at the NP

location.

WSC shown on Fig. 5 are cumulative storage variations with

respect to the first value that is set to 0. Error bars are calculated on

Table 2. Mean standard deviations of WSC from NP measurements:

σ (WSC), σI(WSC), σc(WSC) and σint(WSC) are mean standard devi-

ations on respectively the derived WSC, the instrument measurement,

the calibration and the integrative method used to interpolate between

investigated depths (here we use the trapezoidal method).

σ (WSC) σI(WSC) σc(WSC) σint(WSC)

11.6 ± 10 mm 0.16 ± 4.10−3 mm 0.6 ± 0.4 mm 11.6 ± 10 mm

a date-to-date storage variations basis. Standard deviation for WSC

is in average 11.6 mm of equivalent water height when all possible

couples of the time-series are analysed statistically, and is largely

coming from the integration error (Table 2).

NP data show seasonal WSC (Fig. 5) ranging from about 150 mm

for the wet season in 2010 to 250 mm in 2009. In this direct recharge

context, the onset of the humid period is seen earlier in the NP data

than in the water-table record.
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5 R E S I S T I V I T Y A N D M R S S U RV E Y S

For delineating structures of the subsurface in the surroundings of

the gravimeter, Descloitres et al. (2011) have surveyed a 300 ×

300 m2 area using surface geophysical methods. To summarize this

study, each geological formation and their respective weathered

layers have been identified using a geological survey, resistivity

methods and several MRS. Apparent resistivity mapping has been

achieved using a Schlumberger array profiling survey with electrode

spacing of 20 m, allowing to associate the mapping to the shallowest

part of the aquifer. The apparent resistivity map is shown in Fig. 6.

Apparent resistivity displays strips with a North–South orientation

indicating roughly a 2-D spatial distribution of the corresponding

weathered formations. Very clayey zones (conductive) are present

jointly with more resistive ones, attributed to low weathered rocks.

Because the water content is difficult to quantify with resistivity

only, the strips have been investigated using MRS in order to char-

acterize their MRS properties.

The MRS method is based on the property of the nuclei of the

hydrogen atoms (protons) in water molecules to have a magnetic

moment that can be excited with an alternative magnetic field gen-

erated by loop cable laid out on the surface. When the applied

field is cut off abruptly, the protons go back to their initial posi-

tion. Doing so, they generate a relaxation secondary magnetic field,

recorded by the instrument. This is the measurement principle of

MRS method detailed in numerous publications (see e.g. Legchenko

& Valla 2002). The geophysical parameters derived after interpreta-

tion are the MRS water content, θMRS, and the relaxation times, T ∗

2

and T1, versus depth. θMRS is defined as the volume of water per unit

volume with decay time constant higher than 30 ms (Legchenko

et al. 2002). Signal from very clayey formations with too short de-

cay time constants (bound water) are not recorded. θMRS can give

an estimate of the effective porosity, if dead-end and unconnected

pores can be neglected (Lubczynski & Roy 2005). Both T ∗

2 and

T1 are linked to the mean pore size containing water (Kleinberg

1996; Kenyon 1997; Legchenko & Valla 2002). The location of

MRS loops (8-shaped geometry due to noise removal procedure) is

shown in Fig. 6. MRS show θMRS values ranging from 1.5 to 10 per

cent in the study area, enlightening the strong spatial heterogeneity

of the medium (Descloitres et al. 2011). Thus, it has been learnt

from this survey that Sy could vary a lot from place to place and

this spatial variation should be considered instead of a 1-D layered

subsurface while analysing the gravimeter signal.

6 G R AV I T Y M O N I T O R I N G

Absolute gravity measurements were done on a concrete pillar of

1 m3, uncoupled with the shelter basement. The apparatus settings,

measurements protocol and applied corrections are the same as pre-

sented by Pfeffer et al. (2011). Several series of data sets, each one

consisting of 100 drops of the corner cube every 10 s, produce raw

gravity values that are corrected for temporal effects, and averaged.

Corrections include solid earth tides (tidal parameters from ET-

GTAB software; Wenzel 1996), ocean loading (Schwiderski 1980),

air pressure effects (using barometric in situ measurements, and a

regression coefficient of −0.3 µGal hPa−1) and polar motion contri-

bution from pole positions given by the international earth rotation

service, IERS (http://www.iers.org).

At short timescales, the earth can be considered as an elastic body,

hence WSC produce two main effects (Farrell 1972; Jacob 2009): (i)

a direct Newtonian effect from the attraction of masses, (ii) elastic

deformation. The latter implies two effects on the earth gravitational

field: a free-air effect from the radial displacement of the observation

point and global mass redistributions. In order to evaluate local WSC

(and compare results to local hydrological monitoring), we need to

correct gravity data for the non-local contribution. Following Pfeffer

et al. (2011), we evaluate large-scale effects using the Global Land

Data Assimilation System (GLDAS/Noah) model by Rodell et al.

(2004). We use soil moisture (from surface down to 2 m depth), snow

and canopy water outputs provided with 3 hr and 0.25◦ temporal and

spatial resolutions, and over all continental surfaces. The convolu-

tion of these global soil water content estimations with the Green’s

functions for Newtonian and deformation responses on a spherical

non-rotating, elastic and isotropic (SNREI) Earth model gives the

total gravity variations (Boy & Hinderer 2006). These calculations,

together with atmospheric and oceanic loading, can be found in Boy

(2012) for the Global Geodynamics Project (GGP) sites, including

Figure 6. Geophysical data: apparent resistivity mapping and MRS measurements. Numbers are MRS water contents θMRS. The circle shows the 100-m radius

zone of influence for gravity variations at the FG5 site. MRS soundings are 8-shaped cable square loops.
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Figure 7. FG5 gravity data: raw (classical corrections applied) data in black, corrected for non-local contribution in red. Absolute values are obtained by

adding 978033590.4 µGal. In background and light grey is water-table depth, plotted on an independent axe.

Nalohou. Permanently ice-covered areas (Greenland, Alaska and

mountain glaciers) have been masked out and the conservation of

the total water mass has been enforced by adding/removing a uni-

form oceanic layer compensating any lack/excess of water over

land. As described in Spratt (1982) or De Linage et al. (2007), the

Green’s functions have a Newtonian term (the direct attraction of

the load) and an elastic, deformation-induced term. The former is

also the sum of two contributions, local and global. The local term

is equal to the Bouguer analytical expression (i.e. see eq. 5 in the

next section). The contribution of continental water storage within a

range of a several tens of kilometres around the station is negligible

if we assume a thin layer load acting on a spherical earth. In this

case, the water masses are at a similar height than the gravimeter,

and the vertical attraction is almost null (Llubes et al. 2004). We

correct gravity observations for the non-local contribution, by con-

volving the corresponding Green’s functions with the outputs of the

GLDAS/Noah global hydrology model.

Gravity measurements started in 2009 July, with a rate of four

measurements per year. Dates have been selected according to the

hydrological cycle: at the end of June and early July, the water table

is the lowest. The corrected gravity values and associated standard

deviation during 3 yr from 2008 July to 2011 July are presented

in Fig. 7, together with their values corrected for the non-local

hydrological component. As shown by a recent study in Niger, the

local and non-local hydrology contributions are in phase, the non-

local one being about 20 per cent of the total effect (Pfeffer et al.

2011). Hence, the correction for the non-local hydrology reduces

the amplitude of gravity variations of local origin. In the background

of Fig. 7 is shown the water-table depth, on an independent axis.

This allows to roughly compare the phase of the two signals: when

groundwater recharge occurs (between July and September), there

is a strong increase in gravity (around 10 µGal). One sees mainly

the seasonal term since the lack of higher frequency gravity data

sampling avoids finer comparisons.

7 G R AV I M E T R I C A L M O D E L I N G

Direct modelling of the gravitational effect of WSC (1g[LT −2])

can be achieved at first order by applying the ‘Bouguer plate’

model:

1g = 2πρG H, (5)

where ρ is the density of water [ML−3], G is the gravitational con-

stant [L3M−1T−2] and H is the thickness of an infinite water layer [L].

This analytical expression can give satisfactory results in the case

of a flat topography. In order to account for topographic effects,

and for spatial heterogeneity of the specific yield, we use in this

study a 3-D prisms model built from the prism equation provided

by Leirião et al. (2009). The terrain has been discretized in prisms

according to the topography using a local DEM (Digital Elevation

Model) built from a network of points measured with differential

GPS. The density of points is higher close to the gravimeter. DEM

accuracy (Table 3) is derived from 1000 sets of control points ran-

domly picked from the data set. In the region spanning 300 m around

the SG, mean RMSD of DEMs with grid sizes varying from 5 to

20 m is about 0.1 m. The accuracy decreases with the spatial ex-

tent because of the lower density of points. Using this modelling

approach, we simulated the effect of a 1-m thick layer of water dis-

tributed according to the topography, using 10 × 10-m2 grid cells

and obtained 44.5 µGal at the gravimeter measurement site. This

Table 3. DEM accuracy estimates. Mean and standard deviation values are calculated from 1000 sets of control

points for each grid centered on the FG5 point.

Grid size (m) Spatial extent (m) Data points Control points Mean (RMSD) (m) Std (RMSD) (m)

5 600 941 100 0.1 0.03

10 600 941 100 0.1 0.02

20 600 941 100 0.12 0.02

40 600 941 100 0.17 0.03

5 2000 2447 100 0.31 0.06

10 2000 2447 100 0.34 0.07

20 2000 2447 100 0.448 0.08
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Figure 8. Ratio between the gravity effect of a 1 m layer of water in a disk

centred on the FG5 with increasing radius and the gravity effect of a 1 m

layer of water in a 2000-m diameter disk. Results are shown for different

depths.

is slightly more than the 42 µGal derived from the Bouguer plate

analytical expression, implying a small role (about 6 per cent) of

the topography with respect to a flat model. The effect of the to-

pography, in this case, results in a higher gravity variation than for

the Bouguer plate. This is because the gravimeter is located on top

of a hill, and more masses than in the plane geometry are located

‘underneath’ the gravimeter, thus increasing the vertical component

affecting the gravity measure. For instance, Creutzfeldt et al. (2008)

found a higher value of 52 µGal for SG Wettzell observatory in Ger-

many. The gravity effect of a 1-m thick layer of water at 1, 3 and

6 m deep with respect to the topography has been calculated with

different grid sizes (5, 10, 20, 30 and 40 m) from the same DGPS

data set. Discrepancies in gravity never exceed 2 per cent between

all different grid sizes (largest discrepancies being between the 5 m

and the 40 m). This very high accuracy obtained even with coarse

grids is due to the very flat terrain, with almost no high frequency

variations.

The 100-m footprint area of the gravimeter, such as shown on

Fig. 1a, is calculated from the ratio between the gravity effect of

a 1 m layer of water in a disk centred on the FG5 with increasing

radius and the gravity effect of a 1 m layer of water in a 2000-m

diameter disk. This is shown on Fig. 8. 90 per cent of the signal

modelled up to a radius of 1000 m come from a disk of 40 m for the

1-m deep layer of water (2.5 m below the FG5), 60 m for the 3-m

deep layer of water (4.5 m below the FG5), 80 m for the 5-m deep

layer of water (6.5 m below the FG5) and 85 m for the 6-m deep

layer of water. The 100 m radius corresponds to 92 per cent of the

signal modelled up to a radius of 1000 m for the 5-m deep layer of

water, which is about the average water-table level.

This model has been applied for the two goals of the present

study: (i) to compare and cross-validate NP and FG5 data; (ii) to

account for spatial heterogeneity of the specific yield.

7.1 Error assessment

In the following, the relevance of the fit between observed (1gFG5)

and modelled (1gm) gravity variation is assessed using the RMSD

equation

RMSD =

√

∑n

i=1(1gFG5,i − 1gm,i )2

n
, (6)

where n is the number of available time steps.

Variances on observed absolute gravity values are obtained from

the distribution of hourly set values for each experiment. Variances

on gravity variations are obtained from the summation of respective

variances for consecutive data points.

8 J O I N T A NA LY S I S O F DATA S E T S :

M E T H O D S

8.1 Comparison of NP and FG5 data

Because NP measurements are made in a single borehole, a 1-D ge-

ometry is applied in the first step of this modelling approach. Water

content measurements by NP in the 0–7.5 m layer are uniformly ap-

plied for each grid cell of the model, accounting for topography. Let

G[WSC(t)] be the transformation of the storage variations through

time to gravity variations. Hence,

1gm(1t) = G
[

WSCNP(0−7.5m) (t)
]

, (7)

where WSCNP(0−7.5m)(t) are the storage variations measured by NP

through the whole vertical profile where storage variations actually

occur, and 1gm is their modelled gravity effect. The latter is com-

pared to FG5-derived gravity variations, and relevance of the fit is

evaluated with the RMSD (eq. 6).

The instrument is protected by a 12 m2 shelter. This modifies the

local infiltration in the vicinity of the instrument (‘mask effect’), and

consequently the lack of close infiltration has been evaluated. This

mask effect is taken into account by considering two extreme cases,

(i) no soil moisture variations underneath the shelter, or (ii) they

are exactly the same as without shelter. The first case is obtained

by subtracting to the total modelled signal the gravity effect from

WSC occurring underneath the shelter.

One should keep in mind that FG5 measurements are spatially

integrated, while NP produces point-measurements. The 1-D as-

sumption made here can be inappropriate because 2-D structures

have been evidenced with surface geophysics.

Error assessment

The confidence interval on modelled gravity variations is simply

calculated as the gravity effect of the NP-derived storage time-

series; with ±1σ uncertainty in NP values (as shown on Fig. 5,

calculated using eq. 3).

8.2 2-D model for specific yield

The water-table fluctuations can be considered as representative over

the 100 m radius around the FG5 site, as confirmed by the similarity

exhibited by different water-table measurements carried out close

to the site. Considering water-table fluctuations in the saturated

zone of the model allows hence to account for spatial variability

of the storage through Sy mapping. For unconfined aquifers, mass

variations in the saturated zone are directly linked to the specific

yield. Its value and spatial distribution control the amount of water

that produces gravity variations (Pool & Eychaner 1995). A 2-D

model for θMRS is shown in Fig. 9. Cells size is 20 × 20 m2 large

in the vicinity of the gravimeter and 50 × 50 m2 further away.

Taking smaller cells had no influence, because of the relatively

flat topography (see Section 7). Also, the resolution of resistivity

mapping is not precise enough to describe a possible structure for

θMRS at finer scales.

Numerous studies showed that θMRS is somewhat different from

Sy (Vouillamoz et al. 2005; Boucher et al. 2009; Vouillamoz et al.

2012) and rather close to the effective porosity, defined as the portion
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Figure 9. 2-D model for θMRS obtained through the spatialization of MRS

water contents using resistivity mapping and geological observations. The

circle shows the 100-m radius zone of influence for the FG5 gravimeter.

of a medium that contributes to the flow and advective transport

(Lubczynski & Roy 2005). Knowing this, we scaled the 2-D model

by a factor α, using

Sy = αθMRS (x, y) , (8)

where θMRS(x, y) stands for the spatial distribution of the MRS

water content.

Gravity variations from the WTFZ and the VZ are modelled by

1gm (1t) = G
[

1hαθMRS (x, y) + WSCNP(VZ) (t)
]

, (9)

where 1h is the water-table variations uniformly distributed accord-

ing to the topography. It is then possible to optimize the α parameter

(eq. 9) with respect to FG5 data, minimizing the RMSD (eq. 6).

It is also possible to derive a 1-D equivalent Sy parameter, by

adjusting a single value of Sy over the whole area without taking

into account the spatial variability. To derive a 1-D equivalent Sy

value is highly interesting for hydrological models, or for any further

attempt to use gravity data as a proxy for water storage monitoring.

8.3 Error assessment

Variances on modelled gravity variations are estimated for the two

contributing compartments (WTFZ and VZ). For the WTFZ, water-

table measurements can be considered to be quite accurate. If we

hypothesize an uncertainty of 1 cm on the reading, with an average

Sy value of 5 per cent, this leads to a 0.5 mm error on storage

estimation, which is insignificant compared to NP measurements

errors (as shown on Table 2). However, spatial variations of the water

table in the vicinity of the gravimeter site are not taken into account

in this study. As specified in Section 3, other boreholes exhibit

similar variations, and discrepancies seem not to be correlated to

spatial variations of θMRS, as one could expect a correlation between

water-table levels and Sy. For the VZ (the 0–1.7 m layer), standard

deviations on NP-derived storage variations are obtained using eq. 3.

Then, their gravity effect has been calculated using the present

model.

To get the best-fitting α value, a simple Monte–Carlo approach

is adopted: 40 000 sets of (modeled VZ gravity contribution, ob-

served FG5 data) scattered couples are randomly sampled within

their distribution in both dimensions, assuming they are normally

distributed. These distributions are defined by their mean values

and standard deviations based on the error assessments of observed

gravity variations and modelled VZ contributions. For each set, the

contribution of the WTFZ is added by testing a range of α values.

The best-fitting α for each set is found by minimizing the RMSD

(eq. 6). We eventually obtain both the mean value and standard

deviation of the resulting α distribution.

9 J O I N T A NA LY S I S O F DATA S E T S :

R E S U LT S

9.1 1-D model: cross-validation of NP and FG5 data

The first result of this study arises from the comparison of grav-

ity data with direct water content measurements by NP in the 0–

7.5 m layer (the whole profile where WSC occur), from which

the gravity effect is calculated using the aforementioned model

(Fig. 10). In this figure, as we are dealing with storage variations,

each modelled time-series is vertically shifted with an offset that

minimizes the distances to FG5 data points. When considering the

mask effect of the shelter (i.e. no WSC underneath the shelter), the

Figure 10. FG5 data (red points with error bars) and gravity modelling of NP-derived storage variations (black line). Light black curves show the confidence

interval at ±1σ . Dashed blue curve takes into account the mask effect of the shelter (i.e. no WSC underneath the shelter).
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calculation produces a time-series that remains most of the time

within the error bars of the former (blue curve in Fig. 10). The

comparison shows a fair agreement when considering respective

error bars (RMSD = 1.61 µGal). Discrepancies between gravity

measurements and the water storage model made out of point mea-

surements can be related to the non-representativeness of the NP

data (point measurements in a specific borehole) with respect to the

larger zone ‘seen’ by the gravimeter. This is particularly true in case

of strong local heterogeneities. Hence, the next step is to introduce

the spatial distribution of θMRS, known to be close to Sy.

9.2 2-D model and specific yield estimation

Fig. 11 shows the results of the 2-D model for specific yield (black

curve), derived from MRS and resistivity mapping, assuming that

θMRS = Sy (i.e. α = 1). The gravity data, within their standard de-

viation, are not so well adjusted to the modelled water storage vari-

ations, particularly for the ‘wet’ point in 2010 and the two points in

2009 April and July. The black curve comes from the summation

of two contributions, the VZ and the WTFZ. Relative contributions

from the VZ and the WTFZ are 20 and 80 per cent, respectively, en-

lightening that now 80 per cent of the model does account for spatial

heterogeneities of the specific yield. Furthermore, the underlying as-

sumption of spatial homogeneity in the upper (VZ) layer needs to be

valid in a smaller area (see Fig. 8). The RMSD of the fit is 2.5 µGal,

and associated scatter plot is shown on Fig. 12(a) (black points).

Recent data from six other NP boreholes located within the 100

m radius of influence of the gravimeter indicated a mean seasonal

amplitude in the VZ of 74 ± 10 mm for the 2011–2012 hydrological

year. This standard deviation of 10 mm of equivalent water thick-

ness corresponds to 0.44 µGal when using the linear relationship

of 0.044 µGal mm–1 (see Section 7). This is small compared to the

seasonal signal, and to the RMSD of the fit, assuming little impact

of using a single borehole for the VZ.

The WTFZ can produce the same contribution if we consider

a uniform model of θMRS equ1-D = 0.07. This value is retrieved by

assuming an homogeneous layer with a constant specific yield value

in the WTFZ, and testing a range of values until the same curve as the

one coming from the spatial model θMRS(x, y) with α = 1 (Fig. 11)

is qualitatively found (i.e. results with = 1 are exactly the same

as when using a uniform layer with Sy = 0.07). This value can be

seen as an averaged θMRS within the footprint area of the gravimeter,

somehow weighted by an inverse square distance function.

When using the 2-D model (eq. 9), it is thus possible to find

the optimal α value, with respect to gravity data, by minimizing

the RMSD (eq. 6). Results are shown on Fig. 11 (blue line) for

the time-series, and on Fig. 12(a) (blue points) for the fit between

Figure 11. FG5 data (red points with error bars) and gravity modelling of hydrological effect: black and blue curves are the sum of the VZ contribution and

the WTFZ contribution with respectively the spatialized θMRS, with α = 1 (black), or with the best-fitting α value (blue).

Figure 12. (a) Scatter plot of gravity variations (model and data) for both the distributed model θMRS(x, y) with α = 1 (black points) and the best-fitting α

value (blue points) and respective error bars. (b) Distribution of optimized α values for the 40 000 sets of (modelled VZ gravity contribution, observed FG5

data) scattered couples.
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observed and modelled gravity variations. Blue points are closer to

the y = x line than black points, with a RMSD value of 0.94 µGal.

They show a better agreement with FG5 data than both the spatial

θMRS(x, y) (α = 1) model and the 1-D uniform (NP) model.

The distribution of best-fitting α values following the Monte

Carlo sampling scheme is shown on Fig. 12(b). Results seem nor-

mally distributed, and mean α value is 0.63 with a standard deviation

of 0.15.

1 0 D I S C U S S I O N

10.1 Storage variations

For the first time, gravity variations are compared to WSC measured

by NP through the whole vertical profile, including the WTFZ.

Integrative (100 m radius) gravity measurements show a good fit

with modelled gravity from NP point measurements under the 1-D

uniform assumption. Discrepancies between modelled and observed

gravity variations (RMSD = 1.61µGal) may arise from the strong

heterogeneity of the investigated medium. The modelled shelter

effect (no WSC underneath the shelter) provides a time-series that

is very close to the unmasked one. Furthermore, because we focus

on the seasonal scale (3 months sampling rate for the FG5 data),

it is very likely that redistribution of water underneath the shelter

occurs, minimizing this mask effect.

However, both time-series fit within their own error bars, provid-

ing us with a new validation of gravity data potential for hydrolog-

ical studies. This validation of WSC quantification using absolute

gravity data allows some comparisons with previous studies. For

instance, daily gravimetric decrease rates during the dry season (de-

duced from gravimetric measurement in September and January) are

of about 0.05 − 0.08µGal d−1, that is to say, 1.1 − 1.8mm d−1. This

is in fair agreement with evapotranspiration values obtained during

the dry season by scintillometry (Guyot et al. 2009), or by hydrolog-

ical budget studies (Séguis et al. 2011) on this same study area, but

with a microbasin wide (22.6 ha) spatial extent. Also, gravity data

give us information about the interannual storage variations: min-

imum storage increased from 2008 to 2010 (1.7 ± 1.1µGal yr−1),

comparatively with water-table levels (Fig. 4), and resulting from 2

wet years.

10.2 Specific yield and MRS water content

An attempt to account for spatial heterogeneity of specific yield has

been made on the basis of MRS and resistivity mapping. A single

gravity time-series is in no way able to constrain such a spatial

distribution. However, the lower RMSD value (Table 4) of this

approach, with respect to the 1-D assumption, seems to confirm

the interest of the method that combines hydrological data and

geophysical survey for retrieving WSC.

Deriving the best-fitting α parameter means retrieving the α =

Sy/θMRS ratio for the footprint area of the gravimeter, some-

how weighted by an inverse square distance function. Vouillamoz

et al. (2005) for crystalline basement aquifers in Burkina Faso and

Boucher et al. (2009) for sedimentary aquifers in SW Niger showed

that θMRS was higher than Sy obtained by pumping tests. The lat-

ter experiment has been confirmed by Pfeffer et al. (2011) when

they compared MRS data and Sy from gravity monitoring. This

is because θMRS is an estimate of the effective porosity rather than

specific yield (Lubczynski & Roy 2005). In the clayey weathered

rocks of this study, effective porosity should be clearly higher than

specific yield and thus θMRS higher than Sy (Vouillamoz et al. 2012).

These authors found Sy/θMRS = 0.4 for a clayey sandstones aquifer

in Northern Cambodia. We found that Sy/θMRS = 0.63 ± 0.15 thus

confirming previous results. The 1-D equivalent Sy value for each

model are shown on Table 4, and are consistent with the best-fitting

α value (α = Sy/θMRS = 4.4/7 = 0.63). Thus, a 1-D equivalent

value of 4.4 per cent is to be kept for the footprint area of the

gravimeter. This value can be compared to Sy values derived from

NP and water-table monitoring (see Section 4) during the two re-

cession periods: 2.8 and 2.9 per cent, although these are only valid

locally. Furthermore, both approaches have the limitation of pro-

ducing a vertically averaged value, which has practical interests for

hydrogeologists, but that may differ from the Sy of single layers.

This 1-D equivalent approach will serve further hydrological mod-

elling, and will be employed to monitor groundwater storage from

gravity data onsite.

10.3 Perspectives

Scarce absolute gravity data have proven to provide reliable estima-

tions on both water storage variations and specific yield estimates

when used jointly with complementary hydrological data. A SG is

available on site since the summer of 2010 and provides us with a

high precision (≈0.1 µGal) continuous time-series of gravity varia-

tions. Because of a strong initial drift in this relative gravimeter, data

were not available for the timespan of this study. However, they will

be used to achieve a precise monitoring of water storage variations,

both at seasonal scale and short timescale (rainfall event). Also,

microgravity relative measurements are currently undertaken to ex-

tend this data intercomparison to the small catchment surrounding

the FG5 site. They will be used to infer spatiotemporal variability of

recharge processes, and hopefully validating repeated microgravity

measurements for hydrological processes studies at the catchment

scale. They will also allow to further check the 2-D model of θMRS

described in this study.

As gravity observations allow to recover seasonal storage vari-

ations, they can effectively be used for recharge monitoring. This

study is currently undertaken, together with an analysis derived

from these field experiments to recover the time variability of the

specific yield. The field of hydrogravimetry proves to bring further

Table 4. RMSD, correlation coefficient and p value between observed and modelled gravity

variations for each model, and 1-D equivalent Sy for both the α = 1 and the best-fitting α

model.

Model 1-D NP 2-D θMRS(x, y)(α = 1) 2-D α = 0.63 ± 0.15

RMSD (µGal) 1.61 2.50 0.94

Correlation coefficient 0.97 0.97 0.98

P Value 2 × 10−5 7 × 10−6 2 × 10−6

1-D equivalent Sy (per cent) – 7 4.4
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insights for hydrologists by providing new kind of integrated obser-

vations, as long as non-hydrological components can effectively be

corrected from the signal.

1 1 C O N C LU S I O N

In this study, absolute gravity data from FG5 monitoring have been

compared to modelled gravity variations derived from WSC mea-

surements by NP and water-table level. Gravity data have been

corrected for solid earth tides, ocean loading, air pressure effects,

polar motion contribution and non-local hydrology and residuals

are associated to local WSC and show seasonal variations of up to

11 µGal. This is somewhat higher than gravity variations deduced

from NP only and distributed according to the topography, using

a 0.1-m accuracy DEM. NP data have the advantage to investigate

the whole profile where WSC occur in this weathered hard-rock

basement context. Drawbacks of comparing NP data to gravity data

are the local character of the former, with respect to the integrated

nature of the second.

Spatial heterogeneities of the WTFZ were taken into account in

the second part of this study, by scaling a factor of a 2-D model for

θMRS on the basis of gravity residuals. This resulted in a significant

decrease of the RMSD between gravity residuals and the modelled

signal and thus militates for the proper modelling of the spatial

distribution of WSC, especially in such heterogeneous medium.
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Creutzfeldt, B., Güntner, A., Vorogushyn, S. & Merz, B., 2010b. The benefits

of gravimeter observations for modelling water storage changes at the field

scale, Hydrol. Earth Sys. Sci., 14(9), 1715–1730.
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Kamagaté, B., Séguis, L., Favreau, G., Seidel, J.-L., Descloitres, M. &

Affaton, P., 2007. Processus et bilan des flux hydriques d’un bassin versant

de milieu tropical de socle au Bénin (Donga, haut Ouémé), Comptes
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a b s t r a c t

The increasing number of hydrogravimetry studies proves the rising interest of the hydrology com

munity toward this monitoring method. The accuracy of superconducting gravimeters (SG) potentially

allows the retrieval of small water storage changes (WSC) down to a few millimeters of equivalent water

thickness. However, the importance of corrections applied to SG data to achieve such a precision in

gravity residuals should be recalled. The Djougou permanent gravity station presented in this paper and

located in northern Benin, WestAfrica, provides a good opportunity to review these considerations. This

station is equipped since July 2010 with the superconducting gravimeter SG060 aimed at deriving WSC

at different timescales, daily to interannual. In this area, WSC are (1) part of the control system for

evapotranspiration (ET) process, a key variable of the WestAfrican monsoon cycle and (2) the state vari

able for resource management, a critical issue in storagepoor hard rock basement contexts such as in

northern Benin. The potential for deriving WSC from timelapse gravity data partly depends on environ

mental features such as topography and the instrument shelter. Therefore, this issue is addressed first,

with the background idea that such sensitivity analysis should be undertaken before setting up any new

instrument. In Djougou, local topography is quite flat leading to a theoretical straightforward relationship

between gravity changes and WSC, close to the standard Bouguer value. However, the shelter plays a sig

nificant masking role, which is the principal limitation to the retrieval of fast hydrological processes such

as ET following a rain event. Several issues concerning classical gravity corrections are also addressed

in the paper. These include gapfilling procedures during rainevents and drift estimates for short time

series. Special attention is provided to atmospheric corrections, and different approaches are tested:

a simple scalar admittance, a filtered scalar admittance, a frequencydependent admittance and direct

atmospheric loading calculations. It is shown that the physically based approach of direct loading calcu

lations performs better in both residual minimization and ET retrieval. Moreover, nonlocal hydrological

effects are investigated and account for about 20% of the gravity residuals. Finally, gravity residuals are

briefly analyzed at two distinct time scales: rapid (up to a few days) and seasonal. At the rapid timescale,

it is shown that ET retrieval is hardly achievable given shelter size and stateoftheart atmospheric cor

rections. Still, mean values retrieved from this study are in accordance with known values of potential ET

and lateral flow. Direct comparison of gravity changes with hydrological data (neutron probe monitoring

and water table levels) show some discrepancies, particularly for the hydrological year of 2011, for which

all hydrological data show a deficit, but SG and FG5 data do not. This preliminary analysis both provides

a basis and call for further hydrogravity modeling, to comprehensively investigate the watercycle at

the Djougou station.

© 2014 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogravimetry is increasing year to year in importance, as

evidenced by the interest of the community toward the new

generation superconducting gravimeter (SG), mostly dedicated

to hydrological studies, the iGravTM (Warburton et al., 2010).

The retrieval of local water storage changes (WSC) from time

lapse gravity data allows many hydrological applications, such

as providing estimates of aquifer specific yield (Montgomery,

1971; Lambert and Beaumont, 1977; Peter et al., 1994; Pool and

Eychaner, 1995; Pool and Schmidt, 1997; Metzger et al., 2002;

Howle et al., 2003; Pool, 2008; Gehman et al., 2009; Pfeffer et al.,

2011; Hector et al., 2013), bringing further constraints on hydro

logical modeling (Naujoks et al., 2010; Christiansen et al., 2011a,b;

Jacob, 2009), identifying water redistribution processes (Kroner

and Jahr, 2006; Naujoks et al., 2008; Chapman et al., 2008; Gettings

et al., 2008; Davis et al., 2008; Jacob et al., 2008, 2009, 2010;

McClymont et al., 2012; Pfeffer et al., 2013), establishing catchment

storage–discharge relationships (Creutzfeldt et al., 2012a), study

ing WSC response to climate variability (Creutzfeldt et al., 2012b),

and so on. More generally, WSC is usually considered as the resid

ual term of the hydrological budget equation, and derived indirectly

from the observation of other components (rainfall, runoff, evapo

transpiration, etc.), by closing the budget. Hydrogravimetry helps

then to fill a significant gap in hydrological observations, which

should further constrain the other components of the budget equa

tion. Some objectives that hydrogravimetry could achieve, such as

the direct retrieval of evapotranspiration (ET), are still challenging,

mainly due to the limited accuracy of both the instruments and the

applied corrections (the removal of other timevariable effects on

gravity).

As mentioned by several authors, WSC have slowly moved from

“noise” to “signal” among the geodesy community, as the knowl

edge of the most common applications of timelapse gravity (Earth

tides, global geodynamics, etc.) increased, together with the instru

mental sensitivity. However, now that WSC have become a signal

to be retrieved from gravity data, precise corrections for non

hydrological signals are required, and all the knowledge about

time variable gravity is therefore needed. This requires stateof

theart corrections to recover for such small signals (in the range

of a few mGals [1 mGal = 10 nm/s2] for classical natural hydrologi

cal processes vs tens to hundreds of mGals for tides, atmospheric,

and polar motion effects, see e.g. Crossley and Hinderer (2008)). It

is now generally accepted that Earth tides are fairly well known.

However, many processes still require very specific attention, such

as the atmospheric contribution, which is about the same order

of magnitude and acting at similar frequencies as hydrology. Once

gravity residuals are obtained within some confidence intervals, a

hydrogravimetric analysis will become possible but requires fur

ther precautions.

First of all, there is a clear separation between the “local” and

“nonlocal” surface loading effects of hydrology on gravity, in terms

of distance to the station (Llubes et al., 2004). The correction of

the nonlocal component can thus be undertaken, usually by using

global hydrological model outputs or GRACE solutions, to allow

the study of local hydrological effects (Longuevergne et al., 2009;

Pfeffer et al., 2011).

Of particular importance in (local) hydrogravity studies is the

direct environment of the gravimeter location. Classical hydrolog

ical instruments (raingauges, moisture and suction probes, water

table measurements, flow measurements, etc.) provide direct mea

surements of hydrological state variables in the vicinity of the

sensor location. Although these variables can be integrating over a

broader area (e.g. flow measurements), their values can be directly

analyzed in terms of hydrological processes at their measurement

location or further used as such for hydrological modeling (as

forcing, calibration or validation variables) or spatially interpolated.

On the contrary, timevariable gravity data are the measurements

of the effect of the changes of a hydrological state variable – water

storage – on the recorded variable, gravity, and are by nature

influenced by the location of sources (distance, and sign of the rel

ative height to the sensor). Therefore, timevariable gravity data

somehow include topographical effects of the surroundings of the

instrument. Consider for instance the case of a single rainfall event:

the resulting gravity change will be depending on the rainfall

amount but also on the topography. Later, water may redistribute in

the underground or on the surface, and gravity changes will occur

because of the change of masses locations as a result of the pre

vailing hydrological processes. This has been studied for instance

by Kroner and Jahr (2006). The retrieval of WSC from gravity data

thus requires proper understanding of the location of the storage

units and potential flow processes. Two major features critically

affect the local water redistribution: (a) the local topography in the

vicinity of the gravimeter and (b) the shelter in which is located the

gravimeter. These features can be easily accessed through a precise

topographic survey.

To acknowledge the importance of such features, consider the

following experiment: a gravimeter is located on the bottom of

a small and incised valley, within a surface shelter, and records

an increase in gravity that is identified as coming from hydrol

ogy (assuming all other contributions are well corrected). Several

hydrological processes could lead to the recorded increase:

• infiltration nearby (and therefore below) the gravimeter,
• water flow on the valley slopes, moving masses from above to

below the gravimeter,
• evapotranspiration on the valley slopes, removing masses from

above the gravimeter,
• delayed infiltration underneath the shelter.

Therefore, timevariable gravity data should be interpreted with

caution in terms of hydrological processes, when such features are

significant (large shelter and strong topographic variations).

Such sensitivity analyses have been skipped by several authors,

as they rather studied hydrogravity by the mean of correlations

studies between gravity residuals and water storage compart

ments, acknowledging the lack of accuracy on absolute WSC

measurements (Bower and Courtier, 1998). However, this has also

led to possible misinterpretation of gravity data. Goodkind (1986,

1990) at the Geysers geothermal field observed a rainfall admit

tance (gravity to rainfall amount ratio) of about 0.54 nm/s2/mm

and attributed the discrepancy to the nominal “Bouguer” value

of 0.42 nm/s2/mm (the gravity effect of an infinite flat layer of

water) to specific hydrological processes (fast downward water

transfer from an upper aquifer), and neglected the impact of the

topography on this local admittance. Abe et al. (2006) analyzed the

Bandung SG in Indonesia located in a constructed area, neglect

ing the importance of the buildings. Imanishi et al. (2006) found

a 0.4 ± 0.02 nm/s2/mm rainfall admittance for the Japanese Mat

sushiro SG, yet with a nonnegligible topography and building size,

calling for a need to model their effect. Van Camp et al. (2006)

are among the first to use a digital elevation model (DEM) for the

direct calculation of WSC gravity effect, but they only modeled a

200 m × 200 m zone around the gravimeter. Kroner and Jahr (2006)

and Hasan et al. (2006) are among the first to recognize that such

topographic effects, yet challenging to account for, imply different

processes that hydrogravimetry may or may not help to assess

and quantify. They proceeded to the thorough study of such pro

cesses through important experiments, and concluded on the most

likely process to produce the observed gravity change after model

ing different hypothetical processes. Meurers et al. (2007) showed

that topographic effects are very different from station to station,
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and recognize that “water gravity effect modeling is very sensi

tive to the shape of the topography”. After this, Creutzfeldt et al.

(2008) conducted a complete analysis of the needs in DEM accura

cies for hydrogravity modeling at the Wettzell (Germany) SG site,

and obtained a 0.52 nm/s2/mm rainfall admittance. In their Fig. 6,

Masson et al. (2012) clearly show the spatial distribution of the

topographic effect in a catchment of the French Vosges mountains,

ranging from 0.2 nm/s2/mm in the valley bottoms to 0.7 nm/s2/mm

in the uphill areas. Finally, Deville et al. (2012) thoroughly studied

the topography and mask effects on the local hydrology modeling

at Larzac plateau (France).

A superconducting gravimeter, the SG060, was installed within

the frame of the GHYRAF (Gravity and Hydrology in Africa) project

in Djougou, northern Benin (9.7424◦ N; 1.6056◦ E), and has been

recording gravity changes since July 2010, while FG5 absolute

gravity measurements have also been undertaken at a 3 month

sampling rate since July 2008 (Hinderer et al., 2009a, 2012, 2014a;

Hector et al., 2013). This location is home to intensive hydrological

monitoring that has been carried out since 1997 in the frame of the

AMMACatch longterm observing system (www.ammacatch.org;

Lebel et al., 2009), which is an observatory of RBV (Réseau des

Bassins Versants), the French critical zone exploration network

(http://rnbv.ipgp.fr).

The WestAfrican climate is governed by the seasonal monsoon

cycle, leading to a clear and strong annual WSC signal, with well

defined wet and dry seasons, ideal for gravity monitoring. This

monsoon cycle partly controls food security via the green water

in waterscarce environments such as the Sahelian region, mainly

expressed during the hungrygap period. In more humid south

ern regions, like Benin, this cycle controls river flows and drives

waterresource management policies (Séguis et al., 2011a). In this

context, atmosphereland surface interactions are known to play

a major role in the whole cycle, mainly via the ET process which

provides significant feedbacks from the land surface to the atmo

sphere (Lebel et al., 2009; Peugeot et al., 2012). The quantification

of this key variable at different scales is still a major challenge for

WestAfrican studies. Another poorly known variable of this cycle is

the total water storage, usually derived from a waterbudget equa

tion rather than from in situ measurements. Its variations through

time, WSC, are (1) part of the control system for ET processes and

(2) the state variable for resource management, a critical issue

in storagepoor hard rock basement contexts such as in northern

Benin (Scanlon et al., 2002; Healy and Scanlon, 2010; Descloitres

et al., 2011). For instance, Philippon and Fontaine (2001) showed

that based on a 30 year regional statistical analysis wet Sahelian

years were associated to higher water storage in sudanoguinean

areas at the end of the previous wet season. The Djougou SG is

the first gravimeter of this kind that has been set up with a clear

hydrological perspective, namely to bring some information on

WSC cycles.

In the present study, we aim to derive WSC at two time scales,

seasonal and short (from a rainfall event to a few days after), by

analyzing the Djougou SG data, and focusing on the appropriate

corrections to apply. First we perform a sensitivity analysis includ

ing the topographical effect of the gravimeter surroundings, to

derive the frame of feasibility for local hydrogravity studies at

the Djougou SG site. This is done in a first section, before showing

gravity data, to clearly underline the importance of undertaking

this kind of analysis before the installation of such a highcost

device. Second, the Djougou SG data and their “classical” correc

tions are presented and discussed. Very specific attention is taken

to the atmospheric contribution, which shows seasonal amplitude

of about 10 nm/s2 and periodic variations of 5 nm/s2 at the spa

tially coherent and hence specific S1 and S2 frequency bands (1

and 2 cpd – cycles per day). Finally, local WSC are derived from

SG residuals and analyzed at two frequency ranges (seasonal and

rapid), involving different hydrological processes. Requirements

for addressing the issue of ET quantification using gravity data are

also discussed.

2. Study area

The SG site of Djougou is located in northern Benin, West

Africa, and experiences a humid Sudaniantype climate (Hinderer

et al., 2009a, 2012, 2014a). The site has been chosen as part of the

AMMACATCH observatory of the UpperOuémé catchment, close

to the village of Nalohou, where a dense hydrological monitoring

network has been set up since 2003 on a small microcatchment

(16.1 ha).

There, WSC occur within the vadoze zone and its associ

ated unconfined aquifer located in the weathered layers 7–22 m

thick over a fresh metamorphic basement (gneiss, micaschists,

quartzites) (Kamagaté et al., 2007; Descloitres et al., 2011; Séguis

et al., 2011b). This hard rock basement context also exhibits high

spatial heterogeneities of geological features, mainly north–south

oriented and highly clayey areas can be found nearby fresh base

ment units or strongly weathered, sandy, material, within a few

tens meters radius (Descloitres et al., 2011; Hector et al., 2013). Soils

are mainly ferruginous tropical leached, and slightly vary depend

ing on topography, basement, and land use (Robert, 2012; Richard

et al., 2013).

In the vicinity of the gravimeter, land use is governed by agri

cultural practices, with crops (maize, sorghum, manioc and yam)

and fallow rotations. Some specific trees (Parkia biglobosa, vitellaria

paradoxa, adansonia digitata) are kept for consumption purposes,

and a small cashew trees (Anacardium occidentale) orchard is

located SouthEast of the gravimeter (Fig. 1). Fallow is composed

by trees (e.g. Isoberlinia Doka) and herbaceous cover, and the latter

is usually burnt at the beginning of the dry season.

Mean annual rainfall is 1195 mm/yr (over the period 1950–2004

at the Djougou weather station – 8 km from the Nalohou site

(Kamagaté et al., 2007)) and mean annual potential ET is 1393 mm

over the period 2002–2006 at the Djougou weather station (Séguis

et al., 2011b). Fig. 2 shows the hydrological monitoring of nearby

wells, already described by Hector et al. (2013), and extended in

the present study. Closest neutron probe (NP) borehole and obser

vation well (OW) are respectively located 9 and 7 m to the FG5

location (Fig. 1). Groundwater recharge occurs by direct infiltration

of rainfall water through the vadose zone during the rainy season

(Kamagaté et al., 2007). WSC on the uphill SG location are driven by

direct recharge and losses by local ET and lateral redistribution, as

exhibited by the almost steadystate piezometric gradient toward

the bottom of the hillslope. Recent modeling studies show that this

groundwater flow, which does not feed the river through baseflow

(Séguis et al., 2011b), could be driven by riparian ET (Richard et al.,

2013). Also noticeable here is the particularly dry year of 2011, with

annual rainfall below 1000 mm and low recharge (Fig. 2), while

2009, 2010 and 2012 were much wetter years than the longterm

average.

3. Sensitivity analysis

For calculating the gravity effect of WSC (direct problem), we

use in this study a 3D prisms model built from the prism equation

provided by Leirião et al. (2009). The terrain has been discretized

in prisms according to the topography using a local digital eleva

tion model (DEM) built from a network of points measured with

differential GPS (Fig. 3). This DEM has an accuracy of about 0.1 m in

the nearfield (<300 m to the gravimeter) and has been described

by Hector et al. (2013). Using this DEM, they found a “surface

water admittance” at the FG5 site, which could be defined as the
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Fig. 1. Study area, measurement settings: gravimeters (FG5 and SG) and their shelters. Neutron probe borehole and observation well are respectively located 9 and 7 m to

the FG5 location. The circle shows the 100 m radius zone of influence for gravity variations at the FG5 site. Google Earth image, February 4, 2010.

gravity effect of a uniform layer of water spread on the topography,

of 0.445 nm/s2/mm. This is only slightly higher than the nominal

Bouguer admittance of 0.42 nm/s2/mm.

The classical way of looking at the topographic influence on

hydrogravity is to compute the water admittance in function of

the radius to the gravimeter (Longuevergne et al., 2009). One can

compare it to the same calculation in the case of a flat terrain where

the admittance reaches the Bouguer value of 0.42 nm/s2/mm after

some distance, depending on the instrument height above ground.

This calculation is undertaken for several significant depths of the

water layer, and results are shown in Fig. 4: within the footprint

area of the gravimeter (<100 m), from which originates about 90%

of the signal (see e.g. Hector et al., 2013), the gravity effect of a water

layer spread with respect to the topography is the same as in the

Fig. 2. Hydrological data. (a) Water table time series. (b) NPderived WSC and associated datetodate errors. (c) Rainfall data: daily (blue) and cumulative (black). (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)
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Fig. 3. DEM and location of gravity sensors (FG5 and SG). (a–c) Zoom over different scales. (d) Picture of the two shelters.

case of a flat terrain. Farther of the gravimeter, the gravity effect

in the topographic case is slightly higher than the Bouguer value

(flat case), because the gravimeter is located uphill and there are

more masses on the vertical component. Therefore, hydrological

processes related to topography (flow) should not have an extreme

and complicated behavior, because the departure to flat terrain

conditions is very small in a gravity sense.

Hydrogravimetry is often said to be noninvasive, although this

is not exactly true as most of current SG (apart from very recent

experiments using new generation iGravTM (Kennedy et al., 2013))

need a significant shelter which modifies local hydrological pro

cesses (the very first object of hydrogravity studies). The main

effect of a shelter, in the case of a surface shelter, is to act as a

mask when rain falls, thus diminishing the nearsurface WSC effect

on gravity, with respect to an unsheltered measurement (Deville

et al., 2012; Kazama et al., 2012). Further infiltration of water below

the gravimeter will increase its gravity contribution. Conversely, ET

Fig. 4. Footprint area of the SG: gravity effect of a 1 mm layer of water at different

depth on the topography (plain) and on a flat terrain (dashed).

shall produce a smaller gravity effect with respect to an unsheltered

condition.

Needless to say, in most cases the shelter should be as small

as possible for hydrogravity studies (or very large if one wants

to study other signals than local hydrology). A tradeoff can be

found with the instrument height, as a higher measurement point

with respect to the ground in the case of a surface shelter (not

buried) will tend to decrease the impact of the shelter mask. This

can be seen by computing the water admittance as before, but

excluding the water layer from below the shelter. This is done

for several depths of the water layer, and results are shown in

Fig. 5 for the Djougou site, and for the location of both instru

ments. The SG shelter is only slightly larger than the FG5 one

(Fig. 3) and the respective sensor locations within the shelter are

about the same so that most of the discrepancies between both

effects actually arise from different instrument heights. SG height

above ground is 0.4 m and FG5 height is 1.4 m. The SG sensor

being much closer to the ground than the FG5, the mask effect of

the shelter is much more important in such a case. If WSC dur

ing a rain event are to occur within the first meter of the ground

only, then no more than 0.25 nm/s2/mm should be expected. This

effect is less marked for the FG5, as the sensor location is much

higher.

4. Gravity data processing

This section describes the processing of the raw SG data (from

August 2010 to March 2013) and the correction of all known effects

in order to obtain the “gravity residuals” in a hydrological sense,

meaning that everything but local hydrology should be removed at

best from the data. FG5 data processing and corrections are not cov

ered here, as it has already been described by Hector et al. (2013).

However, a few more data points have been recently acquired and

added to this study. Most of the processing steps have been applied

using the Tsoft software (Van Camp and Vauterin, 2005).



Please cite this article in press as: Hector, B., et al., Hydrogravimetry in WestAfrica: First results from the Djougou (Benin) supercon

ducting gravimeter. J. Geodyn. (2014), http://dx.doi.org/10.1016/j.jog.2014.04.003

ARTICLE IN PRESS
G Model

GEOD1295; No. of Pages 16

6 B. Hector et al. / Journal of Geodynamics xxx (2014) xxx–xxx

Fig. 5. Gravity effect at SG and FG5 sensor locations of a 1 mm layer of water (water admittance) as function of its depth and instrumental height. The curves correspond to

various heights above ground of the instrument.

4.1. Raw data processing

Second samples are decimated to minutes using lowpass fil

ter attenuating frequencies higher than 120 cpd. Raw data contain

gaps, offsets and spikes which need to be corrected at best before

looking more carefully into the corrections of physical processes.

Earth tides, atmospheric effects and polar motion are roughly cor

rected by respectively subtracting to the data a tidal model, a

nominal admittance of −3.0 nm/s2/hPa on local pressure records,

and polar motion contribution from pole positions given by the

International Earth Rotation Service, IERS (http://www.iers.org).

Power failures frequently occur (especially during thunder

storms) in Djougou, and despite several precautions such as

two backup generators and several uninterruptible power supply

devices and batteries, gaps in the data sometimes happen during

rainfall events. These gaps can be associated with offsets, which

are either instrumental (in which case they should be corrected),

or resulting from a precipitation loading signal (in which case no

correction should be performed), or a combination of both effects

(in which case the offset should be set to a value linked to the

precipitation input). For instance, it has been observed that some

operators did correct such offsets which were true signal and not

instrumental effect (and so would an automatic method), which

can be up to several microgals, because they did not have a pre

cipitation time series alongside. From our point of view, automatic

methods should be used with caution in such context. Our preferred

method would be a physically based hydrological model, calibrated

on independent hydrological data and SG data, that would be reli

able to correct for gaps and offset occurring within a short period

(less than a week), if the transfer function from hydrology to gravity

is wellknown. This is currently under development for our station

in Djougou.

Gaps are filled by linear interpolation of the residuals when

there is no clear evidence for offsets during the time span of the

gap. This is done in order to obtain an equally spaced time series

without offset to further allow the use of FFT methods, for filtering

or computing frequencydependent admittance. If such a step is not

necessarily needed (as one may prefer leastsquares approaches for

instance, see e.g. Abd ElGelil et al. (2008)), gaps must be checked for

offset occurrence anyway (see previous paragraph). When offsets

occur, they are corrected at best by matching beforegap and after

gap sinusoids present in the residuals. No automatic correction is

applied, because offsets strongly impact seasonal gravity residuals,

and must therefore be treated on a casebycase basis. Spikes, such

as earthquakes, are corrected by linear interpolation.

When following the manual procedure, it is systematically

checked whether rainfall occurred during gaps and offsets, and such

events are flagged. This step is needed to retrieve the longterm

hydrological signal from gravity data: further in the process, when

gravity residuals are obtained, and rainfall admittance is found by

regression on a significant number of events, these gaps/offsets

are refilled by taking into account the gravity increase from the

recorded rainfall, using the latter admittance. After the correction

of gaps, offsets and spikes is achieved, the initial “rough” correction

of tides, atmospheric effects and polar motion are added back to the

residuals for further correction of physical processes.

Raw gravity records are shown in Fig. 6a. About 1564 h (65.17

days) have been interpolated because of gaps, which represent

about 7% of the total series. A total offset amounting to 2870 nm/s2

have been corrected, for a total of 10 offset events. The gravime

ter underwent severe problems such as a long power failure in the

summer of 2011, with the levitation sphere found stuck up against

the upper plate of the device. Earthquake records were systemati

cally removed from the data by interpolation. Residuals after gaps,

offsets and spikes corrections are shown in Fig. 6b.

4.2. Earth tides, ocean loading and atmospheric effects:

correction method

Longperiod tides (SSA and SA) are corrected with a nominal

gravimetric factor of 1.16 for an elastic Earth using Tsoft which

contains the Tamura (1987) potential catalog. In Djougou, and more

generally in the equatorial band, special care must be taken when

considering the diurnal and semidiurnal frequency bands for com

puting tidal analysis (Hinderer et al., 2014b). This is because at such

periods, air pressure changes are dominated by S1 and S2 waves of

large spatial extension (Ray and Ponte, 2003). Due to their large spa

tial coherency, these waves have a strong elastic component in their

induced gravity changes and therefore a very different admittance

(gravity to pressure changes ratio) from other frequency bands
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Fig. 6. SG data and processing. (a) Raw data. (b) Correction of gaps, offsets and spikes (residuals) and fitted drift. (c) Final residuals after proper tides, atmospheric and polar

motion corrections. Nonlocal hydrological loading (dashed) and correction of this effect (blue plain). (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)

(Warburton and Goodkind, 1977; Crossley et al., 1995). Hence, tides

and atmospheric effects must be considered together when one

wants to study other signals such as hydrology. See e.g. Hinderer

et al. (in this issue) for a more detailed review of this problem, and

particularly concerning the Djougou station.

Classical corrections of atmospheric effects include two empir

ical and one physicallybased approaches: the first two consist

of computing either a scalar admittance between gravity residu

als (after correction of tides and other known effects) and local

pressure, or a frequencydependent admittance, known to signif

icantly reduce gravity residuals (Crossley et al., 1995). However

these two approaches suffer from (i) being too restrictive (partic

ularly for the scalar admittance), because they are based on local

pressure variations only and suppose a constant (in time) and linear

relationship, highly questionable regarding atmosphere dynamics

and (ii) the possible integration of other effects (tides at S1 and

S2 bands, hydrology, etc.) due to their intrinsic empirical nature

(see e.g. Abd ElGelil et al. (2008), their Table 1). This is why a

physically based correction approach is favorable for hydrological

studies, when one does not necessarily want to minimize gravity

residuals but rather have some control on the different contrib

utions. This latter correction is obtained using atmospheric loading

calculations, by convolving pressure fields from the operational

model of the European Center for MediumRange Weather Forecast

(ECMWF) available at 3 h and 0.15◦ resolution (Rabier et al., 2000)

with the pseudostratified Green’s functions (Boy et al., 2002), using

the formalism of Farrell (1972). The full 3D computation of atmo

spheric loading effect requires the knowledge of the air density

everywhere. A simplified approach has been proposed by Merriam

(1992) and later on by Boy et al. (2002) for which the air density

is approximated by propagating the surface pressure with eleva

tion assuming a standard atmosphere profile. We call this model

the pseudostratified 2.5D approach. This approximation allows

taking into account the thickness of the atmosphere, but with a

simplified vertical structure. This loading contribution is evalu

ated for angular distances larger than 0.25◦ from the station (called

the “nonlocal” part) and the local contribution is computed from

the local pressure records and an analytic admittance in the 0.25◦

radius “cylinder” around the station from the same loading model

(−3.06679 nm/s2/hPa). The ocean response is included in the non

local calculation using the MOG2D nontidal ocean model (Carrère

and Lyard, 2003) which has shown to perform better than the classi

cal inverted barometer hypothesis (Boy and Lyard, 2008; Boy et al.,

2009).

The atmospheric effects on gravity imply a time–distance rela

tionship linked to an advection speed, which can be roughly

summarized by: low frequency atmospheric changes have a coher

ent spatial pattern that has more extension than for higher

frequencies, and hence a different gravity response. This is clearly

enlightened by the computation of a frequencydependent admit

tance (Crossley et al., 1995) together with, for instance, the direct

loading calculation as function of the distance to the station (Hin

derer et al., in this issue). For this reason, and when one wants

to look at hydrology, a scalar admittance is to be discarded for

lowfrequencies. A frequencydependent admittance is also too

restrictive at low frequencies, because it is an adjustment of grav

ity residuals on local pressure records, and hence cannot take into

account the full 2.5D (pseudostratified atmosphere) distribution

of pressure fields, particularly important at such frequencies. Also,

this latter method may include other seasonal effects such as the
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Fig. 7. Atmospheric loading from ECMWF operational at Djougou. Local contribution (red) comes from a cone of 0.25◦ halfopening around the station with analytical

admittance of −3.06679 nm/s2/hPa. Nonlocal contribution comes from outside the cone (blue). Total contribution (black) is the sum of local and nonlocal contributions. In

insert is the amplitude spectrum of the total atmospheric contributions (black), together with the Local pressure from ECMWF operational (red). (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of the article.)

studied ones (hydrology). For all these reasons, we chose a direct

loading calculation to correct for atmospheric effect at low frequen

cies on lowpass FFT filtered data (cutoff frequency of 0.03 cpd,

bandwidth of 0.01 cpd).

For higher frequencies (i.e. >0.03 cpd), we compare four differ

ent approaches. The goal being to minimize residuals, and remove

the strong contribution of S1 and S2 bands, some of S1 and S2

atmospheric effects may have been incorporated in some tidal

analysis (leading to unrealistic gravimetric factors and phases at

these bands), because S1 and S2 are also present in earth tides,

and therefore adjusted during tidal analysis. Gravity records are

decimated to 1 h samples with lowpass leastsquare filtering at

12 cpd with window size of 480 points. Tidal analyses are per

formed with ETERNA 3.4 software (Wenzel, 1996) using the HW95

tidal potential (Hartmann and Wenzel, 1995). Final residuals are

obtained after applying the atmospheric correction and subtrac

ting synthetic tides from the associated tidal analysis parameters.

The four approaches are:

 Simple scalar admittance method (SSAM): Several scalar admit

tance are tested (ranging from −0.1 to −0.4 nm/s2/hPa), and a

tidal analysis is performed each time, including S1 and S2, after

application of the atmospheric correction. The accepted scalar

admittance is the one that minimizes the final residuals.

 Filtered scalar admittance method (FSAM): A tidal analysis is per

formed, and includes atmospheric S1 and S2. These frequencies

are also filtered out from the pressure record, including their

annual modulations, by subtracting two bandpass FFT filters

with respective bandwidth of 0.02 and 0.05 cpd. The scalar admit

tance is then computed between the two residual timeseries.

 Frequencydependent admittance method (FDAM): A tidal anal

ysis is performed, and includes atmospheric S1 and S2. Following

Neumeyer (1995), a transfer function between gravity and pres

sure is computed in spectral domain with a 0.03 cpd Hanning

window, interpolated to match the total sample number and mul

tiplied by the Fourier transform of local pressure. The result is

subtracted to the Fourier transform of gravity, and the real part of

the inverse Fourier transform is the frequencydependent admit

tance signal.

 Loading calculation method (LCM): The total loading calculation

is computed and removed from the data. A further tidal analysis

is performed, including residual atmospheric S1 and S2 (if any).

4.3. Earth tides, ocean loading and atmospheric effects: results

Amplitude of atmospheric effects can be acknowledged by

looking at Fig. 7 which shows local, nonlocal and total

(“local” + “nonlocal”) contributions at the three predominant fre

quencies at Djougou: seasonal, S1 and S2 (as enlightened by the

insert spectrum). This figure results from the loading calcula

tions on the operational ECMWF model outputs. Local contribution

dominates the atmospheric effect in Djougou when using a 0.25◦

opening cone as separation between local and nonlocal contrib

utions. Local and nonlocal contributions have an opposite phase

(Hinderer et al., 2014a). In insert of Fig. 7 is the amplitude spec

trum of the total atmospheric contributions, together with the local

pressure from ECMWF operational. As can be seen from this spec

trum, the admittance (linear relationship between local pressure

and total atmospheric contributions) is clearly different between

on the one side, lowfrequencies and on the other side, diurnal and

semidiurnal frequencies. This shows the very different behavior of

gravity changes with respect to atmospheric variations depending

on the frequencies considered. For a more detailed analysis, see e.g.

Hinderer et al. (in this issue (2014b)).

Table 1 summarizes the residuals of the different tested cor

rections (i.e. SSAM, FSAM, FDAM and LCM) for joint atmospheric

effect and tides removal, for the highpass filtered signal. All

approaches lead to quite similar residuals in terms of standard

deviations. The direct loading calculation (LCM) seems to perform

better on the whole frequencies range. The frequencydependent

approach (FDAM) is very slightly better than the simple scalar

admittance method (SSAM), while the filtered scalar admittance

method (FSAM) is the worst. The small variations between differ

ent residuals, and the fact that FDAM does not perform better than

all other methods may be explained by the pressure instability in

a weak remaining signal (low frequency contributions have been

Table 1

Gravity residuals (standard deviations) for different atmospheric corrections

approaches: SSAM = simple scalar admittance method; FSAM = filtered scalar admit

tance method; FDAM = frequencydependent admittance method; LCM = loading

calculations method.

Correction SSAM FSAM FDAM LCM

�(residuals) 3.5 nm/s2 4.0 nm/s2 3.4 nm/s2 3.1 nm/s2
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filtered out here and strongest S1 and S2 contributions have been

removed eventually when performing the tidal analysis), proba

bly implying temporal variations of these weak pressure effects.

Results from the SSAM method are presented in Table 2: the best

admittance found for the whole frequency range is 3.3 nm/s2/hPa,

and is quite consistent between S1 and S2. Furthermore, fitted tidal

parameters at S1 are very variable and far from standard values of

ı = 1.16 and � = 0, which clearly show that some part of atmospheric

S1 has been included in the tidal analysis. This is less marked for

S2, because earth tides at S2 are much stronger, hence ı and �
parameters do not change much when some atmospheric effects

are included.

4.4. Nonlocal hydrological loading

The correction for nonlocal hydrological load is the same as

described by Hector et al. (2013). This is achieved by convolving the

3hourly and 0.25◦ soilmoisture, snow and canopy water from the

GLDAS/Noah (Global Land Data Assimilation System) model (Rodell

et al., 2004) with the Green’s functions for Newtonian and defor

mation responses on a spherical nonrotating, elastic and isotropic

(SNREI) Earth model (Boy and Hinderer, 2006). Permanently ice

covered areas (Greenland, Alaska and mountain glaciers) have been

masked out and the conservation of the total water mass has

been enforced by adding/removing a uniform oceanic layer com

pensating any lack/excess of water over land. Only the nonlocal

contribution (everything but the local “Bouguer” term) is evaluated

and used for correcting the data.

The nonlocal hydrological load represents about 20% of the total

gravity residuals (Fig. 6c). This is comparable to the results of Pfeffer

et al. (2011) for nearby Niger, when they compared different models

(GLDAS used in this study and ECMWF) with GRACE solutions. They

found a slightly larger nonlocal contribution from GRACE data than

from the global hydrological models (up to 11 nm/s2 on the annual

amplitude between GRACE and GLDAS), which could be due to a

misrepresentation of WSC from the latter.

4.5. Drift estimates

In Djougou, hydrogravimetry can provide very valuable infor

mation on some key hydrological questions for the area. Among

these is the response of interannual WSC to highly variable

hydrological years in terms of precipitation inputs. However, study

ing interannual WSC by the mean of a drifting (even linearly)

gravimeter, supposes an appropriate correction for such instru

mental behavior. If interannual WSC occur, they should not be

included in this drift estimates. Hence a priori information on local

WSC is needed at this step. Hector et al. (2013) used a nearby

Neutronprobe monitoring of WSC through the whole vertical

profile to assess local WSC. The gravity effect of such changes is cal

culated using the abovementioned prisms integration approach.

This is the best a priori information on local hydrological changes

that could be obtained for the timespan of this study. Furthermore,

the initial part of gravity records when setting up an SG of this kind

is known to have an exponential drift (Van Camp and Francis, 2007;

Hinderer et al., 2009b). Because the SG was set up in July, during the

rainy season, exponential drift and hydrology are highly correlated

together with polar motion, which further complicates the retrieval

of each component (Hinderer et al., 2014a). The parameters of the

following drift equation are therefore sought:

drift(t) =

{

A(et/P
− 1), t < T

(t − T) ∗ S + A(eT/P
− 1), t ≥ T

(1)

and

d(drift(T − ıt))

dt
=

d(drift(T + ıt))

dt
(2)

Eq. (1) decomposes the drift into a linear and an exponential

part, with the constrain given by Eq. (2) that the slope remains the

same at t = T. A is the amplitude of the exponential and P its scale

factor. T is the time at which the drift becomes linear, with a slope

S, and ıt indicates one time increment.

Parameter estimation is achieved through the following proce

dure: first, gravity residuals are obtained by removing synthetic

tides (computed from tidal parameters derived from the LCM pro

cedure described above), polar motion estimates and correcting for

atmospheric effects using the LCM procedure. Second, the nonlocal

hydrological loading contribution is removed from gravity data,

as described in the previous section. Third, gravity residuals and

NPderived gravity changes are both lowpass FFT filtered (cutoff

frequency of 0.05 cpd and bandwidth of 0.01 cpd) and multilinear

regression is performed between these time series and a first order

polynomial. This step allows identifying the first exponential part

(T parameter) by looking at residuals. Then, the same procedure is

repeated on a shorter time series, starting at T, which allows recov

ering for the linear part (S parameter), the coefficient of order one of

the polynomial. One more step is needed to obtain the value drift(T),

by subtracting the linear drift (S) and NPderived gravity changes

Table 2

Gravity residuals for each admittance tested in the SSAM (simple scalar admittance method) approach. Residuals are shown for the whole frequencies range and at S1 and

S2 specifically. Also shown are the different parameters for gravimetric factors and phases at S1 and S2 for each tidal analysis performed in each admittance test.

Admittance (nm/s2/hPa) Residuals (nm/s2) Residuals at 1 cpd Residuals at 2 cpd ıS1 KS1 (◦) ıS2 KS2 (◦)

−1.4 1.279 4.185E−02 3.506E−02 0.933 −10.76 1.174 0.68

−1.6 1.214 3.981E−02 3.330E−02 0.991 2.18 1.174 0.65

−1.8 1.153 3.790E−02 3.165E−02 1.093 13.19 1.173 0.61

−2 1.098 3.615E−02 3.012E−02 1.228 22.06 1.173 0.58

−2.2 1.047 3.460E−02 2.880E−02 1.387 29.04 1.173 0.54

−2.4 1.004 3.327E−02 2.777E−02 1.561 34.53 1.172 0.51

−2.6 0.967 3.220E−02 2.699E−02 1.747 38.88 1.172 0.47

−2.7 0.952 3.178E−02 2.668E−02 1.843 40.72 1.172 0.46

−2.8 0.939 3.146E−02 2.641E−02 1.941 42.38 1.172 0.44

−2.9 0.928 3.122E−02 2.619E−02 2.041 43.87 1.171 0.42

−3 0.919 3.105E−02 2.601E−02 2.141 45.23 1.171 0.40

−3.1 0.913 3.095E−02 2.588E−02 2.243 46.46 1.171 0.39

−3.2 0.909 3.090E−02 2.580E−02 2.346 47.59 1.171 0.37

−3.3 0.908 3.093E−02 2.578E−02 2.449 48.62 1.171 0.35

−3.4 0.909 3.102E−02 2.581E−02 2.554 49.57 1.171 0.33

−3.5 0.913 3.119E−02 2.589E−02 2.659 50.44 1.170 0.32

−3.6 0.919 3.143E−02 2.602E−02 2.764 51.25 1.170 0.30

−3.8 0.938 3.213E−02 2.642E−02 2.976 52.69 1.170 0.26

−4 0.966 3.310E−02 2.701E−02 3.191 53.94 1.170 0.23
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Table 3

Results of the drift parameters estimation process. A is the amplitude of the expo

nential part; P is the scale factor of the exponential, S is the slope of the linear part

and T is the time at which drift becomes linear.

A P S T

−254 nm/s2
−1553 h 231 nm/s2/yr 2832 h

with the appropriate regression coefficient to gravity residuals.

Now having T, S and drift(T), Eq. (1) is inverted with the constrain of

Eq. (2) and A and P parameters are derived. This is, as most of gravity

corrections are, a long iterative process, but leads to the most accu

rate estimates of the drift, assuming it has both an exponential and a

linear part. FG5 data are further used to check the drift correction.

In September 2012, FG5 data points were not averaged over the

few days of measurements because significant rainfall (>20 mm)

occurred during some nights, resulting in different and increas

ing absolute values. Therefore, root mean square deviation (RMSD)

between FG5 and SG data range between 18 and 25 nm/s2 depend

ing on whether these last points are taken into account (resulting

in the highest 25 nm/s2 RMSD). Correlation coefficients range in

the same way between 0.88 and 0.91. These data were not used

for drift retrieval because of the too short timespan of the study:

the uncertainty on FG5 data was too large to allow accurate drift

estimates.

Results of the drift estimates are shown in Table 3. It is noticeable

that the slope of the linear part is very strong (≈230 nm/s2/yr). Drift

is also shown in Fig. 6b. Although much care has been taken in

the retrieval of this drift, it may be too optimistic to accurately

interpret in a hydrological sense the beginning of the time series,

where the drift is supposed to be exponential, because there is quite

a strong correlation between the drift and WSC signal at this onset

of the 2010 wet season. Another critical point that may be raised

here is that we assume the drift to remain linear for t > T. Several

power failures, such as the strong one in July 2011 (Fig. 6a), may

also lead to temporary new exponential drift behaviors. The only

control that we may have on this effect is by the mean of FG5 data,

which seem to be in well agreement with SG data after this drift

correction (Fig. 12).

5. Local hydrological loading

Because of the very integrative nature of gravity data, all pre

vious steps have to be cautiously processed in order to have good

confidence that gravity residuals are actually linked to the local

hydrology.

5.1. Rapid timescale

In the relatively flat context of the Djougou SG, located at the

surface underneath a small shelter, several processes are affecting

the gravity response to rainfall at the rapid time scale (<few days).

First, a fast gravity increase following the rain event is observed.

The timespan of significant rainfall events rarely exceeds a few

hours. Quite rapidly, water may infiltrate underneath the shelter,

contributing to further increase the gravity. ET is likely to be act

ing at the same time, particularly after the event, when the upper

layers are still wet. The evolution of moisture for the first layers

is shown in Fig. 8. Soil moisture is here derived from TDR (Time

Domain Reflectometer) probes measurements at six depths (0.05,

0.1, 0.2, 0.4, 0.6 and 1 m) located about a 100 m away from the

gravimeter (close to the rain gauge, Fig. 1). They are located uphill

in a zone experiencing a perched aquifer during the wet season,

and are therefore not explicitly used in the analysis of the gravity

signal because they are not representative of the processes acting

in the direct vicinity of the gravimeter. However they may serve our

purpose here to show quick water redistribution behaviors at the

local scale. Fig. 8 also shows the zeroflux plane (thick black line),

derived from Watermark suction probes at the same location and

five depths (0.1, 0.2, 0.4, 0.6 and 1 m). This is the contour line for

which the hydraulic gradient is zero. Above this line water moves

upward and below water moves downward (gravitydriven). The

zeroflux plane is not available above 0.15 m, because the first probe

depth is 0.10 m.

It is first noticeable that for a significant rain event (the first one

in Fig. 8), water moves downward very quickly, and may actually

infiltrate below the shelter. Then, water below the zeroflux plane is

downward moving (gravitydriven) and water above the zeroflux

plane is upward moving (ETdriven), drying the upper layers of the

soil until the next rain and further lowering the zeroflux plane.

This shows that WSC such as seen in soil moisture evolution of

Fig. 8 are actually driven by different processes, and may therefore

have different impacts on gravity.

Rainfall admittance is the ratio between the observed gravity

increase and the rainfall amount. The calculation of this empirical

admittance should match the previous sensitivity analysis of local

topography and instrument shelter impacts (see Section 3). Any

deviation from this may reveal some hydrological processes such as

fast water redistribution processes. For instance, Peter et al. (1994),

in their analysis of two SGs operated sidebyside at the Richmond

USNO (US Naval Observatory) gravity facility of southern Florida,

made several observations from such an analysis: first, no gravity

changes were observed when rain events were smaller than 5 mm.

They explained this behavior by quick ET losses under this sub

tropical climate. Second, they identified a threshold at 50 mm for

which rainfall admittance changed, exhibiting a runoff generation

Fig. 8. Soil moisture evolution (0–100 cm) from TDRprobes (at six depths indicated in gray horizontal lines) during rain events in September 2009. Solid black line is the

zeroflux plane from suction probes at same depths (except 5 cm): below this plane the hydraulic gradient is downward and above it is upward.
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Fig. 9. Rainfall admittance.

process. Rainfall admittance is computed here based on a statistics

of about 30 rain events higher than 15 mm.

Of particular interest here is to establish whether or not it is

possible to reliably quantify ET on such favorable topographic con

ditions (flat terrain and significant potential evapotranspiration –

PET), despite the shelter size. Gravity trends in the two days follow

ing a rain event are computed for each tidesatmospheric effect

correction (i.e. SSAM, FSAM, FDAM, LCM). The aim is to evaluate

the impact of the 4 atmospheric correction methods against the

ability to retrieve a reliable ET value. However it is acknowledged

that gravity decrease following a rain event is not only due to ET

losses but also to lateral redistribution of water. This lateral redis

tribution is mainly driven by an almost steadystate behavior of

the downward flow, as can be observed by the constant gradient

exhibited between piezometers distributed along the hillslope. This

is also shown by a 2D hillslope water modeling that succeeded in

representing the driving processes of water redistribution along

the slope of this very catchment, with a key focus on the riparian

system and its control on both the disconnected water tableriver

system and the annual hillslope water budget through transpira

tion (Richard et al., 2013). Therefore, a constant lateral flow can

be hypothesized, particularly relevant for the upslope and rather

flat area, which would benefit from the long buffer distance to the

river. In terms of gravity changes, this means a constant gravity

decrease through time. Robert (2012) compared two different SVAT

(SoilVegetationAtmosphere Transfers) 1D models on their ability

to reproduce hydrological observations for an uphill site located

100 m away from the SG site. In both cases, she used a constant

flux as bottom boundary condition, expressing this flow. Adjusted

values ranged between about 0.8 mm/d and 1.6 mm/d.

Rainfall admittance scattering is shown in Fig. 9, and exhibits

a rather good correlation between rainfall amount and gravity

increase with a coefficient of determination (R2) of 0.78. At first

sight, no threshold effect such as runoff generation can be seen,

although a longer time series would be needed to prove this. How

ever, this is in good accordance with the known weak surface runoff

in the area, particularly in the flat uphill terrain (Séguis et al.,

2011b). Rainfall admittance is 0.22 nm/s2/mm on average, about

half of what would be expected without shelter (Fig. 4) and in good

accordance with the calculations of the mask effect (i.e. no WSC

underneath the shelter) down to about 1 m (Fig. 5). During the time

span of a rainfall event (a few hours), no significant contribution

from a constant lateral subsurface flow, or ET is to be expected.

Therefore this rainfall admittance value denotes (1) the shelter

mask, (2) the topographic effect and (3) the fast redistribution of

water either underneath the shelter (further gravity increase) or

laterally (further gravity decrease). Because the value is very close

to the calculation of the mask effect, and the topographic effect is

known to be very small, it is highly likely that the fast redistribution

of water has no significant contribution, or that the two processes

(infiltration underneath the shelter and lateral flow) cancel each

other. Proper modeling of the infiltration is required to assess this

behavior.

Fig. 10 shows some examples in the 2012 wet season, of grav

ity changes during and after a rain event, for different atmospheric

effects – tides corrections. When two rain events occurred during

consecutive days they were treated as a unique event. This is the

case for the second and the 26th of August 2012. All corrections are

in relative good accordance, apart for the FSAM method. Most of

the time a gravity decrease following the fast rise is visible. How

ever, a specific behavior is also visible. For the 16th of August, a

poorly corrected atmospheric effect clearly happens, and for the

26th, no clear decrease is observable despite the strong cumulative

rainfall. The latter is due to more rain, although very small in total,

happening the following days, preventing significant ET to occur.

Because atmospheric corrections strongly affect gravity resid

uals at diurnal and semidiurnal periods, their impact on the

potential retrieval of evapotranspiration should be assessed.

Evapotranspiration implies in the Djougou case a decrease in grav

ity, because of mass losses from below the gravimeter to the

atmosphere. Distribution of these gravity decreases following rain

events is shown in Fig. 11 for each correction method. Again, the

FSAM is the most scattered one, and therefore probably the least

reliable. The LCM, however, seems to be the less scattered one.

Standard deviation is approximately the same order of magnitude

than the observed mean, making the retrieval of ET hardly achiev

able. Many outliers are present in the distributions, as well as many

positive values, meaning that more effort must be put in atmo

spheric corrections.

However, when using an admittance of 0.22 nm/s2/mm, mean

values of gravity decrease lead to mass losses of 8.6 mm/d for SSAM,

3.6 mm/d for FSAM, 6.4 mm/d for FDAM and 5 mm/d for LCM. These

values are in the same order of magnitude as PET, known to range

between 5 and 6 mm/d at the end of the dry season and 3 and

4 mm/d in the wet season, and to be roughly equal to actual ET dur

ing the wet season and immediately after rain events (Guyot et al.,

2009; Robert, 2012; Richard et al., 2013). Furthermore, if a con

stant lateral flow is added, and using the values of 0.8–1.6 mm/d

from Robert (2012), the mass losses derived from at least FDAM

and LCM methods match fairly well the expected PET values.

5.2. Annual timescale

The direct calculation method presented by Hector et al. (2013)

uses either (1) nearby NP monitoring to directly evaluate total grav

ity changes associated to WSC, assuming this point measurement

is spatially coherent, or (2) a 2D model for Magnetic Resonance

Soundings water content (�MRS) derived from electrical resistivity

mapping and Magnetic Resonance Soundings (MRS), from which

WSC are calculated based on water table level monitoring and NP

monitoring in the vadose zone, thus accounting for spatial vari

ability of specific yield (Sy). However, in their study, Hector et al.

(2013) did only use FG5 measurements 4 times a year, thus lack

ing continuity. Here, the same approach is undertaken, to further

check the previous comparison with a higher gravity sampling rate.

�MRS is known to be higher than Sy, and therefore Hector et al.

(2013) derived the best scaling factor (˛ = Sy/�MRS = 0.63 ± 0.15) by

minimizing the RMSD between FG5 data and the gravity model.

Fig. 12a shows the results of the direct calculations for the grav

ity effect of NPderived WSC evaluated at the SG sensor location,

together with gravity residuals (both FG5 and SG data). The mask

effect is slightly stronger at the SG sensor location than for the

FG5 (Fig. 5 and the study of Hector et al. (2013)). The fit may
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Fig. 10. Examples of gravity changes after different rain events and for different atmospheric effectstides corrections. SSAM = simple scalar admittance method (blue);

FSAM = filtered scalar admittance method (red); FDAM = frequencydependent admittance method (green); LCM = Loading Calculation Method (black). (For interpretation of

the references to color in this figure legend, the reader is referred to the web version of the article.)

Fig. 11. Gravity decrease distributions after rain events for different atmospheric effectstides corrections. (a) SSAM = simple scalar admittance method; (b) FSAM = filtered

scalar admittance method; (c) FDAM = frequencydependent admittance method; (d) LCM = loading calculations method.
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Fig. 12. Hydrological vs gravity data. (a) NPderived WSC spread according to the topography. (b) 2D model for �MRS scaled with a factor ˛ and WSC derived from watertable

changes and NPderived WSC in the vadoze zone.

have seemed good with respect to episodic FG5 data, yet the grav

ity model clearly underestimates gravity changes with respect to

continuous SG data. Particularly noticeable is the bad fit for the

hydrological year of 2011, where NP shows a deficit (as do all other

local hydrological data) not seen in both FG5 and SG data.

Fig. 12b shows the result of the 2D model for �MRS applied at the

SG sensor location. In this case, the scaling factor is a little less than

for the FG5 data (0.52, for a RMSD on SG data of 31 nm/s2), while

a very strong discrepancy still occurs in the hydrological year of

2011. This behavior, consistent in both FG5 and SG data remains

unexplained until now and is further discussed.

6. Discussion

Hydrogravimetry is increasing in importance, as can be seen

from the success of the new generation SG, the iGravTM. Many of

these instruments will be deployed in a near future to monitor

WSC in specific catchments or other hydrological objects. However,

despite several recent and very detailed hydrogravity studies, no

technical paper for hydrogravity monitoring using highaccuracy

SG instruments has been published so far. This is beyond the scope

of the present paper, but implications on SG corrections are sought

in the case of a hydrologydedicated instrument, the Djougou SG.

Preliminary analyses of topographic effects are mandatory for

deriving framework and objectives of further hydrogravity stud

ies. For instance, how should be interpreted a gravity increase

observed on a rather steep slope? The easiest case to deal with,

but also the poorest in terms of hydrological processes, is the

flat terrain case, such as in Djougou. However, one should notice

that even in a simple configuration like this, the gravity changes

toWSC relationship is not straightforward and not necessarily a

simple admittance. First, an admittance may change through time,

for instance because of the shelter mask effect, or different water

redistribution processes (for which the shelter may play differ

ent roles). Also, spatial heterogeneities of underground structures

may cause different WSC distributions to produce identical gravity

changes, discarding the use of admittance approaches in highly het

erogeneous media (see e.g. Hector et al. (2013) for further details).

Therefore, spatial variations of soil properties need to be indepen

dently analyzed by focusing on their potential effects on gravity.

Concerning the shelter, it mainly acts as a mask, and there

fore as a restriction for most hydrological studies, or at least as

an object to account for, which modifies water redistribution. The

best way to acknowledge for any mask effect is to properly model

WSC underneath the shelter, and this shall deserve some specific

measurements. When setting up a new SG, one should make sure to

have moisture probes or any other hydrological monitoring device

underneath the shelter. This is often forgotten (as in the case of the

Djougou SG), and assumptions or hypotheses are therefore needed

to acknowledge for this effect. Furthermore, there is a tradeoff

between instrument height and the shelter surface, and the effect

of the latter can be reduced by increasing the instrument height

for instance. In Djougou, the shelter diminishes at least by half the

value of ET following a rain event, therefore being the main limiting

factor to retrieve this key hydrological variable.

Classical corrections on SG data are now quite well known (see

e.g. Hinderer et al., 2009b), but some very specific care must still

be undertaken when the object of interest is hydrology. Partic

ularly, the retrieval of longterm hydrological changes can prove

to be very challenging depending on data quality, and much care

should be taken when filling gaps or offsets for rainy periods. Con

versely, one should proceed to these corrections with a rainfall

time series alongside, to make sure no rain effects are treated as

small offsets, and are removed. The iterative nature of SG data cor

rection makes it suitable for deriving a rainfall admittance on the

continuous data, and further using this value for gaps and offsets

filling. When available, a calibrated hydrological model can also

be used for gaps and offsets filling. Concerning the drift correc

tion, particularly important for studying longterm hydrological

changes, an a priori estimates of WSC can be used to infer drift

parameters, as described, although this shall be less needed in the

future with the new iGravTM for which preliminary results have

shown a very weak drift (Warburton et al., 2010). Also, it is impor

tant that data are processed independently by several authors, so

as to assess the human factor on data correction (Hinderer et al.,

2002).

In the equatorial band particularly, earth tides and atmospheric

effects should be analyzed together because of the special role of

S1 and S2. It is shown here that for the Djougou station, the direct,

physical loading calculation performs better than any empirical
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admittance approach (fitted on gravity). However, discrepancies

between the different atmospheric corrections studied here in

terms of ET retrieval clearly exhibit their limiting role for deriv

ing such a fundamental hydrological variable. New calculations of

atmospheric loading may be worth to apply to such a goal, such

as the ATMACS (http://atmacs.bkg.bund.de/) service that provides

time series of atmospheric vertical mass attraction, computed from

the outputs of weather models of the German Weather Service

(DWD), the regional European model (COSMOEU) and the global

model GME (Klügel and Wziontek, 2009). The hydrostatic hypoth

esis usually applied in atmospheric effect estimates is also likely

to be wrong in the case of monsoon systems such as in Djougou,

particularly for short timescale studies. This effect also deserves

some proper modeling.

The retrieval of ET seems highly compromised at this site

because of the shelter size/instrument height which significantly

decreases the admittance, and the absence of hydrological mon

itoring below the shelter, which prevents the quantification of

fast water redistribution processes. A rainfall admittance can be

derived, which serves gapfilling procedures during raw data

processing. Its value of about half the Bouguer value is due to the

shelter mask effect and not to the topographic effect. The present

study does not cover the possible impact of temperature changes

on this admittance or other hydrological analyses. Thermal effects

can make the center of mass of the atmospheric column to move up

and down, leading to a timevariable attraction effect (e.g. Simon,

2002). Rain in Djougou is often associated with fast and strong

temperature changes, for which the gravity effect is quite challeng

ing to model, particularly because of its rapid timescale. This also

probably acts together with rapid vertical density changes in the

atmosphere (nonhydrostatic).

The Djougou SG seems to capture seasonal WSC from its foot

print area. The mean annual storage is very close to zero, as

expected (Séguis et al., 2011b; Peugeot et al., 2012), and the

investigation of delayed responses to climate variability (wetter

or drier years) will be investigated when longer time series are

available. The discrepancies with NPderived WSC are quite sig

nificant. This may be explained by two factors: the NP calibration

process, although very rigorously undertaken (see Hector et al.,

2013), may have suffered from poor sample moisture retrieval

when the drilling residuals were blown out from the borehole.

This would result in a lower (yet nonsystematic) neutron count

to soil moisture ratio, and therefore smaller amplitudes for WSC,

yet with appropriate dynamics. Another possible effect is the non

representativeness of NP point measurements with respect to

the spatially integrating gravity signal. It is highly possible that

these two factors combine to explain the observed discrepan

cies.

The second experiment, which uses a 2D model for �MRS and thus

takes into account an estimate of spatial variability of WSC clearly

points out the particular problem of the year 2011. All hydrolog

ical data show a deficit this very year (see e.g. Fig. 2), but both

SG and FG5 do not. It is not yet clear what process is responsi

ble for such discrepancy: a misrepresentation of the drift is not

likely because SG residuals globally match FG5 data. A measure

ment problem in the September 2011 FG5 data point, together

with an inappropriate correction of the large July 2011 offset in

SG records are also not likely. The SG recession curve at the end

of 2011 suffered almost no interruptions and is therefore clearly

present in the data. If the July 2011 offset was smaller, SG residuals

would never match the 2012 FG5 data. Another process could be a

new although shorter drifting behavior after the July 2011 offset,

but again this would not match the further FG5 point and the SG

residuals recession in late 2011. No explanation is found until now,

and local vertical displacements will soon be analyzed using GPS

time series.

7. Conclusion

WSC are known to play an important role in the WestAfrican

monsoon cycle, and also govern water resource management in the

storagepoor hard rock basement context such as that of northern

Benin. Yet this variable is not well constrained by classical hydro

logical measurements, and is often derived from budget equations,

assuming other variables are known. Gravity monitoring has been

deployed to fill this gap, leading to the installation of an SG obser

vatory in Djougou. The goal of this paper was to point out some

important aspects concerning SG corrections with the aim of WSC

retrieval. These included: (1) the need for preliminary studies on

the SG environment to derive the frame of feasibility for hydro

logical studies, (2) gaps and offset filling procedures during rainfall

events, (3) drift corrections under strong seasonal WSC conditions,

(4) atmospheric and earthtides corrections in the equatorial band,

and (5) nonlocal hydrology analyses. First analyses of WSC at two

distinct timescales, rapid and annual, have been realized following

these considerations. Several conclusions can therefore be drawn

from this first analysis of the Djougou SG records:

• Preliminary studies

o Local topography is relatively flat and the water admittance value

(0.45 nm/s2/mm) is close to the Bouguer value, with a small foot

print area (<100 m), although the relationship between WSC and

gravity changes may not be straightforward because of spatial

heterogeneities of soil properties and the shelter masking effect.

o The shelter plays a significant mask effect and diminishes the

rainfall admittance to half the water admittance at the SG sensor

location. This effect is weaker for the higher position of the FG5

sensor location (dropping chamber). A tradeoff between shelter

size and sensor location height must be found when setting up a

new SG.
• Gravity corrections for hydrogravity studies:

o Care must be taken when filling gaps and correcting for offsets

if rain occurred during this period. Iterative corrections must

be applied to fill long gaps with nonperiodical effects such as

rain using empirical rainfall admittance, drift or any known and

significant hydrological trend.

o At Djougou, large gaps and offsets may have altered the retrieval

of the seasonal signal.

o A physically based atmospheric correction (loading calculations)

is definitely to be preferred to classical admittance (scalar or

frequencydependent) correction for hydrogravity studies at

Djougou, as it has been shown to reduce residuals and provide

the most reliable ET estimations.

o Drift estimates are critical when studying interannual WSC, and

its assessment may also involve iterative process, such as remov

ing a priori WSC.

o Nonlocal hydrological effects represent about 20% of gravity

residuals at Djougou, and their correction should therefore be

cautiously addressed to investigate local hydrological contrib

utions.
• WSC

o Rainfall admittance plots can be used to identify runoff gener

ation. No such process is observable in Djougou, however, in

accordance with hydrological observations.

o An accurate retrieval of ET is hardly achievable given shelter size

and stateoftheart atmospheric corrections. However, mean

values retrieved from this study are in accordance with known

values of potential ET and constant lateral flow.

o Direct comparison of gravity changes with hydrological data (NP

and water table) show some discrepancies, particularly for the

hydrological year of 2011, for which all hydrological data show a

deficit, but SG and FG5 data do not.
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All these conclusions lack a precise knowledge of water redis

tribution in the ground. Hydrological monitoring underneath the

shelter should be planned before its setup. Hydrological modeling

is needed to bring all information together in a comprehensive,

physically based approach of water transfers in the ground and its

surface interactions, known to play a key role in this area.
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Basile HECTOR 
 

Caractérisation hydrogéophysique multi-

t en zone 
soudanienne de socle :  

apport de la gravimétrie 

 

 

Résumé 

Le stock d�eau, ses variations temporelles et leurs répartitions spatiales, sont des grandes inconnues 
du cycle hydrologique d�Afrique de l�Ouest. Les trois principaux types de gravimètres actuels (un 
gravimètre relatif supraconducteur �SG�, un microgravimètre relatif �CG5�, et un gravimètre absolu 
�FG5�) ont été déployés sur un bassin versant élémentaire de l�observatoire AMMA-CATCH de 
l�Ouémé supérieur (Bénin), représentatif d�un milieu cultivé de la zone soudanienne. Conjointement, 
un important dispositif de suivi hydrologique (piézométrie, sonde à neutrons) a été mis en place, 
ainsi que des mesures de géophysique de proche surface (mesures électriques, électromagnétiques 
et résonance magnétique des protons �RMP�) pour la caractérisation des aquifères. Ces travaux 
font état des apports de la gravimétrie pour 1) la détermination de la porosité de drainage en zone 
de socle hétérogène, 2) le suivi des variations de stock d�eau intégrées à l�échelle d�appréhension 
des gravimètres (parcelle de 100m de côté) et 3) l�identification de processus hydrologiques liés à la 
redistribution interne au sein du bassin versant et à la genèse des écoulements. 

Mots-clés : gravité � hydrologie � stock d�eau � géophysique de proche surface 

 

Abstract 

Water storage, together with its temporal and spatial variations, are major unknowns of the West 
African hydrological cycle. The three main gravimeter types (a relative superconducting gravimeter �
SG�, a relative microgravimeter �CG5�, and an absolute gravimeter �FG5�) have been set up on an 
elementary catchment of the Upper Ouémé (Benin) AMMA-CATCH observatory, considered as a 
typical cultivated environment of the Sudanian area. Hydrological monitoring (water table, neutron 
probe) and near surface geophysics (electrical, electromagnetic, magnetic resonance soundings �
MRS�) have been developed jointly, for aquifer characterization. This work states on the inputs 
provided by gravimetry on 1) specific yield determination in heterogeneous basement area, 2) the 
monitoring of water storage changes at the gravity measurements scale (100m square plot) and 3) 
hydrological processes identification, linked to internal catchment redistribution and streamflow 
generation.  

Keywords: gravity � hydrology � water storage � near surface geophysics 


