
Journal of Hydrology: Regional Studies 36 (2021) 100862

Available online 3 July 2021
2214-5818/© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Estimation of the Niger River cross-section and discharge from 
remotely-sensed products 

B.O.M. Lamine a, V.G. Ferreira a,*, Y. Yang a, C.E. Ndehedehe b,c, X. He a 

a School of Earth Sciences and Engineering, Hohai University, Nanjing, China 
b Australian Rivers Institute, Griffith University, Nathan, Queensland, 4111, Australia 
c Griffith School of Environment & Science, Griffith University, Nathan, Queensland, 4111, Australia   

A R T I C L E  I N F O   

Keywords: 
Lateral-method 
Mixed-method 
Niger River 
Satellite imagery 
Satellite altimetry 

A B S T R A C T   

Study region: The Niger River basin (NRB) at Niamey, West Africa. 
Study focus: Two approaches to estimate the cross-section of rivers based solely on satellite im-
agery (or digital elevation model, DEM) and altimetry for a large data-deficient region are pro-
posed. These approaches are the "lateral-method" (LM), which directly provides the cross- 
sections, and the mixed method (MM), which incorporates a DEM with topography/bathyme-
try. The LM consists of following the river water lateral evolution on either side of a centerline 
using daily Planet Scope imagery, while the riverbed is estimated using satellite altimeters. The 
MM is based on the riverbed estimated from altimetry during the recession period, and the banks’ 
heights are extracted from a DEM. River discharge was estimated at four cross-sections over a 
reach of 30 km at Niamey. An evaluation of the estimated discharge using in-situ discharge at 
Niamey hydrometric station presents a Nash-Sutcliffe efficiency of 0.93 and a relative bias of 3.3 
%. 
New hydrological insights for the region: The proposed method is feasible for other rivers in the 
Sahelian zone and supports a better understanding of surface water hydrology. For example, the 
estimated discharge at four cross-sections at a river reach of 30 km at Niamey was used to observe 
downstream flow gains. Nevertheless, the role of uncertainties and other contributions (e.g., 
evaporation losses) on the observed gains deserves further investigation.   

1. Introduction 

Information on river discharge remains an essential tool for water management and risk prevention (see, e.g., De Bruijn, 2004; 
Hooijer et al., 2004; Klijn et al., 2015; Vis et al., 2003). However, a considerable number of rivers have few gauging devices distributed 
along their channels (Calmant and Seyler, 2006; Committee, 2001). Sneeuw et al. (2014) have shown that many river basins are largely 
ungauged (or their datasets are not publicly available). The decline in routine reporting of river discharge observations across the globe 
is a well-known problem that has contributed to limiting understanding of surface water hydrology and how they are affected by 
climate change and anthropogenic activities (e.g., Ndehedehe, 2019; Vörösmarty et al., 2005). New satellite hydrology missions like 
radar altimetry are filling this gap to an extent, but their unavailability and capability to provide direct river discharge measurements 
for important but ungauged river basins remain a challenge. To improve knowledge on the nature of climate change impacts on water 
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resources, new methods that optimize the prediction and modeling of river discharge observations are thus crucial. Aiming to 
circumvent this problem, several studies have highlighted the feasibility of remotely sensed datasets to estimate river discharge (see, e. 
g., Bjerklie et al., 2005; Durand et al., 2009; Elmi et al., 2015; Gleason and Smith, 2014; Grünler et al., 2013; Sichangi et al., 2018). 

For instance, Bjerklie et al. (2005) combined aerial photos, synthetic aperture radar (SAR) images with topographical maps to 
estimate in-bank river discharge. Elmi et al. (2015) employed a rating curve through the quantile functions of measured discharge and 
estimated river width. Gleason and Smith (2014) retrieved instantaneous river discharge using at-Many-Stations Hydraulic Geometry 
(AMHG). Durand et al. (2009) used the Surface Water and Ocean Topography (SWOT) measurements concepts to estimate the river 
depth and discharge. Grünler et al. (2013) converted the SAR-derived velocity to depth-integrated velocity then applied an empirical 
model to estimate discharge. Sichangi et al. (2018) investigated the time lag retrieved from the temporal river width observations at 
two stream segments a distance apart. Thereafter, they (ibid) applied an empirical model to estimate the river discharge. To sum up, 
Hagemann et al. (2017) presented a Bayesian AMHG-Manning (BAM) algorithm, which implements a Bayesian formulation of 
streamflow uncertainty using a combination of Manning’s equation and AMHG to estimate discharge from only remotely sensed 
stream width, slope, and height at multiple locations along a mass-conserved river segment. Using CubeSat data, Feng et al. (2019) 
estimated discharge for eleven Arctic rivers with widths ranging from 16 to >1,000 m wide using BAM-AMHG to solve hydraulic 
geometry parameters to estimate water flow. Brinkerhoff et al. (2020) improved discharge estimation by classifying and parameter-
izing rivers based on their unique geomorphology and hydraulics. They used over 370,000 in-situ hydraulic observations as training 
data to test unsupervised learning and a method to assign these hydraulics and geomorphology to rivers via remote sensing. The 
data-driven and empirical approaches of the mentioned studies indicated different accuracy and unique advantages over the other. 
However, potential limitations and unsuitability for several study regions in West Africa are likely the need to know the distributions 
that quantify the a priori uncertainty of unknown quantities, including discharge and hydraulic equation parameters. 

Nevertheless, the present study introduces a new approach that allows obtaining the river cross-section and, consequently, river 
discharge using only remotely-sensed techniques (satellite imagery and altimetry). Firstly, cross-section estimation using a proposed 
"lateral method" (abbreviated herein as LM), consisting of both horizontal (width) and vertical (depth) monitoring of river water 
evolution, is introduced. Using Planet Scope daily images, the change in river water width is observed laterally from a centerline while 
measurements recorded on the same day by satellite altimetry are used to estimate the water depth (river "bathymetry"). Secondly, 
based on the proposed "mixed method" (shortened as MM), the measurements of the river bottom height are collected during river 
recession using satellite altimetry. In contrast, the river banks’ height measurements are extracted using Alos Palsar radiometrically 
terrain-corrected (RTC) digital elevation model (DEM). The obtained cross-section’s area is estimated using the trapezoidal method, 
and then the equivalent section is calculated to estimate the wetted perimeter, while the average slope is estimated using the Alos 
Palsar RTC-DEM. The values for estimating the roughness coefficient are those from Chow (1959) after a careful analysis of the river 

Fig. 1. (a) The study area’s geographical location at Niamey, Niger, which lies on the Niger River, primarily situated on the east bank. Panel (a) also 
shows the Niger River Basin that contributes to the discharge at Niamey. The Niger Basin can be broadly divided into four zones (approximated by 
the red dashed lines) with almost the same geographical characteristics: an Upper Basin, corresponding to the Futa Djallon massif and the 
moderately hilly region upstream of Bamako (Mali); the Inner Delta, where the gradient suddenly decreases, resulting in a region of marshes and 
swamps; the middle basin, mainly corresponding to the northern Sahelian and Saharian parts; and the Lower Basin to the maritime delta. The panels 
(b)-(e) show the aspects of the Niger River at Niamey in different times of the year at which image (b) shows the exposed river bottom on May 30 of 
2018, panels (c)-(e) show the recovery of the water flux after the start of the remaining season at May, which goes through October where most 
rainfall in July and August. 
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characteristics using satellite images and previous studies (Massazza et al., 2019; Tiepolo et al., 2019). Finally, using Manning’s 
equation and the extracted hydraulic parameters, it is possible to estimate the river discharge. 

The proposed method to estimate river cross-section and discharge was investigated over the Niger River basin (NRB) at Niamey 
Station (Fig. 1a), West Africa. The particular choice of the Niger River is because its low water level occurs naturally every year and has 
taken on a particular dimension in recent years because it occurs early and is very pronounced. (See the images at different periods 
shown in Fig. 1b–e.) The river’s bed dries up, and the waters give way to rocks and other sandy plains visible along the bed (Fig. 1b). 
The drop in the water level of the Niger River is accentuated in April and reaches its peak in May with an almost zero discharge. 
Generally, in this period of the year, a large part of the riverbed is exposed, allowing people to cross the river on foot (Casse et al., 2016, 
2015; Descroix et al., 2012), providing us the ability to map the height of the channel bottom that otherwise would remain unob-
servable. This is explained by the low rainfall recorded in several places in the Upper Niger Basin and the influence of human activities, 
including intensive irrigation and the construction of water mobilization structures (dams, water drilling, etc.) as discussed in previous 
studies (Aich et al., 2016; Angelina et al., 2015; Ghile et al., 2014; Goulden et al., 2011; Oguntunde and Abiodun, 2012; Tiepolo et al., 
2019). 

Therefore, the main goals of this study are twofold: (i) to develop a method that allows extraction of river bathymetry, establishing 
river cross-sections, and extraction of hydrological parameters entering in the estimation of river discharge according to Manning’s 
equation using satellite images and satellite altimetry exclusively; and (ii) to observe the gains and losses of flow in the downstream 
direction at a 30 km reach defined at Niamey. 

The subsequent sections of the study are structured as follows: Section 2 presents further details of the study area. Section 3 presents 
the description of the datasets and methods. The results are presented in Section 4, followed by their respective discussions. Finally, the 
conclusions of the study are provided in Section 5. 

2. Regional setting 

The Niger River is located in West Africa (Fig. 1a); its length of 4184 km makes it the third-longest river in Africa after the Nile 
(6,700 km) and Congo (47,00 km). It originates at the north-eastern border of Sierra Leone and Guinea-Conakry at the foot of the Loma 
Mountains (9.65 ◦N, 10.87 ◦W), crosses Guinea-Conakry, Mali, Niger, Benin, and Nigeria, where it flows into the Atlantic Ocean (4.33 
◦N, 6.07 ◦E). The selected river reach used in this study belongs to the NRB at Niamey (Fig. 1a). The NRB at Niamey accounts for 
approximately 34 % of the total NRB’s catchment area. This portion of the Niger River’s reach is characterized by two flooding periods. 
The local flood generally happens from August to September, which is strongly dependent on the rains. It is caused by local rains whose 
waters are transported by tributaries of the area (Sirba, Goroual, and Dargol) mixed with the mainstem. Then, another flood period 
occurs from November to January, caused by the waters coming from Guinea and Mali, the upstream part of the study area (Casse and 
Gosset, 2015; Descroix et al., 2012). Low waters are observed between April and May, with discharge often almost null. 

The selected reach nearby Niamey is 30 km long (Fig. 2a); it starts from the village of Boubon (13.57 ◦N, 1.00 ◦E), crosses the city of 
Niamey, and ends at the village of Koulou Kwara (13.36 ◦N, 2.21 ◦E) and has an average width of 527 m (Fig. 2b). This value was 
estimated using Planet Scope images from September 30 of 2018, over the 30 km distance (Fig. 2a), the average water surface width 
extracted from 60 transects perpendicular to the flow and spaced 500 m apart is 527 m as shown in Fig. 2b (further details are pre-
sented in Sub-section 3.1.1). The choice was made by considering the advantages offered by this part of the river, such as its 
morphology, topography, the existence of a hydrometric station (13.50 ◦N, 2.11 ◦E), and the riverbed that is visible during May when 
some parts appear almost dry. However, a few scattered and deep areas of the river retain their waters throughout the year. These are 

Fig. 2. (a) Map showing the ground tracks of altimetry missions intersecting the river reach and the position of virtual stations that were selected for 
cross-sections established in this study. The map also shows the location of the hydrometric station at Niamey and the four cross-sections (XS-1, XS- 
2, XS-3, and XS-4) used for estimating the discharges. (XS-3 is located at the hydrometric station at Niamey.) (b) The dots show the surface water 
widths of 60 transections normal to the flow at every 500 m from the river centerline (panel a) based on Planet Scope images for September 30, 2018 
(it is not the image shown in the base map of the panel a), the red curve shows the averaged width of 527 m. 
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mainly the old sand quarries where the sand used for construction works was dredged. 

3. Materials and methods 

3.1. Datasets 

This study was made possible by using several data, including satellite images, altimetry data and DEM. Observed in-situ data were 
used to assess the accuracy of the results. They are described in the following sub-sections. 

3.1.1. Optical satellite images 
Historical images available in Google Earth Pro were used for the rapid detection of periods when the river bottom is visible and 

periods of the flood define the time interval required for the monitoring of the lateral evolution of the river water and limit the satellite 
images to be processed. These images were used to retrieve the riverbanks and centerline and select the appropriate parts of the reach 
for extracting cross-sections. Over time, the river water width variations were then carried out using daily acquisition Planet Scope 
images. (Access to data requires a quick and straightforward registration on Planet Explorer.) In total, 109 images were collected over 
the period from May 30, 2018 to September 30, 2018, for analysis as part of this study. 

Planet Scope images have four different multispectral bands, which passes through the water slide (red, green, blue, and near- 
infrared), high-spatial-resolution (3 m), allowing to detect changes even at small scale, and high radiometric resolution (12-bit) 
(Cooley et al., 2017; Wicaksono and Lazuardi, 2018). The images have undergone a range of corrections, including orthorectification, 
by removing the displacements caused by the tilt of the satellite sensor, topographical variation, and the curvature of the Earth. 
Orthorectification is the process of transforming raw imagery to an accurate orthogonal projection, as against the perspective pro-
jection of the raw image. It was done by using the ground control points and a DEM to make the images planimetrically correct and to 
give a constant scale wherein features are represented in their actual positions. Also, color correction (using a color curve) to optimize 
colors as seen by the human eye for providing images as they would look if viewed from the satellite’s perspective was applied (Marta, 
2018). This processing scheme makes Planet Scope images reliable for use in several fields that require images with precise geolocation 
and map projection. The product can then be used and ingested directly into a geographic information system or remote sensing 
studies. The possibility offered by the Planet Explorer plugin to define a tolerated percentage of cloudy images allowed us to receive 
clear images with excellent visibility directly. 

The river width values extraction from satellite imagery was done using RivWidth tool written by Pavelsky and Smith (2008). The 
tool is freely accessible from http://uncglobalhydrology.org/rivwidth/. RivWidth automates the continuous extraction of river width 
values at regular intervals along an entire river reach. For a river reach lacking islands, the input is a channel mask which is a binary 
mask that assigns water pixels a value of 1 and nonwater pixels a value of 0. A second input, a river mask, was required in a river reach 
with islands. This binary mask differentiates those areas within the river boundary (including islands) and those outside the river. The 
algorithm used to calculate a centerline starts with the binary river mask and determines the distance from each river pixel to the 
nearest non-river pixel using a uniform-cost search algorithm (Cormen et al., 2001); the distance map is then convolved with a 
bidirectional Laplacian filter. Thus, a series of transects that are orthogonal to the centerline at each centerline pixel are generated. 
Finally, the calculation of the river width is performed for each centerline pixel using the series of pixel values that intersect its 
orthogonal line segment. 

3.1.2. Digital elevation model 
Alos Palsar RTC-DEM 12.5 m of the surrounded area was used to derive the river reach slope and extract the riverbank’s points (X,Y, 

Z). The data is freely accessible from https://search.asf.alaska.edu/. The DEM provided to users is based on the World Geodetic System 
1984 (WGS84) reference ellipsoid and has undergone corrections such as radiometric correction. This elevation model consists of 
eliminating the misleading influence of topography on the backscatter values and a terrain correction, which is applied to avoid 
geometric distortions that induce geolocation errors (Zhao et al., 2017). Combining these two corrections produces a DEM with 
considerably high quality for various scientific applications based on ellipsoidal heights (referred to the ellipsoid, here given by 
WGS84) rather than the orthometric heights (referred to the geoid). 

Correa-Muñoz et al. (2019) evaluated the quality of NASA’s Shuttle Radar Topography Mission (SRTM), Advanced Spaceborne 
Thermal Emission and Reflection Radiometer (ASTER), and Alos Palsar DEMs by comparison with control points obtained by the 
global positioning system. They found that the Alos Palsar RTC-DEM provides the best accuracy of heights and was used to derivate 
terrain parameters (elevation, slope and aspect). Furthermore, Bhardwaj (2019) observed that in predominantly plain and rugged 
regions, with mixed land use land cover, Alos Palsar RTC data have higher accuracy than TanDEM-X90 m DEM. 

3.1.3. Satellite altimetry data 
Data from five altimetry missions were used to monitor the water elevation variations, namely, EnviSat, Jason-2, Cryosat-2, 

Sentinel-3A, and Sentinel-3B. The combination of data from the five altimetric missions enabled us to increase the frequency of water 
elevation observation due to the appreciable density of virtual stations present along the river reach (see the altimetry missions ground 
tracks that intersected the river reach shown in Fig. 2a). 

The data are already processed by agencies and mostly contain the algorithms suitable for inland water studies, which the reli-
ability has been shown by previous studies (Boergens et al., 2017; Dubey et al., 2015; Kittel et al., 2020; Koblinsky et al., 1993; Kuo and 
Kao, 2011; Tarpanelli et al., 2019; Tourian et al., 2017, 2016; Villadsen et al., 2015). We directly and freely accessed the Ocean Surface 
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Topography Mission (OSTM)/Jason-2 along-track PISTACH Hydrology data from https://www.aviso.altimetry.fr, EnviSat, 
Sentinel-3A and Sentinel-3B Geophysical Data Record (GDR) from https://scihub.copernicus.eu. Accessibility to Cryosat-2 data was 
possible to us after a request through http://ctoh.legos.obs-mip.fr/. A summary of the main characteristics of these missions is given in 
Table 1. The five missions (Table 1) present different temporal resolutions and or measurement epochs. For example, there are 
missions with a 10-day repeat period (Jason-2), a 27-day repeat period (Sentinel-3A and Sentinel-3B), a 369-day repeat period with 
30-day sub-cycles (Cryosat-2), and a 35-day repeat period for EnviSat. 

The choice of the river reach shown in Fig. 2a was made based on the density of satellite altimetry-derived water levels available at 
the date of May 30, 2018. These are Cryosat-2 (track 1176), Jason-2 (track 241) and Sentinel-3A (track 4672). A large part (about 80 
%) of the reach channel bottom is observable, and we call this date T0. The locations of these ground tracks that are oblique concerning 
the direction of flow were selected to construct cross-sections perpendicular to the flow direction. Noteworthy, the water elevations 
measured by altimeter do not correspond to a single point’s measurement but to the average elevations of a surface observed and 
measured by altimeter within a footprint. The footprint is the area on the Earth’s surface illuminated by the radar beam. We have then, 
for this study, assumed the oblique ground track water elevation to be representative at the perpendicular cross-section. For example, 
the altimeter ground footprint diameter is about 1.66 km for CryoSat-2, 600 m for Sentinel-3A and ranges from 2 to 4 km for Jason-2 
depending on the satellite altitude (Jiang et al., 2017). At the epoch T0, the water elevations measured at the three ground track 
locations were averaged, and the mean value was considered the “zero” of the water elevation measurements. However, the difference 
in elevations was calculated for each location. This elevation difference allows us to deduce the water surface elevation at any 
cross-section location, knowing the height at one cross-section location. Since the altimetry missions do not have the same revisit time, 
they cannot measure the water level every time on the same day. Throughout the study period, in the case of unavailability of a ground 
track that directly intersected the cross-section, the measurement made by the nearby ground track was considered to be represen-
tative of the cross-section is included in its footprint. This allowed us to increase the frequency of water surface elevation measure-
ments at each cross-section, and the elevation-width combination extracted on the same day led to the construction of the 
cross-sections. 

Finally, all water levels from the different missions were used to construct water level time series after “bias correction”. The biases 
among the various missions were minimized by fitting the respective water level series into a model with a constant, linear, annual 
amplitude, and phase terms. The parameters were estimated with a least-squares fitting procedure. The final water level series at the 
four cross-section locations are referred to the WGS84 to be consistent with the RTC-DEM. 

3.1.4. In-situ river discharge 
For validation purposes, the water levels time series from 01/01/2005 to 12/31/2018 were acquired at Niamey’s hydrometric 

station (13.50 ◦N, 2.11 ◦E, see Fig. 2) from the Niger Basin Authority (Autorité du Basin du Niger - ABN). ABN is an intergovernmental 
organization in West Africa aiming to foster co-operation in managing and developing the resources of the basin of the Niger River. It is 
headquartered in Niamey, Republic of Niger. The water level measurements were generally recorded twice a day (e.g., 08:00 and 18:00 
local time). Hence, a stage-discharge relation was used to estimate the river discharge from the water levels at Niamey using a rating 
curve estimated by ABN, at which further details can be found in Krekeler (2012). 

3.2. Methods 

One of this study’s focuses was to estimate the river bottom geometry (shape) with good precision to minimize the errors while 
retrieving the cross-sections and estimating the parameters used to compute river discharge. This required careful monitoring from the 
river recession period to the river flood period, which lasts about five months (May to September) for the Niger River (Section 2). 

The time slider provided in Google Earth to move between image acquisition dates can make it possible to detect the dates when the 
riverbed appears without water and the periods of flood. For this study, a careful observation carried out on images taken between 
January 2018 and December 2018 showed that the images taken on May 30, 2018, offered the best visibility of the riverbed while the 
maximum flooded area was observed in the images taken on September 30, 2018. May 30, 2018, is then considered the start time (T0) 
as mentioned in Sub-section 3.1.3. 

3.2.1. Cross-sections establishment 
The so-called lateral-method (LM) and mixed-method (MM) are introduced, aiming to estimate the river cross-sections, which are 

fundamental to compute the river discharge based on Manning’s equation (Sub-section 3.2.2). A brief highlight of the LM and MM 
methods is given below. 

Table 1 
Characteristics of the satellite altimetry missions used in this study.  

Characteristics/Mission Jason-2 Cryosat-2 Sentinel-3A and Sentinel-3B EnviSat 

Reference altitude (km) 1336 717 814.5 800 
Repeat period (days) 9.9156 369 with 30-day sub cycles 27 35 
Equatorial cross-track separation (km) 315 7.5 104 85 
Altimeter (Operation Mode) Poseidon-3 (LRM) SIRAL (LRM, SAR, SARin) SRAL (SAR, PLRM) RA-2 (LRM, SAR)  
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a) The lateral method – LM 

After selecting the river reach and according to the available satellite altimetry ground tracks, the LM method aims to subsidize the 
construction of cross-sections at the location of orbital altimeter crossings. However, the cross-sections are normal to the centerline, 
based on the images showing the dry riverbed at a known date (T0). The river centerline was drawn from the start to the end of the 
reach (Fig. 2a), as shown in Fig. 3a. The letter J was placed along the centerline to indicate the starting points for the lateral progression 
of the water width from the centerline to the right (R) and left (L) banks (see the diagram in Fig. 3a). Careful sorting was necessary to 
select clear images and reject altered or cloudy images. Analysis of the daily satellite images was then carried out to extract the water 
width evolution from the dry riverbed period (T0) to the period of the maximum flooded area (Tn) as shown in Fig. 3b. This process was 
repeated two to three times depending on the image quality, and the measurements were averaged to minimize errors. 

Furthermore, the width monitoring was accompanied by the water elevation monitoring recorded by altimetry missions on the 
same day (Fig. 3b). With this, it was possible to obtain the horizontal and vertical evolution of the river water simultaneously. A 
combination of the data obtained from the right side (R) and the left side (L) shown in Fig. 3b gave a cross-section (XS) of the river at 
the location (J) as shown in Fig. 3c. Therefore, the process was applied to extract the four cross-sections at orbital altimeter crossings 
(see Fig. 2a for their locations) in this study.  

b) The mixed method – MM 

As for the LM approach, a careful inspection of the historical images was carried out to identify the periods that the river dried up 
and that of the maximum flooded area. The images in which the river appeared to be at its minimum and the maximum level were used 
to distinguish the riverbed and to delineate the river banks. Then, the riverbanks’ heights were extracted from Alos Palsar RTC-DEM 
(Sub-section 3.1.2), and the riverbed was masked out (Fig. 4a). Next, the riverbed limits were then used to access all the points that lay 
within the riverbed, which provided the longitudes and latitudes (altitude within the riverbed were discarded), forming a sampling 
grid (Fig. 4b). However, in order to assign elevations to this sampling grid, interpolation/extrapolation was carried out using the height 
measurements from the five satellite altimetry missions that intersected the river reach (Fig. 2a), which were collected during the 
period of shallow water with a large part of the riverbed exposed. (Altimetry data collected outside the riverbed was rejected, ensuring 
that only the data (heights) of the exposed riverbed were retained). The last phase of the process consisted of merging the points 
providing information on the height of the riverbed (Fig. 4b) and the points providing information on the height of the riverbanks 
(Fig. 4a) as shown in Fig. 4c. This led to the creation of a "mixed" DEM (Fig. 4d), which provided the topography and bathymetry 
necessary to extract the cross-sections (XS). 

It should be emphasized that the basic difference between the LM and MM is that the former uses optical images and altimetry while 
the latter uses DEM and altimetry. While both provide means to estimate the channel cross-sections, MM has the advantage of 
providing the whole bathymetry of the reach, which could be helpful for other applications. That said, the MM estimated cross-sections 
are used to assess those estimated from LM. 

3.2.2. Hydraulic parameters and river discharge estimation 
The river discharge according to Manning’s equation: 

Fig. 3. Graphical illustration of the lateral method at which panel (a) shows the position of the starting points Jn, right side sections Rn and left side 
sections Ln. Panel (b) shows the horizontal (imagery) and vertical (altimetry) evolution of water over time. Panel (c) shows the derived cross-section 
of the river obtained by combining the two sides sections (left and right) shown in panel (b). 
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Q =
1
n

AR2/3S1/2, (1)  

can be easily computed if the river cross-section (Sub-section 3.2.1) and water level (altimetry, see Sub-section 3.1.3) are available. In 
Eq. (1), Q represents the discharge, n is the roughness coefficient, A is the cross-sectional area, R is the hydraulic radius, and S is the 
slope of the channel at the respective cross-section location. A cross-section area can be approximated using the trapezoidal rule; the 
area is evaluated by splitting the total cross-section area into several small trapezoids. The sum of their areas gives the cross-section’s 
area. The way trapezoids hug the cross-section shape can give a much better area estimate than rectangles. The hydraulic radius can be 
calculated as: 

R =
A
Pw

, (2)  

where the wetted perimeter Pw, which can be derived from the derived cross-sections (LM and MM) and water levels from altimetry. 
Regarding the slope S by using the concept of reach length (LeFavour and Alsdorf, 2005). Firstly, we extracted the main stem (the 

main trunk or channel) elevations from Alos Palsar RTC-DEM over 1400 km of Middle Niger and combined with flow distance to 

Fig. 4. Graphical illustration of the mixed method. Panel (a) shows the extracted river banks’ points (X,Y,Z) from the RTC-DEM at which the 
riverbed was masked out. Panel (b) shows the derived river bottom points (X,Y,Z) from satellite altimetry. Panel (c) shows the mixed points (X,Y,Z) 
from RTC-DEM (a) and satellite altimetry (b). Panel (d) shows the resulting DEM based on the mixed points, which provides the topography 
and bathymetry. 

Fig. 5. The solid dots represent the elevation values for the centerline of river segments extracted from the Alos Palsar DEM along the Middle Niger 
at which the center is located at the middle of the river centerline shown in Fig. 2a. The total length of the section is 769 km (the RL as defined by Eq. 
(3)), which 384.5 km upstream and 384.5 downstream from the middle of the river centerline. The horizontal “lines” formed by solid dots indicate 
gently sloping sections. The red line shows the average slope. 
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investigate the Alos Palsar RTC-DEM error along the river main stem, the standard error of the elevation average (σ) values is about 
±4.31 m. Using a subset of Alos Palsar RTC-DEM containing only pixels that intersect the streamline over the Middle Niger, we 
calculated the change of z-values for a cell based on all surrounding cells and found a minimum slope, Smin, of 1.12 cm/km along the 
main stem. Nevertheless, to calculate a reliable slope from a DEM, reach length needs to extend a sufficient distance to accommodate 
the errors in elevations. LeFavour and Alsdorf (2005) suggested a simple relationship to determine the appropriate reach length (RL): 

RL =
2σ

Smin
, (3)  

where Smin represents the minimum slope and σ is the standard error of the elevation average. We then found an appropriate RL of 
approximately 769 km and a slope of 2.29 ± 0.02 cm/km (at 97 % confidence interval), as shown in Fig. 5. The slope value is treated as 
a constant for discharge calculation at the four cross-section locations along the 30 km reach. 

The Manning roughness coefficient (n), necessary in Eq. (1), determines the resistance exerted by the channel to the water flow in 
hydrology. This resistance is linked to the frictional forces generated by the materials constituting the channel. It can be determined by 
considering several factors as explained by Chow (1959): 

n = (no + n1 + n2 + n3 + n4)n5, (4)  

where n0 is a particle size value assigned according to the size and shape of the materials constituting the channel, n1 is a value-added 
to n0 to correct the effect of surface roughness; n2 is a value assigned according to the variations of the cross-section; n3 is a value 
assigned according to the influence in obstruction; n4 is a value assigned according to the type of vegetation cover, and n5 is a 
correction factor assigned according to the stream meandering degree. For this study, parameters n0 and n1 values were drawn from 
the results of previous studies (Belcore et al., 2019; Massazza et al., 2019) carried out on the Niger River and its tributaries and the 
values of parameters n2, n3, n4, and n5 were decided after an analysis of Planet Scope satellite images. Due to the similar characteristics 
of the locations of the four cross-sections, we assumed a constant value of the roughness coefficient for all flow levels during the study 
period as well as within the river cross-section. These figures are presented in Table 2. 

3.2.3. Performance measures 
The performance of the estimated discharge was determined using the root-mean-square error (RMSE), normalized RMSE 

(NRMSE), the relative bias in percent (RE), and the NSE coefficient given as (e.g., Moriasi et al., 2007): 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
t
∑t

i=1
(Qobs,i − Qr,i)

2

√

, (5)  

NRMSE =
RMSE

Qobs
· 100, (6)  

RE =

∑t
1(Qr − Qobs)
∑t

1Qobs
· 100, (7)  

and 

NSE = 1 −

∑t
i=1(Qobs,i − Qr,i)

2

∑t
i=1(Qobs,i − Qobs)

2, (8)  

respectively. In Eqs. (5)–(8), the variables are as follow: t represents the length of the time series of discharge, Qr is the resulting 
discharge from the model, Qobs is the observed discharge from in-situ measurement and Qobs is the mean value of the observed 
discharge. 

Table 2 
Values used to calculate the roughness coefficient as per Eq. (4), which were extracted from 
Belcore et al. (2019); Massazza et al. (2019), and Chow (Chow, 1959).  

Parameters Value 

n0  material involved 0.024 
n1  degree of irregularity 0.005 
n2  variations of cross-section 0 
n3  effect of Obstructions 0 
n4  type of vegetation 0.008 
n5  degree of meandering 1  

B.O.M. Lamine et al.                                                                                                                                                                                                  



Journal of Hydrology: Regional Studies 36 (2021) 100862

9

4. Results and discussion 

4.1. On the estimated cross-sections 

In this section, the derived cross-sections from the LM and MM approaches are analyzed and compared. A total of four cross- 
sections were established, including one at the hydrometric station (XS-3) shown in Fig. 2a. The exact locations were maintained 
for both methods (MM and LM) in order to allow their intercomparisons. The raw RTC-DEM does not show the bathymetry of the river 
mainly due to the inability of the sensors to image the river bottom due to the presence of water. However, cross-sections were made 
using raw RTC-DEM to ensure that the derived river banks fit with the ones resulting from MM and LM approaches. As can be seen in 
Fig. 6 (panels a, c, e and g), the riverbanks derived from the raw RTC-DEM overlap appreciably with those resulting from the LM and 
MM approaches, without apparent bias and or systematic differences. 

Due to the lack of in-situ data for the bathymetry of the Niger River, the river cross-section comparison was made only between the 
MM and LM methods using the coefficient of determination (R2 - "R squared"). At each of the four locations, the intercomparison 
between the cross-sections derived from the MM and the LM approaches shows an almost similar configuration with a high coefficient 
of determination, 0.99 for XS-2 and XS-4, and 0.98 for XS-1 and XS-3 (Fig. 6b, d, f, and h). However, the riverbanks derived from the 
raw RTC-DEM and the MM seem to better overlap; this situation is observable at the level of the four cross-sections and can be 
explained by the fact that the data for both methods are from the same source (i.e., Alos Palsar RTC-DEM). Hence, only cross-sections 
based on the LM approach are considered to estimate the Niger River discharge (Section 4.2). This particular choice is because LM uses 
optical images and altimetry and could easily be implemented at any water resource institute/department to estimate the cross- 
sections under the conditions of exposed riverbeds, as it is the case of many rivers at the Sahelian zone. 

4.2. On the estimated river discharge 

Based on the LM approach, the discharge was estimated from 01/01/2005 to 10/01/2018 for the four cross-sections (Fig. 7a, c, e, 
and g). Noteworthy, observed daily river discharge is available only at XS-3 (Niamey). Albeit the distance to XS-1 (upstream), XS-2 
(upstream), and XS-4 (downstream) is 14.5 km, 4 km, and 15.5 km, respectively, it is not expected here that the estimated 
discharge at the three cross-sections will provide the same values. That is, additional flow gains or losses could be expected between the 
upstream cross-sections relatively to Niamey (XS-3). Overall, the river discharge at the four cross-sections peaks in September and 
January, which almost coincides with the flood periods in the region (Fig. 7). The first flood (“the red flood” or “local flood”) reaches 
the region from August to September, and the second one (Guinean flood or “black flood”) during November to January (Section 2). 
The low flow period generally occurs in June. The main peak of precipitation generally occurs during July/August, which is associated 
with the annual cycle. Furthermore, there is a smaller peak that generally happens around January (cf. Section 2). 

Furthermore, Fig. 7 (panels b, d, f, and h) presents the comparison between estimated discharge at the four cross-sections and those 
observed at Niamey station in terms of their scatter plots and relationship (correlations). Noteworthy, the comparisons of the estimated 
discharges with in-situ discharge for all four cross-section locations are performed here only for verifying the overall consistency 
between the estimated and observed series. There is a good agreement between the LM-estimated and observed discharges for all four 
locations (Fig. 7 panels b, d, f, and h). However, the scatter plot for discharge values above approximately 1400 m3s− 1 seems to be 
more dispersed concerning the 1:1 line (red line) for XS-1, XS-2, and XS-4 locations (Fig. 7b, d and h). This could be due to a potential 
overestimation of the discharge over August and September and or indication of a potential flow losses of the XS-1 and XS-2 relatively 
to Niamey station. 

The accuracy of LM to estimate discharge (Qr) was carried out by comparison with the observed discharge (Qobs) at the XS-3 
location (Table 3) since it is the only cross-section that has observed discharge (Niamey station). As highlighted in Table 3, the per-
formance evaluation indicates that LM-estimated discharge for XS-3 has high accuracy. A slight overestimation of the discharge 
resulted in a positive value of RE (3.3 %). The NSE coefficient value shows a very good fit with a performance of 0.93. (According to 

Fig. 6. Panels (a), (c), (e), and (g) show the derived cross-sections from LM (blue dots), MM (red curve) and raw Alos Palsar RTC-DEM (green 
curve). Noteworthy, the green curve (Alos Palsar RTC-DEM) does not show the bathymetry. Panels (b), (d), (f), and (h) show the coefficient of 
determination between LM- and MM-derived cross-sections at their respective locations. 
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Moriasi et al. (2007), NSE = 1.0 is the perfect fit, NSE > 0.75 is a very good fit, NSE = 0.64 to 0.74 is a good fit, NSE = 0.5 to 0.64 is a 
satisfactory fit and NSE < 0.5 is an unsatisfactory fit.) Overall, the result shows that the proposed method can estimate the river 
discharge since there is consistency among different discharge variations (Fig. 7). Notably, a slight overestimation of the estimated 
discharge at XS-3 during the high-flow season of September-October is observed. This can be explained by the cross-section’s area 
calculation using the trapezoidal method, which loses precision when the geometry of the section becomes more complex and larger 
during the high-flow seasons (Tallarida and Murray, 1987; Yeh, 2002). 

Table 3 also presents the streamflow gains and losses, which were estimated by computing the difference in streamflow at the 
upstream at XS-1, XS-2, and XS-3 and downstream at XS-4 over the reach (Fig. 2a). That is, the contributions of evaporation losses (E) 
and inflows from tributaries to the main steam (I) were neglected. Otherwise, the gains and losses G could be estimated as G = QD −

QU − I + E after ignoring the contributions of diversions, return to the reach, and seeps. The mean values of gains and loss for XS-1, XS- 
2, and XS-3 regarding XS-4 is 4.4 m3s− 1, 7.7 m3s− 1, and 2.9 m3s− 1, respectively. The positive values G indicate a gaining stream reach 
and, albeit evaporation was not considered, it would sum up to the gains anyhow and, thereby, we can conclude that the overall reach 
is indeed a gaining stream. 

Since the results show a reasonable estimation of river discharge at Niamey station (Table 3 and Fig. 7e), the application of the LM 
is feasible and can be extended to other rivers in the Sahelian zone. These rivers are generally characterized by a dry and wet cycle due 
to their high dependence on seasonal rains, such as Senegal and Nakambe rivers (Karambiri et al., 2011), and Sirba River (Passerotti 
et al., 2020). This approach (LM) then has the advantage of being less expensive compared to the method proposed by Bjerklie et al. 
(2005) where the acquisition of aerial photos can add costs. It can be applied to a single stream segment compared to Sichangi et al. 
(2018), which requires two-stream segments to estimate the time lag in the variation in river width. Furthermore, the proposed 
approach MM also provides river bathymetry and cross-sections of the river that can be used for other purposes such as navigation 
(vessels) or bridge building. However, the proposed LM and MM approaches cannot apply to rivers whose bottom is not visible at some 
point during the observation period, which is the main limitation of the present study. The Advanced Topographic Laser Altimeter 
System (ATLAS) instrument onboard the Ice, Cloud, and Land Elevation Satellite-2 (ICESat-2) launched in 2018 provides a dataset 
(ATL13) for water surface elevations and is also able to "see" the topography of a river bottom, but still not much data on many rivers. 
In the near future, its data can be useful in calibrating the derived cross-sections using the framework developed in this study and their 

Fig. 7. The estimated discharge time series (blue curves) from XS-1 (a), XS-2 (c), XS-3 (e), and XS-4 (g) locations based on the LM approach. The red 
curve in panel (e) shows the observed discharge series at Niamey (XS-3) from January 01, 2005, to October 01, 2018. The figure also shows the 
comparison between the LM-derived discharge at XS-1 (b), XS-2 (d), XS-3 (f) and XS-4 (h), and the observed in-situ discharge at Niamey station. 
Noteworthy, XS-3 coincides with the location of the in-situ discharge measurements at Niamey station. 

Table 3 
Results for the performance measures between the discharge derived from LM approach and observed discharge; root mean square error (RMSE), 
normalized RMSE (NRMSE), relative bias in percent (RE), and Nash-Sutcliffe model Efficiency coefficient (NSE) as described in Sub-section 3.2.3. 
Furthermore, the summary of gains (+) and losses (-) determinations for XS-1, XS-2, and XS-3 relative to XS-4 is also presented.  

X-section Distance from Niamey 
(km) 

RMSE 
(m3s− 1) 

NRMSE 
(%) 

RE 
(%) 

NSE 
(unitless) 

Estimated streamflow gain or loss within reach 
(m3s− 1) 

XS-1 14.5 – – – – 4.4 
XS-2 4 – – – – 7.7 
XS-3 0 193 19.7 3.3 0.93 2.9 
XS-4 15.5 – – – – –  
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combination will also give considerable precise cross-sections. 

5. Conclusions 

Two approaches for the extraction of river cross-sections using Alos Palsar RTC-DEM and satellite imagery and altimetry for river 
discharge were introduced. Manning’s equation parameters were extracted then river discharge was estimated. The cross-section 
geometry is obtained by lateral monitoring (LM approach) of the river water evolution while, simultaneously, the depth is being 
monitored by satellite altimetry (MM approach). The resulting cross-section’s area is estimated using the discretization of the cross- 
sections into smaller trapezoids (trapezoidal method); then, the equivalent section was calculated to estimate the wetted perimeter, 
and the average river slope was obtained along a 30 km river reach using Alos Palsar RTC-DEM images. LM and MM approaches thus 
have the advantage of supporting the estimation of river discharge by remote sensing only (i.e., no need for any in-situ measurements, 
modeled quantities, and empirical approaches). The comparison between the LM and the MM showed an excellent linear relationship 
in terms of derived cross-sections. Hence, since the LM is relatively easy to implement and the derived cross-sections are similar to 
those from MM, we have used it to estimating river discharges at the four cross-sections. Evaluation of the discharge at XS-3 with 
observed river discharge at Niamey station presents an NSE coefficient of 0.93. This shows that the precision is acceptable for esti-
mating the discharge for ungauged rivers or those difficult to access. However, some errors resulting in a high value of RMSE were 
observed, which could be induced by the uncertainty in estimating large areas with complex geometry during periods of high river 
flooding. One of the advantages of remote sensing estimated discharge is the possibility of investigating the gains and losses of flow in 
the downstream direction over the studied reach. Here, we estimated the gains and losses of the XS-1, XS-2, and XS-3 relatively to XS-4. 
The results showed that, on average, there was a gain of 4.4 m3s− 1, 7.7 m3s− 1, and 2.9 m3s− 1 for the respective cross-sections over the 
study period. However, this deserves further investigation since the roles of evaporation losses and inflows from tributaries to the main 
stem, and the uncertainties of the estimated discharges were not considered. 
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