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Abstract 
Physiographic differences and conditions of use of water resources in anth-
ropogenic basins explain the variability of risk to surface water. Based on the 
multi-criteria analysis of Saaty, the present work proposes an assessment of 
the vulnerability of surface water through a three-factor accessibility index: 
the slope, the subdivision rate and the drainage density of the basin. It is ob-
served that the topographic (slope) and urbanistic (subdivision) conditions 
are the most important (weighting of 59%, 34%) in front of the hydrographic 
condition (drainage 6%) with an overall consistency of 2%. Thus, in the Ok-
para basin in the city of Parakou, the analysis of the vulnerability of surface 
waters by the accessibility index highlights two groups. The Ganré and Ko-
kouro basins with about 30% of their areas in the low and moderate classes 
and the Wonka and Dama basins in the very strong class at more than 50% of 
their areas. 
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1. Introduction 

Access to drinking water which is a global objective of sustainable development 
is increasingly threatened by the pressure of uses on all resources, particularly 
terrestrial aquatic ecosystems [1]. This threat is a notable weakness in the social 
and political stability of populations regarding the management of water re-
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sources; especially for developing countries, considering the accelerating pace of 
demographic, urban and socio-economic growth recorded at the beginning of 
the 21st century [2]. According to [3], the renewal of surface water is influenced 
by rain runoff and controlled by ecohydrological specificities and as a result, 
uneven distribution on land. When referring to global statistics [1], the serious-
ness of the issue of access to water resources is better understood both globally 
and regionally [4]. In the context of rapid population growth coupled with the 
difficulties of access to land in developing countries, the peri-urbanization of an-
cient nuclei is very spontaneous and generally occurs in the absence of spatial 
planning [5] [6]. Years ago, several studies have attempted to evaluate the influ-
ence of uses, especially anthropogenic uses on the quality of water in the resource 
[7]-[12]. Within this framework, many methods have been used to assess ground- 
water vulnerability [13] [14] [15] [16] [17], but very few are interested in surface 
water [15] [18]. This apparent lack of interest is due, among other things, to the 
complexity of the surface water pollution mechanisms, on the one hand, and the 
active involvement of the geomorphometric specificities of the basins on the 
other and in addition to the rather well-known role of anthropic activities. The 
hydrographic system of the city of Parakou (West Africa) is divided into the ba-
sins of Upper Ouémé and that of Okpara. According to the administrative divi-
sion of the city and the demographic statistics [19], nearly 70% of the urban slice 
of the city is found in the Okpara basin. The geographical boundaries of the city 
have moved quite rapidly over the last two decades with a gradual and mono-
centric occupation to the north-east and south-west of the Okpara Basin. It fol-
lows from these observations that the aquatic systems of this basin would be ex-
posed to a greater risk of pollution due to the phenomenon of urban sprawl. The 
aim of the study is to evaluate, using Geographical Information Systems (GIS) tools 
and multicriteria analysis, an index of accessibility of hydrographic networks as an 
indicator of vulnerability of surface waters in the Okpara basin at Parakou. 

2. Study Area 

The work is done on the Okpara basin in the city of Parakou. The Okpara basin 
is about 235 km2 in total, but consists of four sub-basins of small size in the town 
of Parakou located between the latitudes North 9˚15' and 9˚27', then longitudes 
East 2˚31' and 2˚45'. It presents a four-level fishbone hydrographic network ac-
cording to Strahler’s classification. The city is densely populated, strong in areas 
of ancient settlement (the urban core) and decreasing in size to peripheral areas. 
The terrain is sloping North-South and North-East. The thalwegs of the four 
sub-basins (Ganré, Wonka, Kokouro and Dama) are positioned as the main 
transport channels of all urban pollution towards the Okpara River (Figure 1). 

3. Matérials and Methods 
3.1. Definition of Accessibility Factors 

According to [20], the mapping approach to the intrinsic vulnerability of surface  
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Figure 1. Study location. Source: Fond Topograhique IGN, 1992 plus données de terrain 
2016. 
 
water catchments takes into account a factor related to the accessibility of the 
aquatic environment. The authors evaluated this factor with the only parameter 
of the geometric distance between the pollutant emission point and the aquatic 
environment. Several studies have established that surface water pollution is 
strongly linked to anthropogenic activities [21] [22] [23] [24] [25]. However, the 
transport of pollutants emitted to water plan depends on several other geomor-
phological parameters of watersheds. The probability of pollution entering the 
water system is a function of basin occupancy conditions, geomorphological 
features and the existence of the drainage network. The construction of an im-
pact chain has allowed us to identify three parameters controlling the accessibil-
ity of aquatic systems (Figure 2). 

3.2. Data of the Study 

We extracted the Digital Terrain Model (DTM) from the study area from the 30 
m × 30 m (Shuttle Radar Topography Mission: SRTM 30, geoid WGS 84) square 
mesh raster, downloadable from the site (http://lta.cr.usgs.gov/srtm), then deli-
mited the Okpara basin into four sub-basins designated by the names of their 
main talwegs: the sub-basins of Ganré, Wonka, Kokouro and the Dama sub-basin. 
This Digital Model was used to then generate the slope map and the drainage 
density map for each of the basins. The variation of these mapped indices has 
been neglected since the study area is geologically stable. The urban settlement 
map is obtained with the fragmentation polygons represented by their centroids 
throughout the basin. The situation for each basin was obtained by geoprocess-
ing of the contours of the city with those of a centroids density map on the ba-
sins from updated files in dwg. format, subdivisions of 2004 and 2014 financed 
by the Millennium Challenge Account in Benin. Each of the mapped indices has 
been reclassified into five accessibility classes (Table 1). 
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Figure 2. Chain of impact and factors of accessibility according to the method of Adel-
phi/Eurac, 2014. 
 
Table 1. Classes of vulnerability according to BRGM. 

Classe 1 2 3 4 5 

Description Very weak Weak Moderate Strong Very strong 

3.3. Weighting Factors 

Identified as the first condition of vulnerability of water resources in general, 
accessibility is for surface water one of the factors of expression of both the exis-
tence of pollution (activity of the source of pollution), and topographical condi-
tions favorable to the contact between the aquatic environment and the polluting 
emission. However, in the light of BRGM’s work, accessibility seems to be li-
mited to the notion of proximity. It is then evaluated and mapped by the dis-
tance (in meters) separating the aquatic environment and the emission point 
from the pollution. In this work, we rather retain the principle of integrated ef-
fects of several factors on accessibility as an indicator of the vulnerability of sur-
face water; thus this parameter is developped under a weighted combination of 
three factors. For time tracking purposes, the maps were produced for the dates 
2004 and 2014. The multicriteria analysis method was used to weight the para-
meters identified in the chain of impacts (Figure 2). The expression of calcula-
tion of the index of accessibility of the hydrographic network on a basin is cha-
racterized by the form. 

P I lot dr drD a P b I c d= ⋅ + ⋅ + ⋅  and 1 p I dra b c= + +  ( ) 3
p I dra b c ∈ℜ   (1) 

This technique developped by Saaty towards the end of the 70’s, allows to 
evaluate by a controlled decision process, the weights of each of the parameters 
from their comparison in pairs with criteria chosen to reach the goal. It has been 
used successfully for several works [26] [27]. Firstly, a comparison of the criteria 
was made by a square matrix of order 3. The scores are assigned according to 
Saaty’s scorecard (Table 2) and respect the relation: 

Capacityof adaptationFactors of potential impact

Exposition

Rainy Streaming Hydric erosion Pollution

Sensibility Adaptation

Hydraulic

Accessibility (D)

Slope
(P)

Urban Settelment
(Ilot)

Density of 
drainage (Ddr)

In
di

ce
s e

t c
ar

te
s

https://doi.org/10.4236/ojmh.2019.94006


M. P. S. Lanmandjèkpogni et al. 
 

 

DOI: 10.4236/ojmh.2019.94006 107 Open Journal of Modern Hydrology 
 

1ij jia a⋅ =                              (2) 

ija : Note translating the importance of the factor i compared to the factor j. 

jia : Note translating the importance of the factor j compared to the factor i. 
1ija  : i has more high importance compared to factor j in the decision. 
1ija  : i has more weak importance compared to factor j in the decision. 

We thus constituted a square matrix of order 3, also called original matrix. 
The original matrix is used in the computation of the eigenvectors with the ex-
pression: 
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a a a
A a a a

a a a

 
 =  
 
 

 and 1 2 3
n

Pi i i iV a a a= ⋅ ⋅ , 1,2,3i =         (3) 

ija : Assigned value at ith parameter in jth columnar of matrix columnar origA  
n: Number of parameters analysed (n = 3). 

PiV : Own vector of parameter i. 
Each parameter i is thus weighted by coefficient PiC : 
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The calculated weights are validated from the coherence or consistency ratio 
of the original matrix. Validation of the weights consists in eliminating or fail-
ing, minimizing possible errors of judgments made on the parameters during the 
notation. These errors are translated into the consistency ratio and depend on 
the number of parameters of the study. The coherence ratio is a function of a 
random index, the rational priority of the parameters and the number of para-
meters n. The priority vectors are obtained from the standardized matrix of as 
follows (Table 3): 
 
Table 2. Grid for scoring parameters [28]. 

Importance on Definition/Explanation 

1 Both elements have the same importance 

2 The line element is slightly larger. 

3 The line element is a bit more important 

4 The line element is moderately more important. 

5 The line element is of high importance. 

6 The line element is significantly more important than the columnar one. 

7 The line element is very much more important than the columnar one. 

8 The line element is very, very much more important than the columnar one. 

9 The line element is absolutely more important than the columnar one. 

 
Table 3. Repository of random indices [28]. 

Number of parameters 2 3 4 5 6 7 8 9 10 

IA: Random index 0 0.58 0.9 1.12 1.24 1.32 1.41 1.45 1.49 
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The consistency ratio is calculated with the expression 
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4. Results and Discussion 

The matrixes 1A  and 2A  are those used for the original and standardized ma-
trices respectively in the calculation process (Table 4): 

1

1.00 2.00 8.00
0.50 1.00 6.00
0.13 0.17 1.00

A
 
 =  
 
 

 and 2

0.62 0.63 0.53
0.31 0.32 0.40
0.08 0.05 0.07

A
 
 =  
 
 

 

A weighting of 59%, 34% and 6% respectively for the slope index, the gross 
subdivision index and finally the urban drainage is obtained for the calculation 
of accessibility on the basins. The graphs shown in Figures 3(a)-(d) above are 
derived respectively from the aquatic accessibility maps, developped from a mul-
ti-criteria analysis of Slope (P), gross subdivision index ( lotI ), and urban drainage 
density ( urbD ). The consistency threshold is 2% and validated ( 2% 10%RC = ≤ ) 
according to Saaty, (1980), and Saaty, (2008). 

An increase in space occupation of 3% of the basin is observed on Ganré be-
tween 2004 and 2014, against a quasi-stationary occupation on the Kokouro over 
the same period. However, these two basins seem to have accessibility thresholds 
in the same order of magnitude. We note that the trend is to increase the settle-
ment of populations on the Ganré but with positions that do not significantly 
harm aquatic environments. Among the most significant classes, only the Mod 
class saw a net increase (3.14%) to the detriment of the weaker classes (TFa: 
−2.11%) and TFo (−2.81%). The slight rise of the Fo class (+1.48%) nevertheless 
expresses that the interest of steep-slope areas has grown in the basin and could 
continue in the coming decade as classes TFa and Fa are down. From these ob-
servations between Ganré and Kokouro, we can hypothesize full growth of the 
urban installation on the Ganrébasin while on the Kokouro, the urban fabric is  
 
Table 4. Weights and consistency index. 

Vp Cp Cp% D E λ IC IA 

2.52 0.59 59% 1.799 3.032 

3.02 0.0092 0.58 
1.44 0.34 34% 1.030 3.020 

0.28 0.06 6% 0.196 3.003 

4.24 1.00 100% 3.03 9.06 
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Figure 3. Accessibility of surface water on the Okpara basins at Parakou. 
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undergoing restructuring due to the attraction of the supply neighboring basins, 
or a paradigm shift in the basin. Wonka and Dama are similar in the distribution 
of accessibility classes. At over 50%, their aquatic networks are highly vulnerable 
to accessibility. This means that urban facilities occupy a highly compact area 
around the drainage network. From 2004 to 2014, there was a spatial increase of 
2% (4% in 2004 and 6% in 014) on the Wonka, and only 1% on the Dama (8% in 
2004 and 9% in 2014). This variation accompanies the amplitude of the transi-
tion of accessibility classes which varies between −0.11% and + 1.33% on the 
Dama against +0.40% to −1.92% on the Wonka. The administrative and com-
mercial zoning, and industrial of the city of Parakou as a whole, makes the Dama 
Basin, the basin of reception of the industrial zone with a relative neighborhood 
of the main market of the city. The Wonka Basin is divided into the commercial 
activities of the North Zone and the medium-to-high standard housing in the 
corridor next to the Ganré. 

5. Conclusion 

We observe through this study that the geomorphometric characteristics of wa-
tersheds significantly influence the vulnerability of surface water through the 
accessibility index. The topographic conditions and the human installation rate 
are two parameters of great importance and which are positioned as control and 
response factors respectively in relation to the drainage density of the basins. 
This interrelation highlighted justifies the interest of Saaty’s multicriteria analy-
sis method in assessing the vulnerability of surface water from several dependent 
factors. 
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