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Abstract

In recent years, West Africa has been confronted with hydro-climatic disasters
causing crises in both urban and rural areas. The tragedy in the occurrence of
such events lies in the recurrent aspect of high water and associated floods.
The devastating floods observed in Africa’s major rivers have revealed the
need to understand the causes of these phenomena and to predict their behav-
ior in order to improve the safety of exposed people and property. The aim of
this study is to reproduce flood flows using the GR4]J (Rural Engineering Four
Daily Parameters) model to analyze flood risk in the Oti watershed in Togo.
Daily data on flows (m?/s), potential evapotranspiration (mm/day) and aver-
age precipitation (mm) over the basin from 1961-2022 collected at the Na-
tional Meteorological Agency of Togo (ANAMET) and the Department of
Water Resources in Lome, were used with the R software package airGR. The
Data from the West African Cordex program from 1961-2100 were used to
analyze projected flows. The results obtained show the GR4] model’s effective-
ness in reproducing flood flows, indicating that observed flows are well simu-
lated during the calibration and validation periods, with KGE values ranging
from 0.73 to 0.85 at calibration and 0.62 to 0.81 at validation. These KGE val-
ues reflect the good performance of the GR4] model in simulating flood flows
in the watershed. However, a deterioration in the KGE value was observed
over the second validation period. Under these conditions, there may be false
or missed alerts for flood prediction, and the use of this model should be
treated with the utmost caution for decision-support purposes.
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1. Introduction

In West Africa and Togo, floods have become recurrent in recent years with
strong socio-economic and ecological impacts such as loss of life and material
damage [1]. The recurrence of these floods is due to a frequent pluviohydrological
hazard combined with an increased vulnerability of the population [2] [3]. This
situation has made hydrological forecasting necessary to reduce the population’s
vulnerability. The key to effective hydrological modeling is a better characteriza-
tion of climatic variability, including possible changes in the precipitation regime
and rhythm (frequency, intensity and spatio-temporal distribution), thus directly
affecting the magnitude and timing of runoff, flood intensity and flooding [4].
Hydrological modelling is a solution for reproducing flows and, above all, flood
risks. It is an essential tool for understanding the dynamics of a watershed, for the
rational use of water resources and for combating flood-related natural disasters.

In fact, recent studies [5]-[7] have shown that climate change has enormous
consequences for the availability of water resources, in terms of an increase or
decrease in the amplitude of extreme events, changes in the frequency of occur-
rence of these extreme events and changes in the processes that lead to these ex-
tremes. Knowing the hydrological behavior of a watershed, therefore, becomes a
priority in the sustainable management of water resources and, above all, in high-
lighting the impact of climate variability on these water resources [8]. Similarly,
anthropogenic factors such as changes in land use and water abstraction for agri-
culture and urbanisation further complicate river flow forecasting [9]-[12]. Thus
the hydrological modelling approach appears to be a practical solution for im-
proving streamflow simulation in data-scarce catchments, offering a glimmer of
hope for regions grappling with the challenges of managing water resources under
conditions of limited observational data [9] [13] [14].

Thus, the management of surface water and consequently flooding, requires a
better understanding of runoff and extreme events through rain-flow modelling
[15] [5]. To protect riverside populations in the Oti watershed against the recur-
rence of flooding, an operational and reliable forecasting tool is needed, as the
issue of flood forecasting is a totally open subject of undeniable interest today. To
this end, the rational control and management of surface water require a better
understanding of episodic runoff and the influence of extreme climatic events,
through conceptual rainfall-runoff modelling. In recent years, several approaches
have been developed to improve the accuracy of streamflow modelling, which rep-
resents the fundamental hydrological processes associated with extreme events

such as floods [16]-[18]. Hence, the need to use hydrological modeling with the
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GR4]J conceptual model to reproduce 24-hour flood flows.

In addition, the GR4J model has already proved its worth in several West Afri-
can watersheds. These include the upper Oueme watershed [6] [19], the Beninese
Niger River basin [20], the Mono watershed at Nangbéto in Benin and Togo [5]
[7] and the developed watershed of the Sassandra River at the Soubré outlet in
southwest Cote d’Ivoire [21] in a context of climate variability and environmental
change. In addition, it should be noted that the use of hydrological models in ba-
sins characterised by sparse or non-existent data presents significant challenges,
mainly due to the difficulty of calibrating and validating models without adequate
observational datasets [22]-[25].

However, in the Oti watershed at the Mango outlet in Togo, research into hy-
drological modelling is little addressed, following the example of [26] who used
the semi-distributed model. A rain-flow model is of particular interest in devel-
oping countries, since it can be used to estimate or represent the resource available
for development, but also to predict how this resource will evolve in the coming
years in the context of climate change [6] [27]. It does, however, enable us to ap-
preciate the rainfall-flow relationship likely to generate flooding. It is in this per-
spective that the use of the GR4J conceptual model in the Oti watershed is justi-
fied. The slight increase in rainfall since the late 1990s in West Africa in general
and in Togo in particular, in an environment increasingly marked by anthropo-
genic pressure, has led to an increase in runoff and flooding in rivers compared
with the 1970s and 1980s [4] [28]. In addition, flood damage has become more
catastrophic in this part of Africa [5] [29] [30].

For this research, the GR4] conceptual model is used to reproduce flood flows,
as it can be used to transform climate series on a watershed scale (precipitation
and ETP) and simulate flows. It can be used as a decision-making tool for updat-
ing hydrological norms in the study area. GR4J has been used to determine flood
flows in order to analyze the risk of flooding. The aim of this study is to reproduce
flood flows using the GR4J model to analyze the risk of flooding in the Oti water-
shed in Togo.

2. Data and Methods
2.1. Study Area

The Oti watershed is located in the Volta River basin and drains part of the trans-
boundary countries (Burkina-Faso, Benin, Togo and Ghana) with a surface area
of 58,670 km? at the Sabari outlet in Ghana. It is the largest of the three basins,
sharing the Togolese territory. At the Mango outlet, the Oti basin in Togo covers
an area of 35,652 km? and is located between 11°05' and 10°96'N and 0°12” and
0°95'E (Figure 1).

The Oti watershed has a relatively dense hydrographic network, controlled by
the River Oti. The Oti, the main water collector (167 km long in Togo), rises in
northern Benin on the eastern slopes of the Atacora chain, under the name

Pendjari. It flows south-west-north-east, crosses Atacora and then reverses,
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Figure 1. Geographical location of the Oti watershed.

flowing back south-west, arriving in Togo where it takes the name of the Oti [31]
and flows into the White Volta in Ghana. Its tributaries are the Wabga, Namiélé
and Sansargou on its right bank. Its left-bank tributaries are the Koumongou,
Kéran and Kara rivers. The bed of the Oti is cut into the clay formations and bor-
dered here and there by a forest gallery. The overflowing of the Oti during the
rainy season causes catastrophic flooding in the area.

In hydrological terms, it is, on average, a gently sloping basin, dominated in its
north and south-western parts by an immense plain. The Oti has an irregular trop-
ical regime. It is controlled by the average seasonal rhythm. During the high-water
period (August-September-October), the Oti rises out of its bed and joins, according
to [32], the large body of stagnant water in the overflow basins, causing lateral runoff
and flooding vast tracts of land. In its low-water period (March-April-May), during
the dry season, the Oti has a low flow due to the absence of rainfall. It should also
be noted that the middle waters correspond to the months of June-July (start of the
wet season) and November and December (start of the dry season). This is the in-
termediate period between high and low water in the Oti. However, the construction
of the Kompienga dam upstream in Burkina-Faso on the Oti tributary (Wabga) has
disrupted the Oti’s hydrological regime. In the rainy season, flooding is severe due

to water releases from the dam. In the dry season, the medium water regime is more
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regular, thanks to the operating current of the dam’s turbines.

According to the fifth General Population and Housing Census (5" RGPH) in
2022, the Oti watershed had a population of 1,143,520, unevenly distributed across
the entire basin. Several types of activities are practiced by these populations.
These are agriculture, livestock, fishing, hunting, crafts, trade, tourism, sand and
gravel extraction and transport. However, agriculture appears to be the main ac-
tivity of the populations of the watershed.

2.2.Data

The hydroclimatic data used for this study relate to daily rainfall and discharge over
the period 1961-2022. Rainfall data are collected at seven (07) meteorological stations
of the National Meteorological Agency of Togo (ANAMET) in Lome. The stations
are Dapaong, Toaga, Mango, Mandouri, Borgou, Barkoissi and Tankpamba. The
data covers the period from January 1, 1961 to December 31, 2022. Flows at the Oti
hydrometric station in Mango were obtained from the Department of Water Re-
sources in Lome. The mean daily temperature at the Mango station was used to cal-
culate the daily potential evapotranspiration (PTE) using the method of [33].

Rainfall and PTE projection data from the RCP 8.5 and RCP 4.5 scenarios of
the Cordex West Africa program models were used to project future flows in the
Oti watershed at Mango using GR4J, in order to obtain flood inducing flows for
the 2050 horizon. Thus, the Cordex model provides high-resolution data in the
form of grids of 0.44° * 0.44°, which is approximately 50 km * 50 [34] [35]. The
models whose data are used for this study are REMO and CCLM.

2.3. Methods

2.3.1. Calculation of Potential Evapotranspiration (PTE)

The method used to calculate PTE is that of [33], previously tested by [36] and
[5]. It consists of estimating daily PTE for hydrological modelling and is derived
from the Jensen-Haise and McGuinness models. These models take into account
only the average daily air temperature and solar radiation, which depends on lat-
itude and the 365 days of the year. They are presented as follows:
_RT,+K,

- 7 pKl

PE (1)
If RT,+K,>0,PE=0,
where PE daily potential evapotranspiration (mm-d™'); R. solar radiation
(MJ-m™%d™); 7 daily mean temperature (°C); y: latent heat of evaporation of wa-
ter at 20° (taken equal to 2.45 MJ-Kg™); . density of water (kg-m™?).
K (°C) and K; (°C) are fixed model parameters because they are adjusted dur-
ing the sampling of the entire basin and are not specifically calibrated for each
watershed [33] [37].

2.3.2. Structure and Operation of the GR4] Model
There are several versions of the GR4] model. The one used in the present study
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is the version adapted by [38] and [39] and illustrated in Figure 2.
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Source: [38] [39].

Figure 2. How the GR4] model works.

The GR4J model is a daily model with four optimizable parameters: X1 is the
capacity of the production reservoir (mm); X2 is the underground exchange coef-
ficient (mm); X3 is the one-day capacity of the routing reservoir (mm) and X4 is
the unit hydrograph (HU1) base time in days. The first reservoir, called the pro-
duction reservoir, X1, is used to assess the observed precipitation at watershed
scale. From the net precipitation, it is possible to define the watershed discharge,
taking into account evapotranspired water (precipitation and PTE). The second
reservoir, the X3 routing reservoir, enables the quantity of water linked to the flow
rate to be broken down over time using previously defined parameters.

The model uses as input the average rainfall over the watershed area P (mm)
and the potential evapotranspiration PTE (mm) and provides as output the flow
rate Q (m3/s).

The soil water balance is determined by gross rainfall plus potential evapotran-
spiration (PTE). This action is mathematically represented by:

-If P> Ethen P,= P- Eand E,=0

-If P< Ethen E,= E- Pand P,=0

In the production reservoir, the rainfall remaining after withdrawal by the
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action of the PTE is divided between the quantity of water going into the soil res-

ervoir P, and that of P, - P,, which transits towards the outlet as follows:

2

ged
P ( X1 @
S 1+P”(1+Sj

X1
553

£ - X1 X1

e fefp S
X1 X1

The reservoir content is thus updated by: = §- E; + P, and the percolation of

3)

the production reservoir is written as Perc, which is added to 2, - P, such that:

AR
Perc=S—[S4+(ZX1) ] (4)

The reservoir content is then again identified by: §= §- Perc.
Rainfall is separated into two flow components in the model.
-A pseudo-direct flow is routed by a unit hydrograph (SH1(X4)) representing
10% of the effective rainfall, i.e., each day /.
For /=0, SH1()) =0
NS
. . Vi 2 ] 2
For0<;< X4, SHI(j)= (ﬁj (ﬂ] (5)
For j> X4, SH1()) =1
-The remaining 90% of effective rainfall is routed via a unit hydrograph
(SH2(X4)) and a routing reservoir (transfer).
For j=0, SH2()) =0
3
1

For0<;< X4, SH2 ‘:—Lz 6
J ) 2()(4) ®)

[S)

. . 1 J
For X4 <;<2X4, SH2 =]1-—=|2—— 7
J (N=1-3(2-2%] o)
For j>2X4, SH2(j) = 1
At the level of the underground reservoir, the exchange function is provided by
R X2), which can be either an underground inflow or an underground outflow for
the basin.

It is presented as follows: F = X2 [ijz (8)

X3

where Ris the level in the routing reservoir (groundwater).
The level in the routing reservoir R is updated by adding the output Q9 of the
hydrograph (SH1(X4)) and F R=max (0; R+ Q9 + F).
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It then empties to an output Qr given by the following formula:

1

Or=R—(R*+x37) 9)
The level in the reservoir then becomes A: R= R - Qr. (10)

The output Q1 of the hydrograph (SH2(.X4)) is subjected to the same exchanges
to give the direct flow component (Qd) of the stream and the delayed flow (Qr),
representing groundwater recharge and materialized by the following formula:

0=0r+0d . (11)

The usefulness of this model is to reproduce flood flows [1] [6] [21], as well as
flood hazards based on rainfall and PTE, in order to alert communities [1].
It should be pointed out that the equations developed in this section are limited

to watersheds with interconnected reservoirs.

2.3.3. Optimization Quality Criteria

Hydrological modelling using the GR4] model enables us to assess water availa-
bility by highlighting its performance in reproducing flood, low water and mean
flows, based on Nash, R* and KGE criteria. Moreover, the rainfall-runoff model
does not provide a solution, but rather a better understanding of the watershed’s
hydrological dynamics [1] [7] [40].

The best known and most widely used model optimization criteria for concep-
tual models are the Nash and Sutcliff criterion and the KGE (Kling-Gupta Effi-
ciency). For this study, it is the KGE criterion that has been highlighted, as the
study aims to find the criterion that best matches GR4J’s ability to reproduce high
water flows in the Oti watershed. Similarly, the KGE enables a goodness-of-fit
measure developed to provide an interesting diagnostic decomposition of Nash-
Sutcliffe efficiency (and hence MSE), which facilitates analysis of the relative im-
portance of its different components (correlation, bias and variability) in the con-
text of hydrological modelling [41] [42]. Based on the above, this study used the
KGE criterion to analyze the performance and robustness of the GR4] model in
simulating high water flows, as [35] had done in the Ouémé basin in Bonou (Be-
nin). The KGE ranges from -c to 1. The closer it is to 1, the closer the simulated

flows are to the reference flows. It is obtained by the formula:

KGE =1-ED et ED = |(r=1)’ +(a—1)’ +(B-1) (12)
where, £D = Euclidean distance to the ideal point; r = Pearson correlation coeffi-
cient.

a="x (13)
Oy

a = the ratio between the standard deviation of simulated values and the stand-

ard deviation of observed values.

p=t (14)
Hy
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[ = the ratio between the mean of simulated values and the mean of observed
values.

Table 1 shows the performance of the GR4] model with the KGE criterion on
the Oti watershed in Togo.

Table 1. GR4J model performance with the KGE criterion.

Kling-Gupta Efficiency criterion (KGE) Model performance
0.75<KGE<1 Very Good
0.65 < KGE <0.75 Good
0.50 < KGE < 0.65 Sufficient
KGE <£0.50 No Sufficient
Source: [41].

2.3.4. Model Calibration and Validation

The calibration and validation procedure involves first dividing the data time se-
ries into two independent periods of equal size (P1 and P2). The model is then
calibrated on the first period (P1) and validated on the second (P2). Depending
on the objectives pursued, it may be possible to recalibrate on the second period
(P2) and validate on the first (P1). All selected periods must be preceded by a start-
up year to allow initialization of reservoir contents.

Thus, to ensure that the model reproduces flood flows correctly during calibra-
tion and validation, i.e., that the model best reproduces the hydrological behavior
of the watershed, four periods were taken into account in the time series for this
study and implemented in the R software package airGR. In the first step, the
model is calibrated from 2016-2017 and validated from 2018-2019. In a second
step, it is calibrated from 2019-2020 and validated from 2021-2022. The choice of
periods for calibration and validation in the present study is explained by the fact

that these periods present a less incomplete set of data.

3. Results and Discussion

3.1. Variability of Observed and Simulated Flows in the Oti
Watershed at Mango

Figure 3 illustrates the variability of observed and simulated flows at calibration
(2016-2017) and validation (2018-2019) with GR4]J.

Analysis of Figure 3 shows that simulated flows overestimate observed flows
during low water periods from October to July with a probability of 0 - 60%, and
underestimate them by 60-95% during high water periods (August to September)
for the period (2016-2017). In validation (2018-2019), simulated flows overesti-
mate observed flows from November to July with a probability of 0 - 55%, and
underestimate them by 55% - 75% from August to October.

Figure 4 highlights the results of the variability of observed and simulated flows
in calibration (2019-2020) and validation (2021-2022).
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Figure 3. Variability of observed and simulated flows during calibration (2016-2017) and validation (2018-2019).

The analysis of Figure 4 shows that simulated flows overestimate observations
from October to July during low water periods with a probability of 0 - 55%, and
underestimate them by 55% - 90% from August to September (floods) in the
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Figure 4. Variability of observed and simulated flows during calibration (2019-2020) and validation (2021-2022).

calibration period (2019-2020). At validation (2021-2022), simulated flows also
overestimate observations from October to July with a probability of 0 to 55% and

underestimate them from August to October by between 55% and 92%.
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From the above, it should be noted that the underestimates during high water
are due to the effect of cumulative rainfall in August, September and October in
the watershed. Indeed, the hydroclimatic events responsible for flooding in Togo’s
Oti watershed occur in August and September.

This confirms the findings of [43] on the importance of cumulative rainfall in
the occurrence of floods. This finding has been validated by the model in that
simulated and observed flows peak in September or October, depending on the
year. This corroborates the results of [35] [44] [45] in Benin. Similarly, observed
and simulated flows are found to follow the same rhythm as rainfall, with occa-
sional slight lags that are the result of the watershed’s response time to rainfall
events. In tropical regions, runoff is dependent on rainfall. In view of these results,
GR4]J is a tool that can be used to reproduce flood flows in the Oti watershed at
the Mango outlet in Togo.

3.2. Model Optimization Criteria for Calibration and Validation

Table 2 shows the GR4] model’s optimization criteria for reproducing flood flows

in the Oti watershed at the Mango outlet in Togo.

Table 2. Values of optimization and robustness criteria for the GR4J model.

Période KGE
Calibration: 2016-2017 0.73
Validation: 2018-2019 0.81
Calibration: 2019-2020 0.85
Validation: 2021-2022 0.62

Analysis of the results in Table 2 shows that the KGE criterion raiging from
0.73 to 0.85 at calibration and 0.62 to 81 at validation. The first calibration period
(2016-2017) results in a KGE value below 0.75. This KGE value (0.73) shows good
model performance during this period. On the other hand, the second calibration
period (2019-2020) gives a KGE value (0.85) higher than 0.75, showing very good
model performance. The validation phase of the first period (2018-2019) shows a
KGE value of 0.81, justifying the model’s very good performance in simulating
flood flows. On the other hand, a deterioration in the KGE value was observed in
the second validation period (2021-2022), at 0.62, demonstrating the model’s suf-
ficient performance. The decrease in model performance from the calibration pe-
riod to the validation period is significant, with a difference of 0.23. This deterio-
ration of the KGE value in validation may be linked to the missing data recorded
in the series. From this observation, it can be said that the KGE is a good criterion
for better optimizing and simulating high water flows in the Oti watershed. It is
for this reason that this study has used the KGE to better assess the effectiveness
of the GR4J model in simulating flood flows.

This approach has already been used by [35] [41] [42] to show the performance
of the GR4] model in simulating high-water flows. In all the results obtained, the
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KGE criterion shows the performance and robustness of the GR4] model in re-

producing flood flows and, more specifically, 24-hour high water flows.

3.3. Projected Flood Flows in the Oti Watershed at the Mango
Outlet, 2006 to 2050, Averaged from Two Models
(REMO and CCLM)

Rainfall and PTE projection data from the RCP 8.5 and RCP 4.5 scenarios of the
Cordex West Africa program models being available over the period 2006-2050,
the projection of future flows on the Oti watershed at Mango was carried out with
the GR4] in order to have the flow rates causing flooding.

Thus Figure 5 shows the evolution of projected flows from 2006 to 2050 in relation
to the simulated rainfall of the RCP 4.5 and RCP 8.5 scenarios in the Oti watershed,
in order to identify possible high-water events that could lead to flooding.
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Figure 5. Daily evolution of projected flows from 2006 to 2050 in relation to simulated rainfall for the RCP 4.5 and RCP 8.5
scenarios of the Cordex West Africa program models.

Analysis of Figure 5 shows that projected flows evolve at the same pace as rain-
fall under both scenarios (RCP 4.5 and RCP 8.5). Rainfall peaks coincide with flow
peaks. This means that the heavier the rainfall, the greater the runoff and the
greater the flooding in the watershed. The simulated flow thresholds are 48.37
m3/s for the RCP 8.5 scenario recorded on August 30, 2035 and 57.93 m3/s for
the RCP 4.5 obtained on September 27, 2037. It should be noted, however, that
there is a time lag in places (around one to two days) between the simulated rain-
fall peaks and those of projected flows from 2006 to 2050, which is the result of
the watershed’s response time to rainfall events. This is due to the geological char-
acteristics and land-use dynamics of the watershed.

An analysis of the evolution of projected flows has thus enabled us to detect the
occurrence of high water (flood waters) by 2050, with the consequent risk of flood-
ing in the Oti watershed. It should therefore be said that projected flows follow
the variation in climatological parameters such as precipitation and PTE. Varia-
tions in these two parameters influence the evolution of simulated flows. This cor-
roborates the findings of [46] [47].
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4. Conclusions

Hydrological modelling is a very important tool for water resource management,
decision making and understanding the hydrological functioning of watersheds.
The aim of this study is to reproduce flood flows from the GR4J model to analyze
flood risk in the Oti watershed in Togo. The model was calibrated over two peri-
ods (2016-2017 and 2019-2020) and validated over two periods (2018-2019 and
2021-2022), and the quality of both calibration and validation was highlighted by
the KGE criterion.

The results show that the KGE criterion varies from 0.73 to 0.85 at calibration
and 0.62 to 81 at validation, indicating that the GR4J model is very efficient and
effective in reproducing flood flows in the Oti watershed in Togo. On the other
hand, there was a deterioration in the KGE value to 0.62 in the second validation
period (2021-2022), showing the model’s declining performance. In view of the
results presented, the GR4] model could be used as a tool to help predict floods,
but with greater caution in view of the deterioration in the KGE value, to avoid
false or missed alerts. Under these conditions and given the uncertainties over the
stability of the parameters over time, it would be difficult to forecast 24-hour flood
flows in the watershed using GR4] for future horizons in order to assess the impact
of climate change. Other approaches would be necessary to assess the hydrological
impacts of climate change on 24-hour flood flows in this watershed. Analysis of
the evolution of projected flows has enabled us to detect the occurrence of high
water (flood water) by 2050, with the consequent risk of flooding in the Oti wa-
tershed.
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