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Abstract: In the Sahelian region, the West African Monsoon (WAM) is an important phenomenon
for land water storage evolution, as demonstrated by The Gravity Recovery and Climate
Experiment (GRACE) estimations. The Monsoon leads to an annual increase of the water mass.
However, GRACE data also displays the existence of a semi-annual cycle whose its origin is still
uncertain. This cycle is characterized by a gain of water mass at the beginning of the dry season.
In this study, 10-days GRACE data are used to understand the characteristics of this semi-annual cycle.
Investigations of the rainfall events, rivers discharge peaks, and the Lake Chad water level variations
suggest that they are not at the origin of this cycle. However, MODIS evapotranspiration data display
an increase each 6 months, during the rainy season, and at the same time as the semi-annual cycle
estimated by GRACE. This increase occurs in regions where the amount of clays at the surface
exceeds 30%. The link between both signals and the proportion of clays at the surface leads us to
the conclusion that the seasonal variation of the vertical permeability of clays controls the amount of
water present in the unsaturated zone.

Keywords: seasonal vertical permeability; GRACE; evapotranspiration; clays; Lake Chad basin

1. Introduction

The West African Monsoon (WAM) is an important annual phenomenon for the Sahelian
hydrological system and has been widely studied (it aims to understanding the Sahelian hydrological
system’s triggering processes). Its inter-annual and intra-seasonal variations are due to the internal
atmospheric dynamic that varies daily and/or within few days. Long terms variations observed in the
WAM cycle can also be linked to climate mechanisms of longer periods resulting from the interactions
with oceans [1-6]. Fontaine et al. [7] found that the soil moisture in West Africa is significantly
important to the WAM dynamics and precipitations; these results corroborate the observations by [8].
Fontaine et al. [7] went further, as they demonstrated that the most important factor is not the rainfall
amount but the rainfall anomalies that occur at the end of the rainy seasons. These anomalies play
a leading role in the surface-atmosphere exchanges. In addition, studies of the Lake Chad basin
show the importance of soil moisture in (1) the water table depth variations of the phreatic aquifer
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for sandy soil (i.e., high permeability), and to a lesser extent for clayed soil, as well as in (2) the
temporal evolution of the surface temperature [9]. These authors observed that during wet years,
the surface temperature above well-known piezometric anomalies of the phreatic aquifer [10,11]
presents a difference of 4-5 K between them. Lopez et al. [12] showed that the main factor controlling
the seasonal cycle of the surface temperature is the seasonal vertical permeability variation of the
soil surface, via the evapotranspiration process, as intuited by Leblanc et al. [9]. More precisely,
this vertical permeability evolution controls the diurnal cycle of water vapor and depends on the
surface pedological variations, i.e., dominant sandy or clayed soils.

Since the beginning of the century, a new generation of Low Earth Orbiter (LEO) satellites
has been operated to precisely determine the variations of the static gravity field like GOCE
(Gravity field and steady-state Ocean Circulation Explorer) mission. The most recent one is the
Gravity Recovery and Climate Experiment (GRACE) mission [13], which is dedicated to mapping
the static gravity field and its time variations. Since its launch in March 2002, with the co-orbiting
twin vehicles, it has measured the time variations of the Earth’s gravity field for more than 14 years
and with an unprecedented precision with regard to the permanent undulations of the geoid height.
The high-precision measurements of the inter-satellite distance and velocity were made possible
by the on-board K-Band Range Rate (KBRR at a precision of 0.1 m s~!) system [14]. This accurate
system gives access to the tiny gravity variations in time due to water mass redistribution inside
the surface fluid envelops (atmospheric water content, sea/ocean surface, lake/river surface water,
groundwater, vegetation/soil water content, etc. ...) of our Planet. GRACE data are yielding crucial
information about (1) continental hydrology, in particular, the distribution of runoff and groundwater
storage on land masses; (2) the convective atmosphere; and (3) oceanic masses including the periodic
tides, at a spatial resolution of 300400 km. GRACE products are lists of monthly (and weekly)
spherical harmonic coefficients prepared by official centers (CSR, JPL, GFZ, and CNES). These solutions
suffer from north-south striping, caused by aliasing of observation and pre-processing model errors
through the spherical harmonics representation. Lately, computing regional GRACE solutions such
as “mascons” [13] were proposed to limit the effects of aliasing and take the advantage of good
spatial localization of hydrological patterns. Thus, land total water mass variations can be recovered
from these alternative solutions. The land total water includes the water content variation from
the troposphere to the deepest changes in groundwater (including variations at the critical zone).
The combination of the total water mass variations with other hydrological datasets can provide
information about the changes affecting each reservoir by applying source separation.

GRACE products from six different providers were used to understand the long-term water
mass variations related to WAM episodes over Sahel [15]. The water mass variation estimates
exhibit interesting behavior. Indeed, Grippa et al. [15] and Nahmani et al. [16] described
an increase of water mass at the beginning of the dry season. This has been observed in different
GRACE-based products (ruling out the possibility of a processing dependence) and in GPS data,
respectively. Nowadays, the origin of this semi-annual mass increase implies the process of a cycle
of swelling/shrinkage of clays [16]. Successive studies by Leblanc et al. [9], Fontaine et al. [7],
and Lopez et al. [12] showed that the variations of soil moisture in the Lake Chad basin, through
seasonal surface permeability variations, have a great importance in the WAM rainfalls dynamics [7],
surface temperature evolution, and the phreatic aquifer supply [9,12].

The combination of multi-year GRACE data and the importance of the surface vertical
permeability variation will allow us to propose a scenario that explains the semi-annual water vapor
cycle (related to the surface permeability cycle) and the importance of water changes in the unsaturated
zone. This has been intuited by [16,17] and with GRACE and GPS data, and by [18] with terrestrial
microgravimetry data. In this study, we first describe the hydrological and geological context of the
Lake Chad basin. In Section 2, a presentation of GRACE 10-day intervals data provided by [19] is done,
followed by a description of other data sets used in this study, i.e., rainfall and evapotranspiration.
In Section 3, we investigate the evolution of different parameters such as rainfalls, evapotranspiration
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rate, and spatial repartition at the surface of sandy and clayed soils along different time and spatial
scales. Finally, we propose a scenario of transfer processes, which describes the evolution of water
masses and other parameters.

2. Description of the Lake Chad Basin

2.1. Climate and Hydrology

The Sahelian climate in the Lake Chad basin is characterized by a rainy season, from June/July
to September/October and a dry season during the rest of the year. The evapotranspiration is
around 2 m year~! [20,21]. The WAM system controls the inter-annual rainfall cycle of this region.
This system includes surface southwesterly inflows (wet season) and northeasterly to easterly outflows
(dry season). The rainy season corresponds to a migration toward Sahara of the zone of peak rainfall,
also referred as Intertropical Convergence Zone or ITCZ. Precipitations occur from June to October
with a maximum in July/August. Due to this shift of the ITCZ, rainfalls show latitudinal variation,
as, on average, they reach a maximum close to 200-300 mm year’l in the northern part of the basin,
which corresponds to sandy soil, and to 700-800 mm year~! in the southern part, which corresponds
to clayed soil. Consequently, by their abundance, their spatial variations, and their time evolution,
precipitations govern the hydrology of this region. The beginning of the dry season, from November
to March, is characterized by a very dry and dust-loaded Saharan wind referred as Harmattan [22].
This wind creates specific conditions at the surface: (1) a decrease of the solar radiation by up to
50% due to dust and (2) a subsequent drop of nighttime temperature [22].

The Lake Chad watershed extends from 5°N-25.6°N to 7°E-27°E, covering two and half million
km? over seven countries (Algeria, Cameroon, Central African Republic, Chad, Niger, Nigeria,
and Sudan). Without any direct outlet to the sea, it is the largest endorheic watershed of the world.
During the Holocene, Lake Chad extended over an area of ~350,000 km? [23,24], but, since the
early 1980s, its size decreased to only ~2500 km? [20,25]. The current hydrological active part of
the lake is concentrated in its southern part. It is fed by the Chari and Logone perennial rivers
(~90% of the input), as well as the seasonal Yedseram and Ngadda rivers. The highest water level
(292 m £ 0.5-6 m) of both rivers is reached between September (upstream) and late October/early
November (downstream) [26,27]. In the northern part, surface waters are essentially seasonal and are
concentrated within the River Komadugu-Yobe. Here, the flow starts in June, reaches a maximum in
November (278-284 m), and subsides rapidly prior to being drained completely [28].

2.2. Geology of the Basin

The Chad basin is considered as the largest intra-cratonic basin belonging to the east and central
African rift system [29,30]. These rifts were active from the Cretaceous to the early Paleogene and
then reactivated during the early to mid-Tertiary [29,31]. Sediment thickness ranges from ~850 m
west of Lake Chad to ~4000 m in the center of the basin, east of Lake Chad. The stratigraphic
sequence of the basin starts from Albian-Cenomanian to the aeolian sand and fluviodeltaic deposits
of the Quaternary formation [31]. The thickness of this Quaternary formation varies eastward from
~15 m to ~100 m westward. Since the last marine episode at the end of the Eocene, sedimentation is
only lacustrine, interbedded with aeolian sands deposits [32-34]. The lithology of these sediments
varies laterally and vertically. Lacustrine sediments (mix of clays and sands) testify to different
depositional environments, such as lake margins, alluvial fans, crevasse splay, deltaic and ephemeral
river streams, and ponds [33,34]. Clays deposits (in Chad) result from a mix between kaolinite and
smectite, e.g., montmorillonite, and occasionally there is evidence of illite [35]. Their relative amount
varies spatially and temporally. Aeolian sands deposits are characteristics of arid environment [32,34].
The Holocene period is marked by the presence of the Mega Lake Chad [23,24,32], and deposits
of this period also consist of a succession of lacustrine sediments interbedded with aeolian sands.
These sediments present spatial variations due to the fluctuation extension of the Mega Lake Chad [32].
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At the end of these humid periods and until nowadays, aeolian sand is the main deposit except around
rivers. Indeed, near these rivers, as, for example, around River Chari-Logone, the lithology shows
a strong lateral variation with sand deposits in channels and/or lacustrine beaches and, directly nearby,
clay deposits, which are typical of flooded environments [36]. These different observations in the
lithology since the Tertiary demonstrate that the sedimentation in this region generally exhibits strong
lateral changes. The most important one is the strong latitudinal dependence of the clay amount
(Figure 1) [37]. Figure 1 shows that the clay concentration at the surface decreases northward. In this
general trend, one can note that in the rivers and the Lake Chad bed, this concentration is ~45%.
The surface lithology can be summarized as spatially varying concentrations of clays and sand. As we
have different lithologies at the surface, we expect that the water vapor cycle will react differently
according to the proportion of sands and clays.

Kadzell| Kanem Barh-el-Ghazal Harr

12.0°N

Clays (%)

Figure 1. (a) Regional context of the studied area (dashed black rectangle). (b) GRACE tiles (resolution of
each tile is 2° x 2°) superimposed on a map of the clay concentration at the surface of the Lake Chad
basin [37]. Tiles have been named after the covered regions or characteristic features (Kadzell, Kanem,
Barh-el-Ghazal, Yobe, Bornu, Chari, and Fitri). White dots a-b-c localize the pixels used in Figure 10.

3. Data and Methods

3.1. GRACE Data

Pre-processing of Level-1 GRACE observations consists of removing the effect of known
gravitational accelerations (i.e., static gravity field, atmosphere and oceanic mass changes, pole and
oceanic tides) from the raw K-Band range measurements of inter-satellite distance and velocity.
This pre-processing produces level-2 “residuals” solutions that are monthly or weekly Stokes
coefficients (i.e., dimensionless spherical harmonic coefficients of the geopotential) [38] up to degree
90 or less, of maximum spatial resolution of ~350 km [39-42].

The use of de-aliasing techniques, based on correcting model outputs, permits one to remove the
short time periods from hours to days of atmosphere and ocean tides. While atmosphere pressure
fields from ECMWF allow a reasonable de-aliasing of high-frequency changes caused by non-tidal
atmospheric mass redistribution, errors due to tide model are present in the GRACE solutions,
especially for diurnal (S1) and semi-diurnal (S2) tides [43—46]. Aliasing of the S2 tide has a strong
impact on the determination on the degree-two order-zero harmonic coefficient of the geopotential [47].
The global Level-2 solutions describe the gravity signatures of non-modelled surface mass variations,
mainly the seasonal water mass redistributions in ocean and land areas. They are affected by
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north-south striping, particularly visible in the tropical band. There, the coverage of the satellite tracks
is poor because of (1) sparse GRACE track sampling in the latitudinal direction due to the polar orbit of
the satellites; (2) propagation of errors from the correcting model accelerations, which are also amplified
by the spectral representation in spherical harmonics [43-45]; and (3) numerical correlations generated
by solving the undetermined systems of normal equations for high-degree Stokes coefficients [48].

We used a regional approach alternative to the classical spherical harmonics-based one, which was
proposed recently for improving geographical localization of hydrological patterns in the inversion of
GRACE K-Band Range Rate (KBRR) data (see Ramillien et al. [49,50] for theoretical aspects). Once the
KBRR residuals are converted into along-track kinetic energy, the gravitational potential changes
according to the conservation of mechanical energy in an inertial reference frame. These inter-satellite
potential anomalies are inverted to estimate surface mass density for a regional set of juxtaposed
elementary surfaces of constant cross sections. Each 10-day surface mass anomaly map is recovered
over a global set of homogeneous tiles (Figure 1). For each 10-day GRACE period, the Newtonian
matrix is constructed from the satellites and the mass element positions, but it has to be solved by
applying regularization techniques. Multi-years series of 10-day regional water mass solutions were
computed over South America [51], Australia [52], and Africa [19], and validated by direct comparison
with independent data sets like in situ water table measurements [52]. These successive regional solutions
expressed in Equivalent-Water Height (EWH) for surface mass density describe realistic amplitudes from
seasonal to inter-annual time scales. In the present study, we used the regional 10-day GRACE solutions
over Africa [19,53] that represent the surface mass density changes from GRACE KBRR data.

3.2. Rainfall and Evapotranspiration Data

Rainfall data from Tropical Rainfall Measuring Mission (TRMM) [54]) are also used in this study.
We use the monthly TRMM-merged product (3B43) [55] with a spatial resolution of 0.25°/~28 km
(less accurate in time, but more accurate in space). This product shows good agreement with in situ
gauge data over West Africa [56]. The period of the time series is from 1 January 2003 to 1 December
2012 and was averaged on each GRACE tiles of the Lake Chad basin [57].

Evapotranspiration, referred hereafter as ET, is obtained from the MOD16 algorithm [58]
based on the algorithm of Penman-Monteith equation [59]. ET data have a spatial resolution of
~1 km and combines MODIS land cover, albedo, leaf area index (LAI), Enhanced Vegetation Index
(EVI), and global surface meteorology from the Global Modeling and Assimilation Office (GMAO)
meteorological data. In this study, monthly area-average ET data are used [60].

3.3. Method

The Continuous Wavelet Transform (CWT) is used to extract trends and periodicities of different
time series. The Cross-Wavelet Transform (XWT) permits to analyze connection/correlation that
possibly exists between two-time series. The CWT decomposes a time series into a time-frequency
space, by successively convolving the time series with scaled and translated wavelet filter derived from
a wavelet mother function (characterize by a zero mean) [61,62]. The Morlet wavelet is well suited for
oscillations extraction, as it provides a good balance between time and frequency localization [63,64].
However, the Morlet wavelet is not precisely well located in time and thus a Cone of Influence (COI)
has been introduced. Areas located inside this COI are locations on time-frequency plane where edge
effects brings lower confidence in the computed values. The XWT [65,66] allows highlighting area
where two time-series have a high common spectral power in time-frequency plane. The MATALB
software package provided by Grinsted et al. [66] for cross-wavelet and wavelet coherence can be
obtained from GitHub [67].

4. Temporal Evolution of the Water Mass

Figure 2 shows the evolution of the continental water storage expressed in EWH for each GRACE
tiles of the region. As we are interested in understanding the different processes triggering the annual
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and semi-annual cycles, for each time series, a trend has been computed and removed from these
GRACE solutions. The four plots in the upper panel represent the evolution of the water mass at
a latitude of 14°N for the Kadzell (a), Kanem (b), Barh (c), and Harr (d) tiles. The lower part represents
the water mass evolution at a latitude of 12°N for the Yobe (e), Bornu (f), Chari (g), and Fitri (h)
tiles. In all plots, the most recognizable signal is the increase of water mass following WAM episodes,
which ranges from —150 mm (i.e., loss of water) to 200 mm (i.e., gain of water) for the whole area.
The inter-annual variability is clearly displayed and may be due to variations of the duration and
intensity of the annual monsoon [68]. For each WAM episode, the response of the water mass for tiles
located at the same latitude is almost the same in amplitude. The water mass variation induced by
rainfalls is ~150 mm at 14°N and ~250 mm at 12°N; this latitudinal dependence is directly linked to the
latitudinal shift of the ICTZ (Section 2.1) [68]. The most interesting results from these height graphs
are the deceleration of water mass decrease at the beginning of the dry season or even during some
years, an increase of the water mass that implies water supply in the region. This Dry Seasonal Water
Increase (referred hereafter as DSWI) occurs at the beginning of the dry season and starts in average in
December to last until March/April. The DSWI is more intense at 12°N (Figure 2e-h) than at 14°N
(Figure 2a—d), suggesting a latitudinal dependence. Moreover, in all tiles, the DSWI signal is stronger
between 2004 and 2010.

Kadzell Kanem

Corrected equivalent water height (mm)

st R S ) €
2004 2005 2006 2007 2008 2009 2010 2011 2012 300420052006 3007 2008 3009 2010 2011 2012
Year Year

Barh-el-Gazal i i i ‘ Hur{'

Corrected equivalent water height (mm)

3004 3005 3006 3007 3008 3009 3010 2011 2012
Year

Bornu

Corrected equivalent water height (mm)

£ L
30045005 30062007 5008 2000 30703611613
Year

Chari Fitri

A

1-15
3004”5005 3006 3007 20(]8 36063010 30115013 30045005 3006 3007 2()08 300950703011 2012

Corrected equivalent water height (mm)

Figure 2. Equivalent-water height for GRACE tiles (see locations in Figure 1). For each time series,
a computed trend has been removed from the GRACE signal.
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The continuous wavelet transform (CWT) analysis of the GRACE signal (Figure 3) shows that,
in each tile, the maximum spectral power (referred hereafter as MSP) of the water mass signal in time
frequency space is observed with a periodicity of 1 year and with less energy, at 6 months. The one
year period is linked to the annual WAM episodes. The semi-annual cycle is linked to the DSWI signal
of GRACE estimations. It is observable from mid-2006 to 2007 for the Kadzell, Yobe, and Bornu tiles.
For the five other tiles, this semi-annual cycle is more pronounced and persists from mid-2006 to
mid-2008. The CWT of GRACE estimation displays the existence of a signal at 3 months in 2005 in the
Kadzell, Kanem, Harr, Yobe, and Bornu. In tiles in which the clay concentration at the surface is more
important (Figure 3g,h), the 3 months period does not exceed the 5% of confidence. This observation
can also be made for the Bahr-el-Gazal (Figure 3c) tile, in which the concentration of clays at the
surface is low (Figure 1). As the MSP associated with the WAM phenomenon (with a periodicity of
1 year) is very strong, in order to highlight the MSP of the semi-annual cycle, the CWT of the water
mass corrected from the annual cycle is presented in Figure 4. At 14°N (Figure 4a—d), the DSWI
signal (with a periodicity of 6 months) is displayed from end of 2005 to 2010, except for the Kadzell
tile (Figure 4a), in which the DSWI starts from mid-2004. From 2006 to 2008, the amplitude of the
DSWI reaches a maximum and decreases until its disappearance in 2010. The DSWI signal in the
Kadzell tile (Figure 4a) starts sooner and lasts longer than for the Kanem, Barh-el-Gazal, and Harr tiles
(Figure 4b—d). At 12°N (Figure 4e-h), the DSWI cycle occurs from 2005 to 2011. As for the tiles at 14°N,
the DSWI amplitude is at its maximum from 2006 to 2008 and decreases until 2011. The duration of the
DSWI decreases with the longitude, as demonstrated by the comparison between the Yobe (Figure 4e)
and Fitri tiles (Figure 4h). This figure also displays the existence of shorter periods of 3 and 1.5 months,
as now the MSP is above the 5% confidence level. The variability of these cycles is more important
after 2008. This increase of variability can be associated with climatic changes in the region.

Kadzell

Kanem

Period
Period

[a), . = = ; : : .
2004 2005 2006 2007 2008 2009 2010 2011 2012

Barh-el-Gazal
-y,

Period
Period

2005 2006 2007 2008 2009 2010 2011 2012
Yobe

Period
Period

T 3005 2006 2007 2008 2000 2010 2011 2012

007 2008 2009 2010 2011 2012
 Figyi

Period
Period

N

005 2006 2007 2008 2000 2010 201 2012 2004 2005 2006 2007 2008 2000 2010 2011 2012
Year Year

Figure 3. Continuous wavelet power spectrum (CWT) of the GRACE signal for each tile (see locations
in Figure 1). The x-axis represents the time. The y-axis is the time converted to its equivalent Fourier
period. It represents 2 years; 1 year; and 6, 3, and 1 % months. The color scale represents the spectral
power. The COI (i.e., region affected by edge effects) is represented as a lighter zone. Grey thin contours
highlight the 95% confidence level.
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Figure 4. Same as Figure 3 except that the annual cycle have been removed from the GRACE signal by
subtracting the inverse Fourier transform of longer periods.

5. Lake Chad Elevation, Rainfall, and Evapotranspiration Rate

5.1. Lake Chad Evolution

Lake Chad is at an altitude of ~282 m above sea level (a.s.l.). The recent variations in Lake Chad
water elevation are obtained by altimetry [69]. These data show that after each WAM episode from
2003 to 2012, the water level variation is ~2 m from June/July until late October/early November.
Then, the water level starts to decrease for 6 to 7 months before reaching the minimum water level
(~279 m) in June. The wavelet transform analysis confirms the presence of the annual cycle with
a period of 1 year (high wavelet coefficient, Figure 5) with a constant MSP for each WAM episode.

Lake height 16

Period

172

1/4

1/8

= ; | — : 1/16
2005 2006 2007 2008 2009 2010 2011
Year

Figure 5. Same as Figure 3 for the Lake Chad water elevation signal.
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5.2. Rainfall Data

The WAM system drives the rainfall annual cycle and occurs from June/July to
October/November over the Sahelian region. Figure 6 presents the monthly TRMM-merged rainfall
data, averaged over the Kadzell (a), Kanem (b), Bahr (c), and Harr (d) tiles at 14°N, and over the
Yobe (e), Bornu (f), Chari (g), and Fitri (h) tiles at 12°N. The inter-annual rainfall fluctuations are well
displayed through the intensity and duration variation of the rainfall episodes. The rainfall rates reveal
the strong latitudinal dependence of the WAM rainfall, as the rate decreases from ~225 mm month !
at 12°N to ~100 mm month~! at 14°N. Finally, the WAM rainfall peaks between July and September
and then a sharp precipitation decrease occurs in October, as the ICTZ moves southward.
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200 - , 200
~ 1501 1~ 1s0F
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£ 2501 1 = 2501 b
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Figure 6. Monthly TRMM-merged product (3B43) for each GRACE tile (see locations in Figure 1).
TRMM data were spatially averaged for each GRACE tiles.

The CWT analysis of the TRMM data for each tile (Figure 7) shows the existences of a signal
with a one year period and confirms the inter-annual latitudinal and local variability of the monsoon
rainfall. Indeed, at 14°N (Figure 7a—d), the spectral power of the annual cycle is constant for the
complete time series at Kanem (Figure 7b) and Harr (Figure 7d) tiles, while it is discontinuous for
the Kadzell tile (Figure 7a) and starts only in 2005 in the Barh tile (Figure 7c). Moreover, the MSP is
not reached during the same years for the different tiles. For Kanem (Figure 7b), the MSP is reached
between the 2004 and the 2006-WAM episodes, while in the Barh tile (Figure 7c), the MSP lasts from
the 2008-WAM episode up to the end of the time series. At 12°N (Figure 7e-h), the spectral power
of the annual cycle is present for the complete time series and for all tiles. The only difference is
the time length of the maximum energy. For Yobe (Figure 7e), the MSP is displayed between the
2004-WAM and 2009-WAM episodes. For the Bornu tile (Figure 7f), the spectral power linked to WAM
rainfalls is less significant between mid-2009 and mid-2010. The MSP decreases between mid-2007
and mid-2009 for the Chari tile (Figure 7g) and lasts only until 2009 for the Fitri tile (Figure 7h).
The comparison of the rainfall amount (Figure 6) with the associated annual period spectral power
(Figure 7) suggests that the decrease of the rainfall rate induces those of the spectral power. A signal
exceeding the 5% confidence level with a period of 6 and 3 months can be observed in Kadzell
(Figure 7a), Barh-el-Gazal (Figure 7c), Harr (Figure 7d), Yobe (Figure 7e), and Chari (Figure 7g) tiles.
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In the contrary, the Kanem (Figure 7b) and Bornu (Figure 7f) tiles display only a 3 months period,
while the Fitri tile (Figure 7h) is characterized by a 6 months periodic signal.
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Figure 7. Same as Figure 3 for the TRMM rain series.

Figure 8 presents the temporal evolution of the amount of water, which is not absorbed by
vegetation nor evaporated (rainfalls-ET) with 10-day GRACE data averaged by month at 14°N for the
Kadzell (a), Kanem (b), Bahr (c), and Harr (d) tiles and at 12°N over the Yobe (e), Bornu (f), Chari (g),
and Fitri (h) tiles. Each WAM episode is followed by an increase of the water mass after one or two
months delay. For all GRACE tiles, WAM rainfalls explain between 65% and 80% of the water mass
observed during the wet season. The 35% to 20% left may be explained by other processes, as river
supply, that are fed more to the south (more humid zones) for the River Chari-Logone and westward
for River Komadugu-Yobe. The highest water level is reached around October/November at the lake
and downstream of the rivers. The rivers and Lake Chad are included only in four tiles: Kadzell
(Figure 8a), Kanem (Figure 8b), Bornu (Figure 8f), and Fitri (Figure 8h). For example, Lake Chad
represents ~3% of the Kanem tile surface by considering the actual average area of the inundated part
of the southern basin (~1040 km?). Consequently, the water variation in the lake is ~2 m year~! and
represents ~25% of the water mass evolution during the wet season. In the Bornu tile, the water level
change represents ~8% of the water mass, as the inundated area only covers ~1% of the tile area.

5.3. Evapotranspiration Data

The spatial repartition of the ET rate is displayed in Figure 9. This latter map reveals that the
ET rate has a latitudinal dependence. Indeed, during WAM episodes, the ET rate reaches ~1.5 m
month~! at 11°N and decreases below ~100 mm month ! at 14°N. Within this general trend, ET is
~2 m month~! over the lake and permanent rivers. Now, when we study the evolution of the ET rate
at the native 1-km spatial resolution, it varies with time (Figure 10). The ET rate evolution exhibits
different behaviors according to the location of the pixels. The first pixel (Figure 10a) is located in the
Kadzell region (dry area and a clay content at the surface of ~2%, Figure 1), the second represents
the Lake Chad bed (Figure 10b), and the last one (Figure 10c) is located at 12°N, in a clay rich region
(Figure 1).
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Figure 8. Each plot displays the monthly averaged GRACE water mass estimation (solid line), while
the dashed line represents the water balance (TRMM precipitation-MODIS ET rate).
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Figure 9. MODIS evapotranspiration map from the MOD16 algorithm. This map also represents the
1960’s spatial extension of Lake Chad and its main tributaries. Black squares highlight the limits of the
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Figure 10. Evapotranspiration rate evolution for three different pixels (see locations in Figure 1):
(a) is located in the Kadzell region at 13.16°E-13.74°N, (b) is located inside the Lake Chad bed at
14.21°E-13.14°N, and (c) is located at 12°N, in a clay rich region at 13.36°E-12.12°N.

The ET data of the first pixel show an ET rate of ~200 mm month~! during the rainy season
up to 2008, except for the 2004-WAM episode where there is no signal. Since 2008, the ET rate has
increased to ~500 mm month~!. The ET rate evolution on the second pixel (Figure 10b) and the third
one (Figure 10c) is particularly interesting as the signal can be divided into two periods: the first period
from 2003 to early 2008 and the second one from 2008 to 2012.
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The period from 2003 to 2008 presents a mean maximum with an ET rate of ~670 mm month~! in
pixel (b) and ~750 mm month~! in pixel (c). In both pixels, the ET signal associated with the WAM
rainfalls is recognizable. The most intriguing /surprising signal is the increase of the ET signal at the
beginning of the dry season, between October/November and March/April, observed in these pixels:
in pixel (b), the ET reaches in average ~400 mm month~! and ~70 mm month~! in pixel (c).

During the period from 2008 to 2012, the maximum average ET signal associated with
the WAM rainfalls reaches ~920 mm month~! in pixel (b) and ~850 mm month~! in pixel
(c). Then, from October/November until February/March (thus during the dry period), a slope
discontinuity is visible in pixel (b) at the beginning of the dry season only in 2008 and 2012, while in
pixel (c) this discontinuity is observable from 2008 to 2012.

This study of the ET rate according to different surface feature/lithology shows an interesting
relationship between them. At the beginning of the dry season, the ET rate increases during 4 to
5 months before decreasing again only in the pixels where the percentage of clays at the surface is above
30% (Figure 1). As the clay amount is the only factor that varies between the three pixels, it seems that
the seasonal behavior of clays along time may affects the soil moisture evolution. Now, this behavior
is reported for pixels with 1-km size. The question is whether this dependence between the ET rate
and the amount of clay is still reliable at GRACE resolution. Figure 10 presents the mean spatial ET
rate, i.e., the averaged ET data for each GRACE tiles, with the GRACE EWH. At a latitude of 14°N
(Figure 11a—d), the ET rate is ~25 mm month~! from 2003 to 2008. Since 2008, the evapotranspiration
has increased to ~50 mm month~! for the Kadzell (Figure 11a), Bahr (Figure 11c), and Harr tiles
(Figure 11d), and to ~60 mm month~! in the Kanem tile (Figure 11c). At a latitude of 12°N, from 2003
to 2008 and for all tiles, the ET rate is twice, in comparison with the one estimated during the same
period at 14°N. From the 2008-WAM episode to the one of 2011, the ET rate reaches ~80 mm month !
(Figure 11e-h).

The CWT analysis of the MODIS ET rate data shows the spectral power evolution in time
frequency space, as a function of latitude and longitude (Figure 12). At 14°N (Figure 12a—d), the spectral
power of the annual cycle observed with a periodicity of 1 year is more pronounced between the
WAM episodes of 2007 and 2011. The MSP is reached from the 2008-WAM episode to the one of 2010.
A spectral power signal associated with a semi-annual cycle is also observed from mid-2007. There is
no clear evidence of a variation with the latitude. However, the spectral power of the annual ET signal
at 12°N (Figure 12e-h) shows longitudinal dependence. The annual ET spectral power periodicity of
the Yobe tile (Figure 12e) is observed from the 2004-WAM episode until 2011 and the one for the Fitri
tile (Figure 12h) starts in 2005. For the Bornu and Chari tiles (Figure 12f,g), the annual cycle starts in
2006. The maximum annual spectral power is reached from the 2008-WAM episodes to the 2011 one
for all the four tiles. The semi-annual cycle power runs from 2007 to 2011 with a maximum associated
to the WAM episodes of 2008, 2009, and 2010 at 14°N. At 12°N, semi-annual power is observed from
2005 to 2011. As for the annual cycle and the semi-annual cycle at 14°N, the maximum of spectral
power is reached from the 2008 to 2010 WAM-episodes. However, during the WAM episode of 2005,
the semi-annual cycle power reaches a maximum for all the four tiles.
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Figure 11. Each plots represent the GRACE water mass estimation (solid line), while the dashed line
represents the ET rate.
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Figure 12. Same as Figure 3 for the MODIS ET rate.

6. Discussion

6.1. Influence of Surface Water

The most important variations of the water mass described by the GRACE solutions are due to
the WAM rainfall amounts, which are indirect evidence of the significant importance of the rainfall
control on the hydrology of the Lake Chad basin. The CWT analysis (Figure 7) of the rainfall data
confirms the presence of the inter-annual cycle (see Section 5.2). The existence of signals with shorter
periods of 6 and 3 months are not confirmed with in situ data and thus may be dependent with the data
processing. Moreover, the response delay recorded in Lake Chad and its tributaries (Figure 8) is not
sufficient to explain (1) the spatial correlation between the clay amount repartition with the existence
of the DSWI and the ET increase at the beginning of the dry season and (2) the semi-annual cycle
appearing in both DSWI and ET rate in all tiles. It appears that these years, where the water balance
becomes negative (Figure 8), are periods where the ET signal does not increase at the beginning of
the dry season. This observation means that at this period, we have an excess of evapotranspiration
compared to the amount of available water brought by rainfalls.

6.2. Influence of Evapotranspiration

The regional ET signal is characterized by the superposition of an annual WAM system-dependent
cycle and a semi-annual period that always appears between November/December and March/April.
This latter semi-annual cycle, as presented in Section 3.2, is observed within pixels at the native
resolution of MODIS (1 km) and at the spatial sampling of the GRACE tiles (2° x 2°). In both cases, this
cycle shows a dependence with the surface lithology (Figure 10b,c, Figure 11a,g), as only pixels/tiles
rich in clays (Figure 1) exhibit this semi-annual cycle. The cross-wavelet coherence between MODIS
ET and GRACE data (Figure 13) shows good cross-correlation between both signals for the 1 year
and 6 months periods. In more details, at 14°N (Figure 13a—d), the annual and 6 months periods
cross-correlation start around 2007 for the four tiles. At 12°N (Figure 13e-h), the annual period
cross-correlation is observed for the entire series, while the one for the 6 months period starts around
2006. Figure 14a shows that a delay of one or two months exists between the DSWI and the ET increase
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during the wet season and at the beginning of the dry season. These results are confirmed by the
observed phase delay between ET and DWSI close to the 45° of the XWT (ET event occurs before
the DWSI). Consequently, we suppose that the process behind the ET increase is the same as the one
responsible for the DSWI.

Kadzell

e = : D a———u—u = =
2005 2006 2007 2008 006 2008
Barh-el-Gazal Harr

— N et = = e
2005 2006 ) 2004 2005 2010 2011

2008 2010 2011
Fitri

=Y |
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Year Year
Figure 13. Cross-wavelet transform (XWT) of the ET rate and GRACE water was signals. The x-axis
represents the time. The y-axis is the time converted to its equivalent Fourier period: it represents
2 years; 1 year; and 6, 3, and 1 % months. The color scale represents cross-wavelet energy. The warm
color represents the higher degree of dependence between the signals. The COI (i.e., region affected by
edge effects) is represented as a lighter zone. Black thin contours highlight the 95% confidence level.

As stated by [66], it is quite difficult to go further in the interpretation of the cross wavelet
transform, as the mechanism that explains the evolution of the ET and the water mass remains
unknown. However, the most important result to keep in mind is the good relationship observed
between the presence of clays at the surface with the existence of the ET rate increase and the DSWI
signal. This can be explained by the relatively high water adsorption capacity of clays, which induces
an evaporative surface close to the soil-atmosphere interface, and thus a higher evaporation flux.
The spatial variation of the surface vertical permeability has a non-negligible impact in the seasonal
and diurnal water vapor cycle [12]. In order to understand how this surface vertical permeability
has such an influence on the ET rate and the DSWI, we suppose that seasonal variation of the water
content in clay is the main controlling factor (Figure 14a,b).
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Figure 14. (a) Plot of the EWH and the ET rate evolution from the beginning of the 2006-WAM episode
until the beginning of the 2007 one. This illustrates the behavior of both signals during the wet and
dry seasons. In both signals, the ET rate increase and the DSWI, occurring between December and
March, is visible. (b) Evolution of the vertical permeability (linked to the opening of desiccation cracks),
the atmospheric processes, and the solar radiation through the wet and dry season. The ET rate increase
and the DSWI occurs when the Harmattan wind is blowing. The seasonal variation of the desiccation
cracks opening permits the development, at night, of a thermally-driven convective circulation inside
the cracks. During the Harmattan period, the excess of atmospheric relative humidity in comparison to
the one in the soil leads to an increase of the water amount by adsorption in the shallow region.

6.3. Influence of the Surface Permeability of Clays

Clay-rich deposits, in continental conditions, are characterized by the development of desiccation
cracks that form during layer contraction and dewatering [70-72]. Width of desiccation cracks ranges
from a few centimeters from experiment in slurry [73-76] to ~30 cm in natural clay deposits [71,77]
with rich content in smectite. In the Lake Chad basin, the presence of desiccation cracks has been
reported in different areas. In the Kanem region, although its surface is mainly constituted by aeolian
sand, desiccation cracks develop in clay deposited in depressions between dunes. The size of these
cracks can reach 30 cm deep and 10 cm wide [32,78], and the mean radius of these clay polygons
ranges from 5 to 10 cm [79]. Desiccation cracks have also been reported in the flood plain of the
River Chari-Logone [35,80] and in the Lake Chad bed, where their size can reach several centimeters
in width and one meter in depth [81]. All these desiccation cracks begin to form at the end of
the rainy season (Figure 14b). During the Harmattan period, they may grow more quickly under
the effect of the wind and are progressively filled by sand [78,81]. These soil cracks increase the
vertical permeability of clay-rich deposits (mean permeability < 1071¢ m?) and are pathways for
fluids, especially in arid and semi-arid contexts (e.g., [82]). Indeed, these cracks have been studied
for their role in aquifer recharge under humid conditions and are considered as inactive during
dry seasons [83,84]. However, desiccation cracks permit gas flux across unsaturated zones and the
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atmosphere by (i) wind pumping, (ii) atmospheric barometric changes, and (iii) thermally-driven
convection flow in fractures during dry seasons [83-85]. The first two processes result in the advection
of underground air towards the atmosphere [85], but are infrequent, as they depend on meteorological
conditions. Thermally-driven convection flow inside cracks/fractures happens daily, only during
winter nights in middle-latitudes, when the air inside cracks/fractures is warmer and less dense than
the atmospheric air. During sunset, as the atmosphere cools down, unstable air-density gradient
develops, creating an air overturning within the cracks/fractures [83-85]. This thermally-driven free
convection is a venting of warm moist air from the cracks/fractures replaced by a cool, relatively
dry air and thus enhances the evaporation from within cracks/fractures [83,84]. Indeed, Nachshon
et al. [85] (and references therein) estimated that nightly evaporation process, controlled by thermal
convection, is of similar order of magnitude, as the one occurring at day.

Moisture contribution in semi-arid to arid areas is regularly provided by dew and/or adsorption
and in some cases only by adsorption [86-88]. Moisture contribution is controlled by the surface
temperature (dew happens only when the surface temperature drops below the dew point),
while adsorption in the soil is controlled by the relative humidity that starts only when the soil
relative humidity is lower than that of the atmosphere. Agam and Berliner [87] have shown that in
most semi-arid to arid areas, moisture contribution is essentially controlled by vapor adsorption during
the dry season. On the Lake Chad basin, in situ data at the N'Djamena station (12.13°N, 15.03°E)
from African Monsoon Multidisciplinary Analysis (AMMA) [89,90] shows that during the dry season,
the dew point temperature is mostly negative. According to [87], and considering the in situ evaluation
of the dew temperature, we suppose that the main process of the moisture contribution is linked to
vapor adsorption. AMMA samples of the diurnal evolution of atmospheric relative humidity show that
the relative humidity at night ranges from ~62% in October to ~35% in December (when an increase of
the ET and GRACE signal is observed) (Figure 14a); thus, we will consider a mean relative humidity
for October to December of ~45%.

From November to March, the Harmattan wind blows and creates a subsequent drop of the
nighttime temperature (see Section 2.1), possibly leading to the occurrence of thermally-driven air
convection in fractures. As the soil has started to be dehydrated, we can reasonably suppose that the
atmospheric relative humidity at night is greater than the one inside the soil. In that case, at this time
of the year, as the atmospheric relative humidity is still significant, air convection allows water vapor
inside the surface through the desiccation cracks (Figure 14b) and hydration of smectite by adsorption
can occur. Taking an average value of d =3 x 1071 m? s~! for the water diffusion coefficient inside
clays (montmorillonite or kaolinite) [91,92] and a radius d of 5 cm for the polygon, the diffusion time

through clay polygons is
d? 6
= 4 x10°s D)
Thus, the diffusion time is, on average, 96 days. Interestingly, the DSWI signal in the GRACE tiles
lasts for 3 months. The variation of the water mass at this period ranges from few tens of millimeters
to, exceptionally, 100 millimeters. For most of the years, the increase does not exceed 70 mm. Knowing
that for an atmospheric relative humidity of ~45%, a clay constituted by montmorillonite can adsorb
0.12 g of water per gram of clay [93], we estimate that this leads to the addition of ~8 cm of water
per m? of clays. This estimation is correct if the clays are mainly constituted by montmorillonite.
Indeed, Hatch et al. [93] have demonstrated that the adsorption process can only bring 0.035 g of
water per gram of kaolinite. Thus, this value of 8 cm of water per m? of clays represents the maximum
potentiality of the adsorption process to explain (1) the DSWI observed at the beginning of the dry
season and (2) why the ET increase as a part of this water, adsorbed at night, is available the following
day (Figure 14a).
Convective venting from fractures is a phenomenon only described for its influence on the
soil-atmosphere gas exchanges and particularly on water vapor flux [85]. Evaporation via convective
venting is the most studied one. It reveals that the impact of evaporation from fractures and/or
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faults at the basin scale is important enough to be evaluated in the context of the regional water mass
variation. It has been proposed for arid environments that venting of moist fracture air can significantly
enhance signal of evaporative water losses [83]. In the case of Lake Chad basin, our results suggest
that under specific conditions, air convection inside desiccation cracks can increase the quantity of
water inside polygons through the process of adsorption [87]. This process of adsorption is stronger
when montmorillonites are present, because their particles have the largest capacity of adsorption due
to a high specific surface area varying from 300 to 800 m? g~ [94,95]. For comparison, the quantity of
water adsorbed in quartz sand for the same relative humidity considered in Equation (1) is ~0.2 mg
of water per gram of sand [89]. This behavior results from the low specific surface area of quartz
sand that is 0.34 m? g_l [96]. Moreover, Morris et al. [97] have figured out that the water loss is more
significant from the sides of the cracks, because the soil there is wetter than the soil at the ground
surface. This result explains the amplitudes observed in this study between clay contents, the existence
of the ET increase and the DSW1I signal, and their relationship with the occurrence of desiccation cracks
during the Harmattan period (Figure 14a,b).

The difference in behavior of the ET rate and water mass evolution prior and after 2008 is quite
striking. The TRMM data show a slight increase of the WAM rainfalls for the 2008 and 2010 episodes.
However, the ET rate behaves differently prior to and after 2008 (Section 5.3). The increase of the
ET and DSWI signals at the beginning of the dry season is clearly present before 2008. Studies have
demonstrated the importance of dependence in multi-year cycles of antecedent soil moisture on the
crack density [98]. As there is a direct link between rainfalls and soil moisture changes, it is possible
that the amount of previous rainfalls and/or rainfall anomalies occurring at the end of the season [7]
controls the cracks density and the quantity of adsorbed water into a system of desiccated cracks.

Such a study highlights the sub-annual relationship between the nature of the soil (considered as
an interface of exchange) and the geographical water storage variability seen by space gravimetry,
when distinguishing sandy and clay-rich environments. This spatialization implies different conditions
of water availability (forced by low atmosphere conditions at the surface), and that also have an impact
on the draining process down to groundwater. In particular, these GRACE-based time scales of
available surface soil water would provide useful constraints in regional modelling of groundwater
replenishment by percolation.

7. Conclusions

In this study, multi-year GRACE measurements of water storage changes in the Lake Chad basin
demonstrate the ability of GRACE data to retrieve the annual water mass variation due to the WAM
phenomenon. GRACE measurements also display the existence of an increase of the water storage
(DSWI) at the beginning of the dry season. The DSWI occurs from December to March/April when
there is no water made available through rainfalls and when the rivers/lakes water level variations
are only associated with the WAM system. However, MODIS ET data display an increase of the
ET rate during the rainfall period but also at the beginning of the dry season, one or two months
before the DSWI signal on GRACE data. The possible existence of a relationship between the DSWI
and the ET data is confirmed by the cross-wavelet coherence between both signals. The ET rate
shows a strong relationship with the clay amount at the surface. Thus, in order to explain the link
between the ET increase and the DSWI of the water storage, and to understand the origin of the
DSWI while considering the influence of soil variations of clay amounts at the surface, we propose
that soil conditions influence the exchanges at the soil-atmosphere interface, more precisely the water
content (i.e., soil suction). We show that clay-rich pixels/tiles show a stronger ET and DSWI increase
than for sandy soils. Due to their highly specific surface area that can reach more than 500 m? g1,
montmorillonites have a larger water adsorption than quartz sand, which has a very low specific
surface area of 0.34 m? g~!. Moreover, the presence of desiccation cracks increases the surface of
exchanges between the subsurface and the atmosphere; at macroscopic scale by wind pumping,
barometric changes, and thermal convection through the fractures; and at microscopic scale, by
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variation of the soil suction inside the fractures. Although the first two processes are dependent upon
the meteorological conditions, convective venting in the cracks/fractures of the soil occurs daily under
specific conditions. The most important one is the temperature difference between the atmosphere and
the one contained in the fractures. We assume that during the Harmattan (dust load wind that leads to
a subsequent drop of nighttime temperature) period, at night, the atmospheric temperature is colder
than the air inside the fractures, thus leading to a thermally-driven convection inside those fractures.
As moisture contribution in arid to semi-arid areas is controlled by water adsorption, we propose that
air convection inside the desiccation cracks brings enough water to the system to increase the total
water content in the unsaturated zone. A part of the adsorbed water is available for evapotranspiration
the following day, thus increasing the ET rate during the Harmattan period.

During this study, we propose a scenario that permits to link processes occurring at large
temporal and spatial scales, provided with space-based data and the ones occurring at much smaller
spatio-temporal scales. This study brings new elements of response to the semi-annual dynamics of
the water mass variations: it shows the importance of small temporal scale of the evapotranspiration
rate in the modeling of soil moisture in this region controlled by the seasonal variation of the vertical
permeability in clay-rich soils.
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