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Abstract

We present an analysis of ground deformation induced by large-scale seasonal rainfall
in Southern Africa, based on GPS and GRACE time series and on simulations of elas-
tic flexural response to hydrological loading. This large-scale study including South
Zambia, South Angola, North Namibia and North Botswana displays a latitudinal pre-
cipitation gradient between tropical to semi-arid conditions. GRACE data display an-
nual variations in water mass decreasing drastically southwards. GPS time series of
three permanent stations located in Zambia, Namibia and Botswana show seasonal
synchronous vertical displacements with amplitude decreasing southwards from 4 to
2 cm, with a shift of 2-3months from the main rainfall season. Flexure simulations in-
tegrating rainfall, evapotranspiration, water storage, flood migration and river output
produce a ground flexure up to 6cm with timing in agreement with the GPS time se-

ries. It highlights the hydrological buffering of surface aquifer located in the Kalahari

sands.

KEYWORDS

1 | INTRODUCTION

The Earth surface deforms under several processes involving both
deep earth and external envelopes, such as ocean, atmosphere and
continental water (Biessy et al., 2011; Cazenave & Feigl, 1994). The
dynamics of the external envelopes generate variations in mass
recorded by GNSS methods (Ray et al., 2013; Ruttner et al., 2022;
White et al., 2022), ground gravimetry (Crossley et al., 2005;
Guntner et al., 2017) and spatial gravimetry (Ramillien et al., 2008;
Wahr et al., 2004). The regional-scale hydrology is investigated
from GRACE satellite data where gravity variations are con-
verted into an equivalent water thickness and into displacements
(Chanard et al., 2018; Llovel et al., 2010; Ramillien et al., 2008; Wahr
et al., 2004). GRACE data were combined to GPS time series to es-
timate the atmosphere and non-tidal ocean loading at regional scale
(Fu et al., 2012; Nahmani et al., 2012). Few works investigate the

Hydrology, elastic flexure, rainfall, ground deformation

impact of rainfall on the ground deformation at the regional scale.
Studies described punctual effects of extreme events on ground
deformation: heavy rainfalls and typhoons can generate a ground
subsidence around 1cm for daily precipitation of 5-10mm/day in
Western Africa (Nahmani et al., 2012) of some cm for variations
in precipitations of 15cm per month in Australia (Li et al., 2020).
However, few regional-scale studies investigate the ground defor-
mation of an area submitted to seasonal high-rainfall gradients, such
as transition areas between sub-tropical and semi-arid climates.
Such transitional regions undergo cyclic hydrological loads of which
regional gradients can be important as in Northern Australia, India,
Eastern Asia, Southern Sahara and Southern Africa. We focused our
ground deformation study on Southern Africa (Figure 1): unlike India
and Eastern Asia, this region is located in an intraplate setting, that
is, away from main geodynamic activities sand from oceanic and
earth tides.
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2 | SOUTHERN AFRICAN SETTINGS

Southern Africa is a steady region where the water resources
are driven by annual precipitations that display high gradients
(Figure 1): some tens of mm/year on the Namibian coast to more
than 1300 mm/year in the Democratic Republic of Congo. GRACE
data (Krogh et al., 2010) highlight these contrasted variations in
equivalent water thickness (Figure 1): the amplitude of annual
variations ranges from 30 to 50cm north of 20°S and decreases
to less than 10 cm in the South. This latitudinal contrast is abrupt
and localized at a latitude of 20°S. GPS time series of three sta-
tions located in Maun (Botswana), Rundu (Namibia) and Mongu
(Zambia) (Figure 1) display seasonal vertical variations from 2cm
in Maun to 40cm in Mongu (Pastier et al., 2017; Pastier, 2018).
The three stations display in-phase vertical displacements de-
creasing in magnitude towards the south revealing that they re-
cord the same loading process whose impact fades southwards.
This variation in ground deformation is anti-correlated with the
water equivalent thickness: the maximum in GPS time series fit
to the minimum of GRACE time series, and vice versa. Thus, an
increase in water loading generates a ground subsidence. The
Southward decrease in the amplitude of the ground deformation
and the synchronicity between the three stations indicate that
these displacements are generated by water loading in Angola
and Zambia where the regional precipitations are maximum
(Figure 1, S1). We will further explore this mechanism through
numerical simulations of a flexure response to a hydrological load
in the area including southern Angola, Zambia, northern Namibia
and Botswana.

Statement of significance

We investigate the impact of the annual rainfall on the
ground deformation in Southern Africa (Angola, Zambia,
Namibia and Botswana). GPS time series record annual
variations of vertical displacements of the ground sur-
face up to 4cm, correlated to changes in water mass re-
corded by GRACE data. Simulations of the ground surface
displacements integrating complete hydrological budget
with rainfall, water export and temporary water storage
show centimetre vertical displacements decreasing south-
wards. The maximum of downward displacements occurs
2 months after the main rainfall period, as recorded by GPS
stations. This time offset is due to the permeability of the
Kalahari sand and the flat topography of this region that

slow down the water propagation.

3 | HYDROLOGICAL BUDGET

The hydrological budget driving the water load in a given area results
in the difference between the input due to local rainfall and incom-
ing rivers, and the outputs through evapotranspiration and fluvial
export outside. We used precipitation data from the WorldClim
database (Fick & Hijmans, 2017) that provides monthly rainfalls in
cell size of 2.5min (Figure S1). The maximum of precipitations oc-
curs from October to March: up to 300mm in North Zambia, East
and West Angola, and the minimum (less than 25mm/month) in
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FIGURE 1 Hydrological variations from GRACE data and ground deformation from GPS in Southern Africa. To the right, the precipitation
map (data from WorldClim website) shows the location of the GRACE tiles used in this study (white rectangles, data from GRACE Tellus site)
and of the GPS stations (circles, Maun in green, Rundu in red, Mongu in blue) (Pastier et al., 2017). The red rectangle limits the study area.
The left middle and lower plots show the variations in water equivalent thickness deduced from GRACE from February 2009 to November
2017 on sites located North and South of Maun (Botswana): the variations within the northern sites range up to 60cm while they vary up to
20cm to the South. Note the lack of significant linear trend revealing the absence of water storage or water release during the considered
period. The left upper plot shows the GPS-measured variations in vertical ground deformation at the three stations (18). Note the anti-

correlation between soil deformation and hydrological variations.
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May, June and July in the whole study area. An exhaustive and ac-
curate quantification of the outputs at such a regional scale is dif-
ficult to estimate because of the lack of realistic evapotranspiration
data. Evapotranspiration is only measured locally in some limited
areas such as the Okavango Delta (Bauer et al., 2004; Moses &
Hambira, 2018) and no data are available in Angola. To bypass this
difficulty, a potential evapotranspiration (PET) is modelled by inte-
grating a set of climatic parameters (McCabe et al., 2015). It pro-
vides a theoretical maximum amount of water exported by physical
evaporation and vegetation activity assuming an infinite water avail-
ability. In our study area, the annual PET provided by the WorldClim
database (Fick & Hijmans, 2017) (Figure S2) is larger than the annual
rainfall, indicating that, in theory, no water must flow outside the
study area. A simple calculation of monthly hydrological budget by
subtracting the PET from the rainfall (Figure S3) shows a huge deficit
in water up to 290mm during some summer months. Only Angola
and Zambia regions display a water excess from November to March,
up to 184mm in December. Therefore, the theoretical PET cannot
be integrated in the hydrological budget to estimate the variations in
effective water load. Thus, to estimate the monthly change in water

mass, we used a simple formulation:
Wy, = (Prec,, + Ws,,_,). Cout (1)

where at a given month (), the water mass (Wv, ) results in the
month precipitation (Prec ) plus the water locally stored from the
previous month (Ws_ ), multiplied by an effective coefficient (Cout)
that gathers all the processes exporting water from the area (evap-
oration, transpiration and rivers). This coefficient was estimated
empirically by assuming that the water mass at a given month can-
not be greater than the rainfall mass plus the water stored during
the previous month. Therefore, Cout ranges from O (all the water is
exported from the given region) to 1 (all the water is stored inside
the given region) (Figure 2). Cout=1 is not consistent with GRACE
data that indicate none or weak water storage as shown in Figure 1.
Calculations based on Equation 1 show that the maximum of water
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present in the zone occurs in March, while the maximum of rainfall
occurs in December and in January, that is, a time lapse of 3months
(Figure S5). To constrain this output coefficient, we also considered
the range of flexure that affects the entire study area (Figure 2).
As expected, the amplitude of flexure increases as Cout increases,
that is, when the loading increases. For Cout values of 0.25, 0.5 and
0.75, the maximum of flexure happens in March, and the minimum
in September. Considering the flexure amplitude recorded by the
GPS station, Cout should range from 0.25 to 0.5, meaning that the
evapotranspiration and river export extract three quarters to half of
the water from the study area. The following simulations were done
using a realistic Cout value of 0.5.

The water mass remaining from the previous month (Ws_ ,) in-
cludes the water stored in subsurface aquifers and the water flow-
ing in the rivers, not yet exported outside the study area. The high
permeability and high porosity of the unconsolidated Kalahari sands
coupled with a flat topography (regional slope less than 0.1%) slow
down the water flow in the rivers and generate annual floods out of
phase with local rainfalls. The water leaving the study area through
the river is not considered because it no longer contributes to the
overall hydrological mass.

The study area includes the endorheic Okavango Delta in north
Botswana (Figure 1), which temporarily stores water coming from the
Angolan mountains; 96% of the water flowing to the fan disappears
via evapotranspiration (Bauer et al., 2004; Gumbricht et al., 2004;
McCarthy, 2006), the 4% remaining being evacuated in the small riv-
ers. To estimate the monthly amount of water temporally stored in the
fan, we compared the amount of rainfall in the upstream watershed
to the water discharge measured at the town of Mohembo, located at
the entrance of the Okavango Delta. The discharge data at Mohembo
were downloaded from the Okavango Research Institute's database.
The annual volume of rainfall in the watershed reaches 147.04km?® and
the volume flowing at Mohembo is 9.22 km3, that is, only 6% of the
rainfall flows at Mohembo. We integrated the water temporally stored
in the Okavango Delta by adding 6% of the precipitations falling in the
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FIGURE 2

Impact of water output coefficient (see text) on the total volume of water in the study area (vertical bars) and on the flexure

amplitude (lines and dots). Five values were tested: 0.0, 0.25, 0.5, 0.75 and 1.0 (0 means that all the water exits the area, 1 all the rainfall is
stored). The light-green rectangle defines the flexure amplitude recorded by the three GPS stations. The coefficient values between 0.25

and 0.5 seem to be the most realistic for the study area.
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Angolan part of the Okavango watershed to the area of the Delta, with

a delay of 2months.

Finally, the hydrological budget is described as follows:
Whv,, = (Prec,, +Ws,,_;)" Cout + Wdoy, ()

Wdo, is the water stored temporally in the Okavango Delta.
This formula provides a monthly hydrological budget displayed in
Figure S5. Three simulations were processed corresponding to differ-
ent hydrological settings: (i) a loading only from rainfall without output
(Figure S6), (ii) a loading from rainfall corrected for stored water and
output coefficient and (iii) a loading from rainfall corrected for stored
water, output coefficient and water stored in the Okavango Delta

(Figure S7). All the simulations were processed with Cout=0.5.

4 | FLEXURE SIMULATION

The amplitude of a loading flexure of the lithosphere is driven by
the vertical load, the whole rheology of the lithosphere which is in-
tegrated by the effective elastic thickness (Te), the Young Modulus
and Poisson coefficient. Te is the most critical value but complex to
estimate (Watts & Burov, 2003): it depends on the crustal thickness,
its composition and the depth of the lithosphere. In the study area,
Te ranges from 10km close to the shoreline up to 120km below the
Kalahari and Congo cratons (Pérez-Gussinyé et al., 2009). We used the
code gFlex (Fick & Hijmans, 2017) to simulate the 2D flexure, taking

into account the spatial variability of Te. The elastic flexure was esti-
mated with Finite Differences solution and free vertical translation at
the plate boundaries. The Young's modulus is 6.5 10'°Pa and Poisson's
ratio is 0.25. One calculation was processed over the whole study area
for each month and the time evolution of three points was extracted:
Maun, Rundu and Mungo that corresponds to sites with GPS time se-
ries. The results are displayed both in the supplementary files with the
maps of the monthly flexure and in the main part of the article where

the comparison with the three GPS stations is done.

5 | HYDROLOGICAL GROUND
DEFORMATION

5.1 | Flexure from monthly rainfall

The first simulation evaluates the effect of monthly rainfall on the
ground deformation (Figures 3 and Sé). The ground reacts immediately
to the water loading as expected from the elastic mechanical behav-
iour: the flexure reaches 8 cm in the northern and eastern parts of the
study area. The maximum of displacement happens from December to
January, when the rainfall is greater and no deformation is observed
during the dry season from June to August. Between these two pe-
riods, the flexure amplitude decreases as the water loading dimin-
ishes. The variations in vertical displacements were followed in three
places: Maun, Rundu and Mongu (Figure 3) where GPS time series are

available. The displacements are synchronous in the three places: the

GROUND DEFORMATION INDUCED BY RAINFALL
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maximum is at Mongu (up to 5.8 cm in January) that is the closest site
to the maximum of rainfall, and the minimum is at Maun (up to 3.3cm
in January), the farthest place to the maximum rainfall. The deforma-
tion is null for the three places from June to September. However, the
magnitude of displacement is twice higher than recorded with GPS
(Figure 1). The rainfall generates a cm-scale deflection synchronous
to the water loading with an order of magnitude of the displacements

being similar to the measured data, but not with the good timing.

5.2 | Flexure from complete hydrological budget

The second simulation integrates the evapotranspiration, the river
export outside the study area and the water in the rivers located
inside the study area (Figures 4 and S08). The loss of water mass
compared to the rainfall mass results in a lowering of the flexure
magnitude only reaching up to 6.2cm. It also generates a time offset
of 2months: the maximum of flexure occurs from February to March,
and the minimum from July to September (only August displays no
flexure). Therefore, the rainfall and the flexure are not in phase, as
observed in the measurements: the subsidence occurs even during
the dry season due to the water migration and the water stored in
aquifer. The three GPS stations (Figure 4) display similar behaviours,
but the deformation in Mongu is twice higher than in Maun, and 1.5
higher than in Rundu. The displacements in Maun and in Mongu

are close from October to December. The water storage inside the

Okavango Delta affects the deformation in Maun by slowing down
the decrease of flexure and offsetting the maximum of flexure to

March, instead of February.

5.3 | Crustal sensitivity to the hydrological loading

The numerical simulations of flexure response to water loading in-
tegrating mechanical behaviour of the crust highlight the sensitivity
of the ground surface to water loading, even in an area assumed to
be located above craton domains. Unfortunately, this effect is poorly
considered in the regional-scale studies of ground deformation by
GNSS methods (Silverii et al., 2016), while it can generate centimetres
of vertical ground deformation. Only long, continuous time series can
effectively characterize this effect by estimating its amplitude and pe-
riodicity, allowing to deconvolute the signal of ground displacement
into different processes. However, a complete hydrological budget
at the regional scale is complex to realize because many factors are
involved. This large-scale study focused on a region with high precipi-
tation and temperature gradients reveals the necessity to acquire in
situ evapotranspiration data, to constrain the flowing rate in rivers
depending on the regional slopes (<0.1% in the study area), and to
estimate the water storage in the subsurface aquifers. The water stor-
age corresponds to the water still present in the subsurface aquifers
made up of the poorly consolidated, largely aeolian Kalahari sands
(De Vries, 1984; Lekula et al., 2018). Because of its high porosity of
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43-49% (Wang et al., 2007) and its high permeability, this type of ag-
uifer stores a large amount of water during the rainy season before
discharging in the rivers during the dry period, and are water buffers

that largely regulate the water availability in that region.

6 | CONCLUSION

Southern Africa displays high-rainfall gradients from tropical climate
to the North to semi-arid climate to the South. The precipitations
integrated at a regional large scale represent a huge mass of water
well recorded by GRACE, which load deforms the ground surface, as
observed on GPS time series. The seasonal vertical movement up to
several centimetres in magnitude is significant and should be consid-
ered in regional studies of ground deformation, especially in intra-
plate domain where no geodynamic process occurs. The record of the
ground deformation allows constraining both the regional hydrology
of Southern Africa and the crustal response to short-term-low am-
plitude stress. Similar studies should be realized in other intraconti-
nental regions displaying contrasted rainfall distribution such as South

America or India where the geodynamic context is stable.
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