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Middle Niger R%Ver Study Focus: Although MNRB hydrology and the red flood phenomena have been addressed in
Suspended particulate matter the past literature, water quality parameters and suspended particulate matter (SPM) dynamics
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Discharge

Kaolinite

Sentinel-2 MSI data

remain poorly known. SPM impacts dam silting, exacerbating flooding, and microbial water
quality. This study couples in-situ SPM measurements to radiometric measurements by in-situ and
satellite sensors to analyse the temporal and spatial evolution of SPM in the MNRB and assess the
contribution of the local flood (red flood) to SPM in Niamey.

New Hydrological Insights for the Region: SPM is composed of very fine kaolinites with a major
mode around 200-300 nanometers which results in high reflectance in the visible and infrared
bands. Radiometric measurements by both radiometer and Sentinel-2 MSI sensors are well
correlated to in-situ SPM, allowing efficient spatio-temporal monitoring of SPM concentration.
SPM increases very rapidly at the beginning of the rainy season, reaching a peak, characterized by
very high SPM values, about one month before the red flood. Satellite data highlight the signif-
icant contribution of the right bank tributaries to SPM in the MNRB during this period. SPM then
decreases and remains low despite the second runoff increase (black flood) arriving in Niamey
after the end of the rainy season from the upper basin.

1. Introduction

The Niger River basin plays a major cultural, historical and socio-economical role in West Africa (Autorité du Bassin du Fleuve
Niger ABFN, 2018). It is home to more than 130 million people throughout nine countries (Niger Basin Nexus profile, 2018). The river
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is an essential resource for drinking water, fishing, irrigation, hydroelectric power generation, and navigation/transportation (Dieye
etal., 2020; Droy and Morand, 2013; Paturel et al., 2020). Moreover, many large cities are located on the banks of the Niger River, such
as Bamako (2.71 million people in 2020) in Mali and Niamey (1.3 million people in 2020) in Niger (worldpopulationreview, 2022).

The Niger River originates in the humid Guinean zone, which receives more than 2000 mm of rain per year and the basin is divided
into four units (Fig. 1): the upper Niger, the inner delta, the middle Niger and the lower Niger (Amogu, 2009). In its middle part, the
river runs more than 1000 km through the Sahelian region and shows distinct flow regime at different locations. At Ansongo, located in
Mali about 350 km upstream of Niamey, the annual hydrograph displays one discharge peak typically occurring between October and
March (Olivry, 2002). This flood (black flood) has its origins in water contributions from the upper basin and arrives at Ansongo well
after the end of the rainy season because of a two-to-three months residence time in the inner Niger delta. Two different discharge
peaks are observed in Niamey (Fig. 2). In addition to the previous flood, a large second flood (the red flood) occurs during the local
rainy season typically between June and September (Amani and Nguetora, 2002). This flood is the result of rainfall and water inputs
from tributaries located downstream of Ansongo in the middle part of the Niger River basin. The low water period in Niamey extends
between April and May.

The Sahelian part of the Niger River watershed is very sensitive to climatic variations and anthropogenic constraints (Nicholson
et al., 1998). Since the 1960’s, this region has experienced rainfall deficits (beginning in the late 1960’s to 1990’s) of 20-40% and a
retreat of isohyets (1970-1989) over 200 km to the south (Hulme et al., 2001; Lebel and Ali, 2009). Severe droughts in the early 1970’s
and the early mid 1980’s led to a decrease in vegetation cover and an increase of erosion processes (Descroix et al., 2012; Descroix
et al., 2015; Descroix et al., 2018; Janicot et al., 1996). In 1985, the Niger River even stopped flowing in Niamey (Billon, 1985). After
the drought period, the vegetation globally recovered following the return of precipitations (Dardel et al., 2014a, Dardel et al., 2014b).
However, some small areas show a persistent decrease in vegetation cover and, consequently, an increase in surface runoff (Descroix
et al., 2018; Gal et al., 2017).

In addition, the MNRB is a highly populated area. Strong demographic growth (3.8% per year in Niger over the last seven decades,
World Bank, 2017) has led to an extension of cultived areas and an intensification of natural resource exploitation (forest, savannah,
rangeland) (Leblanc et al., 2008; Tidjani, 2008). The deforestation in these areas has increased the amount of bare surfaces and
weakened the Sahelian soils that undergo erosive actions of wind and rain (Abdourhamane Touré et al., 2010). Overall, changes in land
cover, due to climatic variations and/or anthropogenic factors, have led to a general increase in runoff and have caused endorheism
breaks in the middle Niger River watershed (Amogu et al., 2010; Descroix et al., 2018; Favreau et al., 2009; Mahé et al., 2013). An
example of this situation is the intensification of the red flood phenomenon that was observed in Niamey after the 90’s and the
recurrent floodings occurring in Niamey, causing severe damage in the river plain (Cassé et al., 2016; Mahamadou et al., 2018). The
greatest flood ever registered in Niamey was recorded in 2020 (Lebel et al., 2020; Tiepolo et al., 2021, Fig. 2).

Past, ongoing and future changes in the Niger River hydrology are supposed to deeply affect water resources but also water quality
parameters. In particular, increased erosion and/or increase in precipitation amount and intensity (Panthou et al., 2018; Taylor et al.,
2017) would lead to an increase of sediment transport and of suspended particulate matter (SPM) in surface waters. This would impact
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Fig. 2. Niger River hydrographs at the Niamey hydrological station (2018-2021).

in turn water flow and dam silting with further consequences on floods. In addition, SPM plays also an important role on aquatic
ecosystems (i.e. Hauer et al., 2018; Pennock and Sharp, 1994) and human health by facilitating the transport and the development of
pathogens (Robert et al., 2021; Rochelle-Newall et al., 2015; Zheng and DiGiacomo, 2017).

If the Niger River hydrology and the red flood phenomena have been widely addressed in the literature from a quantitative point of
view, water quality and SPM monitoring has received much less attention. Measurements of SPM in the Niger River basin are generally
sparse and limited in time. In the middle part of the Niger watershed, the earliest SPM measurements were carried out between 1976
and 1982 for the feasibility study of a dam at Kandadji (Gallaire, 1995). More recently, Amogu (2009) reported SPM concentrations in
the middle Niger and Alhou et al. (2016) recorded two years (fortnightly sampling from April 2011 to March 2013) of SPM mea-
surements at Niamey. However, a detailed assessment of the spatio-temporal dynamics of SPM at a fine temporal scale has yet to be
done. This study fills this information gap by providing SPM at a daily scale and during several hydrological cycles.

Remote sensing techniques have been developed for inland water studies in the last 20 years to provide estimates of SPM variability
in space and time. Data from optical radiometers detect near-surface sediments, but this information has been successfully used to
assess total suspended solid and sediment transport in various rivers (Martinez et al., 2009; Nechad et al., 2010; Petus et al., 2010;
Pinet et al., 2017). Most of the studies addressing SPM dynamics in rivers use data from medium resolution sensors such as the MEdium
Resolution Imaging Spectrometer (MERIS) and Moderate Resolution Imaging Spectroradiometer (MODIS) because a high temporal
frequency is necessary to correctly sample the rapid dynamics of rivers. However, their coarse spatial resolution [ranging from 250 m
in the visible and the Near-infrared (NIR) to 1 km in the Short Wave InfraRed (SWIR) bands for MODIS is not sufficient to accurately
monitor the Niger River, particularly during low water periods when river reaches are narrower. Only recently have high resolution
satellite data been available at the temporal frequency necessary to monitor SPM over smaller dynamics rivers. In particular, the
MultiSpectral Instrument (MSI) sensor on-board the Sentinel-2 provides data every 5 days at a 10 m spatial resolution in the visible and
near infrared bands and 20 m in the SWIR bands. Such data have proved efficient to monitor SPM dynamics in different water bodies (i.
e. Caballero et al., 2018; Liu et al., 2017; Pahlevan et al., 2017). Several algorithms have been developed to retrieve SPM from
radiometric measurements from satellite over turbid waters using theoretical (Nechad et al., 2010) semi-empirical (Shen et al., 2010)
and empirical approaches, mostly site specifics (Doxaran et al., 2002; Robert et al., 2017; Caballero et al., 2018; Li et al., 2019; Renosh
et al., 2020). Employing wavelengths in the NIR domain, in combination with those in the visible range (Li et al., 2019) or alone
(Robert et al., 2017), has been shown useful to avoid saturation for high SPM values. Switching algorithms (Shen et al., 2010; Han
etal., 2016; Novoa et al., 2017; Caballero et al., 2018; Renosh et al., 2020) have been proved efficient to address a wide range of SPM
values.

Until now, few studies have focused on the Sahelian region as it is quite challenging for optical remote sensing. This is because on
the one hand, the very high atmospheric aerosol loading (mineral dust and biomass burning) and the highly variable water vapor
content make atmospheric corrections difficult and, on the other hand, the very high values of reflectance of West African waters
challenge inversion algorithms classically used in other regions. Some encouraging result have been obtained on a few lakes using data
from LANDSAT (Kaba et al., 2014; Robert et al., 2016; Robert et al., 2017) and Sentinel-2 MSI (Robert et al., 2021) but further
validation, especially for rivers, is needed.

The main objective of this work was to analyse the spatio-temporal dynamics of SPM in the middle Niger River together with the
hydrological variability and water discharge at Niamey and in the upstream part of the basin. To do this, we first assess the potential of
radiometric measurements by both an in-situ SKYE radiometer and Sentinel-2 MSI to monitor SPM in this area. SKYE data are then
employed to complete the temporal series of SPM sampled in-situ to get daily time series over three years. Finally, Sentinel-2 MSI data
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are used to explore the spatial variability of SPM in the middle Niger River and to assess the overall contribution of the red flood to SPM
arriving at Niamey.

2. Material and methods
2.1. Study site

In-situ measurements were carried out in Niamey located downstream of the confluences of some major middle Niger River
tributaries like the Sirba, the Dargol and the Gorouol (Fig. 1). The area is characterized by a semi-arid tropical climate with well-
marked contrasting seasons: a rainy season (May - September) and a dry season (October - April). The average rainfall between
1970 and 2017 in Niamey was equal to 527,36 mm per year (Hamadou Younoussa et al., 2020). The Potential Evapotranspiration
(ETP) is around 3000 mm per year (Allies et al., 2020). In Niamey, two drinking water treatment plants ensure the supply of the
potable water, 72% of which is provided by the Goudel station (our sampling site) with remaining water provided by the Yantala
station. Both plants are located on the left bank of the Niger River.

Discharge data were obtained from the Niger Basin Authority (NBA). The flow rate is measured daily at 00:00 with an automatic
hydrometer SEBA PS Light 2GSM. The data used in this study cover three hydrological cycles between 2018 and 2021 (Fig. 2). During
this period, maximum discharge was 2136 m® s, 2620 m®s™! and 3998 m®s™! for the red floods of 2018, 2019 and 2020, respectively.
The record value in 2020 is the highest discharge peak ever measured since the station was built in 1929, largely exceeding the
previous 2492 m3 s record of 2012 (Lebel et al., 2020). The maximum discharge recorded for the black flood during this study was the
22th of January 2019 with 2238 m® s\, The low water period occurring between April and May with very low discharges (60 m® s in
April 2020).

2.2. Suspended particulate matter (SPM) measurements

SPM measurements were conducted between July 17, 2018 and August 16, 2020. River water samples were collected between 10 a.
m. and 1 p.m. from the top 20 cm of the water column in 500 mL bottles. The sampling point (lat 13.520313 North, lon 2.066145 East)
is located on the left bank and is approximately 7 m from the shoreline (Fig. 1). The river water was collected at different time steps to
follow the hydrological variability. During the red flood, the sampling time step was daily from July 1 to August 15, 2019 and every
2nd day from July 1 to August 15, 2020. Outside the red flood period, the sampling time step varied from one week until the end of the
rainy season to one month during the remaining of the hydrological cycle.

The sampled water was homogenized and then 50 mL were collected and filtered through a Whatman fiberglass filter with a
porosity of 0.7 um. The filters were previously heated to 105 °C and weighed. The sediment deposited on the filter was heated again at
105 °C for 1h30 and then re-weighed.

The SPM concentration was calculated for each sampling date from the SPM mass and the volume of filtered water Eq. (1).

[SPM] = (Mfs — Mf) / Vw (€9)

where Mfs is the Filter mass with sediment; Mf is the Original filter mass; Vw is the filtered water volume.
Two or three replicates were made for each water sample and averaged to reduce noise and check consistency.
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Fig. 3. SKYE radiometer at the Sampling station monitoring Niger River water reflectance.
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The particle size distribution and mineralogy of sediments were assessed over few water samples collected during the black flood
(2017-10-06 and 2017-10-24) and the red flood (2018-07-03, 2018-07-08, 2018-07-09 and 2019-08-06). The particle size dis-
tribution was measured with a Partica LA-950V2 laser granulometer (Partica LA950-V2, Horiba, 2022). The particles were also
observed with a JEOL JEM 2100 F Transmission Electron Microscope (TEM) with an operating voltage of 200 kV and a resolution of
2.3 A (CMOS Gatan RIO 16IS 4 K camera). The mineralogy was determined using EDXS Analysis (Ultim Max TEM 80 mm? Windowless
— Oxford Instruments). For TEM imaging and microanalysis, the sample was resuspended under ultrasonication, a drop of suspension
was deposited on a formvar-coated copper grid, and excess water was blotted with filter paper.

2.3. Niger River water reflectance

The Niger River water reflectance was measured in situ with a SKYE radiometer installed at the water sampling point location since
July 2018. The radiometer is composed of two sensors (SKR1840D/I Two channel Sensor, SKYE Instruments Ltd, Wales, UK) measuring
the incoming radiation in the red and infrared bands at the same wavelengths as the Sentinel-2 MSI sensor, centred at 665.4 nm and
829.0 nm. Data were recorded every 30 min with a datahog2 + (SKYE). One sensor steered to the southwest looks at the water surface
at a 45° angle (Fig. 3) to measure the total radiance (IFOV 25°, sensor height 2 m above the highest water), the other one measures the
incoming irradiance (cosine response sensor to integrate hemispherical irradiance). Remote sensing reflectance is computed as the
ratio of up-welling radiance by incoming irradiance and then multiplied by a factor = to give the dimensionless surface reflectance Eq.
(2) to be compared to Sentinel-2 MSI surface reflectance. Total up-welling radiance comprises water-leaving radiance and specular
reflection at the water surface caused by skyglint.

p=n*Rrs=n*L/Ed 2)

where p is the SKYE radiometer surface reflectance (dimensionless), Rrs the SKYE remote sensing reflectance (sr'l), L is the total
observed radiance (pmol srl m2 s'l) and Ed the down-welling irradiance (pmol m2 s’l).

Sentinel-2 MSI data are collected by two polar orbiting satellites (Sentinel-2A and Sentinel-2B launched in 2015 and 2017,
respectively) placed on the same orbit, allowing a revisit time of 5 days at the equator. They carry a multi spectral instrument (Drusch
et al., 2012) with four bands at 10 m, six bands at 20 m, and three bands at 60 m spatial resolution. For this work we used the three
visible bands (bands 2, 3, and 4 respectively at 490 nm, 560 nm and 665 nm), and the near infrared band (NIR, band 8 at 842 nm) at
10 m spatial resolution, as well as the shortwave infrared band (band 12 at 2190 nm) at 20 m spatial resolution.

Sentinel-2 MSI surface reflectance (level 2 A) products are made available over the study area by the THEIA land data center
(www.theia-land.fr). They are corrected for atmospheric effects using the MACCS-ATCOR Joint Algorithm (MAJA) processing chain
(Hagolle et al., 2015). The processing chain (Hagolle et al., 2017) analyses temporal series of Level-1 C images and ancillary data to
detect clouds and clouds shadows, to estimate the atmospheric optical thickness (including aerosols), the adjacency effects (including
atmospheric scattering and multiple reflections between the surface and the atmosphere), and to apply a terrain correction based on
topography. The atmospheric corrections are performed for pixels classified as land and extrapolated for pixels classified as water. The
MAJA processing chain has been developed for land surface reflectance. It benefits from previous algorithm evaluations and is widely
used. Other atmospheric corrections schemes exist, some targeting aquatic surface specifically (Kuhn et al., 2019; Pahlevan et al.,
2021).

10 +
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Fig. 4. Volumetric distribution of suspended particulate matter samples collected during the red flood (2018-07-03, 2018-07-08, 2018-07-09 and
2019-08-06) and the black flood (2017-10-06 and 2017-10-24) with SPM concentration equal to respectively 2.34 g L'}, 1.44 g L'}, 0.71 g L7,
1.034 gL, 0.065 g L' and 0.073 g L.
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SPM is only retrieved for clear-sky pixels classified as open water. Sentinel-2 MSI pixels not already masked by the MAJA chain as
clouds, aerosols or cloud shadows are classified as water pixels if the Modified Normalized Difference Water Index (MNDWI which is
calculated as the difference between the green band and the SWIR band divided by their sum) is lower than 0.2 (Robert et al., 2017). An
additional threshold on the green band reflectance is added to avoid unmasked residuals clouds (values lower than 0.4 are retained).

In order to avoid possible land-adjacency effects the Sentinel-2 MSI data employed at the Goudel sampling station and at the
Ansongo site were averaged over a square box three pixels away from the shores.

Measurements of SPM concentration made at a day difference (day before and day after) with the satellite acquisition were
considered in order to increase the number of match-ups (10 dates).

3. Results
3.1. SPM nature and granulometric sizes

Over the study period SPM concentration ranges from 0.01 g L to 1.9 g L'L. The lowest concentrations occur at the beginning of
the dry season (mean = 0.0416 g L' and standard deviation = 0.0324 g L'! calculated over the 1st October — 28th February 2019
period). The SPM concentration slightly increases over the March-May period and then more rapidly at the onset of the red flood, from
June onwards, to reach its maximum, around 2 g L, in July.

The term “Suspended Particulate Matter” is used here for particles suspended in a water column from the nano-scale to sand-sized
sediments (Bilotta et al., 2012). Niger River SPM’s size distributions curves reveal two well-pronounced modes during the red flood
(Fig. 4). The two modes are centred around 0.172-0.296 and 3.9 pm ranging from medium sands to ultrafine clay particles. During the
black flood, the same modes were found with less fine particles now centred around 0.26 um and the larger one around 5.12-6.72 pm.
These fine particles are often associated in aggregates (Fig. 5) and are predominantly composed of kaolinite, and iron oxyhydroxides,

J FeD(OH)- g (L OOTRE L Feo(OH)

Fig. 5. Suspended Particulate Matter images obtained by the transmission electron microscope (TEM): red and black flood water samples. K:
Kaolinite; Agg: Aggregate; FeO(OH): Iron Oxyhydroxide.
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with minor occurrences of quartz, illite/muscovite, and ilmenite. Trace amounts of organic matter were also observed in the red flood
samples.

3.2. Monitoring SPM with in-situ and satellite radiometry

Within a day, the temporal evolution of the SKYE radiometer reflectance is relatively constant in the morning but presents
important peaks in the afternoon, more or less pronounced according to the period of the year, due to sunglint effect (i.e. specular
reflection of direct sun radiation) observed on the red and NIR bands. This is consistent with the SKYE acquisition geometry and the
sensor looking toward the south-west (Fig. 3). Sunglint effects are also observed on the band ratio NIR/red (Fig. 6). For each day,
reflectance data were therefore averaged over the 9-11 a.m. period only, which corresponds to the time range with constant data, and
sun-target-sensor geometry less prone to glint effect (glint angle larger than 50° at 10 h, relative azimuth in the 80°—160° interval). In
addition, the match-up interval between morning radiometer data and SPM collection times is of the order of 2 h. Considering 9-11 h
averages does not eliminate skyglint.

SKYE radiometer daily reflectance is then compared to Sentinel-2 MSI reflectance. Satellite and in situ data are well correlated in
both the red and the NIR band (Fig. 7). The coefficient of determination r?is 0.93 and 0.92, for the red and the NIR, respectively, the
RMSD (root mean square difference) 0.02 and 0.03 and MAPE (Mean Absolute Percentage Error) 9.3% and 63.8%.

Reflectance measured by both the SKYE and the Sentinel-2 MSI sensors in the red and NIR bands showed a strong seasonality with
extremely high values (Fig. 8), reaching 0.35-0.40 during the rainy season (June-September), that are rarely encountered in large
rivers. The yearly maxima for the three years of the study period were similar. MSI value are generally higher than SKYE values during
the dry season at the end of March beginning of April particularly on the NIR band, as is also apparent by the scatter in low NIR values
shown in Fig. 7. This is likely due to the impact of high aerosol content, which is quite important at this period due to Harmattan wind
coming from the Sahara desert and is probably not completely corrected by the MAJA scheme.

SPM concentrations measured in situ are strongly correlated with reflectance or reflectance ratio.

The best fit is obtained using power relationships between SPM and the NIR band for Sentinel-2 MSI (RMSE = 0.19; MAPE = 36.7%j;
n = 25) and SPM and the NIR/red index for the SKYE radiometer (RMSE = 0.17; MAPE = 30.6%; n = 125) [Fig. 9a, b, Egs. (3) and (4)
below].
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Fig. 6. Half hourly reflectance ratio (NIR/red index) for each day between the 1st of August 2018 and the 31th of July 2019. Night time data are set
to zero.
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[SPM] = 32.7892 * (B8)>°'*17 (Sentinel-2 MSI) 3)
[SPM] = 1-154 * (NIR/red) >*** (SKYE) 4

where [SPM] is Suspended Particulate Matter concentration, B8 is the Sentinel-2 MSI Near infrared band, and NIR/red is the SKYE
radiometer band ratio.

The retrieved SPM obtained by the two equations above are well correlated to in-situ SPM measurements with RMSE equal to
0.19 g L'! and bias equal to 0.01 g L! for Sentinel-2 MSI and RMSE equal to 0.17 g L™} and bias equal to 0.007 g L! for the radiometer.
The r? quantifying the goodness of the fit between SPM measured and retrieved are equal to 0.84 for Sentinel-2 MSI and 0.90 for the in
situ radiometer (Fig. 9¢).

3.3. SPM dynamics and Niger River discharge

The evolution of SPM concentration is in phase advance in comparison to the river discharge dynamic (Fig. 10). At the beginning of
the red flood period (June to September), the SPM concentration begins to increase and reaches its maximum at least one month before
water level rises (Fig. 10) which is typically an effect of the first flush (Bertrand-Krajewski et al., 1998). The highest SPM concen-
trations of 0.5-2 g L' are measured during low (less than 500 m? sH) to medium (500-1000 m> s™) river discharge Then, while water
discharge increases, the SPM concentration starts decreasing and continues to decrease during the peak of the red flood and afterwards
(Fig. 11). When the black flood reached Niamey, the SPM concentration has already undergone a 10 time-decrease. This period is



M. Boubacar Moussa et al.

250 +

2.00 +

150 +

SPM (e L)

1.00 +

0.50 +

Journal of Hydrology: Regional Studies 41 (2022) 101106

y = 1.1543430.

0.00

0.00

250

2,00 +

7 150 1

SPM (g L)
Loy
(=]
(=]
A

0.50 +

0.00

y = 32.7892x291417

0.00

2,00 +

150 +

Retrieved SPM (g L")
g

0.50 1+

0.00 #4=

0.05

2=0

RMSE = 0.19; MAPE = 36.7%; Bias=0.01;n=25

0.25 0.30 0.35 0.40

- 0.007: n =125

+ y

0.00

» SPM retrieved by SKYE radiometer

1.50 2.00

SPM measurements (g L)

® SPM retrieved by Sentinel-2 MSI

Fig. 9. top: Relationships between SKYE (a) and Sentinel-2 MSI (b) reflectances and in-situ SPM; bottom: Relationship between SPM retrieved by
radiometric measurements and in-situ SPM (c). Note that the same samples are used in the top and bottom panels.

characterized by discharges that can approach 2000 m® s and low SPM concentration of about 0.1 g L'}, i.e. 5 to more than 20 times
lower than those measured during the red flood conditions (Fig. 11). When the black flood decreases the SPM concentration is still low,
but shows some variations between February and April. The low water period displays the lowest discharge and SPM values around

0.01gL™

SPM interannual variability appears to be quite different at the beginning of the red flood with much lower SPM values in 2019 than
in 2018 and 2020 during the month of June (Fig. 12). Interestingly, SPM values of those three years become more similar at the core of
the red flood although a huge difference is observed in discharge. The highest discharge peak ever observed since the installation of the
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hydrographic station in the Niger River at Niamey occurred at the beginning of September 2020 (3398 m® s!). Despite this impressive
discharge, the SPM concentration did not further increase and its value at this period in 2020 is similar with those observed in 2018 and
slightly lower than the SPM values in 2019.

3.4. SPM spatial distribution and middle Niger basin contribution

The main tributaries of the Niger River contributing to the red flood are located downstream of Ansongo and the hydrographs at
this location do not show the red flood discharge peak (Cassé et al., 2016). SPM concentrations retrieved from Sentinel-2 MSI are
similar at Ansongo and Niamey during the black flood period, from October to May. During the rainy season (June — September
periods), SPM peaks are observed at both locations, although with very different absolute values. While at Niamey the maximum
concentration is about 1.5 g L'}, at Ansongo it reaches only 0.15 g L' (Fig. 13). This clearly shows the role of the tributaries of the
Middle Niger in the SPM routing to Niamey during the red flood. The average SPM difference between Niamey and Ansongo is equal to
0.185 g L'! over this three-year period, 10 times higher than the mean SPM value at Ansongo for the same period.

The significant SPM contribution at the very beginning of the rainy season from the Sirba River (see the example in Fig. 14a, for the
17th of June 2020) further highlights this phenomenon. The Sirba river, a main tributary of the middle Niger River, contributes to 80%
of the water supply recorded at the hydrological station of Niamey (Amani and Nguetora, 2002; Massazza et al., 2019). In contrast no
major differences are found between the Sirba and the Niger river SPM concentration during the black flood (Fig. 14b).
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4. Discussion

The aim of this study was to estimate the SPM spatio-temporal variability in MNRB combining available information by in-situ
measurements and satellite data. Simple relationships were therefore used to retrieve SPM ad hoc for the study site from the SKYE
and MSI reflectances, based on commonly employed power functions as in Robert et al. (2017). Reflectance measurements by in-situ
and satellite measurements proved efficient to monitor the SPM dynamics in the middle Niger basin. The retrieval performances
obtained by both SKYE and Sentinel-2 MSI are very good and generally better than those obtained by other optical remote sensing
sensors such as MODIS and Landsat in the same region (Kaba et al., 2014; Robert et al., 2016; Robert et al., 2017). However, employing
a multi-band approach according to the SPM range, as suggested by Novoa et al. (2017) and Han et al. (2016), may provide a good
option to improve SPM retrievals and derive a robust relationship widely applicable over different water bodies.

Sunglint was found to significantly affect the in-situ radiometric measurements and reflectance as well as the band ratio. As a result,
only a portion of the measurements acquired within a day can be used to investigate SPM dynamics at a sub-daily scale. This could be
overcome by using several radiometers pointing at different directions or by applying sunglint correction based on the SWIR reflec-
tance (Harmel et al., 2018). Skyglint was not corrected for and causes fluctuations in the NIR and red reflectance, especially for
overcast mornings. The reflectance ratio is less affected by this effect. This may be the reason why the ratio is more efficient for SPM
retrieval for all-sky radiometer data, as opposed to the NIR reflectance for Sentinel-2 MSI, for which clear-sky conditions are selected.
Although it is not obvious on our data, heavy dust loadings may also impact the SKYE radiometer NIR and red reflectances, but
probably less so the reflectance ratio.

Overall, the reflectance ratio data display relatively small variability during the morning period suggesting that varying cloudiness
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Fig. 14. Suspended particulate matter retrieved by Sentinel-2 MSI data showing input from the Sirba tributary.

or wind conditions are not major issues here and that rapid variability of SPM (sub-daily) is not common. The high values of the red and
NIR reflectance in this river may attenuate sunglint and skyglint effects. Above-surface routine monitoring of water colour is mostly
applied to ocean or coastal water where these issues are more severe (Mobley, 1999; Zibordi et al., 2009). The results shown in this
study suggest that this kind of measurements could be used for tropical turbid rivers, either alone or in combination with high res-
olution satellite data.

Sentinel-2 MSI reflectance acquired for the Niamey station did not seem to be affected by sunglint problems: the Niamey station is
located on the western edge of the Sentinel-2 swath and, given that the satellite overpasses at about 10h30 in the morning, specular
reflection from the sun is unlikely at this site. This is not the case for the Ansongo site that is at the eastern edge of the Sentinel-2 swath
and which may therefore be subject to sunglint effects. They would result in an overestimation of retrieved SPM at this site which
would further increase the difference observed between Niamey and Ansongo and would not change our findings significantly.

Overall, the atmospheric correction scheme applied by the MAJA chain has proved accurate enough to monitor SPM variability.
However, some issues remain. These concern particularly the impact of aerosols (mineral dust) on Sentinel-2 MSI reflectance, as
indicated by the higher reflectance observed for Sentinel-2 MSI in both the NIR and the red band compared to SKYE reflectances in the
March-April period (Fig. 8).

The SPM characteristics and their small size combined with their high concentration resulted in the very high values of reflectance
observed in this area in both the visible and the NIR bands.

The nature of SPM in the Middle Niger at the latitude of Niamey is dominated by kaolinite, iron oxyhydroxides, and quartz. This
composition is consistent with the nature of the sandy and sandy-silty Sahelian soils (Stroosnijder, 1982) and the outcropping rocks
dominated by ferruginous sandstones of the terminal continental (Yaou et al., 2019). The iron oxyhydroxides would then come from
the erosion of these surfaces. The kaolinite originates from the soils of the Middle Basin, which are recognized as not very reactive
because of that kaolinitic nature (Mahamane et al., 2020).

SPM concentration showed an important intra-annual variability. The maximum concentration (~2 g L'}) was recorded at the
beginning of the rainy season (June - July). It was much higher than in the upper basins (0.6 g L'! at Banankoro, Picouet et al., 2009)
and lower than that observed on the Gorouol tributary at Alcongui (3.751 g L'} in 2007/08, Amogu, 2009). The high SPM concen-
tration in the middle part of the Niger River is likely related to the low vegetation cover at the beginning of the rainy season leading to
strong soil erosion. Indeed, the soils have experienced significant crusting and increased erosion, resulting in tons of sediment drained
into the river (Mamadou, 2012). Previous measurements of SPM concentration in the Middle Niger, although discontinuous, have
shown quantities of the same order about 0.182 g L™ to 1.5787 g L} (Alhou et al., 2016). In the major rivers of West Africa, the Senegal
(Faye et al., 2020) and the Black Volta in Tanguasie (Bowan and Tingan, 2020), the concentrations of SPM measured were respectively
1.4 and 2.15 times lower than those of the Middle Niger River.

SPM concentration decrease observed during the rising water should rather be related to the conjugation of vegetation develop-
ment on the water basin and the net decrease of the free elements in surfaces already washed out by the first rains. A similar decrease in
SPM concentration occurring at the same period was observed in the Bangou Kirey Lake (located East of the Niamey) and ascribed to
water dilution due to the rise in the water table (Abdourhamane Touré et al., 2016).

At the end of the black flood, close to the low water season, the SPM concentration displays a slight increase, in the absence of any
input of water flow by runoff. This increase may be ascribed to the decrease in water volume leading to a local production of particles
by the phenomenon of bank erosion. Alternatively, the March-April period is characterized by an increase in the speed of the trade
winds (harmattan) that could stir the water and resuspend particles (Abdourhamane Touré et al., 2018). A similar increase in the
middle of the dry season has been observed for Sahelian lakes in northern Mali (Robert et al., 2017), with wind-driven turbulence
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possibly inducing a recirculation of bottom and bank sediments.

The SPM/Discharge hysteresis of the Niger River at Niamey are quite different from most hydrological systems. During the red flood
the SPM/discharge curve follow the classic scenario observed in the Tropics with the maximum of SPM occurring before the discharge
peak. This is the case for example at the Congo River outlet (N'kaya et al., 2020), for the Mississippi (Snedden et al., 2007) or Orinoco
(Gallay et al., 2019). However, a major difference lies in the fact that the discharge curve of the Niger River at Niamey presents a
second peak absent in these other systems. This peak is characterized by low SPM values which produce a distinctive feature for the
middle Niger river. In terms of inter-annual variability, it is striking that the 2020 red flood, which was severe in Niamey, did not
notably increase the river’s SPM concentration.

5. Conclusion

This study has documented the SPM spatio-temporal variability in the middle Niger River.

Radiometric measurements collected in-situ or by satellite proved useful to monitor SPM which, in this area, is characterized by
very fine kaolinite and iron oxyhydroxide particles that at high concentrations resulted in extremely high values of reflectance.

Good relationships were established between the radiometric measurements (NIR/red for SKYE in situ radiometer and NIR (B8) for
Sentinel-2 MSI) and SPM concentration. This allowed to retrieve SPM concentration at Niamey at a daily time step (SKYE measure-
ments) and to analyse their spatial variability within the middle Niger River (Sentinel-2 MSI). The red flood was characterised by very
high SPM values with the SPM maximum reached at least one month before the maximum of the discharge, while low SPM values were
recorded during the black flood. We have highlighted the important SPM contribution from the main tributary of the middle Niger
River during the red flood which explains the difference in SPM between Niamey and Ansongo, located upstream. Finally, the
interannual variability of SPM during the red flood was not found to play a major role on SPM concentration. In particular, SPM values
after July in 2020 were similar to those in the previous two years, despite that record discharge values measured in 2020. However,
future changes in SPM concentration under climate and anthropic changes, as for example the intensification of the hydrological cycle
or the dam construction planned at the upstream on Niamey, and their impacts on SPM concentration in Niamey cannot be excluded
and strongly underline the need to maintain monitoring of SPM in this area.
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