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Abstract: In Sahelian countries, a vast number of people are still affected every year by flood despite
the efforts to prevent or mitigate these catastrophic events. This phenomenon is exacerbated by the
incessant population growth and the increase of extreme natural events. Hence, the development of
flood management strategies such as flood hazard mapping and Early Warning Systems has become
a crucial objective for the affected nations. This study presents a comprehensive hazard assessment
of the Nigerien reach of the Sirba River, the main tributary Middle Niger River. Hazard thresholds
were defined both on hydrological analysis and field effects, according to national guidelines.
Non-stationary analyses were carried out to consider changes in the hydrological behavior of the
Sirba basin over time. Data from topographical land surveys and discharge gauges collected during
the 2018 dry and wet seasons were used to implement the hydraulic numerical model of the analyzed
reach. The use of the proposed hydraulic model allowed the delineation of flood hazard maps as
well the calculation of the flood propagation time from the upstream hydrometric station and the
validation of the rating curves of the two gauging sites. These significative outcomes will allow the
implementation of the Early Warning System for the river flood hazard and risk reduction plans
preparation for each settlement.

Keywords: Middle Niger River Basin; Sirba River; Sahel; flood hazard; hazard threshold; non-stationarity;
rating curves; hydraulic numerical model; HEC-RAS; Early Warning System

1. Introduction

Recent years have been characterized worldwide by an increasing number of flood events
and flood-related effects [1,2]. An alarming case is the high frequency of flooding events in the
Middle Niger River Basin (MNRB) during the last 20 years [3-5]. Sahelian rivers have shown an
increase in discharge since the early 1990s leading to the catastrophic floods registered in the past
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decade [6,7]. Since Tarhule at al. [8] highlighted that extreme floods represent a crucial issue for
Sahelian countries, many researchers claimed that the increasing occurrence of extreme rainfall events
and the reduced water-holding capacity of the soil are at the origin of more severe floods [9-11].
Flow time series of Sahelian rivers showed a remarkable increase of the annual maximum of discharge
that necessarily needs to be considered in the evaluation of hydrological variables over time [12,13].
The change in frequency of extreme events was firstly addressed using non-stationary methodologies
by Aich at al. [14] and then by Wilcox at al. [15] for the main rivers of the MNRB.

The high pace of population growth generated a negative feedback such as a systematic
deforestation that converted the savannah into fields providing cereals, firewood and building
timber [16,17] and the occupation of the flood-prone areas with new settlements.

In Niger, recent outlines report that during the last 15 years the number of people and their
property affected by flooding events have drastically increased [18]. These events have raised the
awareness of administrations towards the necessity of developing flood management strategies such
as hazard mapping and early warning systems [19].

The state of the art of the flood hazard literature in European countries is very unbalanced
compared to that one of developing countries. African studies often focus just on economic aspects of
flood risk [20,21] or evaluate the flood hazard on a regional level [22,23]. Only in a few cases there is an
accurate analysis based on hydraulic aspects [24]. European rivers are specifically analyzed following
the European Flood Directive 2007/60 [25] and statistical, hydraulic and GIS tools are used for flood
hazard and flood risk mapping [26-29].

The present work provides the flood hazard assessment on 108 km of the Nigerien reach of the
Sirba River which is the most populated stretch of the main tributary of the MNRB. To achieve the
objective, an in-depth local hydraulic analysis based on the application of advanced statistics and a
hydraulic numerical model was carried out [30].

This methodology followed two main steps: the definition of hazard thresholds and the flood
hazard mapping of each hazard scenarios. Firstly, hazard thresholds were statistically calculated and
referred to field effects adopting the color codification of the Nigerien guidelines [31]. The statistical
analysis allowed to connect the probability of occurrence to each threshold. The non-stationary
method was fundamental to evaluate the evolution of return levels over time, implicitly considering
hydrological changes highlighted in the updated flow time series of Garbey Kourou [32]. Secondly,
a hydraulic numerical model was implemented to simulate different hazard scenarios related to each
threshold. The model was based on a detailed topography and was calibrated with data obtained from
topographical surveys and field measurements of discharge. Each simulation allowed to delineate the
flood-prone areas summarized in flood hazard maps. Furthermore, the hydraulic model was used to
evaluate the flood propagation time along the analyzed reach and validate the rating curves of the two
Nigerien gauging sites of the Sirba River.

Adopting advanced statistical approaches and the consolidate hydraulic practice, the methodology
used in this work could represents a guideline for the flood hazard evaluation of that countries affected
by intensive hydrological changes. This study has a strategic importance because provides the first
flood hazard mapping on the Sirba River and offers basic data for the implementation of an Early
Warning System for the flood alert. These outputs will be a precious resource both for the research
community and for decision makers to develop risk reduction plans and urban planning.

The work is structured as follows: Section 2 presents the materials focusing on the study area,
hydrologic dataset, and topography used in this research. Section 3 describes methods used for
hazard threshold definition and hydraulic numerical modeling. Section 4 sets out results and related
discussions. Section 5 contains the conclusions and future perspectives.
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2. Materials

2.1. Study Area

This study was conducted on the Sirba River, the major tributary of the MNRB in term of discharge.
Sirba is a cross-border river basin covering an area of approximately 39,000 km? in the Sahelian strip
between Burkina Faso (BF) and Niger (NE). The main physical features of both the watershed and river
are listed in Table 1. One note is the flatness of the bedrock Sahelian peneplane and the low river-bed
slope [32].

Table 1. Physical features of the Sirba River Basin and of the Sirba River.

Sirba River Basin Sirba River
Slope  Length Slope
2 : P g p
Surface (km~) Height (meter a.s.l.) (%) (km) %)
Total BF (%) NE (%) max mean min Mean max Mean
39,138 93% 7% 444 286 181 1.12 439 0.02

The basin, located between the isohyets 400 and 700 mm, is characterized by a Sahelian semiarid
climate. The clime of this area comprised two well-defined seasons, the dry season (October-May)
and the rain season (June-September) [33,34]. The Sirba River’s hydrology is strongly related to the
monsoon season. In fact, it has an intermittent flow and it is dry for about six months a year.

The Sirba River begins its main course in Niger downstream of the confluence between its main
tributaries (Yali, Faga, and Koulouko rivers) coming from the headwater in Burkina Faso (Figure 1).
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Figure 1. The geographical framework of the Sirba River. Enlargement: the analyzed reach of the Sirba
River and main riverine villages. Top left: the continental overview of the Niger River Basin. Top right:
the Sirba River basin in the context of the Middle Niger River Basin. Sources of layers: hydrologic data
from HydroSHEDS [35,36], geographical data from Niger data portal [37].
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The flood scenarios were computed towards a hydraulic model covers 108 km of the Nigerien
reach of the Sirba River comprised between the national border with Burkina Faso and the confluence
into the Niger River.

The river reach contains two automatic gauging stations: Bossey Bangou (BB) and Garbey Kourou
(GK). BB station was located a few hundred meters downstream the national boundary and GK station
is located 8 km upstream the confluence into the Niger River [32].

2.2. Data

The analyses in this study were conducted using the data regarding the hydrology of the Sirba
River and the topographic data (digital terrain model and topographical surveys) required for the
implementation of the hydraulic numerical model.

2.2.1. Hydrologic Dataset

The series of data regarding flow measurements and flood reports were collected from different sources.

The Sirba flow data were registered in the Garbey Kourou gauging station at a daily resolution,
considering the discharge time series from 1956 to the end of the wet season 2018, recently updated
by Tamagnone at al. [32]. The values of annual maximum discharges (AMAX) show a marked trend
highlighting the non-stationarity of the time series (Figure 2).
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Figure 2. Time series of annual maximum discharge (AMAX) of the gauging station of Garbey
Kourou [32]; in the red dotted box are reported the years analyzed in the ANFD.

Moreover, this work also considers the data coming from the new hydrometric station of Bossey
Bangou using the discharge time series recorded from June 2018 and 7 discharge measurements realized
in the past wet season.

Sahelian countries have shown a significant increase in flooding events in recent decades and
especially in recent years [7,38,39]. This phenomenon motivates the Nigerien departments to collect all
the data regarding floods from 1998 in a national database, called ANADIA (Adaptation to climate
change, disaster prevention and agricultural development for food security) Niger Flood Database
(ANFD). Unfortunately, the lack of a standardized protocol for on-site surveys led to an incomplete
and non-detailed dataset [18].

2.2.2. Topography

The geometry of the area was initially defined by the HydroSHEDS (Hydrological data and maps
based on SHuttle Elevation Derivatives at multiple Scales). It is a hydrologically conditioned elevation
model with a resolution of 0.00083° that approximately corresponds at 100 m for the analyzed area.
This Digital Terrain Model (DTM) was made for Africa in 2006 by the US Geological Survey (USGS) in
Shuttle Radar Topography Mission (SRTM) data [35,36,40].

Unfortunately, the geometric information of the HydroSHEDS DTM was inappropriate for the
implementation of the hydraulic model because the resolution corresponded to the width of the Sirba
River (i.e., 100 m). The “Intermap World 10 DTM” provided by Harris Geospatial on the 2000 km?
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of the Nigerien reach of the Sirba River was acquired. This DTM was built using four satellite data
sources (SRTM 90, SRTM 30, ASTER, and GTOPO30) taken in the years from 2005 to 2011 [41-43].

Two campaigns of topographical surveys were conducted on the field to gather high-resolution
data for the building and the calibration of the hydraulic model of the Sirba River. In particular,
two high-precision Global Navigation Satellite System (GINSS) surveys were carried out in February
2018 and in September 2018. The first survey was performed to measure the river cross-sections in the
dry-period and the second to evaluate the water surface elevation necessary for the model calibration.

The first GNSS survey consisted of the characterization of numerous transversal sections of the
Sirba River bed at one-kilometer distance. The study area is lacking in GNSS permanent stations [44]
and known-coordinates points, which makes ineffective most of the common GNSS survey techniques.
A Real Time Kinematic (RTK) survey in master-rover modality was realized to overcome these
constraints and the station receiver information was post-processed with Precise Point Positioning
(PPP) technique [45,46]. The data were collected with two GNSS dual frequency receivers (Stonex S10)
during the dry season, when the river is at the minimum of its water content and its bed easier detectable.
18 base stationing positions were placed along 100 km of Sirba River, between the border with the
Burkina Faso and the confluence in the Niger River (Figure 3). Despite the critic conditions, in 10 days
it was possible to measure 103 cross-sections along 100 km of river. Moreover, a second GNSS survey
was conducted with the same methods for the characterization of the hydraulic levels in important
cross-sections of the rivers (main villages, gauging stations, confluence, and hydraulic structure).
The PPP was performed using an online free service provided by the Canadian Government [47].
The obtained results had an average precision of 2 cm on East component, 8 cm on North component
and 4 cm on the Up component.
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Figure 3. Above left: area of the topographical surveys: the green squares indicate the 18 stations along
the river, while the red ones the sections along the river. Above right: the GNSS devices STONEX S10.
Middle right: the topographical survey conducted on the field. Below: Panoramic view of the Sirba
River near the village of Larba Birno.
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3. Methods

The methodology implemented in this work and proposed for similar case study is resumed in
the workflow summarized in Figure 4.
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Figure 4. Workflow: Data collection (input); elaboration of collected data (processing) and outcomes of
the work (output).

3.1. Hazard Threshold Definition

It has become increasingly important to define index and design indications regarding floods
and river management [48]. The marked trend and non-stationarity of the historical series for the
Sirba gives standard statistical analyses based on the assumption that the data is stationary a low
confidence level. For accurate flood hazard evaluation, updated indicators of the level of flood hazard
are required [15,32].

In the following sections, several metrics are defined as indices for a corresponding flood hazard.
First, flood hazard categories are presented that correspond to varying field effects produced on
riverine villages. Next, statistical tools are used: (1) the non-stationary Generalized Extreme Value
(GEV) distributions to evaluate flood return time according to the most up-to-date information; (2) the
Flow Duration Curves (FDC) in order to evaluate homogeneous periods of the historical flow series.
The use of varying approaches allows for a robust definition of the flood hazard.

3.1.1. Field Effects

The hazard thresholds were defined, following an analysis based on the field effects in the riverine
villages, in accordance with the official flood hazard scenarios used in the Niger Republic for the city
of Niamey. The thresholds were defined, in the early 2000s, by a multidisciplinary team composed by
national department (Ministry of Hydraulic, Ministry of Agriculture, Directorate of Meteorology and
civil protection) and regional authority (Agrhymet Regional Center and Niger Basin Authority) [31].

The classification consists of the four flood hazard scenarios:

- Normal condition (green): the characteristic flow of the river with no effects on the
riverine activities;

- Yellow alert: frequent flood of the river that slightly affects human activities. It could cause
damages to fish nets, water pumps and livestock watering on the river;
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- Orange alert: severe flood of the river that has a significant impact on the human life. It can
cause damages to the low-altitude houses and avoid access to the wells closest to the river banks;

- Red alert: catastrophic flood that represents a high hazard source for human life. It can cause big
damages to a vast portion of the riverine villages with likely human losses.

3.1.2. Statistical Analyses

The updated discharge time series for the Sirba River (1956-2018) presented by
Tamagnone at al. [32] showed that recent extreme flows were much greater in magnitude than in the
original series due to inaccuracies in the rating curves. A Non-Stationary Generalized Extreme Value
(NSGEV) model was fitted to the Annual Maximum (AMAX) of the updated data series using the
same methodology as described by Wilcox at al. [15] to explore the implications on extreme flow
characteristics. First, the NSGEV for the updated series is compared to the one before the updating,
to show the influence of rating curve accuracy on the estimation of the trend in extreme values. Second,
the NSGEYV is compared to a Stationary GEV (SGEV) fit to the updated data to evaluate the risks of
ignoring the non-stationarity of the dataset. Third the FDC were computed in the last homogeneous
period (2009-2018) in the GK flow series [32].

In the following chapters the calculated return levels will be called S-RT (Stationary Return Time)
and NS-RT (Non-Stationary Return Time).

The GEV distribution is designed to represent the distribution of block maxima values, in this
case AMAX. The parameters of the GEV (L, 0, &) can be varied according to given criteria to account
for non-stationarity. for the NSGEV method, the parameters vary according to a temporal covariate
(e.g., the parameters of the GEV distribution are different for each year).

The advantage of the NSGEV distribution is that it can be used to calculate non-stationary return
levels. For this study, the return level for a given flow threshold is calculated using an NSGEV and
compared with the return time calculated using a stationary GEV. These results are used as indices
for the different flood hazard scenarios. An SGEV was also calibrated on the updated data series and
compared with the NSGEV. The 1 and o parameters largely exceed the stationary values during the
most recent years.

3.2. Hydraulic Numerical Model

Flood-prone areas have been computed through a hydraulic numerical model implemented with
the use of the HEC-RAS software v5.0.6 (Hydrologic Engineering Center—River Analysis System) [49,50].
HEC-RAS is a physical-based software, developed by the US Army Corps of Engineers, on the fully De
Saint Venant equations [51-53]. The model was performed with a 1-D configuration, based on 147
river’s cross-sections.

3.2.1. Geometry

The geometry of the hydraulic model was based on three data sources described as follows: (1) a
DTM with a resolution of 10 m; (2) the topographical survey of the river bed. The geometry of the
river bed was created through the linear interpolation of the surveyed cross-sections following the
thalweg thanks to the RAS Mapper, the GIS tool of HEC-RAS [53]. Then, it was merged with the
floodplain topography derived from the other two aforementioned DTM in the ArcGIS environment [50].
The high-resolution DTM was useful to both evaluate the river behavior and the floodplain inundations.

The geometry also included the hydraulic structures, within the Sirba River, consisted of only the
Farié Bridge. It presented five piers into the channel and the three concrete box culverts embedded in
the road embankment on the left overbank (Figure 5).
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Figure 5. Left: The Farié bridge on the Sirba River. Right: the culvert with three opening placed on the
left overbank.

3.2.2. Flow and Boundary Conditions

Hydraulic simulations were carried out adopting two different flow regimes described as follows:

- Steady flow: discharge values corresponding to the different hazard thresholds were used to
evaluate the extension of the flood-prone areas. The discharge values are summarized in Table 5;
- Unsteady flow: four artificial hydrographs have been run in the hydraulic model to calculate the
flood peak propagation time. Each hydrograph was shaped following a gaussian curve according
the duration with the temporal extent of 2012 flood event (the highest discharge ever measured)
and the peak equal to the hazard thresholds (Figure 6).

1500

1200

Discharge (m3/s)

900

600

300

green

yellow

orange

red
- = =flood 2012

15 20 25 30 35 40
Time (days)

Figure 6. Artificial hydrographs used in the unsteady flow simulations for the flood propagation time

for the four hazard scenarios and the hydrograph of the 2012 flood event.

The boundary conditions were established at the upstream and the downstream limits.
The upstream boundary condition respected the upstream slope (24 cm/km) by entering the normal
depth condition. The downstream boundary conditions totally depended on the Niger River water
level. The hydraulic level of the confluence and the hydrometric zero of the Niamey hydrometric
station were considered to respect this condition. The same hydraulic jump was assumed for each flow
conditions of the Sirba River due to the similarity of Niger River cross-sections in Niamey and in Farié
(width of about 300 m with a similar floodplain) (Figure 7).



Water 2019, 11, 1018 9o0f22

Figure 7. Left: aerial view of the Sirba-Niger confluence (source google earth [54]: 6 June 2008) with
the Farié bridge. Right: photography of the confluence Sirba-Niger on 8 September 2018.

3.2.3. Roughness and Calibration

The roughness definition of the hydraulic numerical model was carried out operating on the
choice of the best Manning’s coefficient able to replicate the real flow friction. Different Manning’s
coefficients were adopted distinguishing between the river channel and floodplain. For floodplain,
the roughness coefficients were extracted from river engineering manual present in the literature [55-57].
The roughness of the river bed was instead evaluated, considering several factors affecting the flow
friction, using the procedure explained by Chow [51]:

n = (ng+mny +ny +nz +ny) Xms 1)

The surface roughness 1y depends on the size and shape of grains of sediments. The granulometry
of the channel was evaluated using an object detection algorithm [58,59] which analyzed the
photographs taken during the land surveys of the past dry season. A typical grain size distribution
of sediments along the Sirba River bed showed the presence of coarse material with a mean size of
22 mm (Figure 8). The Manning’s coefficient related to the aforementioned distribution was calculated
using a formulation that finds its origin from the Strickler approach, the Irmay’s equation [60]:

1
ng = ﬂ X d651/6 (2)

100%
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Grain size (mm)

Figure 8. Representative grain size distribution of sediments along the Sirba River.

The other parameters were extracted from the book Open-Channel Hydraulics [51] (Table 2).
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Parameters Value
ny surface irregularities 0.005
Ny variations of the cross-section 0
ns influence of obstruction 0
in type of vegetation 0.005
ms degree of meandering 1

10 of 22

Table 2. Values assumed for the calculation of the roughness coefficient of the river bed.

The Manning’s coefficients used to simulate the roughness of each zone of the analyzed river

reach are collected in Table 3, according to literary values used for natural rivers [55-57].

Table 3. Manning'’s coefficients used in the hydraulic model.

Type of Channel and Description Major Stream Flood Plain n (s/m"3)
irregular and rough section X 0.033
regular and rectilinear channel (covered by fine sediments) X 0.02
irregular and rough bedrock X 0.045
light brush and trees (in summer) X 0.06
mature field crops X 0.04
scattered brush, heavy weeds X 0.04-0.05
irregular and rough bedrock X 0.08
X 0.1

heavy stand of timber, a few down trees, little undergrowth

The above-listed roughness coefficients are the result of the process of calibration of the hydraulic
model. It was conducted using as verification data: (1) the stage/discharge measured at 11 river
cross-sections during the survey made on September 2018 and (2) the historical water level of the 2012
flood marked on a tree in Bossey Bangou village. In the calibration process, it was found the channel
and floodplain roughness coefficients that gave the best correspondence between water level measured
and simulated for each cross-section. The cross-section number (XS) represents the distance, in km,
from the section until the confluence into the Niger River.

The altitude differences (AH) between the measured water surface elevation (WSE) and the
hydraulic model results (Table 4) was sufficiently small to ensure the reliability of the model and its
capability to simulate the real behavior of the river.

Table 4. WSE (in meter above sea level) of the water level measured (MEAS) in September 2018,
simulated (SIM) and difference, in meter, between measured and modeled discharge (AH) for the
detected river cross-section (XS). The blue values are referred to a marker for the 2012 flood level.

]
] I =] )
':"‘3 %D ) g > B e E
& 2 ] a 2 £ 2 e
g > o 8 g 3 = g
2 @ = "g O > /M S
a 3 - o
[~
XS 108 10795 107.75 38.52 15.69 9.28 9.2 8.97 8.87 2.47 2.38 0.32
MEAS 219.12  216.58 216.52 202.1 196.09 192.22 19233 192.02 19195 188.57 188.51 188.30
SIM 219.09 216.62 21658 202.05 196.17 19240 19233 192.14 192.06 188.62 188.58 188.30
AH (m) 0.03 -0.04 -0.06 0.05 -0.08 -0.18 0 -0.12 -0.11 -0.05 -0.07 0

4. Results and Discussion

4.1. Hazard Thresholds

The hazard thresholds fixed for the different flow conditions of the Sirba River respected both the
statistical analysis and the field effects on the main riverine settlements according to the classification
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of national flood hazard scenarios used by the Niger Republic [31]. The hazard thresholds in Table 5
are shown with the maximum discharge related to each scenario and the statistical index related to
both FDC [32] and (stationary and non-stationary) GEV. These thresholds are related to the magnitude
of the flooding event and damages on human settlements and are referred the following values:

- The normal condition was considered for the flow below the threshold of 600 m3/s that correspond
at the Q15 (the discharge meanly exceeded 15 days a year) and the S-RTs5;

- The frequent flood comprised the flow in the range 600-800 m>/s where 800 m3/s is related both
to FDC (Qs) and GEV analyses (5-RTqg and NS-RT));

- The severe flood varied from 800 to 1500 m?/s and corresponded to a flood with S-RT3 years
that became a NS-RT5, a little greater than the major measured flood event of 2012;

- The catastrophic flood covered up to 2400 m3/s that is the flood event with S-RT equal to 100 years.
After the non-stationary analysis, it was ten times more likely (NS-RTjp).

Table 5. Hazard thresholds for the different flow conditions of the Sirba River.

Q max Index
Color (m3/s) FDC SGev NSGev Magnitude Expected Damages
(Qxx) (S-RTxx) (NS-RTxx)
normal
green 600 15 5 / condition /
yellow 800 5 10 2 fr?l?)l;fint fish nets, water pumps, livestock
orange 1500 / 30 5 severe flood wells, boreholes, low-altitude houses,
barns, and crops
catastrophic  extended area at medium-low altitude
- 2400 / 100 10 flood (houses, barns, and crops)

The hazard thresholds identified for the Sirba River are consistent with European Flood Directive,
but some differences can be highlighted. The three thresholds identified in the European Flood
Directive [25,61-63]: (1) totally depend on hydrological analyses; (2) are related to return levels of 20/50
years (high frequency), 100/200 years (low frequency) and 500 years (rare frequency). The European
Flood Directive overlooked the lower thresholds (normal condition and frequent flood) while the
computed thresholds considered field effects and neglected rare events. The lower thresholds are very
important in developing countries with high population growth and lack of urban planning since they
may consistently affect rural activities [64]. The events with high return level were not considered
because of the connected discharges were not representative of the physical behavior of the river basin.

4.1.1. Generalized Extreme Value Analysis

The selected NSGEV model, by Wilcox et al. [15], for the original Garbey Kourou time series was
double linear (i.e., with different slopes before and after a break point) for both the 1 (central tendency)
and o (dispersion) parameters. The model choice was confirmed for the updated series with high
significance (alpha < 0.001) over fewer complex models.

The analysis of GEV time variation shown the break point for 1 was 1996 for both series. The break
point for o was 2003 for the original series and 2006 for the new series. This may be due to either the
new data or boundary effects; the methodology separated the break point from the end of the data
series by 10 years, so the break point 2006 would not have been identified in the original series which
arrive only to 2015.

Both p and o have a rising trend since 1996, which indicates an increase in magnitude and
variability of extreme events as discussed by Amogu at al. and Descroix at al. [3,4]. The magnitude
of the trend is much greater in the updated series. The shape parameter (&) is higher in the updated
series but has a larger confidence interval. This indicates the most extreme (rare) values risk to be even
greater than before, but with more uncertainty (Figure 9).
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Figure 9. Time variation of the GEV parameters for both the old and the updated discharge time
series: top left p (central tendency) parameter, top right o (dispersion) parameter and bottom left &
(shape) parameter.

The influence of considering non-stationary parameters can be seen in Figure 10. This figure
shows the trends for the return levels of 2 and 20 years. The return levels calculated with the NSGEV
show an increase of several hundred m®/s even for short return time (2-year) in the last 20 years. In all
cases, non-stationary return levels for recent years were well above stationary return levels (Figures 10
and 11). Confidence intervals were large and increasingly large for longer return levels. With the
2-year and 5-year return levels, there was high confidence that the current non-stationary values
exceeded the return levels calculated as if the river discharge were stationary. Results were less clear
starting from the 10-year return level. The range of uncertainty for the 20-year return level, given a
non-stationary model, indeed encompassed the range of values included from the stationary model.
This demonstrated the challenge of estimating the value of a given return level in a non-stationary
context due to the exceptionally high uncertainty.

The comparison between stationary and non-stationary return levels underlined that with equal
discharge, non-stationary values were ten times higher than the S-RT (Figure 11) [15,65]. This behavior
is justified by the substantial increase of the AMAX values in the last two decades and by the very
steep trend of this increase [32].

The application of the non-stationary methodology allowed to implicitly consider ongoing changes
of the drivers that are strongly affecting the hydrological behavior and the change in frequency of
extreme events [15,32]. Until now, the scientific community did not really understand which driver,
between climate or land use/cover changes, more influence the hydrological evolution of Sahelian
rivers [3-5,7,9,14].
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Figure 11. The relation between non-stationary and stationary RT for the year 2018.

4.1.2. Historical Flood Analysis

Floods impacts on the human settlement are a complex system based not only on physical factors
(hydrology and river behavior) but also on social factors (urban development, people growing rate
and awareness of the flood risk) [66—68].

An analysis, based both on the ANFD and on the time series of maximum flow, allows identifying
the worst events on the riparian villages of the Sirba River. The effects on the villages are not directly
proportional to the magnitude of the flood, considering the first discharge threshold of 600 m3/s
(Table 6).

Table 6. Villages affected by year at each flooding events (Qmax > 600 m3/s), during the period
1998-2015, and the total number of people living in these villages (ND = Not Detected event).

Qmax Number of

Year (m3/s) Villages Affected Villages Involved People
1998 651 ND ND ND
2007 626 4 Garbey Kourou, Larba Birno, Larba Koira Zeno, Tallé 11,017
2009 618 ND ND ND

Bossia, Guidere, Koutoume, Larba Birno, Larba

Koira Zeno, Tallé, Tchawa, Touré, Bobonbongou,
2010 1216 18 Boksay, Daberou, Dirim Halidou, Dirim Sonrhai, 21,325

Gawana, Kobaniou, Koutoume B., Larba Touloumbo,
Tiaptey T.

2012 1403 ND ND ND
2013 1349 3 Garbey Kourou, Tallé, Touré 10,383

2015 1101 1 Larba Birno 3687
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Even though a lack in the record for the events of 1998 and 2012 some significant considerations
could be made:

1.  most of the events (six out of seven) in recent years (nine out of 18) are emphasizing the increased
significance of recent flood events also for the Sirba River;

2. adaptation and flood awareness produce a decrease of the damage related to a certain discharge:
the flooding event of 2010 (with the maximum recorded discharge until that year) affected more
than 20,000 people while the higher event of 2013 affected half of the people (10,000). The same
behavior is noticeable compared to the flood of 2007 and the higher event of 2015. The decrease
of damages was due to the displacement of settlements after flooding events. The reallocation
was noticed both during local surveys and participative meetings with inhabitants.

4.2. Flood Hazard Scenarios

Flood hazard mapping of the Sirba River represents the direct assessment of the degree of hazard
exposition to which riverine populations are subjected.

Results from hydraulic simulation show an extension of flood-prone areas between 30 km? of the
green scenario up to the 77 km? of the red scenario (Table 7). These outcomes demonstrate that in any
case floods cannot watered vast areas beside the river due to the carved morphology of the Sirba valley.

Table 7. Total flood-prone areas and percentage increment from the normal condition to the different
flood hazard scenarios.

Color Scenario A (km?) Increment
green normal condition 30.12 /
yellow frequent flood 37.77 25%
orange severe flood 60.13 100%

_ catastrophic flood 76.86 155%

The bulk of the receptors are on the left bank of the Sirba River (houses, community services,
infrastructures, fields and vegetable gardens) while on the right bank the receptors are essentially
made up of fields and orchards, but no settlement is affected.

The normal condition (green scenario) does not interfere at all with human activities. The frequent
flood (yellow scenario) could create some problems usually related to the livestock safety or to the
damage on the human tools used on or near the river (fish nets, water pumps, pirogues). The severe
flood (orange scenario) affects gardens, orchards, gardens, the lower sector of the villages and it is very
significant also because in some cases it could compromise the use of the wells for drinkable water.
The catastrophic flood (red scenario) inundates the lowest portion of the riverine villages and affects
hundreds of houses even if the percentage of affected villages is never above 10% of their surface.
Flood exposure of the main settlements along the Sirba River is quite the same perhaps because the
memory of the severe flood of 2012 is still alive. This flood destroyed a large part of the low-altitude
houses and caused damages until the limit of the orange threshold.

Tallé presents different features than other settlements and is the only case where the red scenario
interest more than 10% of the populated surface (Figure 12). This village is located a few kilometers
from the national (paved) road Niamey-Téra and near the confluence Sirba-Niger, where access to
irrigation water is possible throughout the year, this settlement is naturally suited to commercial
horticultural activities and rice farming. Here demographic growth is restless, and the new households
are often built in the flood exposure areas.

Analogous case is the catastrophic floods occurred in Niamey in 2012 and 2013, both events had
a similar magnitude. Even if the dynamics are slightly different in the capital city, the flood in 2013
watered the same areas as the year before and destroyed the new settlements immediately re-built as a
consequence of the strong population growth [7,69].
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Figure 12. Flood hazard map in the village of Tallé: green: normal condition, yellow: annual
flood, orange: severe flood and red: catastrophic flood. Base map aerial view (source ArcGIS world
imagery [70]: 10 July 2016).

A more detailed analysis of the vulnerability of receptors will be the subject of future work and
will allow the definition of the mitigation measures. The materialization of graduated mast (with the
level of the four scenarios) and the draft of risk reduction plan will be performed for each village to
improve the awareness of flood hazard. Mitigation or adaptation measures will be determined on the
base of a cost-benefit analysis and will include: (1) the reallocation of settlements or gardens; (2) the
improvement of building techniques; (3) the creation of limited sections of levees.

A supplementary scenario was performed to evaluate the amount of the backwater caused by the
high-water level of Niger River during the Guinean flood of January 2019. This level indicates that Niger
River level could regurgitate the 8-last km of the Sirba River reach (until the downstream boundary of
the village of Garbey Kourou). This extent, confirmed by field measurements, allowed to identify the
flood hazard caused by the Guinean backwater coming from the Niger River. This flood did not affect
the household but destroyed many gardens between the Tallé village and the Sirba-Niger confluence.

4.3. Evaluation of Hydrometric Station Rating Curves

The hydraulic model allowed to validate the rating curves and evaluate the application range of
the computed equations. This technique was applied for two rating curves: Garbey Kourou, calculated
in Tamagnone et al. [32], and the new one of Bossey Bangou, computed following a power-law with
two parameters [32,71]:

Q = axht (3)

Table 8 shows the parameter figures of the Rating Curve (RC) equation for Garbey Kourou e
Bossey Bangou. The comparison between the computed rating curves and the curves extracted from
the hydraulic model shows a good match between the two curves (Figure 13). It allows appreciation of
the hydraulic model as a reliable simulator of the natural behavior of the river also for flood conditions.
The alignment between the two curves enables extension of the RC ranges of application above the
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major field measurement (Figure 13). The application range of the GK rating curve can be considered
valid up to 5 m, while the range of BB rating curve is extendable up to 8 m. The behavior of BB RC has
an optimal alignment with the model outcome, while the GK RC underlines a mismatching possibly
causing an overestimation of discharges above 5 m. The unaligned trend displayed in Figure 13a
is probably caused by the complex geometry downstream the GK station. It is characterized by the
presence of a stone island that influences the river flow by creating a backwater. It caused complications
also in model calibration. To overpass these problems, high-flow field measurements must be done to

improve the reliability of the GK RC with for a wider application range.

Table 8. Coefficients and application ranges of the rating curves equations of the Bossey Bangou and

Garbey Kourou gauging sites.

Rating Curve Validity Ranges (m) a b R?
0-4.4) 41.965 1.366 0.992
B B _ [
ossey Pangou  2018-now [4.4-8] 3664 3.071 0.988
0-1.9) 8.238 4.025 0.972
Garbey K _ [
arbey Rourou 2004-now [1.9-5] 24769 2419 0986
3000
2750 e field measurement Garbey Kourou rating curve
2500 rating curve g
= 2250 oo hydraulic model ~
=
£
(0]
oo
@
<
2
z
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Stage (m)

a
Stage (m)
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2750 ® lood 2012 Bossey Bangou rating curve|
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Figure 13. The two gauging stations of the Sirba River: (a) Garbey Kourou; (b) Bossey Bangou.
Comparison between the rating curve (continuous black line), field measurements of stage/discharge
(red points), the level of 2012 flood (blue point) and the rating curves computed with the hydraulic

model (dotted green line).
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Considering that discharge observations are strongly related to the quality of the rating curve
equation, the uncertainty of the rating curve might lead to significant errors [32,72,73]. For these
reasons, the quality of rating curves should be periodically controlled and updated with on-site
measurements, as well as, confirmed by hydraulic models. Moreover, the hydraulic modeling was able
to extend the stage range of validity of the calculated equation above the maximum field measurement.
In particular, the GK and BB rating curves were validated up to respectively 20% and 40% above the
maximum field measurement.

4.4. Flood Propagation Time

The flood propagation time is the flow peak transit time from the gauging station of Bossey
Bangou until the downstream villages. These times are crucial for the implementation of the early
warning system of the Sirba River. The peak propagation velocity depends not only on geometric
factors but also on the river discharge: the higher the discharge, the faster the flux, and hence the
less the peak transit time. In the Sirba River, the mean flow velocity varies from 0.97 m/s, in the
normal condition, to 1.13 m/s of the catastrophic scenarios. The yellow and orange scenarios were
characterized by a velocity of respectively 0.98 and 1.01 m/s, little higher than the normal condition.

Table 9 shows the peak transit time for the severe inundation (Q = 1500 m?/s) which can reflect
what happened during the flood in 2012. The flow peak transit time is 29 hours for the entire reach.
This means that the warning can be sent with an anticipation of about one day for the biggest villages
in the downstream river reach (Touré, Guidare, Larba Birno, Garbey Kourou and Tallé) and of about
10 hours for the upstream villages. This notice was considered enough for the flood procedure alert
but not adequate for the traditional communication system of the national structures devoted to flood
alert. In other words, to make faster the communication of the alert to the Sirba riverine villages using
the Bossey Bangou notice, the early warning system needs to also include a direct village-to-village
communication mechanism.

Table 9. Flood propagation time [h] from the Bossey Bangou gauging station: L is the distance from
the upstream gauging station and XS is the number of the corresponding cross-section.

2 2
&0 2 = g S 5
5 = 2 s S 5 . = k= 3 . =
S = < 2 E g £ 3 & > = 2
s 0y ¢ : i 5+ & % : 3 & +
> 2 ° = B o O 5 . o
2] Q0 2] = =] o

/@ O

XS 108 86.16 81.5 65.58 56.28 39.44 25.88 16.58 8.21 4.89 0.32

T (h) 0 5 7 11 15 20 24 26 28 28 29

The limited waring time from the Bossey Bangou gauging station to the main villages is expected
to be the biggest challenge of an Early Warning System on the Sirba River. This weak point could
be emphasized by the feeble internet network in the country. To solve this problem two different
ways could be feasible: (1) the installation of new gauging stations in the headwater; (2) the use
of hydrological models able to predict the river flow some days in advance [74,75]. For the first
option, additional field work and supplementary investments would be needed but the system might
guarantee higher accuracy than the use of hydrological models. In fact, these models are strongly
affected by the uncertainty of meteorological input [76,77].

5. Conclusions

Considering increasing-attention that flooding events attract on the Sahelian countries, this research
was designed to evaluate the flood exposure of the riverine population of the Sirba River. This represents
an important step for the operability of an early warning system against floods. After the identification
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of the hazard thresholds, this study computed the flood hazard scenarios using a hydraulic numerical
model on the 108 km river reach.

The hazard thresholds were defined, in accord with the national code of Nigerien flood alert,
for four scenarios (green, yellow, orange, and red). They were identified on the field effects and then
related to an index based on statistical analysis of the flow series. The application of the non-stationary
method to compute the occurrence probability of flood events became fundamental in the Sahelian
framework where the climate changes are drastically modifying the river hydrology. The results of the
analysis showed that the probability of occurrence of an extreme event deriving from the non-stationary
approach was about ten times higher than that considering the stationary approach (e.g., S-RT =
100 years = NS-RT = 10 years). This resulted even though the confidence level of the non-stationary
analysis was very low for high RT.

The flood scenarios showed that only the low sector of the villages was exposed to the flood
hazard and a flooding event smaller or equal to the historical maximum flood of 2012 would not cause
considerable damages on the villages. This effect is due to adaptation to the flood events caused by the
recent phenomenon. Flood scenarios can be used by local administrations for urban planning avoiding
new settlements in flood-prone areas. Indeed, flood hazard maps, with the scenario extents, will be
shared with local administrations as a base for local planning. This information is very useful in a
developing context where the urban system is not completely fixed and the population growth is very
high, thus enhancing the awareness of the new inhabitant. Moreover, the association of flood scenarios
with the national alert code constitutes a powerful decision-making tool for early warning.

Additional results of this study were the validation of the rating curves of the Sirba hydrometric
stations and the computation of the flow peak transit time. The rating curve validation and the
extension of the application range enhanced the reliability of the flow computed in the gauging stations
of Bossey Bangou and Garbey Kourou. The flood propagation time was an essential result for the early
warning system that will be implemented on the Sirba River. The short notice between the Bossey
Bangou gauging station and the downstream villages is the major challenge that could be solved only
with the installation of new gauging stations in the headwater. Alternatively, a possible solution could
be the use of a hydrological model that predicts the river flow discharge some days before.

Future developments of this study will explore the implementation of the early warning system
and the integration with the hydrological model results to increase the notice time in the villages.
Moreover, a detailed study on the exposure and vulnerability will be conducted on riverine villages to
exhaustively evaluate the flood risk in terms of economic and social losses.
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