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Abstract

This modelling study was conducted in the Okpatalraent at the Kaboua outlet in Benin.
The target idea is to assess the availability amial renewal of the water resources. Aiming
at this, the SWAT 2003 model, a semi-distributedenshed model with a GIS interface was
selected, calibrated and validated for the studsinbaAfter calibration and validation, it
springs out that 1075.8 mm/year of precipitatiolh ifathe watershed. The surface runoff is
106.6 mm/year (10% of precipitation) while the totecharge of aquifers is 225.4 mm/year
(21% of precipitation). The actual evapotransparats 759.8 mm/year (71% of precipitation)
and the change in soil water storage is -21,37man/yRegarding erosion, an average value of
7t/halyear was obtained for the watershed with aimmam value for the croplands
(16.85t/ha/a) and a minimum value for the bushedrs@ahs (0.64t/ha/a).
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Modélisation du bilan hydrologique du bassin verskn
I'Okpara a Kaboua au Bénin

Résumé

La présente étude de modélisation a été conduits t&a bassin versant de I'Okpara a
'exutoire de Kaboua au Beénin. L'objectif principaist d’évaluer la disponibilité et le
renouvellement annuel des ressources en eau. Reindee cet objectif, le modele SWAT
2003, un modele physique semi-distribué a interfak® a été sélectionné, calé et validé pour
le bassin d’étude. Aprés calibration et validatidrmessort qu’en moyenne 1075,8 mm de
pluie est enregistré par année sur le bassin. Lléoment de surface est de 106,6 mm/ an soit
environ 10% des précipitations annuelles pendamt lgurecharge des aquiferes est de
221,4Amm/ an soit environ 21% des précipitationsévhpotranspiration réelle est de
759,8mm/an (environ 71% des précipitations) eldation du stock d’eau dans le sol de
-21,37mm/an. En ce qui concerne I'érosion, unewalaoyenne de 7 tonnes/ha/an a été
obtenue pour tout le bassin avec une valeur marindgdns les champs agricoles
(16,85tonnes/ha/an) et une valeur minimale dansdeanes arbustives (0,64 tonnes/ha/an).

Mots clés. Modélisation, bilan hydrologique, bassin de Igaka, modele SWAT, Bénin.



INTRODUCTION

The rapid population growth and the industrial depment during the last few decades have
caused an increasing pressure on land and watairoes in almost all regions of the world
(Abbott and Refsgaard, 1996). This phenomenon pfifadion growth increases the demand
of water for domestic, agricultural and other ugesticularly in countries which are
dependent on agriculture such as Benin (Sinto2@j5). Fresh water has already become
critically scarce in many regions of the worldidtanticipated that until 2025 about 25% of
the world population will suffer from severe watstarcity. For Africa, some estimates
suggest that already now the amount of fresh veataitable per capita is only about a quarter
of that in 1950, and that fresh water supply cdodttome problematic especially in West
Africa, where about 35 years of drought have bdeser/ed (Speth et al., 2002). For these
reasons, water resources have or will become saaateral resources which must be
managed more efficiently.

According to the report of Benin Water Ministry 2009, Benin republic has many water
resources which well managed will help to subdeerieds of the population in a mean and a
long-dated. Unfortunately the current overuse ofewaesources constitutes a serious threat
for their protection and preservation and in consege for the survival of future generations.
In the particular case of Okpara catchment at Kabautlet where this study is conducted,
one waterhole is used by about 604 inhabitants lwlicmore than the double of what is
recommended by FAO: 250 inhabitants per waterile to population growth and multiple
uses of water, the water resources managers wik fsome problems as pollution,
mismanagement and scarcity (Vissin, 2007). A snatde water resource management
requires the use of scientific data for decisiorkimg In this context, it is important to
understand and to quantify the dynamic of wateharge between atmosphere, ecosystems
and human activities. This is the main objective tbis study. Of interests are the
guantification of the annual renewal of water reses and sediment yield in the Okpara-
Kaboua catchment taking into account climate valitgpagricultural practises and land uses.

METHODOLOGY
Study area

Located in West Africa, Benin is watered by a demgdrographic network with river Oueme
as the most important (510 Km). This study was cetetl in the Okpara catchment at the
Kaboua outlet which is one of the Oueme river sabhis. It spreads over a total area of 9461
Km? with an annual population rate of 3.5% giving arent estimation of 908438
inhabitants.It is located between longitudes 2°FPR5 E and latitudes 8°13- 9°57 N (figure
1). The Okpara-Kaboua catchment is characterised Bybequatorial climate in its south
area. But since few years, this climate has changedidanian climate which characterises
the centre and the north of the catchment with onky rainy season and one dry season. The
mean annual rainfall is about 1100 mm. Annual temapee varies between 24 and 30°C. The
major types of soil are tropical ferruginous sailluvial soil and raw mineral soil. The
vegetation is dominated by bush land with highagtural influence.
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Figure 1: Okpara catchment at Kaboua outlet
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Material and methods

Data

The data used during this study are:

A Digital Elevation Model in a 90 m resolution dafeom the Shuttle Radar
Topography Mission (SRTM) of the NASA. From the DEie model SWAT (Soll
and Water Assessment Tool), which was used, dethedverland and channel slope
and length; the surface time of concentration, filivection and others properties for
each sub basin.

The digital land use/ land cover maps in a 300xB80@esolution of the catchment.
Land use / land cover is one of the key parametéisn the hydrological cycle and
one of the inputs of the SWAT model.

The climate data. They were obtained from two sesir@enin national meteorology
Direction (DMN) and French Project IRD (ex-ORSTOMauged stations. These
institutions have recorded data of rainfall, climgiarameters and stream runoff for
several areas in the watershed for several yearsOkpara-Kaboua watershed, six
(06) rainfall recorded data stations have been u8manbereké, Nikki, Parakou,
Tchaourou, Ouéssé and Save) from which two (0Zjosta are synoptic stations
(Parakou and Save).

Apart from the climatic parameters related to rinfdaily values of these two
synoptic stations of maximum and minimum air terap@es, relative humidity, wind
speed, solar radiation and their standards dewsitltave been used for the whole
catchment.

For the synoptic stations, the monthly average ydaitecipitation, its standard
deviation and skew coefficient were calculated 46r years as well as the average
daily maximum and minimum temperatures and dewtpé&egarding solar radiation
and wind, their average monthly daily values weakewdated for 30 years. At last, the
others monthly parameters required by the modelthveeagenerator (relative
humidity, the average number of days of preciptafior every month; the maximum
0.5 hour rainfall in the entire period of record &very month; the probabilities of wet
day following a dry day and a wet day following &twday for every month) were
obtained for 10 years.

The discharge data from the hydrometrical statioaboua (outlet of the watershed)
were used for the model calibration and validation.

The digitized soil map of the catchment on theescdl1:200,000 was used. Soil is a
key parameter of hydrological cycle and one ofitipaits of the SWAT model.

SWAT model description

The SWAT model - Soil and Water Assessment Toohme@ld et al., 1998) is a semi-
distributed watershed model with a GIS (Arc Viewderface that outlines the sub basins and
stream networks from a Digital Elevation Model (DE&Nd calculates daily water balances
from meteorological, soil and land-use data. SWATaihydrologic / water quality model
developed by the United States Department of Agtoer Agricultural Research Service
(USDA- ARS) (Arnold et al., 1998). The model waveleped to foresee the impact of land
management practices on water, sediment, and égreduchemical yields in large, complex
watersheds with varying soils, land use, and mamagé conditions over long periods of

time.



Model components include weather, hydrology, sediateon, crop growth, nutrients
cycling, pesticides dynamics and agricultural mamagnt. We use for this study SWAT 2003
model to assess the hydrologic balance in the @kidaboua basin, particularly spatial
variation of runoff and sediment yields with regéwdhe land use.

Indeed, SWAT model first partitions a watershea istib basins which allow accounting of
land uses and soils properties impact on hydroldgen, the model subdivides the previous
partitions in Hydrologic Response Units (HRU) whigte lumped land areas within the sub
basin that are constituted of unique land covelasa management combinations.

SWAT has been applied in several basin scale fudimlving assessment of water supply
and nonpoint source pollution in the United Stafesold et al.(1999) reported the results of
SWAT application for hydrologic simulation in allver basins in the United States. Several
other studies in other Continents (Europe, Afrisaia) (e.g. Rosenthat al, 1995; Bingner,
1996; Srinivasaret al, 1998, 2003; Kinget al, 1999; Santhet al, 2001, 2005; Huisman et
al., 2003; Sintondji et al., 2004; Pohlert et 2D05; Sintondji, 2005; Bossa, 2007; Awoye,
2007; Ahouansou, 2008) indicate the strength of SWi#odel in simulating streamflow and
sediment movement in large basins.

Hydrologic balance

Sintondji (2005) mentioned that simulation of thellology of a watershed can be separated
in two major components: the land phase of the dlgdic cycle and the routing phase
(movement through the channel network) of the higdyioc cycle. At the first phase the
hydrologic cycle is computed on the basis of théewbhalance equation:

SW = SW+Y (R -Q ~Et, - P -Qr)

t=1
WhereSWis the final soil water content (mne@), SWis the initial soil water content on day
i (mm HO), tis the time (days)R is the amount of precipitation on daymm HO), Qi is
the amount of surface runoff on dagmm HO), Et is the amount of evapotranspiration on
dayi (mm HO), Pi is the amount of water entering the vadose zona fiee soil profile on
dayi (mm HO), andQri is the amount of return flow on daymm HO).
The hydrologic processes can be grouped in fivpsstprecipitation, interception, surface
runoff, soil and root zone infiltration, evapotramation and ground water flow (Sintondii,
2005).
Surface runoff was estimated by the curves numbsthod (SCS, 1972), that depends on
precipitation, interception, slope, saturated hyticaconductivity and infiltration rate. The
water contained in the soil was valued by the netbbrouting with storage (Sloan and
Moore, 1984). The actual evapotranspiration wasitjied by Penman’s method (1956).

Erosion assessment

We measured the sediment loss in the sub-basith&9o(tlet of the catchment) @lycine
maxfarms with different agricultural practises (rownerallel to hill slope, rows perpendicular
to hill slope and in the case of flat ploughingyeEy two weeks, the sediment transported
weight was measured. For the sediment loss simulatve use the modified universal soil
loss equation (William, 1975).

Sed =11,18 ( Quf - Gheak- arean)”>° -Kusie - Gusie-Pusie LSysie. CFRG

Where Sedis the sediment yield on a given day (metric toi@)fis the surface runoff
volume (mm HO/ha),gpeakis the peak runoff rate (s), areauis the area of the HRU (ha),
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KusLeis the USLE soil erodibility factor (0.013 metriant nf hr/( m-metric ton cm))CusLEeis
the USLE cover and management facRursLeis the USLE support practice factwSusLeis
the USLE topographic factor a@FRGis the coarse fragment factor.

Model calibration and validation

The time period from 1999 — 2007 was used for mai@ulation. The first year of the
simulation was used as a model “warm-up”, for thet fsimulation, period when model
conditions stabilized. This year was therefore taditfrom final result comparisons. The
results reported in this study for various simalas consist of data for the time period from
2000 — 2004 for calibration and 2005-2007 for thedeti validation.

To derive the baseflow recession constant, a lmagefutomated digital filter program
(Arnold et al, 1999; Arnold & William, 1995) was used to separtie baseflow and runoff
portions of flow from measured stream flow dataagied for the study area. We first adjust
the surface runoff simulated with the observed esland secondly the baseflow.

Evaluation of model goodness

The coefficients used to appreciate the model gessirwere coefficient of determination
(R?), Model Efficiency (ME) ofNash & Sutcliffe (1970) and Index of Agreement (164
Willmott (1981).

The R2 value is the square of the Pearson’s pradocbent correlation coefficient and
describes the proportion of the total variancénandbserved data that can be explained by the
model. It is ranged from 0.0 to 1.0 with higherues indicating better agreement.

With: Oi: Observed dat&i: simulated data, O ::Observed mean,
P :simulated mean, N: Number of compared values.

Model efficiency, according to Nash and Suitclifiedicates how well the plot of observed
versus simulated value fits the 1:1 line. Estimagdficiency is commonly used in hydrologic
model evaluation and is calculated through the egu&eyond:

N

> (0, - P)°
ME =1- 2
——
> (0. -90)
i=1
If the measured variable is simulated most acclyrdig the model, then ME = 1. If the
coefficient is negative, the quality of the modetults is smaller than the average value of the
measured variables. ME has a range of values from to 1.
For the evaluation of the quality of the dischargesiporal reproduction, the Index of

Agreement is used. Index of Agreemd#)(according to Willmott (1981) is calculated as:
N

Z (O|_ Pi)2
A =1 -

Z QPi—O_|+|Oi—O_|) 6

i=1




It varies from O to 1, with higher values indicafibetter agreement between the model and
observations, similar to the interpretation of tlhefficient of determination R2. It represents a
decided improvement over the coefficient of deteation, but also is sensitive to the
extreme values (Legates & McCabe, 1999).

For all of the 3 efficiency coefficients, the valliaepresents the complete agreement of the
measured and simulated values.

RESULTS

Observed flow compared to simulated flow during thecalibration period

Figure 2 shows the weekly observed and simulatearst flows during the calibration period
(2000-2004). This figure is followed by the meaowl value and the model goodness
indicators (table 1).
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Figure 2: Comparison of the Okpara-Kaboua westiyam flow

Table 1: Model goodness indicators for the calibraperiod

Weekly average (ifs) Model goodness indicators
Observed flow Simulated flow R2 ME 1A
72.38 85.44 0.89 0.81 0.96

The high values of model goodness indicators awvinekly scale (table 1) attest that observed
and simulated flows matched well.

Annual water balance

Table 2 summarizes the annual basin values fowttier balance.



Table 2: Average annual basin values (2000 — 2004)

Components of water balance Quantity (mm)
Precipitations 1113.7
Surface runoff 130.17
Lateral flow 3.22
Groundwater flow 165.20
Deep aquifer recharge 50.60
Shallow aquifer recharge 37.22
Transmission loss 2.82
Evapotranspiration 741.5
Potential evapotranspiration 2007.6
Change in soil water storage -17.03

Evapotranspiration is the primary mechanism by whiater is removed from a watershed.
From table 2, runoff coefficient is equal to 11.7086apotranspiration coefficient is equal to
66.58% and total aquifer recharge coefficient i¥22%6.

Dingman (1994) estimated that about 62% of theipitation that falls on the continent is
evapotranspired. Evapotranspiration exceeds runaffiost watersheds and in all continents
except Antarctica. Sintondji (2005) estimated thatoff coefficient is equal to 11.1% and
evapotranspiration is equal to 67.3% in Terou-lgakono catchment. Amoussou (2005)
found that potential evapotranspiration exceedsipitation in Couffo catchment during the
period from 1968 to 2000. Giertz et al. (2006)rastied that surface runoff varies from 9.5 to
18.7% in Aguima and Niaou catchments in 2002 ar@BZ0r annual precipitations comprise
between 1145 and 1230 mm. Ahouansou (2008) andaB@€97) respectively found in the
Oueme-Save and Zou-Atcherigbe catchments 7.8% &% @s surface runoff. The values
fund by Ahouansou (2008) and Bossa (2007) are hitffan ours. Taking into account the
results of those authors about the land use inptReised catchments, it appears that the
Okpara-Kaboua catchment is more submitted to dstatien for agricultural purposes. In
fact, the rapid creation of agricultural areas setalthe lost of organic matter and increases
the surface runoff, the erosion rate and the sedtifeading (FAO, 1998).

Observed flow compared to simulated flow during thevalidation period

During the validation period (2005-2007), the wgettbserved and simulated flows matched
also well (Fig 3). The assessment of the modeligtied with the same model goodness
indicators Rz, ME, 1A), is as high as during the calibrationipdr(table 4).
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Figure 3: Comparison of the Okpara-Kaboua Westkeam flow
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Table 3: Model goodness indicators for the valmateriod

Weekly average

(7fs)

Model goodness indicators

Observed flow Simulated flow R2 ME 1A
50.3 60.6 0.86 0.80 0.95
Annual water balance during validation period
Table 4 summarizes the annual basin values fow#ter balance.
Table 4: Average annual basin values for the vabdgeriod (2005-2007)
Quantity
Components of water balance (mm)
Precipitations 1037.9
Surface runoff 82.96
Lateral flow 2.58
Groundwater flow 128.66
Deep aquifer recharge 39.5
Shallow aquifer recharge 29.67
Transmission loss 2.24
Evapotranspiration 778.0
Potential evapotranspiration 2020.6
Change in soil water storage -25.71




From table 4, runoff coefficient is equal to 8% andpotranspiration coefficient is equal to
75%. Evapotranspiration is the primary mechanismwhych water is removed from a
watershed as remarked during the calibration period

Sediment loading

The average annual value of 7t/h&aobtained for the watershed during the calibratio
period. This value differs from one sub-basin tother and from one land use to another.
The maximum value is recorded on croplands (16.8%afa) and the minimum value is
recorded on bush savannah (0.64 t/ ha/a). Figuskodvs that erosion is more observed in
sub-basins 5, 9 and 10 which cover the cities aofnYarou, Tchatchou and Tandou.

Sub basins

20 0 20 40 Kilométres
s ™ e

Figure 4: Average erosion rate per year per sulmloasing calibration period (2000-2004)

Ahouansou (2008) and Bossa (2007) found respegtimeDueme-Save and Zou-Atcherigbe
catchments: 4.4 and 4.3 t/ha for sediment loadihg. values that are higher than theirs are
certainly due to the higher surface runoff obsenvedur study catchment. This higher value
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of surface run off as we explained before is du¢h®higher intensity of deforestation for
agricultural purposes in our study catchment.

Regarding erosion, figure 5 shows that an averadges of 16.36, 5.84 and 11 tonnes per
hectare were respectively obtained on rows partdldlill slope, rows perpendicular to hill
slope and in the case of flat ploughing.
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Figure 5: Sediment transported for different adtigal practice.
Period: August — October. (2009)

Regarding suspended sediment (figure 6), it risés tve discharge and varies from 0.067 to
0.17 g/l with an average of 0.11 g/l. These valaes similar to those found by Sintondiji
(2005), Awoye (2007), Bossa (2007) respectively Tierou-lgbomakoro, Klou, Zou-
Atcherigbe catchments.
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Figure 6 : Suspended sediment at the outlet of@behment. Period: July to October.(2009)
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CONCLUSION

The physical semi-distributed model SWAT helpsdsess the water resources in the Okpara-
Kaboua catchment. These results could be usedufaref projection and as basic to take
decisions in order to set up hydraulic buildingeeTannual surface water is about 1 billion
m/year. To take benefit from this resource, watsereoirs must be built for agricultural,
pastoral and industrial activities. Water storedstrhe treated for drinking needs and that will
reduce the rate of people who is actually suffefrogn the lack of water and iliness related.
The availability of aquifer water is also importgBtbillion nm/year). So modern wells with
larger diameters equipped with locking device,lidgl must be built for aquifers water use.
As the erosion rate is high in agricultural subibgsand is damaging environment, we
suggest in those areas the building of dykes, rdaras, hedges, appropriate agricultural
practises, crops association to reduce the seditremgported. In the end, we suggest that
further studies should be done to model solutesadiment transport and to assess the impact
of climate change and land use dynamic on wateuress in the study catchment.
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TABLES WITH CAPTIONS

Table 1: Model goodness indicators for the calibraperiod

Weekly average (ni/s) Model goodness indicators
Observed flow Simulated flow R2 ME IA
72.38 85.44 0.89 0.81 0.96
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Table 2: Average annual basin values for the caiitan period (2000 — 2004)

Components of water balance

Quantity (mm)

Precipitations 1113.7
Surface runoff 130.17
Lateral flow 3.22
Groundwater flow 165.20
Deep aquifer recharge 50.60
Shallow aquifer recharge 37.22
Transmission loss 2.82
Evapotranspiration 741.5
Potential evapotranspiration 2007.6
Change in soil water storage -17.03
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Table 3: Model goodness indicators for the valmatperiod

Weekly average (nis) Model goodness indicators
Observed flow Simulated flow R2 ME A
50.3 60.6 0.86 0.80 0.95
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Table 4: Average annual basin values for the vabdgeriod (2005-2007)

Components of water balance Quantity (mm)
Precipitations 1037.9
Surface runoff 82.96
Lateral flow 2.58
Groundwater flow 128.66
Deep aquifer recharge 39.5
Shallow aquifer recharge 29.67
Transmission loss 2.24
Evapotranspiration 778.0
Potential evapotranspiration 2020.6

Change in soil water storage -25.71




FIGURES CAPTIONS

Figure 1: Okpara catchment at Kaboua outlet

Figure 2: Comparison of the Okpara-Kaboua weekbash flow

Figure 3: Comparison of the Okpara-Kaboua weekbash flow

Figure 4: Average erosion rate per year per sulmlolasing calibration period (2000-2004)
Figure 5: Sediment transported for different adtigal practice. Period: August — October
(2009)

Figure 6: Suspended sediment at the outlet ofdhehment. Period: July to October (2009)
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