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Abstract

This study investigates groundwater-surface wat&ractions using an equivalent porous
medium approach in a data scarce and semi-aridoggdtogical watershed located south-
west Niger. A large scale fully-integrated hydratognodel was built and calibrated using
HydroGeoSphere with a sequential approach of isangaevels of temporal resolution: 1)
steady state average conditions; 2) dynamic equitib with repeating monthly normal
forcing data; and 3) fully transient conditions. iShapproach provided a useful and
straightforward method for reducing the calibrateffort of the large-scale fully-integrated
hydrologic model. River-aquifer exchange flux dymesn water balance components for
different land use classes, as well as basin agegegindwater recharge were computed from
the model. Simulation results show that exchange fBetween groundwater and surface
water are important processes in the basin, weghNiger River acting primarily as a gaining
stream, with local losing zones. Ephemeral streaonstitute important focused groundwater
recharge areas, while ponds exhibit either groutelndischarge behavior, or a recharge zone
profile depending on local topography. The basierage water balance highlights the
importance of plant transpiration (58 % of totahfall) over surface evaporation (8%), with
groundwater recharge of up to 5% of total rainf@Nerland flow and infiltration account for
11% and 16 % of the total annual rainfall respe&tyivand groundwater discharge to the river

is 2% of the total rainfall
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Introduction

The Niger River watershed covers approximately 7%he surface area of Africa and is the
major source of agriculture related socio-econaastevities for more than 100 million people
across nine countries (Benin, Burkina Faso, Canmer@iad, Cote d’'lvoire, Guinea, Mali,

Niger and Nigeria). The Niamey watershed consideredthis study has an area of
approximately 1900 km2 and is centrally locatedhwitthe Niger River basin (Figure 1a and
Figures 1b). Furthermore, the Niger River is ofcabimportance in the Niamey watershed,
as it constitutes the only permanent source otaljural and domestic water needs.

It has been extensively reported that agro-paspyaduction in the region is heavily affected
by the interannual variability of rainfall over féifent spatio-temporal scales (Tarhule and
Lamb 2003; Lebel et al., 1997; Lebel and Ali200%;i Bt al., 2004; Mahé et al., 2009). The
natural variability associated with several raihfatlices between 1940 and 2010 reflect a
high level of population vulnerability with 85% aictivities linked to rain fed agriculture.
This vulnerability is enhanced by rapid populatigrowth resulting in increasing water

demand.

To date studies have focused on rainfall varighilithe Niger River flows rainfall
characteristics and climate change, groundwatdrarge and quality(Anderson et al., 2017,
Leduc et al., 2001; Favreau et al., 2009; Girar@31 Williams, 1993, lbrahim et al.,
2014;Hassane et al., 2017; Mascaro et al., 201%)eMer, presently no studies exist for the
Niger River Basin (or sub-basins) which explicitlgnsider the dynamics of groundwater and

surface water interaction in a fully-integrated mein

Sustainable river basin management is one of thet mppoudent adaptation strategies to
climate variability and change, and to respondnoraasing demand for agricultural and
resource development water in the Niger River ba$tnoviding scientifically-based
management policy to water resources managers resquproperly addressing the
hydrological risks from natural and anthropogeriesses on water resources and should rely
on integrated management at watershed scale (Bdr§uadicky, 2019). Therefore, delivering
information on hydrologic system responses to asireg extreme events (floods, drought)
frequency in the watershed requires the understgnafiintegrated hydrological processes at
the large watershed scale. The challenges of scdate, complex surface-subsurface

interactions, as well as the high computational aleinassociated with integrated models is

3
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probably one reason why relatively few publicatiars the application of fully integrated
models at the large scale exist in the literat@®arthel and Banzhaf ,2016). Although, it is
widely acknowledged that integrated surface-subserinodels are useful for water resources
managers, the application of these models wouldl ladsuseful in order to support resources
development and sustainable water management ilNitper River basin. In the Niamey
watershed, most of the water for Niamey city andawnding villages is supplied by treated
water from the Niger River, which is the only pemeat river in the basin. The main
tributaries of the Niger River in Niamey are epheshsetreams, called koris. The groundwater
in the Continental Terminal sandstone formationd ahe fractured aquifers of the
Precambrian basement, cover the remaining wateane@rof the watershed. Studies carried
out in the watershed have shown that groundwatenarge in the Continental Terminal
aquifer is predominantly governed by depressiomuged recharge (Desconnets et al.,1997;
Favreau et al., 2012,) through ponds, with lesgrdmrtion from diffuse recharge (Ibrahim et
al.,2014) depending on land use types. Girard,€tl8P7) has shown that the main recharge
process in fractured aquifers is controlled byftheture system. The aforementioned existing
studies either investigated recharge using traditiowater level fluctuation methods
combined with hydrochemicals and isotopes appraaaregroundwater models with loosely
coupled or simple representation of surface waitad,vice versa.

Because the application of fully integrated hydgotal models to large scale watersheds is a
growing area of the literature, only a few manystsrihave been published that provide
methodologies or guidance on the application ajdascale integrated groundwater surface
water models (i.e., Erler et al., 2019; Barthel&aahzhaf , 2016, Hwanget al.,2018; Hwang et
al.,2015; Chen et al.). Additionally, to the autBoknowledge, fully coupled surface-
subsurface models have not yet been applied fowtizde of the Niger River basin or its sub-
basins. Moreover, none of the previous studies tifiehdirectly the relation between Niger

River and the underlying aquifer systems.

Therefore, for resilient water resources managenerihe context of increasing demand
(irrigation and livestock, demography), along withariability and climate change,

characterization of the interactions between thgeNRiver drainage system, and underlying
aquifers is necessary. Furthermore, understandidggaiantifying the interactions between
the river drainage system and aquifers is very mamb for alleviating the impact of recurrent

extreme events as it can provide valuable guidéorcerater resources management policies
in the watershed. For instance, determining flughexge direction and magnitude between

4



115
116
117
118
119
120

121
122
123
124
125
126
127

128

129

130
131
132
133
134
135
136
137

138
139
140
141

142

143
144

the river and underlying aquifers can help supporimum environmental flows of the river
or buffer flood events (loosing river). The grourater table may also act as a flood amplifier
in case the river or part of its reach is gainidgderstanding the groundwater surface water
interaction will also provide useful information rf@roundwater management purposes.
Characterization of this type of groundwater swefater interactions is very complex in
general, and particularly challenging in data seamd semi-arid watersheds.

The first objective of this paper is to provide hmtological guidance in the development of
watershed scale integrated surface-subsurface montel data scarce and semi-arid
environments. The second objective is to deterntiree magnitude and direction of the
exchange of water between the surface water sysiedn complex groundwater aquifer
systems. The third objective is to provide pradtionformation to water managers on the
water balance components considering different las®types, groundwater systems, as well

as surface water bodies.

2. Data and Methods

2.1Study area

The study area corresponds to the Niamey wateisicated south west of Niger (Figure 1b)
and the hydrogeological watershed considered s shidy covers 1900 kmz2. It is a semi
urban watershed with a population of 1.3 millioheTrainfall patterns are characteristic of the
semi-arid climate with a dry season from OctobeMimy, and a rainy season from June to
September. Precipitation is dominated by heavyfallievents with low frequency, typical of
the West African summer monsoon rainfall. The maamual rainfallfrom1947 to 2007 is 560
mm, and the mean annual Penman Monteith potentigdagranspiration is 2500 mm with an

average temperature of 29°C.

Recent land use maps (CILSS, 2016) indicate thatwdwral land covers 11 % of the
watershed, natural vegetation of Sahelian savandai@ppe cover 32% and bare and sandy
soil cover 45% of the watershed. The main city asutrounding village occupy

approximately 8 %, and water bodies cover the remgiare 4 %.
2.1.1. Geology and Hydrology of Niamey water shed

According to its geographical position, the Nianvegtershed is located on the western edge
of the Paleoproterozoic basement of the Liptakad an the southeastern part of the
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lullemmeden sedimentary basin. The Niamey waterstegthins consist of two main
geological units, including:

- The Paleoproterozoic basement (2300-2000 Ma ((SiburetKonaté, 2005), which
outcrops to the west of the study area at the #ycof the Niger River. It includes
granitoid plutons alternating with Greenstone be{anitoids consist of diorite
intrusions, quartz diorite to tonalite, monzonigganodiorite and granite or syenite
locally. These intrusive bodies are either syneteict or post-tectonic (Machens,
1973; Soumaila et Konate, 2005: Perotti et al.,620The greenstone beltsconsist of
sandstones-pelitic rocks more or less metamorphgsbédles, sericite schists,
micaceous schists, quartzitic schists) and low tdiom metamorphic greenstone
(amphibolite, chloritoschists, metabasalts, methgzd) (Machens, 1973; Soumaila et
Konaté, 2005; Peraotti et al., 2016).

- The sedimentary deposits overlie unconformably &hedproterozoic basement. The
lowermost depositsare represented by an older agséntially consisting of Upper
Precambrian sediments (Niamey sandstone) (MachE®&3) and the uppermost
deposits consist of the clayish to silty sandstoonéghe Oligocene Continental
Terminal 3 formation (CT3) (Chardon et al., 20183 ajuaternary to recent deposits
that infill the ephemeral streams and the NigereRiv

The hydrogeology of the watershed is characterlaedhe geological conditions, with two
types of aquifers. The fractured aquifers of thaetéko basement formations are found in both
the granitic and Greenstone belts formations, dred Gontinental Terminal, CT3 aquifer
(Figure 2a). Depth to groundwater table varies féom in the fractured aquifers, to 50 m in
the CT3 aquifer.

The hydrological conditions of the watershed areteqwomplex. The only permanent
freshwater source is the Niger River, and its fisvgenerated from the upper Niger basin in
the Fouta Djallon Massif in Guinea. In the studgaarthe Niger River flow has two peaks,
one peak due to the contribution of the local ras@ason in September and the other in
December due to the inflow from upstream (Andersahe 2005). The others hydrological
features are the endorheic ephemeral stream, dallésithat are hydrologically active during
the rainy season, and surface runoff discharge @tmosaic of permanent and semi
permanents ponds where groundwater recharge isnstiaccur (Massuel et al. 2011). The
strong spatial variability of the ephemeral stresmd the ponds drainage area is critical to the
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determination of watershed area, due to the geeaddrheic configuration of the landscape
.Therefore, to summarize the complex hydrologiedtisg, the Niger River flow is driven by
the inflow coming from upstream, and the local goiation that drives ephemeral stream

and ponds.
2.2. Data set
2.2.1 Geological data

A 3D geological model of the watershed is builtg{ife 2b) using Machens’ (1973)
geological map and more than 120 borehole logs rdeated by Bernertet al.(1985) and
Dehays et al.(1986). The construction of the 3Dlggoal model of the study area involves
the lithological interpretation of the individua2@ borehole logs to create 2D surface maps of
model layers. The interpolation was performed usimgginverse distance weighting method.
Based on different lithological elevations of therdholes, a grid model and contour map of
geological layers were built. Then, from the griddal and contour map of the different
geological layers, a 3D geological model was comséd, as defined in the HGS grok

command file.

The inverse-distance method represents one of tire stommon gridding methods. In this

method, the value assigned to a grid node (celiejak a weighted average of either all of the
data points or a number of directionally distrilsltgeighbors. In this case, the cell values
represent the absolute elevation of the interfhedseen lithological formations, which have

been derived from the boreholes.

The fractured aquifer is characterized by threéeddht units: The granitic formations are
intrusive into the birrimian greenstone belt formoat However, this geological configuration
was simplified in the 3D geological model by comsidg the granitic aquifer at the bottom of
the model and the greenstones belts formationdeacaii the top of the granitic layer. The
third aquifer is composed of weathered formatiozmysisting up to the undifferentiated

weathering horizons of both granite and schist &iroms.

Six geological units are included in the geologicabdel; from bottom (oldest) to top
(youngest): the granitic formation of the Precambrbasement, the birrimian Greenstone

belts formations, the undifferentiated weatherimne of basement formations, and the
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Continental Terminal CT3 formations. The CT3 forimat is subdivided in its three

geological facies of clay, clayish sandstones, siltg sand. Hydraulic conductivities and
specific storage values for each geological uratderived from literature. Initial estimates of
hydraulic conductivities for the fractured aquifene taken from Domenico and Schwartz
(1990), while CT3 hydraulic conductivity was fronfFalireau 2000). Manual parameter
estimation is performed during the calibration gex and this is the first estimation of
hydraulic conductivities and Van Genuchten pararsed¢ the fractured aquifer at regional
scale (Table 2).

2.2.2. Soil and Land Use data

Soil data used in this study are derived from Gretefl., (1998), who used soil types,
geomorphologic and hydrological criteria to extgeki map the soil and terrain in south west
Niger, and provide a complete Soil and Terrain @@igDatabase(SOTER). The study area is
discretized in 41 soil zones derived from the SOTd##&Rabase. Unsaturated soil zdKe
values, porosity and Van Genuchten (1980) soil &wyilrs parameters for the 41 SORTER
based soil zones are estimated by grain-size dkegtimates using the ROSETTA neural
network prediction method (Schaap et al. 2001)s$nee saturation curves for the 41 soll
zones were derived from the Van Genuchten soilduyldr parameters.

2013 land use map (CILSS, 2016) at 2km resolutias veclassified at 30m resolution into
six different classes consisting of Sahelian slypass savanna, steppe, agriculture, water
bodies, rocky and sandy land, and settlements. Aezd Index for the agriculture land use
class was determined from Levy and Jarvis (1998),far the natural vegetation from lio and
lto (2014).

2.2.3 Hydroclimate forcing data

Hourly climate data for rainfall, maximum and minim temperatures (Tmax, Tmin), wind
speed, relative humidity and solar radiation fro@l2 to 2017 were obtained from an
automatic weather station installed at the Agriodt Hydrologie et Meteorologie
(AGRHYMET) Regional Center. Daily Penman-Montefibtential evapotranspiration was

computed using aggregated hourly data from the @leather station.

Stream flow gauging stations of Kandadji and Niamwre used in the model along the
Niger River part of the modeled watershed. Kandgdjige represents the closest upstream
gauging location and is used to define inflow te tipstream end of the model domain. The

8
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gauging station (Fig 1b) located in the middle loé twatershed is used to calibrate the
integrated hydrological model. Daily time series bwth gauging locations were obtained
from the Niger Basin Authority (NBA) database.

A total of 24 observation wells were selected tbbcate the models for hydraulic heads
based on the availability and aquifer types screeBeobservation wells out of the 24 are
piezometers equipped with automatic pressure recoadd are installed in the fractured
aquifer and groundwater heads were recorded hduolyn 2014 to 2017. The rest of
observation wells are open wells with large diaméten), and/or boreholes pumped mostly
to supply water for domestic use, whose pumping isas small as iday (Hassane, 2016).
Hydraulic head data for all the observation wellsvprovided by the Direction Régional de
I'Hydraulique et de I’Assainissement de Niamey #mel NBA.

2.3. Hydrological Model

A 3D fully-integrated surface and subsurface hyolyjad model, HydroGeoSphere (HGS)
(Aquanty Inc, 2017) was used to calculate overlfiod, variably-saturated groundwater
flow, flux exchange between the Niger river, epheahstream, ponds and the aquifer system
(i.,e., CT3 and the fractured aquifer). Also watatance components such as groundwater
infiltration/exfiltration and evapotranspiration rfovarious land use types were computed.
HGS uses control-volume finite element/differencetimd to implicitly solve a modified
form of Richards’ equation for 3D variably-satutubsurface flow and a depth-integrated
Saint Venant diffusion wave equation for 2D surfacater flow in a parallelized manner

(Hwang et al., 2014) as described in Equation (1).
V- (kKVh) £ Q + T = 7:(6,S,) (1)

where k.. is the relative permeability, representing the ewvataturation functid),or the
pressure head, K is the hydraulic conductivity tensor, h corresporid the total head
provided byy+z where z is the elevatiofi, is the saturated water content. Q corresponds to
the volumetric flow rate per unit volume represegta source or sink, addis the exchange

flux between the surface and subsurface domains.

The depth-integrated surface flow equation adoptddGS involves the 2D diffusion-wave

approximation:

oh,
V- (doKtho) + Qo+ 1, = ot (2)
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whered, is the depth of flowh, is the water surface elevatios l, + z), andK, is the
surface conductances that is function of the tiicslope of the surface and is determined by
the Manning’s equation in the x- and y- directiass

az/3 1 s 1

Kox = ny [0ho/as]/2’ Koy = ny [0h0/as]1/2(3)

wheren, andn,, are the Manning’s roughness coefficients amglthe direction of maximum
surface-water slope. The surface conductaitgsandK,, are complex functions of the

dependent variablek, orh, (= dy + z), and the relationships make Equation (2) nonlinea

The surface and subsurface flow equations are edupith a third type flux equation as

follows:
2.3.1 Flux exchange and Evapotranspiration equstion

The individual surface and subsurface flow equatioan be coupled by assuming that the
two flow regimes are separated by a thin boundayerl Thus,I', represents a first-order

exchange flux between the subsurface and surfavaids as follows:

[, = (kr)exchKexch (h - ho)/lexch (4)

where(k,)exch IS the relative permeability for fluid exchand®,, is the surface/subsurface
conductance, anld,, is the thickness of the interface layer betweafasa and subsurface
domains. In Equation (4), a positide, indicates water mass movement from the subsurface

to the surface domain and vice versa for negatives§.

In this study, the actual evapotranspiration (AH3)computed following the approach
suggested by Kristensen and Jensen(1975). Deteifednation on the approach can be

found in the HGS documentation (Aquanty Inc, 2017).
2.3.2 Groundwater recharge

The definition of groundwater recharge consideessthe same approach followed by Erler et
al.(2018); wherein groundwater recharge is derifrech the HGS output of exchange flux

between surface and subsurface domains as desaribgdations 5 and 6.

10
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Equation 5 describes the groundwater recharge terrastrial landscape where there is no
standing surface water (i.e., ponds, river, anthgpr

R=T1,— (Sse+Sst) (5)

WhereR is the groundwater rechargé,, corresponds to the HGS exchange flux between
surface and subsurface, afsLand Ss; are respectively the subsurface evaporation and

subsurface transpiration.

With standing surface water such as river or pogdsyndwater recharge corresponds to the

HGS exchange flux term (Equation 6).
R=1T, (6)

Since the exchange flux term is calculated afteiase evaporation, and when standing water
is present, no subsurface evapotranspiration ocguosindwater recharge equals exchange

flux where standing water (i.e., ponds) are present
2.4 Conceptual Model and Discretization

The modelled study area covers both the sandstohig &juifer, and the fractured
Precambrian basement aquifers. An equivalent parmdium (EPM) approach is considered
to represent the fractured aquifer unit in thegrdged model. The first motivation in applying
an EPM approach is the complexity of the fractwledribution in the study area. The data
required to simulate flow in the fractured aquifeertical fracture distribution, spacing, and
aperture) are not available, and even with these tlae spatial heterogeneity is variable and
may not be well represented at the watershed s8alee this study only focuses on water
quantity, we believe that an effective represeatatf the fracture aquifer unit with the EPM

approach is appropriate.

The second reason for applying an EPM approatiats while HGS is able to simulate flow
in discrete fractures, it solves the Brooks-CorEy6d) equation for both porous medium and
discrete fractures in the unsaturated flow domaiifhe conceptual geological model
(Figure2a) is composed of four hydrogeological sinfthe CT3 unit is represented at the top
of the conceptual model and considered to be inrawit connection with the alluvial
aquifer. As stated in section 2.2, the CT3 is cphealy represented by three different
geological facies of clay, clayish sandstones, aitty sand. The fractured aquifer is
characterized by three different units: The grarftrmations are intrusive into the birrimian

11
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schist formation (Figure 2a). However, this geatagiconfiguration is simplified in the

model (Figure 2b) by considering the granitic aquiat the bottom of the model and the
schists aquifer at the top of the granitic laydre Third aquifer is composed of the weathered
formation, consisting to the undifferentiated weaithg horizons of both granites and schist

formations.
2.4.1 Boundary conditions

The modeled domain corresponds to Niamey waterabattlineated by the hydrogeological
watershed of the city and its surrounding villagh® flow boundary conditions were
assigned to all outer subsurface model domain bemigs] and groundwater flow divides are
assumed to correspond to the hydrological waterdieids. Four additional boundary
conditions types were applied to the top surfacthefmodel domain: precipitation, potential
evapotranspiration (PET), critical depth and swefaater flux. Precipitation and PET were
assigned to the top of the model as hydroclimateirfg variables. A critical depth boundary
condition was applied at the outer edge boundatii@mmodel to let surface water flow out of
the model domain. The critical-depth boundary ctodiis implemented to simulate
conditions at the lower boundaries of a hill slopkis boundary condition forces the water
elevation at the boundary to be equal to the walevation for which the energy of the
flowing water relatively to the stream bottom isnmmium (Hornberger et al., 1998; Therrien
et al.,, 2005; Aquanty, 2018). A surface water faoundary condition was assigned at the
most northern point to represent the Niger Riv8ow coming from upstream which was not
generated in the modeled hydrogeological watersWéel.acknowledge that the flow at the
surface water flux boundary condition is affectgdtle precipitation between the Kandadiji
gauging station and the inlet of the model. Howewar herein assume that this amount of
precipitation is negligible compared to the flowtbé River, as Niger River flow at Niamey is
more influenced by the Guinean rainfall regime @@#@n/year) than Sahelian rainfall (400
mm/year) as previously shown by Amogu et al, (300e therefore assumed that the flow
at the Kandadiji station could reasonably reprefiemtflow at the inlet of the model as the

area between Kandadji and the inlet of the watershi# under Sahelian rainfall regime.
2.4.2. Modéel Discretization

The surface domain of the model was discretized tnangular mesh elements with a
resolution ranging from 300 m on average to 70 ar serface flow features. The subsurface
model consists of triangular prism-shaped elemesish are each defined by 6 nodes.The

12
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model has eleven layers with a total of 516,901espdnd 927,030 elements. In order to
represent the surface water-groundwater exchandeeaapotranspiration processes more
accurately near the top surface, the first thre¢eraewere discretized vertically into five
layers at 0.1, 0.15, 0.25, 0.5 and 1.5 meters ugsal The interpolated geological materials
from the boreholes were used for the remaining lsixest bedrock layers. The digital
elevation model (DEM) of 30 m x 30 m was used tsigrs elevations to the top most 2D
layer. The DEM was hydrologically corrected to avartificial lakes along stream channels

by modifying nodal elevations to decrease from igash to downstream.
2.5. Calibration Approach
The calibration procedure adopted in this studjoise in three steps (Figure 3).

Step 1: Steady State Calibration

The steady state calibration involved forcing thadied with a 30 year (1980-2005) long-term
average net precipitation and potential evapotigatspn. The net precipitation was

calculated based on the increase in average stteamcross the study area (Equation 7):

Pretr = Q= Qout) A(7)

where P, . is the net precipitationQ;,, corresponds to the river inflow, anr@, . is the

surface water outflow, at the outer edge of thanbasd A represents the surface area the
watershed between the Kandadji and Niamey statiofifie detailed equations of net
precipitation calculation in integrated hydrolodicaodels are provided in Hwang et al.,
(2014). This approach enables also to take intsidenation the inflow part of the river

hydrograph that is not generated due to local pitation, and also to better represent the

river aquifer interaction at the early stage ofitthedel calibration.

Step 2: Dynamic Equilibrium

The second model calibration step is intermedi&tsvéen steady state and daily transient
simulations referred here as dynamic equilibriuincadnsists of forcing the model with

monthly normal precipitation and PET and while gsisteady state results as initial
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conditions. Essentially, the long-term hydro clim#&brcing data (1980-2005) used to force
the model are aggregated into one synthetic yeawele months, representing the average
seasonal cycle. The monthly normal forcing datacamsidered to represent the long-term
average seasonal cycle. This forcing data is repbaapplied to the model until dynamic
equilibrium is achieved. Dynamic equilibrium is éehined to have been reached when no
significant variations of the river and groundwalsidrographs are observed from year to
year. This approach has the advantage of traitiaegriodel from theoretical steady state to a
more naturally occurring transient conditions reprdged by the monthly normal forcing. It is
particularly important for the dry climate condii® where monsoonal intermittent
precipitations are driving the hydrological cycladawill allow for providing reasonable
initial conditions to the daily transient simulait® The dynamic equilibrium is considered
here to be a transitional state much closer torab&quilibrium than a traditional steady state
conditions (Erler et al., 2018).

The model state at the end of the dynamic equiiibris then used as an initial condition for
the daily transient simulations. The daily transiisnrun for the period of 2011-2017 where
continuous groundwater observation data are availdbanual calibration was performed by
trial and error until a satisfactory match was avhd between simulated and observed

groundwater heads and surface water flow rates.

Step 3: Daily Transient Calibration

The initial conditions at the end of the dynamiaighrium are then used to force the model
for the daily transient simulations. The daily semt is run for the period of 2011-2017
where continuous groundwater observation data aweladle. Manual calibration was
performed until a satisfactory match was found leetwsimulated and observed groundwater

head, and surface water flow rate.

The Hydrologic parameters used for the simulatiotha steady state (stepl) are provided in
Table 1. Calibration at the dynamic equilibriundaransient simulations steps further show
that model is only sensitive to the parametersipgealin the Tables 2 and 3. Therefore, the

calibration at dynamic equilibrium and transientnditions was performed by manually
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adjusting the sensitive parameters (Tables 2 an ®pth groundwater and surface water
flow rates, representing the objective function.

Also, during the model calibration, we have firsed the average long term precipitation and
observed PET at Niamey climate station (shown gufd 1), but the resulting hydrologic
regime was too dry. This is because, the intermgiteof precipitation is lost, and average
PET will always be grater that precipitation and system will dry completely. The equation
7 represents a methodological approach of spinmmignodel at the early stages of calibration

in such a dry (Sahelian) rainfall regime.
3. Results and Discussion

3.1 Parameter estimation
3.1.1 Hydraulic conductivity and Van Genuchten parameters

Calibrated hydraulic conductivityK values, residual water saturation and van Geeuacht
parameters for the different hydrogeological umits shown in Table 2. The CT3 aquifer,
which is pinching out over the basement aquifes, &acalibrated hydraulic conductivity of
1.12 x10° m/s. This value agrees well with the calibratethl@drom Favreau (1996) for the
CT3 aquifer at the Wankama site. No previous stidiave estimated th& of the
Precambrian basement aquifers. Calibrd€edalues (Table 2) for the Precambrian basement
aquifers are generally within the literature repdrtange (Domenico and Schwartz, 1990).
The calibratedK of the granitic aquifer is one order magnitudeatge than the calibrated
value for the schist aquifer (Table 2). The calilmraprocess also revealed a structural control
on theK values for different hydrogeological units. Theilmadtion process further showed a
kind of geologic and or structural control on thglfaulic conductivities values for different
hydrogeological units. Although this control depgndn very localized geologically
phenomenon (fracture density, weathering proces®), granitic aquifer, when altered
mechanically and or fractured, has a higkahan the schist aquifer, of which the alteration

products are generally composed of clayey mateidald are less likely to fracture.

3.1.2 Evapotranspiration and overland flow paransete
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Calibrated actual evapotranspiration and overldo parameters are presented in Table 3,
for each land use type. Maximum Leaf Area Indexugalrange from 0.01 for urban area, to
1.25 for Savanna, with Agriculture and Steppe hgitite same maximum LAl values of 1.2.
Root depth values for Savanna (4.5 m) are threestimore than for agriculture (1.5m), with
steppe having a root depth value of 1 m. Root degpthrban and bare soil land use are
respectively of 0.1, and 0.01 meters. The calibrateot depth values of savanna and
agricultural land are in good agreement with valpessented in Ibrahim et al. (2014).
Calibrated Manning friction coefficients for ovemnthflow range between 0.016 to 0.43 (s. m
1/3)

for different land use types, and coupling lengtifues range from 0.01 to 0.1 m (Table
3).

3.2. Comparison of simulated and observettydraulics heads and surface water flow

rates

Long term steady state calibrated groundwater h&ad25 observations wells are plotted
against available long term measured groundwatadsdor both the CT and Fractured
aquifer (Figure 4 a). The long term average pedodsidered is 1980-2005, and simulated
groundwater heads reasonably approach the obskeasbwith an R? value of 0.82. The level
of agreement between groundwater heads for théufext aquifer is higher than for the CT,
because a higher weighting was placed on the freattaquifer calibration performance as it
has more reliable long term groundwater heads mewmnts. The steady state calibration is
the first step of the calibration approach followsdthe dynamic equilibrium calibration, for
groundwater heads (Figure4b) and surface water flates (Figure 4c). The simulated
seasonal cycle of groundwater heads (Figure4b)oas&y Djerma observation well after 15
years of monthly normal simulations follows the sw@wa&d groundwater heads reasonably
well, but with a time lag bias in the simulated reudic heads. Calibration further showed
that groundwater wells located near the river redde dynamic equilibrium more rapidly,
within 10 years simulation, more than 10 years veagiired for wells that are further from
the river. Also, surface water flow was found tabslize in less than 2 years of simulation,
similar to the findings of Goderniaux et al. (2009he calibration of monthly normal
groundwater levels show good agreement with obdegreundwater levels for both mean
values and seasonal amplitude, however, a timeiag is present in the simulated heads
which is suspected to be a result of the EPM canedipation of the fractured rock aquifer.
The time lag bias between the simulated and obdegveundwater levels for the Dynamic
Equilibrium calibration step were not rigorously daglssed to avoid overfitting, and to
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maintain calibrated values within physically reasole ranges. The simulated seasonal cycle
of surface water flow rates at Niamey station aregood agreement with observations
(Figure4c), with both river peaks during the localny season and of the inflow from
upstream well captured by the model with a slighplysitive bias during the peak of
September. In fact calibrating integrated hydratagimodels with both surface water flow
rate and groundwater wells is not a very commorttima@ (Goderniauxet al., 2009; Jones,
2005; Li et al., 2008; Sudickyet al., 2008) in griated hydrological model calibration, and
as the calibration level will allow to reasonabdach the objective of the model development
(water balance, GW-SW) considering the EPM appro#oh monthly normal calibration
results are considered satisfactory and are usethi@s conditions for daily transient

simulations (Figure 5).

Daily transient simulations results for three okagons wells that have available
groundwater head measurements (Figure 5) show tattepagreement between observed
and simulated groundwater heads for 5 years (201332 The first two years (2011-2013)
are considered as model spin up period. The thHrsereation wells (Figure 5) are located in
the fractured aquifer, because no continuous gnvatel measurements heads are available
for the CT aquifer. Compared to the monthly norsiatulations, simulated daily transient
groundwater heads have less time lag, and in allttinee wells, simulated mean heads
approach the measured heads very closely. Thelaghbias observed from daily transient
wells is different for the three observations welisiplying highly variable hydraulic
conductivities in the fractured aquifer, controlley localized geological features (fractures
density, aperture, weathered zone thickness) hHeatcturrent EPM conceptualization of the
model may not be able to capture. The EPM reprasentappears to be useful in regional
groundwater flow system characterization, but maydm simple to capture the complexity of

local geological conditions (Anderson and Woessh@®?).

In order to improve the calibration results of grdwater heads, especially the observed lag
between simulated and observed groundwater lewetha transient simulations, advanced

model calibration methods using pilot points mayused. This method would allow the use

of spatial heterogeneities in the sensitive hydyglgparameters for improving the objective

function. Detailed information and a tutorial onsttadvanced calibration method can be
found in Moeck and Brunner (2014).
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Daily transient simulated surface water flow ratsthe Niamey gauge (Figure 6) are
relatively well reproduced by the model, with tleedl flow peak (rainy season) and Guinean

flow peak captured in August and December respegtiv

3.3 Exchange flux

The simulated exchange flux from five years of ylaibnsient simulation (2013-2017) has
been aggregated into monthly normal exchange fiigufe 7) in units of mm/day. Positive
values (red) represent the exfiltration from thegos medium to the surface, while negative
values (blue) correspond to the water infiltratirgm the surface to the subsurface. The 2D
spatial representation of the exchange flux is useglialitatively characterize the process of
exchange between the surface water bodies andgthitelasystem. The distribution of the
exchange flux values (Figure7) shows that the m@lable to reproduce the importance of
the monsoonal rainfall in groundwater infiltrationcurring only in the rainy season. July and
August are the most important periods of infilmatiwith an average value of up to 8
mm/day. In June and September, infiltration isal@ed at the right bank of the Niger River
(upstream) where irrigation occurs. The rest ofdbason is dry, and there is no infiltration.
Groundwater exfiltration shows different patternspending on the surface water bodies
considered. The Niger River acts as a gaining stredaere groundwater exfiltrates to the
river during the rainy and dry seasons. Althoughisiclear that the River is gaining, the
exfiltration rates are very small, relative to th&al flows in the river, and the process is only
important for few months of the year (August, Feloyuand March). Using a piezometric map
of Niamey, Hassane et al. (2016), have already shtbe CT aquifer discharges to the Niger

River which agrees with this study.

Considering the ponds and ephemeral streams, ttlegaege flux processes are a bit more
complex, and result from more local hydrogeologicahditions (topography, hydrologic
conductivities), with some ponds acting as depoessfocused recharge areas and others as
groundwater discharge area. The channels of theneptal streams are predominantly
groundwater discharge areas while the main streaumse is mainly a recharge area. This

phenomenon of ponds and parts of ephemeral straeating as groundwater discharge zones
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may be related to the recent changes of land ssdtirgy in the creation of temporary ponds
(Favreau et al., 2009; Mamoudou et al., 2015).

While monthly normal exchange fluxes provide a gaave understating of the seasonal
cycle of river-aquifer exchange (Erler et al., 20XBey do not carry sufficient temporal
resolution to quantify and understand the highgnsient relationship between surface and
subsurface exchanges fluxes for this dry envirortmath intermittent precipitation. For this

watershed daily exchange fluxes are required (Eigr

Daily time series of exchanges flux have been @eriat multiple locations (Figures 8 and 9)
in order to characterize the surface water grouneiwateractions depending on the type of

the surface water features considered (i.e., NRjegr, ponds, ephemeral stream)

Figures 8a and 8b show the daily time series @raffl ponds-aquifer exchange flux for the
Zarmagande pond and Koungou pond respectively. &gd flux at Zarmagande pond

(Figure 8a) is dominated by groundwater dischargeing the rainy season (July to

September), and by groundwater recharge in theselagon (October to June). In the rainy
season, when groundwater is discharging into thedgothe volume discharging into the

pond is more important during intense rainfall @seffrigure 8a) with an exfiltration rate of

up to 40 mm/day, which is considerably greater thatual evapotranspiration rate of 2 -3
mm/day. In contrast, infiltration of up to 20 mmydaay occurs from pond to aquifer during

the dry season, which lead to about 17to 15 mm/ afasecharge after removing actual

evapotranspiration rate (3to 5 mm/day). At Koungand (Figure8b), located 500 m away
from Zarmagande pond , at a lower altitude , treharge flux is exclusively characterized by
infiltration of pond water into groundwater. Thefiltnation rate, which is dependent on

rainfall intensity, can reach up to 50 mm/day dgrintense precipitation events (i.e., 120
mm/day). The difference in the exchange flux of th® ponds may be related to local

topography, with Zarmagande pond located in a togagcally low area (196 m.a.s.l), and

Kongou pond, at greater elevations (201 m.a.s.jrthermore, the phenomenon of

groundwater discharge into ponds, may be a reguleeent land use change and climate
induced groundwater table rise well documentedhénstudy area from rural zones ( Favreau,
2000; Favreau et al.,2009) to urban area( Hasdaale 2016).

While there is significant groundwater rechargedha vicinity of the two ponds, there is a
qualitative difference to the spring at Gounti Yer@égure 8c) where the exchange flux is

characterized by a continuous groundwater dischgmgeighout the year. The main peak of
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the exfiltration occurs during the late rainy seasod decreases during the dry season. The
more intense the rainfall event is, the greateretkidtration rate. During the late dry season
(May, June) and early rainy season (July), littidtration occurs, as evapotranspiration is the
dominant process and considerably reduces the anobwmater available to infiltrate. The
ephemeral stream, Gounti Yena, is a groundwatehdige area, and its discharge rates can
serve as a precursor to groundwater flooding eafpeauring extreme precipitation event.
Another ephemeral stream at Gorou Kirey shows farémt exchange flux behavior (Figure
8d) with surface water infiltrating into groundwaend producing a significant groundwater

recharge.

Figure 9 shows exchange flux time series betweerNiber River and the underlying aquifer
at two locations, to characterize groundwater-s@favater interactions. The time series
(Figure 9) are considered to represent the maiastygf interactions in the vicinity of the

permanent river in the study area. The simulatesults further show that when there is a
significant interaction between the river and uhdeg aquifer, the river is acting as either
gaining, or losing stream depending on the zonesidered. While the monthly normal

exchange flux discussed earlier showed the NigeerRio mainly have a gaining stream

profile, the daily exchange flux time series alldesa more detailed profile.

Therefore, Niger River acts as loosing stream mesa@ones (Figure 9a), and gaining stream
(Figure9b) in others zones. In general, the logioges are located near faults zones, where
fractures are dense, and allow significant surfaeger infiltration into groundwater. One
important aspect to notice is that no infiltratimecurs during the Guinea river peak flow from
November to February. Infiltration occurs only chgyithe rainy season, during the local peak
of the river, resulting in groundwater rechargaipfto 50 mm/day during intense rainfall, as
actual evapotranspiration (Figure 9a) is low duritiggse events, allowing significant
groundwater recharge to occur. However, the logomes of the river are only localized near
important fractures zones, and in most area, madsldts do not show significant infiltration
processes in other zones of the river. It is alsothvnoting that the infiltration rate of river
water is more dependent on the intensity of indigidrainfall events, than the mean monthly
or annual rainfall. The importance of fracturese®m groundwater recharge has been shown

by Girard (1993) for this study area using hydrauloals and isotopes methods.
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Apart from above mentioned localized fractures soméhere the river water recharges
groundwater, the remaining part of the Niger Riv@rgaining from underlying aquifer
(Figure9b). The exchange flux profile at gainingtpaf the river (Figure9b) is dominated by
groundwater exfiltration in the rainy season, watf exfiltration rate of up to 20 mm/day.
This exfiltration rate results in baseflow of up 1& mm/day when actual ET (less than
5mm/day) is considered (Figure 9b), and shows teakp, one at the end of the dry period
(April —May), and another in the earlier rainy smas(June-July). This shows that
groundwater is sustaining the baseflow of the rduing the dry season, and at the beginning
of the rainy season. The exfiltration rate thenreases from the middle of the rainy season
(August) to reach zero by the end of the Guine& pegpk flow period (November-February).
This is because groundwater heads are almost ala@yge the Niger River levels (Hassane
et al., 2016), and particularly, during the dryipér Figure 9b also shows that there is slight
infiltration occurring during the high Guinea flogf the river resulting in low groundwater
recharge rate (less than 5 mm/day). The Niger Rieak that is generated by the Guinea flow
peak upstream, in the upper Niger basin does natribate to groundwater recharge in the
study area. This may be explained by the relatiskw flow of the Guinea flow compared to
the local flow peak, which is characterized by intgtent precipitation flashy stream flow
behavior.

In order to confirm the relative position of thegdr River to groundwater, 3D map of the
depth to groundwater table (Figures 10a and 10d)graundwater heads (Figures 10c and
10d) are shown for different seasons of the ydauring the dry season, the depth to the
groundwater table ranges from less than 5 metensthe Niger River and ephemeral streams
(FigurelOa), to 65 meters in topographically higkaa. In most areas the groundwater table is
at a shallow depth during the rainy season (Fiddlsg1

Both depth to groundwater table and groundwated$ieshow the topographical control on
the groundwater flow system. The Niger River aslwasl many ephemeral streams act as
natural groundwater discharge areas. A good iltisin of the seasonal variability of
groundwater flow is shown in the Figure 10c and.1@dundwater heads during the dry
season (Figure 10c) are almost always less tharelnwadculated heads during the rainy
season where many piezometric domes appeared asnbined effect of topographical
control and groundwater table rise (Figure 10the observed heads difference is a result of

groundwater recharge occurring in the rainy season.
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3.4 Water balance

This modelling work has highlighted that differestirface water features (i.e., ponds,
ephemeral stream, the Niger River, and springs)béxHdifferent type of exchange flux
profiles. In this section, the water balance fdfedent land use types will be presented as
well as the basin average water balance. We alsditafively present model calculated
recharge for different land use types which is ohdéhe most problematic parameters to

estimate in semi-arid climate (Simmers, 1997).

3.4.1 Water balance by land use type

The different land use types considered as alotig nglevant water balance components are
presented in Table 4. Ponds that are similar tonagandé pond (ponds type 1), discussed in
section 3, have a recharge rate of up to 203 mm/yeal a discharge from groundwater
reaching 213 mm/year. The infiltration rate caltedbfrom the exchange flux is 203 mm/year
and is assumed to represent groundwater rechargause the surface evaporation
representing the main ET process is removed inettehange flux. The total actual ET
represented mainly by surface evaporation is of hdi/year. Groundwater recharge at the
vicinity of the pond type 2 (Koungou pond) is 174nfgear, with total actual ET (mainly
surface evaporation) of 97 mm /year (Table 4). Hewethe recharge values calculated here
are point values (less than a m?); in order toitptalely understand the exchange flux profile
at the vicinity of the ponds. Previous studies (Eau, 1998; Disconnets et al., 1997) have
highlighted the strong spatial and temporal valigbiof focused recharge near ponds,
depending on the size of the ponds drainage areighvis critical to exactly compute in an

endoreic basin (Favreau, 2000).

Groundwater infiltration at agricultural sites i491 mm/year, with total actual ET of 51
mm/year and groundwater recharge of 68 mm/yeagoitrast, no groundwater recharge was
recorded at Savanna site, where total ET is grehser the infiltrated water (93 mm/year).
While, the infiltration values of agriculture anév&nna land use are in the same order of
magnitude (119 and 93mm/year respectively), andistant with measured values (160 —290
mm/year) by Rockstromet al. (1998) under milletdseat 1.8 m depths, Total actual ET of
Savanna ( 101 mml/year) is twice the actual ET afcajure. The main reason for this
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difference is probably the temporal activity of et as well as the root depths. Agricultural
land use is characterized by millet and/or maiopgr with average root ET activity lasting 3
months (only during the rainy season) and a roptidef 1.5 m, while the Savanna consist of
shrubs that transpire continuously throughout tharyand have a root depth of more than 5

m.

Ephemeral streams can have a groundwater infdtratate of up to 70 mm/day, resulting in
groundwater recharge of the same rate and totadfEf® mm/year. In contrast to ephemeral
streams that always act as depressions focusedrgechreas (Table 4), ponds act either as

groundwater recharge areas or groundwater dischzaimgs.
3.4.2 Basin average water balance

The basin average water balance (Table 5) is cadpudbm HGS water balance output file,
and averaged over the study area. The calculated yiears (2013-2017) basin average
groundwater recharge is 28 mm/year representing %%f the total mean annual rainfall
(580 mm). Total actual evapotranspiration overlthsin is 386 mm/year, accounting for 66%
of the total rainfall. The total ET is highly donaited by transpiration, which is 58% of the
total ET, while surface evaporation is only 8.65I8iltration over the basin represents 15.9

% of the water balance and overland flow constiui@. 91%.

Simulated groundwater recharge (28 mm/year) isisterg with previous recharge rate of 36
mm/year found by Hassane et al. (2016) using antalde fluctuation method, considering a
value of 1.2 m of water table rise. Favreau, gt 2009) estimated a net groundwater recharge
rate of 25 + 7 mm/year using combined water tahietdiations and geophysical methods,50

km east of the study area.

Actual evapotranspiration as simulated by HGS iagreement with previous measurements
and modeling results, focused on millet and falki@s with total actual ET in the range of 50
to 44% of total rainfall (Ibrahim et al.,2014), angh to 65% to 45% (Boulain et al.
2009;Ramier et al., 2009) for fallow and milletpestively.
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4. Conclusion and Perspectives

An equivalent porous medium approach was used doacterize groundwater surface water
interaction in geologically complex fractured amdlisnentary aquifers, with a high resolution
fully integrated surface-subsurface hydrologicaldedo The finite element HydroGeoSphere
model has a horizontal resolution ranging from 3Go 70 m and eleven vertical layers
resulting in a total of 516901 nodes and 92703fhetds. The model was calibrated using a
3-step methodology: 1) steady state, 2) dynamidibgqum and 3) daily transient. The model
results allowed for both a qualitative and quatitieaevaluation of groundwater-surface water
interactions for different land uses categoriesgémeral, the groundwater flow system is
controlled by local topography, and the Niger Rishowed mainly a gaining stream profile
with groundwater discharge rate of up to 20 mm/dathe rainy season. However, the river
may act as losing stream near main faults, withnéiftration of up to 50 mm/day during
intense rainfall events. Ephemeral streams occareas of focused groundwater discharge,
while ponds exchange flow profile is controlled hlycal topography, and they act as
groundwater recharge or discharge areas. Significaoundwater recharge occurs in
agriculture /fallow land use, in contrast of Savanvhere all the infiltrated groundwater are
lost by intense evapotranspiration processes. Hbieulated 5 years average groundwater
recharge over the basin is 28.6 mm/year with acuapotranspiration accounting for 66.31%
of the total mean annual rainfall (580 mm), andhdligroundwater contribution to baseflow
(1.667%).

Large scale integrated hydrological models hava@td considerable interest over the past
10-15 years, largely due to better availabilityirgfut data and high-performance computing
capacity (Bergand Sudicky,2018). The study desdribere confirms that the application of
fully integrated hydrological models to address| igarld problems is feasible, even with
modest computing resources and in regions where deda is available. While most
developing countries are facing challenges in waésources management, due to high
population growth combined with climate change, e demonstrated that integrated
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725  hydrological models help to address some of themenmanagement challenges. Integrated
726  hydrological models constitute a useful tool forlpivey developing countries achieve

727  successful integrated water resources management.
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849
850

851 Table 1 Hydrologic parameters used at the steady stafe st

Parameters Symbol Units
Saturated hydraulic conductivity K [m/s]
Total porosity n [-]
Specific storage ¢S [m™]
Van Genuchten parameter a []

Van Genuchten parameter B [m™]
Residual water saturation Swr []
Coupling length L [m]
Manning roughness coefficient  n [m** 5]
Manning roughness coefficient , n [m™* ]
Evaporation depth d [m]
Evaporation limiting saturations 0., 0., []

Leaf Area Index LAI [-]
Root depth L [m]

Transpiration fitting parameters  C1, C2, (3]
Transpiration limiting saturations 0., 0,  [-]
Canopy storage parameter intC [m]

852
853
854

855 Table 2 Calibrated saturated hydraulic conductivities ®iath Genuchten parameters.

Units K[m/s] Residual water Van Genuchten
saturation parameters
Continental Terminal 1.13%° 0.023 0.088 1.113
Weathered zone 1.24° 0.042 0.166 1.128
Schistes 6.36%° 0.042 0.100 1.153
Granites gles 0.079 0.134 1.34

856

857 Table 3 Calibrated Transpiration and Overland flow parterse

Parameters Agriculture  Savanna Steppe Urban Bdre so
Max Leaf Area Index [-] 1.2 1.25 1.2 0.2 0.01
Root depth [ m ] 15 4.5 1 0.1 0.01
Manning friction Coefficients 0.139 0.187 0.154 0.016 0.43
[m—1/3 S]
Coupling Length [m] 0.01 0.01 0.01 0.1 0.01

858

859
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860

861 Table 4 Water balance profiles for different land useetyp

Land Use Infiltration Total ET Recharge Groundwater
(mm/year) Discharge

Fallow/ Agriculture 119 51 68 0
Sahelian Savanna 93 103 0 0
Pond type 1 203 101 203 213
Pond type 2 174 97 174 0
Niger River (loosing 98 67 98 0
zone)
Niger River (Gaining 138 112 0 138
zone)
Ephemeral Stream 70 49 70 0

862

863

864 Table 5 Basin Average water balance (5 Years)

Rainfall Infiltration Surface Overland Transpiration Total Recharge Groundwater Balance
Evaporation Flow ET Discharge  Error
580.88 924 139 63.4 247 386 28.6 9.66 0.82

100% 15.9 8.64 10.91 58.01 66.34.92 1.66 0.14
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Characterization of groundwater —surface water inteactions using high
resolution integrated 3D hydrological model in senarid urban watershed
of Niamey, Niger.

Abdou Boko Boubacar- % Konaté Moussa, Nicaise Yald, Stevend. Ber§ > Andre R.
Erler*®, Hyoun-Tae Hwand", Omar Khader®, Edward A. Sudicky *°

Highlights:

* A methodological framework for integrated hydroloagimodel calibration in a
data scarce watershed is described

« The Niger river acts as a natural groundwater @disgdnzone
* Intense rainfall has significant impact on riveutder exchange fluxes

* Plant transpiration dominates the water balance.

Keywords: Groundwater —Surface water interactions, cafibna integrated hydrological
model, semi arid.
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