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Abstract

The CIEH piezometer, located in the center of Ouagadougou city presents a
water level record spanning the West African Drought which peaked during
the 80s and 90s. Its water level is investigated as a potential proxy for ground-
water water resources in West African basement rock aquifers submitted to
climate changes. 23 boreholes and wells in various land uses and within a 2
km radius around the CIEH piezometer were monitored during the 2013-2014
hydrologic year. The minimum water level occurred in May, at the end of the
dry season, while the maximum took place in October, one month after the
end of the rainy season. The mean water level amplitude is 3 m, the minimum
amplitude being reached at the CIEH piezometer (0.76 m). Moreover, the
CIEH piezometer is located in a 2 m amplitude water table depression either
in May or in October. Simplified 2d modeling using a general basement aqui-
fer structure shows that (i) the water level in the piezometer is under ongoing
influence of the spillway raise of the nearby dam#3 lake in 2002, (ii) the whole
1978-2004 period cannot be modelled with constant parameters. A 3% de-
crease of water uptake is adopted after 1985, presumably resulting from land
use changes in the Ouagadougou city. The water table at the CIEH piezometer
is presently at its 1978 level, which can considered as a pre-drought value.
However this includes a 1.5 m contribution of the two abovementioned anth-
ropic effects Further quantitative interpretations of the CIEH piezometer
record will require additional geophysical and hydrological investigations.
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1. Introduction

Situated in the center of the Ouagadougou main city (Figure 1), the CIEH (In-
ter-African Comity for Hydraulic studies) piezometer presents a mostly conti-
nuous record starting in 1978. At our knowledge, this record is unique at the
scale of the whole West Africa and therefore it deserves throughout analysis.
This record spans a large part of the African Drought, which peaked between the
80s and the 90s in the Sudanian and Sahelian zones of West and Central Africa,
and is now considered as one of the most significant drought events worldwide
[1] [2]. Moreover, Ouagadougou is situated on basement rocks where aquifers

are fully included in the few tens of meter thick weathering profile [3] [4] [5].
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Figure 1. Outline of the study area.
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Therefore, the available groundwater resource is limited when compared to
sedimentary aquifers [6] [7]. Moreover, basement aquifers are sensitive to cli-
mate events at any time scale larger than a few months [8]. 40% of African
people rely on basement aquifers for groundwater. Fast development of African
cities—more than 7% annual population growth in Ouagadougou [9]—results in
increasing water demand and serious risks of water shortage [10]. In Ouaga-
dougou, tap water comes from a series of dams, the main one—the Ziga
dam—being located 50 km away from the city. However, due to combined silt-
ing and evaporation and due to the growth of the city, water shortage is planned
in the few coming years and a complementary resource will be sought from bo-
reholes. The water level record at the CIEH piezometer (P-CIEH), since it spans
the duration of the African Drought, may help to assess the effect of climate
changes on groundwater resources in Ouagadougou, and provide some general
indications for African cities on basement rocks.

In order to better define the specificities of P-CIEH, a piezometric network
was set up on different land use sites around this borehole (Figure 1) and mo-
nitored during the 2013-2014 hydrologic year. The water level signal is firstly
analyzed as a function of land use for the 2013-2014 hydrologic year and two
water table maps are built for the highest (October) and lowest (May) water le-
vels. Then, the signal observed at P-CIEH is analyzed as function of rainfall and
a simplified 2d model is used to check different mechanisms possibly controlling
its water level. Finally, further investigations are suggested and possible genera-

lization to West African basement aquifers is discussed.

2. Study Area

Ouagadougou is located near the center of Burkina Faso and the study area lies
in the eastern part of the city center (Figure 1). It includes (i) an old urban area:
the Zogona neighborhood, (ii) a part of the Ouagadougou University built from
1974, (iii) a protected forested recreational area, the Bangr Weogo Park (iv) a
vegetable gardening area. This corresponds to contrasted land uses within the
study area. This area is bordered to the north by a series of three reservoirs built
in 1963 in the Nabaouli riverbed and that drain into the Bangr Weogo wetland.
A large part of rainfall and sewage waters from the city of Ouagadougou are
drained toward the Bangr Weogo wetland trough the Central and University
concreted channels. The University channel was only an earth channel until
2004. Ouagadougou is located on Proterozoic granites and granodiorites [11]

which are basement rocks and present specific properties.

3. The Weathering Profile of Granitic Rocks and Its
Relationship with Groundwater Resources

Recent works allowed to define the relationship between weathering and aquifer
properties [3] [12] [13] [14]. The weathering profile includes from top to bottom
(i) fine saprolite which consists of the non-soluble part of the weathered initial
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rock including Fe and Al oxides (ii) coarse saprolite, including the previous
minerals with clays (kaolinite, mainly) and in some instances quartz. The sapro-
lite thickness is in the 10 m - 30 m range in the study area [15]. The hydraulic
conductivity of saprolites is low, near 10~° m/s, their specific yield amounts to 1 -
15% [16]. A specific yield ranging between 1% and 5% is proposed in the central
Burkina Faso [17], a 0.5% - 5% range results from aquifer tests on the nearby
Sanon site [18], while a 5% mean value is proposed in the Ouagadougou city
[15] [19]. In some instances, the base of the saprolitic layer includes a few meters
thick arenic layer of high hydraulic conductivity [3]. However this layer is absent
or it contains a high proportion of clay in Ouagadougou [20]. Below the sapro-
litic layer, granite presents horizontal fissures with an extension ranging from 3
to 40 m which produce a hydraulic conductivity of the order of magnitude of
10~ m/s and allow to drain water included in the saprolitic layer [21] [22].
Within this layer, both the density of horizontal fissures and their aperture de-
crease with depth. Recognition of this fissured layer as part of the weathering
profile [16] and of its role in the basement aquifer drainage constitute a signifi-
cant and recent advance for water resource management of basement rocks

aquifers [5].

4. Material and Methods
4.1. Climatic Data

Rainfall data at the Ouagadougou airport are available for the 1953-2010 period.
After 2010, we use data from the IRD raingauge after having checked on over-
lapping periods that rainfall measured there was close to that of the Ouagadou-
gou airport. Daily temperatures, potential evaporation rates and relative humid-

ity for the 1978-2009 period were measured at the Ouagadougou airport.

4.2. The Piezometric Network

One of the longest piezometric record in West Africa is available for the CIEH
(African Comity of Hydraulic studies) piezometer since 1978, with some missing
data, especially during the 90s. A local piezometric network was monitored dur-
ing the 2013-2014 hydrologic year (June 2013 - June 2014). It includes 29 wells
and boreholes less than 2 km away from P-CIEH and located in contrasted land
uses (Figure 1). Four boreholes were drilled in the University of Ouagadougou
to provide drinking water and are no more used since tap water is available (near
1990). Logging information of these boreholes is no more available. It is re-
ported [23] that P-CIEH was drilled down to a 20 m depth, was screened from 6
m to 20 m and that within this depth interval the borehole intersected 5 m of
granitic sand, 4 m of weathered granite and 5 m of fresh granite. New buildings
were set up within a 100 m radius of P-CIEH in 1975 and 1999 with local infil-
tration of rain falling on their roofs. For the two last buildings constructed in
2006 rainfall is stored for later lawn watering. Original vegetation was removed

and replaced by ornamental shrubs and trees and there are no asphalted areas in
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the surrounding of P-CIEH. The combined effects of those land use changes on
the hydrologic budget cannot be assessed a priori.

Other boreholes were drilled down to fresh basement. No aquifer tests results
are available, except for P-CIEH, for which an unsuccessful pumping test was
reported (flow rate less than 1 m*/h). 18 wells were drilled by the FAO of UN
immediately south of the dam#3 lake to promote irrigated gardening and 5 addi-
tional wells were drilled by individual gardeners. However several of them are
flooded during the rainy season and cannot be accessed. Therefore, a monthly
record was only available for 8 wells in the gardening area. The water level rec-
orded in these wells should be considered with care since they are used for ma-
nual irrigation and are situated close to temporarily flooded areas. 7 wells were
monitored in the Zogona settlement. They are located in private properties and
are used mostly for shower and laundry according to their owners. One of them
is also used for drinking water, although such use is not recommended due to
quality issues, especially during the rainy season [15]. One of them receives
rainwater from the roof of the owner’s house. The Bangr Weogo park receives
rainwater and wastewater from the Ouagadougou city through the Central and
University channels and from the dam#3 spillway. It includes several wetland
areas, especially during the rainy season. A series of wells were drilled recently
for irrigation during the dry season but are not used presently and therefore they
constitute reliable piezometers. They were drilled nearly one meter below the
water level of the dry season. One well is located in a tree nursery with daily wa-
tering during the dry season. Two wells are 30 m apart. The first one (Triangle
well) was considered as unsuccessful since it was dry at the time of drilling. Only
the second one (Bonheur well) is used for defining the water table. Geological
material extracted during drilling is still visible around the wells and exhibit
coarse saprolites keeping shapes of the original granitic material. Complete
monthly record during the 2013-2014 hydrologic year is only available for 19
wells and 4 boreholes. Water table maps were built using the topographic map
published in 1984 by the National Geographical Institute of Burkina Faso (IGB)
as a reference. Topography is gently dipping toward the east-west trending low
zone constituted by the three reservoirs and the Bangr Weogo wetland. Level
curves of this map were digitized and the elevation of wells and boreholes of the
network were interpolated from these data. Since the contouring interval is 5 m,
only a few meters accuracy can be expected. Leveling data with an accuracy of 5
cm were also available for boreholes in the University area and the level gauge of
the dam#3 lake as well as a topographic map resulting from optical leveling for
the Bangr Weogo park [24]. A constant elevation offset was considered between
the IGB 1984 map and these local data.

4.3. Water Level at the Dam#3 Lake

Three reservoirs were built in 1963 in the Nabaouli riverbed to provide drinking

water for the Ouagadougou city. Only the third one—the dam#3 lake—is pre-
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sently used as a minor supply. Water level data are available for this water body
between 1979 and 2009.

4.4. Groundwater Models

The GARDENIA 1d three reservoirs model [25] and the MOFLOW96 2d model
[26] [27] are used in the present study.

5. Data Analysis
5.1. Rainfall

Rainfall is governed by the African monsoon. October to April are almost dry
months. Starting in mid-April a southwestern wind sets up and brings wet air
from the Atlantic ocean. The rainy season begins between May and June, peaks
in July and August and ends near mid-September (Figure 2). Annual rainfall
present large variability (Figure 3) with a mean value of 780 mm between 1953
and 2013, and 1040 mm and 730 mm in 2012 and 2013. Figure 3 shows that the
African Drought was characterized in Ouagadougou by the lack of wet years
such as those recorded previously during the 60s and 70s and by some extremely
dry years (rainfall < 550 mm). Partial recovery in rainfall is observed since the

2000s with the return of some annual rainfalls exceeding 850 mm.

5.2. Temperature, Potential Evapotranspiration (PE), Humidity

These data are provided in Figure 4 as monthly averaged values. Temperature is
controlled by the season and by rainfall. Minimum temperature occurs in Janu-
ary. It increases until April, when the maximum daily temperature currently ex-
ceeds 40°C, is buffered by evaporation during the rainy season, and increases

again temporarily after rain stops in October. Relative humidity is controlled by
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Figure 2. 1978-2013 mean monthly rainfall in Ouagadougou.
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Figure 4. Mean monthly temperature, PE and relative humidity in Ouagadougou
(1978-2009 average).

rainfall, and PE depends both from humidity and temperature. Maximum PE
occurs in April, because of both the maximal temperature and minimal humidi-
ty; PE decreases during the rainy season due to the decrease of temperature and
increase of humidity and increases again, with a slight secondary maximum in
October.

5.3. Water Level

5.3.1. Water Level Fluctuations during the 2013-2014 Year
In 2013, major rainfalls began at the end of May just after the setup of the net-

work (Figure 5). The gardening area was partly flooded and several wells (not
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Figure 5. Water level during the 2013-2014 year in the four zones of the study area. The vertical scale is

different in each sub-figure. Moreover, due to offsets in the onset of the records, the time scale in (a), (c)
and (d) spans the [05/10/13 - 05/10/14] time period while in (b) it spans the [06/26/13 - 06/26/14] period.

shown here) could not be accessed. The general trend in the network consists of
a slow rise and a maximum water level reached in September or October, at the
end of the rainy season followed by a steady decrease of the water level until
June. In the Zogona area (Figure 5(a)), the WZ7 well where the water level rises
immediately after the rainy event at the end of May is located near a low area
which is ponded after each heavy rain. Similarly in the Bangr Weogo area
(Figure 5(b)) the Pepiniere well is located in a tree nursery area, which is irri-
gated daily during the dry season. Therefore, it can be suspected that high water
content in the vadose zone explains the immediate rise of the water level after
rain. Further north, there is strong contrast between the Triangle and Bonheur
wells (Figure 5(b)) although they are only 30 m apart from each other and lo-
cated close to a swampy zone flooded during the rainy season. The water level in
the Triangle well is 1 m to 2 m lower than in the Bonheur well during the dry
season and up 8 m lower at the end of the rainy season. The water level gradient
between the Bonheur and Triangle wells reaches 0.25 in October, which can only
be sustained by an impervious material. This impervious material around the
Triangle well may explain why it was considered as a dry well after drilling. In
the University area (Figure 5(c)) there is also a nearly 2 m water level difference
between the CIEH piezometer (P-CIEH) and borehole (B-CIEH) although they
are 100 m apart from each other and located on a flat area.

Moreover, the water level amplitude at B-CIEH is three times the one at
P-CIEH. The case of wells located in the gardening area (Figure 5(d)) is com-
plex due to flooding and to water withdrawal for irrigation. All wells of this area

reacted in less than one week to the rainy event of May 24, 2013 by a several me-
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ter rise of the water level. In most wells, the water level dropped before a second
increase until the end of the rainy season. The local minimum observed on some
wells in November as well as the strong water level decrease starting in March
are probably linked to the water demand of crops.

It was found that at the scale of the whole crystalline Burkina Faso, the ampli-
tude of water level fluctuations was decreasing with increasing mean water
depth, which corresponds to damping of the yearly signal during its downward
propagation [28]. Such a study is not possible with the present dataset due to the
limited duration of the record. As a simplified approach, we explore the relation
between the minimum water level, considered as being reached in May 2013,
and the difference with the maximum water level in October, considered as an

approximation for the water level amplitude.

5.3.2. Water Table Maps

Two maps (Figure 6) were derived from 22 wells and boreholes at low water
(May 2014) and near the maximum water level (October 2013). They share
common features: (i) the dam#3 lake surface lies above the aquifer on both
maps. Therefore the lake recharges the aquifer throughout the year. This is not
the case at the scale of the city of Ouagadougou and its surroundings where the
water table follows the topography and dips toward the E-W minimum axis
constituted by the 3 reservoirs in Ouagadougou [29]. (ii) Water levels in wells
from the gardening area and from the Zogona neighborhood present strong lo-
cal contrasts in May—probably due to differences in water extraction during the
dry season—and a smoother water table at the end of the rainy season. The
Bangr Weogo area corresponds to a pronounced depression in the water table,
due to its location in the same topographic minimum as the three reservoirs and
to a larger ET in this woody area. It should be noted that the Triangle well,
which would have produced a strong discontinuity was discarded for the water
table maps. (iii) The area near P-CIEH and the B-CIEH corresponds to a local
piezometric depression. The northward extension of this depression is not de-
fined due to the lack of data in this area, however the depression zone is defined
by the contrast between both P-CIEH and B-CIEH and the two boreholes fur-
ther south. The maps displayed in Figure 6 allow better understanding the trend
observed on Figure 7. For the Zogona and gardening areas (minimum water
level < 6 m), there is strong water extraction at the end of the dry season and this
extraction depends from an heterogeneous local demand. This induces strong
water level gradients. Extraction stops during the rainy season since water is
available in soils and in ponds. Then, smoothing of lateral piezometric gradients
between nearby wells produces a flat water table. For the Bangr Weogo wells, the
evapotranspiration from shrubs and trees is extracted during the dry season
from deep soil since the upper soil layers are dry. This could explain the water level
depletion at the end of the dry season. During the rainy season, vegetation is able
to extract water from the upper soil layers allowing the aquifer to recover from

the over-extraction during the dry season. The Pepiniere well where irrigation
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Figure 6. Water table maps of the study area. (a): high water level (Oct. 2013); (b): low
water level (May 2014). Greyed areas correspond to insufficient data coverage and lengths
at the left side and at the bottom of the maps are in meters (local Lambert projection).

is provided by tap water corresponds to the lowest depletion, while the Bonheur
well corresponds to the largest amplitude due to strong depletion and to strong
recharge due to its proximity with an area flooded during the rainy season.
P-CIEH and the Triangle well lie well below the straight line defined in Figure 7,
Le. they correspond to both a lower minimum level and amplitude. We propose
that they both lie in a low hydraulic conductivity area which prevents recharge
either by rainwater or by lateral flow from nearby areas.

Recharge by infiltration from the dam#3 lake was questioned by computing

the characteristic distance [30] to which a perturbation of pulsation w arising
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Figure 7. Relationship between the water level amplitude and the minimum water level in
the piezometric network. The two symbols filled in red and situated below the general
trend correspond to P-CIEH (diamond) and to the Triangle well (square).

from seasonal lake level changes could propagate inside an aquifer of transmis-
sivity 7'and specific yield ¢, which is:

o
L{wﬂ W

The yearly recharge corresponds to @ = 2 x 107 s™'. Then, assuming that
transmissivity is controlled by a 10 m thick fissured layer of hydraulic conduc-
tivity 107 m/s at the base of the weathering profile [4] T can be approximated by
10™* m/s. Assuming in addition a specific yield of 5% [15] and a two order of
magnitude uncertainty on the T/¢ ratio, L is within the [45 - 450] m range,
which implies that only wells in the gardening area are controlled by water level
in the dam#3 lake. However, when a time period of 60 yrs is assumed for the Sa-
helian drought, L is within the [350 - 3500] m range which implies that the
whole network is submitted to the influence of the dam#3 lake water level fluc-
tuations at the 60 yrs time scale.

During the 2013-2014 hydrologic year, and except for the gardening area
where the water table is table is shallow and mainly controlled by the water level
at the dam#3 lake, both the water level amplitude and water table depth seem to
be controlled by local differences in a given land use rather than systematic dif-

ferences in the hydrologic cycle between the different land uses.

5.3.3. Water Level Fluctuations at the Dam#3 Lake

Water level in this reservoir (Figure 8) is governed by rainfall and evaporation.
The reservoir is filled up to the spillway level at the beginning of the rainy season
and empties during the dry season due to evaporation. The water level drop

stops when a significant rain event occurs during the dry season, which mainly
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Figure 8. Water level and mean annual water level at the dam#3 lake. The 400 cm level is
1.65 m below the reference level of P-CIEH.

occurs during wettest years. The spillway level is reached every year except dur-
ing the 1982 and 1984 years, which were both extremely dry years. The 1.2 m
rise of the maximum water level between 2000 and 2002 correspond to an
heightening of the spillway. The mean annual water level was computed for each
year (blue dots on Figure 8) using interpolation of existing data at a daily pe-
riod. The main origin of long term water level variability in the third reservoir is
the heightening of the spillway. Apart from this effect the mean water level lies
within the narrow range corresponding to a [160 - 235] cm water level before the
spillway heightening. A regression of the mean annual water was computed (red
dots on Figure 8) as function of rainfall of the year and of the previous year and
of an index rising slowly between zero and 1.2 m between 2000 and 2002 and
which mimic the heightening of the spillway. This allows extrapolating the mean
water level for missing years, before 1979 and after 2006. As seen in the previous
paragraph, the piezometric level in the study area will be only sensitive to the

mean water level outside a narrow band near the reservoir.

5.3.4. The CIEH Piezometric Record

This record (Figure 9) shows annual variations, with amplitude commensurate
with annual rainfall, superposed to a pluriannual trend associated to the plu-
riannual rainfall trend. The water level decreases between 1978 and 1986, dis-
plays a complete oscillation between 1986 and 2002 and increases again after
2002.

5.3.5. Correlation Analysis

In order to assess the relationship between the water level at P-CIEH and annual
rainfall, a correlation analysis was carried out, starting from both the annual
amplitude and the mean annual piezometric level. Due to the large amount of
missing data the mean piezometric level is not computed but estimated visually.
There is strong correlation (0.75) between the annual rainfall and the annual
amplitude between 1978 and 1994. After 1994, the correlation weakens (0.62)
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and the computation is less stable due to the large proportion of missing data.
The regression line of Figure 10 presents a fair fit of the whole dataset and the
corresponding equation is Amplitude = 2.5 x (Rainfall — 0.311) where both
Rainfall and Amplitude are in meters. The intercept of 311 mm corresponds to
the minimum rainfall able to reach the aquifer. Some years depart strongly from
this regression curve, for example 2010, with a 840 mm rainfall and a 0.35 m

water level rise.
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Figure 9. Comparison of the water level (in grey) and the rainfall index for the 1978-2013
period (in violin) at P-CIEH.

2
1.8
1.6
1.4
1.2
1
0.8
0.6
0.4
0.2 o
0

—— Reg
e 7894
® 95--2013

Amplitude (m)

400 500 600 700 800 900 1000 1100
Annual rainfall (mm)

Figure 10. Relationship between the water level amplitude and rainfall at P-CIEH. The
regression line is light green.
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The cross-correlogram between rainfall and the mean water level as well as the
correlograms of these two variables were computed in order to detect a delayed
response of the piezometric level to rainfall. There is strong correlation between
water depth and past rainfall, reaching a maximum of 0.6 for a time lag of —4 yrs
(Figure 11(a)). However, this result must be considered with care, since the au-
tocorellation of the water level exhibits also strong correlation with past values
(Figure 11(b)), reaching —0.8 for a time lag of —7 yrs which reflects the oscilla-
tory component near the same period of 7 yrs visible on Figure 9. The rainfall
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Figure 11. Correlation analysis of the relation between the mean annual water level at
P-CIEH and annual rainfall.
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correlogram (Figure 11(b)) shows that there is complete decorrelation between
rainfalls of successive years. There might be secondary correlation peaks near 5 -
6 yrs time lag, they will not be discussed here. The conclusion of this section is
that due to the oscillatory component in the water level signal, the correlation
analysis cannot be used to assess its long term response to rain. The rain-
fall-water level relationship is therefore explored by numerical modeling in the

next section.

6. Numerical Modeling of Water Level Change in P-CIEH

The models are designed in order to assess the different mechanisms controlling
water level fluctuations in this borehole. Large uncertainties on hydraulic prop-
erties of the underground material near P-CIEH only allow using simplified
models. The vertical 1d GARDENIA reservoir model [25] was used to model 10
piezometric records in Burkina Faso [31] and to model the decrease of water
level in P-CIEH between 1978 and 1985 [23]. GARDENIA is a 3 reservoirs mod-
el with 8 free parameters, including the specific yield of the aquifer, a runoff
coefficient, the thickness of the superficial reservoir, the emptying characteristic
time of the middle reservoir and the initial levels in the three reservoirs. Begin-
ning the simulation at the end of the dry season allows to assume that the two
uppermost reservoirs are dry and that the level in the deepest reservoir is the
water level at P-CIEH. This still leaves 5 free parameters which implies a large
degree of equifinality. Moreover, GARDENIA cannot take into account lateral
horizontal transfers induced by infiltration of water at the dam#3 lake or by hy-
draulic gradients induced by the piezometric depression around P-CIEH. This
model was used to extend the results obtained for the 1978-1985 period [23] to
the whole P-CIEH record.

A 2d Modflow model was built along a NS cross-section including P-CIEH.
This cross-section is perpendicular to the elongation of the series of EW trend-
ing reservoirs and wet areas from which infiltration occurs. This second model
enables us to discuss the flow infiltrating from the dam#3 lake and the conver-
gent flow toward the piezometric depression near P-CIEH. The setup of a 2d
Modflow model requires a large number of parameters for the underground
medium which are not available for the surrounding of P-CIEH. Therefore, a
standard basement aquifer stratification is adopted and kept for all simulations.
It consists of 20 m of saprolites of hydraulic conductivity 10™° m/s overlying a 10
m thick layer with a 10~ m/s hydraulic conductivity and 30 m of low permeabil-
ity granite with an assumed 10”7 m/s hydraulic conductivity (see section 2.1).
Lateral flow in the aquifer is controlled by its transmissivity which is 1.2 x 107
m?/s, similar to the one used in the interpretation of the water table maps (see
section 4.3.2). The model is forced by infiltration of a constant part of rainfall
during the rainy season, between June and September. Reduced infiltration is
assumed in the area of the piezometric depression. Water is extracted from the

aquifer at a constant rate during the whole year. Three parameters only are ad-
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justed in the model: the ratio of infiltration over total rainfall, the constant water
extraction, and the infiltration reduction over the piezometric low. Since the
Modflow 2d model oversimplifies the infiltration mechanism, the details of an-
nual water level fluctuations cannot be reproduced and the water level amplitude
only can be compared with data. The specific yield is a free parameter within the
1% - 15% range proposed for basement aquifers [16]. The value of 5% proposed
for the Ouagadougou region [15] is adopted here. In Modflow, the water level
change is the ratio between the amount of infiltrated water and the specific yield.
Therefore, the model can be easily adapted to other specific yield values by
changing the ratio of infiltration over rainfall. The length of the modelled area is
2500 m. After having checked that the response to yearly water level changes in
the dam#3 lake were of few cm amplitude, the hydraulic head at the northern
limit of the model is fixed to the mean annual water level in the reservoir. A
fixed head boundary condition corresponding to the mean of the Mai 2013 and
Oct. 2014 water levels is adopted as a constant head boundary condition at the
southern end of the model. The initial water level in the modeled area is ob-
tained by subtracting 1 m to the values of Figure 7(b) (May 2014), correspond-
ing to the difference observed at P-CIEH between the beginning of the record
and May 2014.

The decrease of water level in P-CIEH between 1978 and 1990 is easily mod-
elled with an infiltration of 22% of rainfall and a constant abstraction rate of 170
mm/yr, for the adopted 5% specific yield, assuming a zero infiltration on the
area of the piezometric depression. A series of satisfactory results for the P-CIEH
water level can also be obtained by increasing slightly the infiltration near the
piezometric depression and decreasing the infiltration on the remaining of the
profile. However, the modelled water level values fall below the observed ones
after 1990. We found that it was impossible to reproduce the whole P-CIEH
record with a single parameter set. This is best seen in Figure 12 after years 1992
and 2005. However, a decrease of 3% of the water extraction after 1985 allowed
to reproduce the whole P-CIEH record. Such a change could be associated to in-
creased urbanization in the University area. With GARDENIA model it was also
observed that the modelled water levels were below the observed ones, with any
parameter combination able to reproduce the water level drop between 1978 and
1986. With the optimized Modflow model, the 2013-2014 water level amplitude
is between 2 m and 2.5 m outside the piezometric depression and at a distance of
more than 200 m from the reservoir, which approximately corresponds to ob-
served values. The effect of the heightening of the spillway of the dam#3 lake can
be assessed by cancelling both the infiltration and the water uptake terms and
starting with a flat water level between the two boundary conditions: the water
level rises by 0.55 m during the modeled period and will continue to rise during
the next 15 yrs. As indicated by the P-CIEH record the water level in the study
area is not only controlled by climate, by also but by anthropic effects which was

already noted in urban [32] or rural context [33].
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Figure 12. Modelling the water level signal at P-CIEH. The blue line accounts for a 3%
decrease of the water uptake after 1985 while the green dotted line corresponds constant
parameters.

7. Discussion

The model of the previous section relies on strong simplifications of the proper-
ties of the underground medium. However, as the horizontal flow is governed by
the transmissivity of the aquifer, similar results would be obtained with different
aquifer stratifications producing the same transmissivity. Moreover, the effect of
changing the assumed specific yield of the aquifer can be easily computed since
the model is constrained by water level fluctuations, which are the ratio of the
infiltration flux to the specific yield. For a theoretical rainfall value lower than
260 mm, the amount of infiltrating water during the rainy season is less than the
water uptake during the same period and the annual water level amplitude is
zero. This 260 mm value is similar to the intercept of 311 mm in the linear re-
gression between the water amplitude at P-CIEH and rainfall. The amount of in-
filtrating water cannot be used to compute a runoff coefficient in the University
area since water infiltrating in the superficial layers of soil can be extracted by
vegetation before it reaches the aquifer. Similarly the uptake value is an underes-
timation of the ET component in the water budget. The piezometric depression
around P-CIEH is obtained by canceling the infiltration term, while keeping a
constant permeability. This piezometric depression probably results from com-
bination of a reduced infiltration and a reduced permeability, which will also
limit lateral transfers toward the piezometric depression. This low permeability
zone might result from differences in the weathering profile resulting from ini-
tial heterogeneities in the granitic basement of the Ouagadougou city. These ef-
fects could be computed in a 2d or 3d model including the vadose zone. Howev-
er this kind of model would require additional data which are lacking in the
study area. Either 1d or 2d models require a slight change of parameters during
the 80s. Here a 3% decrease of the constant uptake is proposed, but the same ef-
fect would be achieved with a slight increase of the infiltration term. The
GARDENIA model possesses 2 reservoirs between the surface and the aquifer.
Therefore this effect cannot be a consequence of the oversimplification of water

transfer toward the aquifer in the Modflow model. Moreover, in the Modflow
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model lateral flow toward the piezometric depression at P-CIEH are overesti-
mated due to the assumption of a constant permeability stratification in the
aquifer. This proves that the need for more water in the aquifer after the 80s is
not a consequence of neglecting lateral flow in GARDENIA. Therefore, it can be
reasonably stated that the need of slight changes of the model parameters after
the 80s results from changes in the surface properties in the University area.

8. Conclusions

Groundwater is available at a few meters depth in the investigated area. The
Bangr Weogo park, which is a natural area could be explored for drinking water.
Piezometric maps display large heterogeneities in water levels at the end of the
dry season which are mostly smoothed at the end of the rainy season. The mean
yearly water level amplitude in the piezometric network is 3 m with no striking
difference between wells and boreholes and between the different land uses.
During the 2013-2014 hydrologic year and except for the gardening area con-
trolled by the dam#3 water level and irrigation schedule, there was at least as
much variability of the water table signal within a single land use than between
the different land use sites. This constitutes a new result. P-CIEH is characte-
rized by a water level drop of at least 3 m between 1978 and 1986 and an almost
complete recovery starting at the beginning of the 2000s. The water level in
P-CIEH can be reproduced by a 2d vertical Modflow model assuming a standard
stratification for basement rock aquifers, a constant part of rainfall infiltrating
during the rainy season, except in the area of the piezometric depression and a
constant abstraction, presumably due to ET. However, the model requires a de-
crease of 3% of water abstraction after the 80s, which could be attributed to
building construction in the University area. Without this 3% abstraction de-
crease, the present water level at P-CIEH would lie 1 m meter below the present
one. Moreover a 0.55 m increase of the water level at P-CIEH results from the
1.2 m heightening of the spillway of the dam#3 lake and it is expected that with
constant climatic conditions, the water level will still increase during the next 15
yrs. Therefore, without the two anthropic effects discussed above, the P-CIEH
water level would lie nearly 1.5 m below its 1978 level, which implies that
groundwater resource would have not completely recovered from the drought
effects since 1978.

Results of the present study suggest that P-CIEH is mostly controlled by cli-
mate with minor anthropic effects. Therefore, this piezometer could constitute a
proxy for climate change impacts on the water resource in basement aquifers of
West Africa. However, it cannot be considered as fully representative of the
whole Ouagadougou city area since it presents the smallest annual water level
amplitude and one of the lowest mean water level in the present survey. Moreo-
ver, it is located in a piezometric depression with a nearly 2 m amplitude either
in May 2013 (end of the dry season) or in Oct. 2014 (maximum water level after

the rainy season). Therefore, further investigations near P-CIEH are suggested
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including direct sampling, aquifer tests conducted after restoring hydraulic

properties of boreholes and exploration geophysics.
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