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Abstract. In many continental databases representing rivers across Africa, information on rivers character-
istics (length, width, intermittent or perennial) is often incomplete, and small streams are largely underrep-
resented. Fortunately, the use of topographic information from digital elevation models (DEMs) provides an
opportunity to have more detailed information on rivers, particularly small streams in broad areas. A common
approach to extract streams from DEM is to consider as a stream all DEM cells that drain at least a certain up-
stream surface, commonly known as the minimum contributing area (Ap;p). This parameter (Apin) is generally
defined uniformly over large areas and this independently of the very variable climate and landscape condi-
tions so that the generated streams have a rather uniform spatial distribution. To address this issue, using a 3”
(approx. 90m x 90m) DEM of Burkina Faso, the relationship between A, and the observed drainage den-
sity (Ddps) was established with satisfactory performance (r2 = 0.86). In ongoing work, the functional relation-
ship between the observed drainage densities (Ddops) and environmental variables (lithology, climate, geology,
vegetation cover) should allow for the establishment of the relationships between Api, and the environmental
variables. This relationship allows for spatially variable A, values depending on landscape characteristics. Be-
fore extracting river networks in Africa, the next step will be to validate or update these relationships in several
countries.

1 Introduction national hydrographic databases remains difficult in Africa
because of the cost required and the reluctance of some coun-

The accurate representation of river network recently, serves ~ ti€s to share this information.

as a decision aid for land managers for efficient monitoring Fortunately, the exploitation of topographic information
and exploitation of the water resource (Heine et al., 2004; from d_lgltal elevgtlon n}odels (DEM) proy1des a major op-
Ouellet Dallaire et al., 2019). Models and many studies of ~ POrtunity to obtain detailed river descriptions over large ar-
hydrologic processes are sensitive to the accurate representa- cas (Liu et al., 2005 )'_Wlth the a.1d of Geogrz'lphlc Informa-
tion and density of streams (Yan et al., 2020; Brakebill et al., tion Systems (GIS)’ river extraction usually I_IIVOIYGS defin-
2011). However, in many continental databases representing 118 @ thyeshold fver pleﬂ nurqber (Np).WhICh is a value
rivers across Africa, information on river’s characteristics s~ {rom Which a DEM pixel is considered a river. The upstream
often incomplete, and small streams are largely underrepre- ¢4 drained bx th1§ number of pixels (Np) corresponds to
sented (Lehner et al., 2008). National hydrographic databases ~ Minimum contributing area (Amin) (O’Callaghan and Mark,
contain reliable hydrographic information in this sense, ei- 1984). A low Amin threshold increases the length of the ex-

ther localized or nationwide. However, accessibility to these tracted stream and vice versa. The choice of Amin value,
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therefore, condition the length of extracted rivers and influ-
ence the drainage density (Dd) which can be defined as the
ratio between the total length of rivers in a watershed and its
surface (Horton, 1945). Generally, for stream extraction Amjip
is defined rather arbitrarily and uniformly over large areas
due to lack of information, resulting in the generated streams
having a rather uniform spatial distribution and often not cor-
responding to those observed in the field (Passalacqua et al.,
2010; Papageorgaki and Nalbantis, 2017). This is the exam-
ple of the Hydrolk database (US Geological Survey, 2000)
and AQUAMAPS (FAO, 2014), which proposes a mapping
of rivers extracted from a 30” (approx. 1 km x 1km) and 15"
(approx. 500m x 500 m) DEM for a constant A, value of
1000 and 100 km?, respectively.

In a natural environment, however, drainage density varies
spatially as a function of multiple environmental variables
(climate, lithology, slope, vegetation cover) and to capture
this variability, there is a need to stress the use of spatially
variable Anin (Tucker et al., 2001; Da Ros and Borga, 1997).
Recently, Schneider et al. (2017) proposed an approach to
generate a series of variable A, values as a function of envi-
ronmental variables. These A, values are calibrated on dif-
ferent landscape types (constituted of the spatial intersection
of Lithology, Climate, and Slope) with a 500 m DEM from
HydroSHEDS database to match observed hydrographic in-
formation from national hydrographic databases of France
and Australia. The calibrated Ap;, values were extrapolated
at the global scale, given the local type of landscape, such
as to extract a global hydrographic network, called LCS. De-
spite satisfactory validation in Brazil and USA against the na-
tional hydrographic databases, this LCS network shows diffi-
culties in reproducing very high observed drainage densities
(Schneider et al., 2017). The LCS network, for example, par-
tially captures the spatial variability of the drainage density
of the national hydrographic network of Burkina Faso, which
is probably due to the coarse scale of the lithology layer used.

Based on the methodology used by Schneider et al. (2017),
our objective is to use the accuracy of local information col-
lected from national geographic institutes and widely avail-
able climatic, landscape, DEM information to establish rela-
tionships between the minimum contributing area (Am;iy) and
environmental variables (lithology, climate, geology, vege-
tation cover) to constitute a spatial model. A first step in
setting up the spatial model is to define a relationship be-
tween the observed drainage densities (Ddgps) from a na-
tional hydrographic database and calibrated minimum con-
tributing areas (Apin) in Burkina Faso. The same process
is applied in Benin and France to evaluate the effect of the
scale of a national hydrographic database in the relation-
ship between Anin, and Ddyps. The second step will be to
define relationships between the observed drainage densi-
ties (Ddobs) and environmental variables (lithology, climate,
geology, vegetation cover), which should ultimately allow us
to establish relationships between Ap;, and the environmen-
tal variables. This study covers the first step of the model
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Figure 1. Location of Burkina Faso in West Africa. The borders of
the country are shown in dark blue.

calibration in Burkina Faso, and the other steps are ongoing
work.

2 Materials and methods

2.1 Study area

For the first step of the model calibration, we are interested in
Burkina Faso, a landlocked country of 274 200 km? located
in West Africa and covers quite varied climatic zones with an
annual rainfall gradient between South and North (1200 to
less than 600 mm yr~! respectively) (PANA, 2007). The val-
ues of altitudes are mainly between 250 and 350 m, with a
maximum altitude around 750 m making the relief relatively
flat (Fig. 1).

2.2 Description of data

The DEM used in this study was extracted from the Hy-
droSHEDS database (Lehner et al., 2008), which is the most
widely used database currently for hydrological applications
at a resolution of 3” (about 90 m x 90m), i.e. the small-
est resolution proposed by the database. The reference hy-
drographic database (national hydrographic database) taken
into account in Burkina-Faso is the BNDT available at the
scale of 1 : 200000 and distributed by the IGB (Institut Géo-
graphique du Burkina). The reference hydrographic database
considered in France and Benin are CARTHAGE and BDI,
respectively, available at the same scale of 1 : 50000, and dis-
tributed by the IGN (Institut Géographique National) France
and IGN Bénin.

2.3 Methods

All maps and spatial processing are made using ArcGIS
software (10.6.1) and the graphics using R software ver-
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Figure 2. Results of the first stage of model implementation in Burkina Faso. (a) Representation of the observed drainage density in 5 grid
cells. (b) Calibration and validation areas for the relationship between Ay, and Ddgpg. (¢) Relation between the calibrated values of Apyip

and Ddp, values in 5 grid cells, with the axes in logarithm.

sion 3.6.1. The ArcGIS tool has been used to extract 400 river
networks in Burkina Faso using the DEM from which the
direction and accumulation grids are also progressively ex-
tracted. To span a large range of drainage densities, the num-
ber of pixels defined to extract these networks (Np,) ranges
between 1 to 40 000, corresponding to Amin between 0.0081—
324km?.

The territory of Burkina Faso has been divided into 5" grid
cells (about 64 km? at the equator) for this analysis. For each
of the 400 extracted networks, the drainage density is calcu-
lated as the total river length (km) inside a 5" grid cell, di-
vided by the surface area of the grid cell (km?). The same
procedure is used to calculate the observed drainage den-
sity (Ddops) using the river network information contained
in the reference hydrographic database (BNDT) of Burkina
Faso (Fig. 2a). For each grid cell, the calibrated Ap;, value is
the one defining the extracted network (among the 400 pos-
sibilities) that best approximates the observed drainage den-
sity (Ddops), based on the BNDT river layer, in this grid cell.
Thus, the selected Ay is the one minimizing the difference
in drainage density between the extracted networks and the
observed BNDT network in the grid cell. We randomly se-
lected several grid cells that were excluded from the calibra-
tion process (Fig. 2b) and that represents 14 % of the terri-
tory. It is on these grid cells that validation of the relation-
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ship established between calibrated A, and Ddops Was car-
ried out. The same calibration process was applied in Benin
and France to evaluate the effect of the scale of hydrographic
database in the relationship between A, and Ddgps.

3 Results and discussions

The relationship between Api, and Ddgpg, based on the first
step spatial model in Burkina, the calibrated values of Ap;y
(Fig. 2¢) obtained vary between 0.084—318 km?. The mini-
mum value obtained (0.084 km?) is much lower than those
used in the continental databases (Hydrolk and Aquamaps
at constant A, values of 1000 and 100 km?, respectively,
LCS with variable values falls between 0.3-193 km?). This
may reflect consideration of higher drainage densities in
Burkina compared to the values obtained from the databases
mentioned above, given that the lower Api, becomes, the
higher Ddps will.

The results of this first stage of the model implementa-
tion allowed us to establish a relationship (Fig. 2¢) with very
satisfactory performances (coefficient of determination r> =
0.86],6 correlation coefficient R =—0.93, p value <2.2 x
107°):

Amin = 0.56 -Dd 17 1)

obs
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Table 1. Performance of validation of the first step of the model.

Statistical parameters Ddops  Ddgim
Mean 1.01 0.99
Standard deviation 0.42 0.41
Correlation coefficient 1 0.93
RMSE (Root Mean Square Error) 0 0.15

Table 2. Relationship between Api, and Ddgpg in different coun-
tries and at different scales.

Country Equations r R Scale
Bénin Amin =0.41-Dd18 088 —0.94  1:50000
France Amin=0.53-Dd"17 082 —091  1:50000
Burkina Faso  Apin =0.56-Dd~17 086 —0.93 1:200000

with Apin (km?) and Ddgps (km™!). Equation (1) shows a de-
crease in the minimum contributing area (Anjp) as a function
of an increase in drainage density, in the form of a power
relation as mentioned in some studies such as Moglen et
al. (1998) and Colombo et al. (2007). It should allow from
the observed drainage density to find the corresponding A pin,
a necessary parameter for stream extraction. Validation of
Eq. (1) on the remaining 14 % of the territory (Fig. 2b) al-
lowed us to extract streams with calculated drainage densi-
ties (Ddsim) almost similar to those observed (Ddgps), with
a correlation coefficient of 0.93 and an RMSE of 0.15 (Ta-
ble 1).

There is a similarity in the equations between Amiy as a
function of Ddyp at different scales and in different countries
with r2 performances between 0.82 and 0.86 (Table 2).

Likely, this relationship does not depend on the scale of
the hydrographic database. Calibration of the hydrographic
database at different scales in other countries would help to
confirm this hypothesis.

4 Conclusions

This study proposes a method to develop a model of min-
imum contributing areas (Apin) as a function of environ-
mental variables (lithology, precipitation, evapotranspiration,
runoff, slope, vegetation cover). The first step presented
here leads to a very performant relationship between Apin
and Dd,ps in Burkina Faso. This relationship may even be in-
dependent from the scale of the hydrographic database. How-
ever, this quality needs confirmation by additional calibration
tests in other countries with different scales of hydrographic
databases. If validated in other countries with different cli-
mates, lithology, and drainage density, this first relationship
should allow us to locally estimate the best A, from the ob-
served drainage densities without having to extract 400 dif-
ferent hydrographic networks for example. However, the fi-
nal goal is to characterize Ap;y, in areas lacking hydrographic
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information, where observed drainage densities are there-
fore not available. To this end, we plan to establish a sec-
ond empirical relationship, linking observed drainage densi-
ties and environmental variables. Once calibrated in Burk-
ina Faso, this relationship between Dd,ps and environmen-
tal variables can be combined to the first one between Amin
and Ddgps, such as to directly infer A, from environmen-
tal variables. For validation, we plan to apply this spatial
model of Apin to extract the rivers of Benin, Kenya, South
Africa, and Madagascar, where hydrographic networks have
been collected from national institutes. These countries were
chosen because of the ease of access to the data and the dif-
ferent types of climate they cover. Upon satisfactory valida-
tion, this two-step spatial model of Ani, could be applied to
the entire African continent to extract more accurate hydro-
graphic networks than the current continental databases, thus
making it possible to support water management in regions
where hydrographic observations are missing or limited.

Data availability. DEM data are freely available at
https://doi.org/10.1029/2008EO100001 (Lehner et al., 2008).
The hydrographic reference networks of Burkina Faso and Bénin
are available on request from the agencies (Institut géographique
du Burkina Faso — IGB, Institut géographique national du Bénin
— IGN Bénin). The hydrographic network of France is freely
available on the website: https://www.data.gouv.fr/fr/datasets/
cours-deau-metropole-2016-bd-carthage/ (BD Carthage, 2016).
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