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downstream towards Garoua with a reduction of about 34% and 35% of
100-year and 50-year floods respectively. These changes can have a signifi-
cant impact by reducing the amplitude of floods in the Benue valley and
consequently, the flooding phenomenon. The entire hydrological dynamic
of the Benue valley has thus been modified, moving from a natural tropical
rainfall regime to an altered regime characterised by the release of water to
support low-water flows.
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1. Introduction

The search for water has historically represented one of humanity’s most funda-
mental needs within its environment [1] [2]. This vital requirement has led to the
gradual occupation and transformation of river basins through hydraulic engi-
neering aimed at harnessing water resources. According to [3]-[6] hydraulic in-
frastructures like dams play a fundamental role in socio-economic activities and
water security worldwide and particulary in soudano-sahelian regions with sea-
sonal river flow by providing key functions such as energy production, irrigation,
navigation, drinking and flood control. In addition to development concerns,
dams were perceived as symbols of modernity, power, or as a means of managing
and forecasting risks and/or hydrological hazards [7].

However, numerous studies have highlighted the disruptive impacts of hydrau-
lic infrastructures—particularly dams—on river flow regimes across the world [5]
[6] [8]-[11]. Dams significantly alter natural flow patterns by reducing peak dis-
charges, modifying low-flow conditions, and affecting interannual flow variability
[12] [13]. They can also influence the frequency and magnitude of both floods and
droughts, ultimately disturbing the natural dynamics of river systems [14]. Ac-
cording to [1], the construction of reservoirs and dams across a river has a strong
influence by converting a river segment of the natural watercourse into stagnant
water which intercepts not only a large part of the flow but also sediments
transport. These hydraulic developments also generate numerous environmental
constraints such as sedimentation in reservoirs, changes in the morphology of riv-
erbeds, eutrophication and the proliferation of new aquatic species and water
losses through evaporation.

In addition to the changes to river flow caused by the construction of dams,
climate change has also been reported to be a cause of modification to river flow.
Changes in climatic parameters, such as temperature and rainfall, significantly
impact the hydrological regime of the Upper Benue River [15] [16]. By analyzing
the potential effects of climate change on flow patterns in the Upper Benue river,
[15] indicated that climate change has significantly impacted the basin’s water re-
sources between 1950 and 2014, with a downward trend. The combined effects of
altered hydrology and climate change can have serious environmental and socio-
economic consequences for populations located downstream. Understanding the
impact of dam construction in the context of climate change and climate variabil-
ity is critical for mitigating flood risks, and this understanding must be combined
with an awareness of how these risks are changing over time. It is therefore im-

portant to take account of the combined action of climatic and anthropogenic
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factors on hydrological changes, which are often difficult to dissociate.

In Cameroon, several dams have been constructed during the 1970s in order
to harness water for socio-economic development, including Lagdo dam in the
Upper Benue river [17]. The Upper Benue river is considered as one of the most
important catchments in the northern part of Cameroon. Many socio-economic
activities depend on this catchment area. A dam was constructed across the river
in Lagdo district in 1983 for a variety of purposes [3]. The main objective of the
construction of this structure was to ensure the production of electrical energy
as well as agricultural irrigation, river navigation and flood management
through the partial regulation of the River Benue [18]-[21]. The volume re-
quired to achieve these objectives during the low-water period is estimated at
around 4,600 hm?. The resulting production of electrical energy has improved
socio-economic conditions and development in the northern regions of Came-
roon [22]. However, despite the advantages offered by the construction of this
hydraulic structure, very few studies have been devoted to analyzing the impacts
of this structure on the hydrological regime of the Benue downstream the dam
[18] [20] [23]. In this context, it is important to understand the patterns of high
and low water levels over time, as well as the impact of operations at the Lagdo
dam on the flow of water downstream.

In order to assess the impact of dam construction on hydrological regimes,
many studies have compared the hydrographic characteristics estimated before
and after dam construction on flows at downstream gauging stations [12] [14].
The alteration of the hydrological regime can also be assessed through geomor-
phological studies of the downstream channels [17]. Other studies have investi-
gated the impact of dam construction on the flow regime using indicators of
hydrological alteration (IHAs), which are a set of hydrological parameters used
to assess the degree of hydrological alteration caused by human activities [4]-
[6] [11]. Globally, IHA provides a framework for analyzing hydrologic changes
and quantifying the impacts of human activities on river systems. In addition,
THA analysis requires at least 20 years of pre- and post-data. Due to the lack of
daily data during the pre-dam period and the availability of only monthly data
and maximum daily flows, the IHA could not be used in this study. Therefore,
the aim of this study is to analyze the impact of the impoundment of the Lagdo
dam on the hydrological regime of the Benue by comparing the hydrological
regime before the pre-dam period and after the post-dam period on the one
hand and the regime upstream and downstream of the dam on the other. We
quantified changes in mean annual flows, monthly flows, and magnitude and
timing of maximum daily flows. The paper is structured as follows: the descrip-
tion of the study area, the Upper Benue river, the description of the data source
and the methods including statistical and frequency analysis in section 2. The
results of the hydrological functioning of Upper Benue river before Lagdo dam
construction were described and discussed in section 3. The conclusion was out-

lined in section 4.
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2. Data and Methods
2.1. Study Area
The Upper Benue catchment is located in the northern part of Cameroon. It lies

between longitudes 11°47' and 15°48' East and latitudes 6°49' and 10°51"' North

(Figure 1) and is administratively located in the Adamaoua, North and Far North

regions.
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Figure 1. Location of Upper Benue basin.

The Upper Benue basin is a sub-basin of the Niger catchment. With a surface
area of 95.626 km? and a perimeter of 2.473 km, the basin has its source in Ada-
maoua and on the Laka plateau in Chad. Its surface area in Chad is estimated at
19.186 km? with a perimeter of 760.4 km. The Benue station at Garoua controls a
basin of around 60.500 km? and the Lagdo station covers an area of 31.600 km?

The basin presents a diversity of landscapes and climatic domains which con-
trast with the Sahelian zone in the north and more humid, heavily-watered plateau
areas in the south. The climate is characterized by two alternating seasons: a dry
season from November to May (7 to 8 months) and a rainy season from June to
October (4 to 5 months). Rainfall at the Upper Benue catchment is dictated by the
seasonal migration of the Inter-Tropical Convergence Zone (ITCZ). From No-

vember to March-April, continental high pressure and the Harmattan dominate
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with sparsely cloudy skies. As the Inter-Tropical Front (ITF) moves northwards
from April onwards leads to the appearance of light rainfall, appears in May and
June [24] [25]. According to [3] the annual rainfall varies between 800 mm and
1550 mm and increases from the north-east to the south of the catchment. Four
major rainy months (June to October) concentrated about 65% of annual precip-
itation. In addition monthly temperature average range from 21°C in January to
33.2°Cin April [26].

Several geological formations outcrop on a crystalline bedrock consisting of
Precambrian intrusive and metamorphic formations overlain by Tertiary volcanic
formations, Cretaceous arenaceous sediments and recent Quaternary alluvium.
These formations support several types of soil such as lithosols, crude mineral
soils, soils that are not very advanced belonging to the fersialitic soil family: trop-
ical ferruginous soils and hydromorphic soils whose development is dominated
by permanent waterlogging [3].

The river system network of the Upper Benue is dense and divided in four ma-
jor sub-basins namely: high sub-basin, Mayo Kebi sub-basin, Faro sub-basin and
Mayo Tiel sub-basin. These four sub-basins control the hydrological dynamic of
the Upper Benue. According to [24] the Higher Benue takes its rise from the
northern edge of the Adamaoua plateau at an altitude of about 1300 m and only a
few kilometres from the bends of the “cliff”. Its crosses the National Benue Park
on a rocky bed where the most important tributary on the right bank is the Mayo
Oldiri. On leaving this Park, it enters the Benue Valley where it receives the Mayo
Rey and the Mayo Godi on the right bank, and the Mayo Mbay on the left bank
[24]. After collecting the main tributaries on Benue valley, the river enters to the
Lagdo dam [3]. The Lagdo dam is a hydroelectric structure located about 40 km
from the town of Garoua and covers an area of 697 km? [18]. The construction of
the dam began in 1978 and it was impounded in 1983. The hydroelectric plant
comprises four generating units with a total installed capacity of 72 megawatts
(MW). During peak flows periods, it is possible to regulate a volume of 1678 mil-
lion m® between elevations 216 m and 218.18 m with a maximum discharge of
4.072 m3/s [19].

2.2.Data Source

Hydrological data from the periods of 1952-1980 were obtained from the IRD
(formerly ORSTOM) database for the hydrometric stations on the Benue at Riao
(Lagdo) and the Benue at Garoua for the period 1952 to 1980, and from the Hy-
drological Research Center (CRH) for the periods 1995 to 1999 and 2009 to 2015.
These data are available at daily and monthly scale and contain many gaps. Data
on daily, monthly and annual inflows into the Lagdo dam as well as the volumes
of water released from the dam, come from the AES SONEL (ENEQ) database for
the period 1983-2015. Monthly rainfall data from the Garoua station were used
for the period from 1952 to 2020. These data come from the regional meteorolog-

ical services of the North.
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2.3. Methods

Analysis of hydro-climatic series requires reliable data of good quality. The meth-
odological approach adopted in this study combines statistical approach tech-
nique with frequency analysis. The missing hydrological and climatics data were
reconstructed using analogous proportionality criterion and extended to 2020 us-

ing the statistical methods established between two neighboring stations.

2.3.1. Reconstitution of Missing Data and Linear Correlation

The hydrometric data from the Garoua station present many gaps compared with
the Lagdo station which is more complete. The method used to reconstruct the
missing data is the analogous proportionality criterion. This method is generally
used for stations located on the same watercourse [25]. The missing flow is esti-
mated according to the Equation (1):

Q_Q
S, S, )

With Q, and Q; the flows corresponding to stations 1 and 2;
S1and S, the surface areas of the basins corresponding to stations 1 and 2.
The following relationship was obtained by taking into account the areas of Be-

nue river in Garoua and Lagdo.
QGaroua = 1’ ng Lagdo

Linear regression was used to establish correlations between Lagdo flow and Ga-
roua flow and to extend the flow series to 2020. This method has been used by sev-
eral authors on hydropluviometric series with significant results [27] [28]. Linear
regression consists of replacing the missing value calculated using simple or multi-
ple regressions between the explained series and the explanatory series. In addition,
some research estimated that a physically based characterization of discharge corre-
lation between two stations could also contribute to improve the reliability of the
estimate of long-term streamflow statistics in sites where only short-term records
are available [29] [30]. The linear correlation between Lagdo flow and Garoua flow
was established in order to reconstruct the missing data from the incomplete series
of the Garoua station on one hand and on the other hand to update the flow data by
extending the series from 2015 to 2020. The reliability of the reconstructed flow se-
ries with linear regression and proportionality criterion was quantify by comparing
observed data versus infilled values using r and Root-Mean-Square Error (RMSE).
Linear regression offers the best method of reconstructed flow according to the

value of Root Mean Square Error and r (Table 1).

Table 1. Comparison between observed and infilled values using linear regression and pro-
portionality criterion.

Observed/infilled values Linear regression Proportionality criterion
r 0.9 0.81
RMSE 0.288 0.329
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2.3.2. Estimation of Hydrological Changes

Due to the major limitations related to data scarcity the hydrological changes
(HC) were calculated by splitting discharge data into pre-and post-dam periods
considering the year of operation of Lagdo dam. The estimation of the changes
between pre-dam discharge and post-dam discharge was computed according to
the degree of hydrological alteration estimated by [16] as below (Equation (2)):

HC = [Qpre-dam - onst-dam \J %100 @)

Q pre-dam

Qpre-dam is the discharge observed before Ladgo dam construction et Qpost-
dam discharge observed after Lagdo dam construction. HC can be daily, monthly
or yearly.

2.3.3. Method of Estimating the Impact of Dam on Recurring Flows
Upstream and Downstream the Dam

The effect of dam construction has been estimated on extreme discharge by applying
frequency analysis to the maximum daily. According to [31] frequency analysis pro-
vides a suitable means for predicting hydrological and some meteorological param-
eters in both space and time, and this involves the estimation of the probability of
occurrence of a specified event. The most frequency model frequently used to de-
scribe the statistical behavior of extreme values is the Gumbel distribution which is
a probability distribution commonly used for modeling river flows. The Gumbel
distribution is a statistical method used to estimate the discharge values associated
with different return periods for extreme events like floods. This method is ascer-
tained as a better distribution for flood prediction and is particularly useful for mod-
eling the distribution of maximum annual river flows [31] [32]. It has successfully
modelled the flood frequency over the Niger Delta in Nigeria, in Pra river catchment
in Ghana and in Robigumoro River in Ethiopia [31]-[33].

The magnitude of floods with different return periods have been estimated be-
fore and after the dam construction and the changes has been assessed by com-
paring the two values. The magnitude of expected flood to occur is predicted the
Gumbel distribution. The distribution function of the Gumbel distribution F(x) is

expressed according to [34] [35] as follows:
F(x) =—exp{—exp(—xgaﬂ (3)

with u = x — ab the reduced variable of the distribution function and a and b the

parameters of the Gumbel model; u is expressed as u = —In (—In (Fx)).

For this analysis the return period (T) used is 10 years, 20 years, 50 years, and
100 years.
3. Results

3.1. Hydrological Functioning of the Benue before the Lagdo Dam
Construction: Natural Flow Regime

The Lagdo dam was built across the Benue River for multiple purposes. Before the
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dam was constructed in 1983, hydrological dynamics of the Benue River at Garoua
depended on rainfall [3]. The monthly flow hydrographs at the Lagdo-Riao and
Garoua stations showed the same pattern, with alternating periods of high and
low water (Figure 2). The evolution of monthly flows shows that flows gradually
increase from April to September and then significantly decrease from October to
March. The peak flows occur between mid-July and October, while the low flows
occur between November and June according to the concentration of the main
portion of the annual precipitation. According to [15] most of the annual rainfall
occurs during the four rainy season. The hydrological regime was then condi-
tioned by rainfall which is the primary driver of surface water in the region and
thus belongs to the tropical domain. In addition, the alluvial groundwater at the
Kébi-Benue confluence could sometimes enhance the level flows of the Benue at

Garoua during the dry period according to observations by [24].

6

Monthly Flow Coefficient

<+

Month
RIAO-Lagdo

Garoua

Figure 2. Monthly hydrograph of flows at Lagdo and Garoua before the construction of the
dam between 1952 and 1980.

The Garoua hydrograph (Figure 2) is unimodal and shows seasonal variations
in water levels, with peak flows occurring during the rainy season (July to Septem-
ber) and low flow occurring during dry season (October to June). The flood curve
begins to rise in June, reaching its peak in September. The period of deflooding
marks the gradual reduction in flows until the river dries up in November. This
dry period can last for 3 to 4 months or even longer. As a result, there will be little
or no flow in dry years. The water will therefore dry up completely.

The same observation has been done by [36] in Jebba station in Nigeria. Thus,
about 96% of the flow of the Benue river transits throws Garoua station between
June and November (6 months). The wettest months (August and September)
concentrated about 2/3 of the annual inflow, with September accounting for about
41%. However, the peak flow of the Benue at Garoua is higher than that of the
Riao at Lagdo. This difference can be explained by the fact that the Benue at Ga-
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roua receives the Mayo Kebi from Chad on its right bank, which contributes
around 27% of the annual inflow.

The interannual variability of flow upstream and downstream the Lagdo dam
is shown in Figure 3(b). It should be noted that, flow vary one year from another
year depending on climatics conditions of the Upper Benue catchment. The an-
nual average flow of the Benue at Garoua was higher, with flows exceeding 600
m?*/s and an interannual average of around 380 m?/s (Figure 3(a)). At Lagdo, on
the other hand the average was around 230 m*/s. Despite the difference about the
value of the annual flow, the both stations had the same hydrological pattern be-
fore the Lagdo dam was built. In an extreme wet year (1960-1961) for example,
floods were observed simultaneously at both stations. The primary factor affecting
hydrological dynamics is rainfall this implies that a change in rainfall will have an
impact on surface runoff at both stations. In the case of drought events for exam-
ple, the drop in runoff will be felt simultaneously at both stations. This observation
was confirmed by the value of the correlation between the observed flow in Lagdo
and Garoua station (Figure 3(b)). The r value (0.9) indicate a positive correlation
between the two stations. This highly correlated flows might indicate that they are
both influenced by the same rainfall patterns. This means that the dynamic river
of the two stations are related and tend to increase or decrease together according
to the rainfall patterns. This information will be helpful in the terms of planning
and managing water resources, including predicting potential flood risks or

drought conditions.
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Figure 3. Interannual variability of annual flow at Lagdo and Garoua (a) correlation between annual discharge at Garoua-
Lagdo from 1950 to 1982 (b).

The analysis of the annual discharge in the Benue River at the Garoua (Figure
4(a)) and Lagdo station (Figure 4(b)) shows a downward trend from the 1970s
until the Lagdo dam was impounded. The mean interannual flow for this period
is estimated to 290 m*/s at downstream the dam. This observation shows that the
dam was impounded during a dry period. Annual flow decreases by around 24%

on the Benue at Garoua and by 26% on the Benue at Lagdo. The drop in flows
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observed from the 1970s onwards is attributable to the dry period that affected the
entire Sahelian area [36] [37]. This analysis highlights the effect of climate varia-
bility or climate change on flows upstream and downstream of the dam.
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Figure 4. Interannual changes in annual flow rates during the pre-dam period in Lagdo (a) uptream; in Garoua downtream

(b).

3.2. Hydrological Functioning of the Benue at Garoua after the
Construction of the Lagdo Dam: Altered or Artificial Flow
Regime

Monthly flow coefficient(%)
w

A°M J J A S O N D J F M
—e—GRA_BD —=—GRA_AD

Figure 5. Average monthly variation in the flow of the Benue at Garoua before (BD) and
after (AD) the construction of the Lagdo dam between 1999 and 2020.

The construction of the Lagdo dam and its impoundment in 1983 led to a change
in the hydrological regime of the Benue River at Garoua, with a permanent flow
and a relative reduction in flood flows (Figure 5). The flood hydrograph shows

that the maximum flow is also observed in September in Garoua. However, the
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shape of the hydrograph has changed with a reversal of the hydrological regime
characterized by a drop in flood flows and an increase in low-water flows. The
shape of the hydrograph is more open than in the pre-dam period. The low-water
curve is steeper with a considerable increase in flow during the low-water period.
However, as soon as the precipitation stops, the low-water phase appears and lasts
until the end of the dry season with flows that are not zero. As a result, flows have
become permanent and are spread throughout the year, despite the absence of
rain from November to March.

The new data available for the post-dam period enables us to estimate the in-
terannual runoff of the Benue at 335 m’/s, ie, a specific flow of 5.53 1/s.km? It
also shows that more than 88% of the flow of the Benue transits Garoua between
the months of June and November. This figure stood at 96% prior to the construc-
tion of the Lagdo dam. The month of September contributes about 28% of annual
inflows, compared with 41% value observed before the dam was built. In addition,
August and September contribute around 1/2 (50%) to the annual flow. This im-
plies a reduction of 1/3 in flows. Low-water flows also increased by around 98%.
The maximum flow observed in September decreases to 40%, while the low-water
flow increases by 90%. Moreover, the pre-dam period receded more quickly than
the post-dam period. This undoubtedly reflects a drop in the drying coefficient
and consequently a slight rise in the average level of the water tables.

However, the construction of the dam modifies the hydrograph of the river
downstream by enhancing the lower flows. A consistent rise in water levels during
the dry season, is now governed by the release of water from the Lagdo dam and
part of the groundwater. This finding is in line with the observations of many
authors [12] [14] [17] [29]. Author [17] confirmed that the flow on the Benue at
Garoua was enhanced during periods of low water and that morphogenic pro-
cesses and erosive dynamics were accelerated. According to the author, this has
reconfigured the hydrology of the Upper Benue. This increase in low-water flows
has also been observed downstream at all the hydrometric stations in the Niger
basin, more specifically in Nigeria and Niger [33] [36] [38]. For example, [10]
showed that the low-flow rate increased significantly on the Benue at Jimeta
(Yola) from 1983, the date of construction of the Lagdo dam. The author also
confirmed the exacerbation of flooding in the Niger Delta in Nigeria when Lagdo

dam is released in Cameroon.

3.2.1. Analysis of Flows Upstream and Downstream of the Dam

Comparing the flow between the Lagdo and Garoua stations during the post-dam
period, the two hydrographs show a different evolution from the pre-dam period
(Figure 6(a)). The Upper Benue river behaved differently upstream and down-
stream the Lagdo dam. This is confirmed by the correlation coefficient between
flows at Garoua and Lagdo which falls from 0.9 to 0.7 (Figure 6(b)) when using
linear or polynomial equation. The maximum flow is observed in September at
both Lagdo and Garoua. Upstream and downstream of the dam, the low-flow pe-

riod is observed from November to May.
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Figure 6. Monthly flow compared at Garoua and Lagdo between 2009 and 2020 (a) linear and polynomial
correlation between flows observed at Garoua and Lagdo.

However, the peak of the hydrograph of the Benue upstream of the Lagdo dam
is higher than that of the Benue at Garoua, whereas it was higher than that of the
Benue at Lagdo during the pre-dam period. In addition, low flows had a similar
trend during the pre-dam period, but low flows in the Benue at Garoua increased
while those in the Benue at Lagdo were almost zero during the dry season. This
increase in low flow is explained by a growing increase in the volume of water

released from the Lagdo dam.
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Figure 7. Variation in the volume of water released from the dam and the flow of the Benue at Garoua from 2009 to 2020
(a). Correlation between the volume of water released and the daily flow at the Garoua station (b).

The comparison made between the monthly flows at Garoua and the volumes
of water released from the dam after hydropower production shows a similarity
with flows proportional to water releases (Figure 7(a)). The maximum volume of
water released coincides with the peak of the hydrograph of the Benue at Garoua

and consequently with the flood period. During the low-water period, the volumes
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of water stored during the rainy season are used to generate electricity and are
released downstream to maintain the flow. On the other hand, during the rainy
season water is released to prevent damage to the dam. The correlation obtained
between the two variables with an r value of 0.87 for the linear equation and 0,94
for the polynomial equation (Figure 7(b)), shows that low flows at Garoua are
increased by water releases from the Lagdo dam.

This result implies that the operation of water released from Lagdo dam, con-
tributes to downstream flooding, during peak flow events. However, for [22], the
water released from the dam during periods of high flooding is sensitive to erosive
effects, eroding banks and uprooting trees downstream. The authors also attribute
the invasion of floating species in the riverbed following sediment deposition to

changes in the hydrological regime.

3.2.2. Analysis of Maximum Daily Flows

The analysis of the maximum daily flows is used to assess the hydrological risks
in a catchment or at a given hydrometric station. Maximum daily flows are gen-
erally responsible for heavy flooding in a catchment area. These floods have low
return periods and are more destructive. The variability of the maximum daily
flow during pre-dam and post-dam periods is indicated in Figure 8. It is observed
that maximum flow varied significantly across the study period. This observation
indicates that Upper Benue river downstream observed a decline in maxima
floods between 1950 to 2014 with the increase in 2012 probably attributable to
heavy rainfall observed during this year.
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Figure 8. Maximum flows of the BENUE AT Garoua before and after the construction of
the dam from 1950 to 2014.

The comparison of pre-dam maximum daily flow with post-dam data indicates
a higher variability of maximum daily flows before dam construction and a less
fluctuation after dam construction. The valley of Benue at Garoua experienced
very high flooding in 1960, 1966 and 1970 before Lagdo dam construction and in
2022 after dam construction. The trend indicates a reduction of 46.4% in maxi-

mum daily flows between the pre-dam and post-dam periods on the Benue at Ga-
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'
N

roua. The decrease in maximum flows reflects a reduction in flooding which is
characterized by a reduction in peak flows and consequently in the amplitude of
high floods. However, this value cannot be attributed solely to the action of the
dam during this long time period. The effect of climate change must also be taken
into consideration, as we showed in a previous article that the upper Benue basin
is suffering the effects of climate change [15]. Therefore, according to [36], the
Lagdo and Jebba dam in Nigeria designed primarily for hydropower and irriga-
tion, have significantly altered the seasonal flow regime and exacerbated down-
stream flooding in the Niger Delta, particularly during heavy rainfall events.

Furthermore, the reduction in maximum daily flows contributed to reduce the
amplitude of floods around 47% and consequently flooding phenomena in the
Benue valley downstream the dam. However, this alteration of flows cannot be
attributed only to the effect of dam construction, it can be also attribueted to the
combined effect of the dam and climate change. Authors [15] by analyzing the
potential impact on climate change on the hydrological regime of Upper Benue-
indicates that climate change has significantly affected the basin’s water resources
of Upper Benue between 1950 and 2014, with a downward trend. This result is
also confirmed by the study of [39] after analyzing sections downstream of very
large dams (capacity of more than 1.2 x 109 m®) in the United States and showed
that the latter have a marked impact on maximum daily and annual flows (average
reduction of 67%). In addition, [13] found that the construction of dams on small
catchments most often leads to a reduction in maximum annual flows an increase
in low-water flows and a reduction in flow variability. Similarly, [7] analyzed max-
imum daily flows and showed that the amplitude and duration of floods decreased
following the construction of the Nangbeto dam. In a similar vein, [40] [41] be-
lieves that the dam has reduced the effects of droughts in the lower valley by sup-
porting low water levels and hydraulic fluctuation levels in the aquifer.
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Figure 9. Graphical adjustment of maximum flows at Garoua (a) pre-dam period; (b) post-dam

period.

To assess the extent of this cushioning on maximum flows downstream of the
dam, peak flows corresponding to a certain return time, were estimated using

Gumbel’s distribution. Figure 9 shows that the maximum daily flows for the pre-
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dam and post-dam periods are adjusted according to Gumbel’s probability law
following a linear function with a good correlation between the maximum annual
flows and the reduced Gumbel variable.

Floods were estimated for different return periods namely 100-years, 50-years,
20-years, 10 years and 5 years. The results are shown in Table 2 below.

Table 2. Comparison of flows estimated by Gumbel’s law between the pre-dam and post-
dam periods at Lagdo and Garoua.

Flow rate from Benue to Flow rate from Benue to
Recurrence GAROUA (m?/s) LAGDO(m?/s)
Pre-dam Post-dam Pre-dam Post-dam

100 years 5776 3797 4296 6023
50 years 5294 3419 3938 5354
20 years 4651 2913 3461 4461
10 years 4154 2523 3092 3771
5 years 3637 2116 2708 3051

This table shows that the construction of the Lagdo dam has greatly affected the
recurrence flows downstream of the dam with percentages varying between 34
and 42%. The 100-year and 50-year floods show an approximate clipping of 34
and 35% while the flows recurring greater or equal to 5 years are the most clipped.
At Lagdo, on the other hand the reduction is not very significant. The 100-year
and 50-year floods show an approximate clipping of 29% and 26% while flows
recurring every 5 years or more are clipped by only 11%.

A comparison of flood flows upstream and downstream of the dam during the
post-dam period (Table 3) shows a reduction in the amplitude of rare floods with
return periods of 100 and 50 years of approximately 37%. Referring to the work
carried out by [8] on the Matawi River in Quebec, the construction of the dams
resulted in a reduction in the maximum monthly discharge and a change in the
period of flood occurrence. It can therefore be said that the Lagdo dam acts as a
flood damper by capping or reducing the maximum flow of the Benue at Garoua,
particularly for floods with return periods of 50 and 100 years. This value of
capped water would correspond to the volume of water stored in the Lagdo dam
during periods of high flooding for energy production throughout the year.

Table 3. Comparison of flows estimated by Gumbel’s law between upstream and down-
stream during the post-dam period.

Recurrence Upstream of the dam Downstream of the dam
100 years 6023 3797
50 years 5354 3419
20 years 4461 2913
10 years 3771 2523
5 years 3051 2116
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This assessment of the Lagdo dam’s impact on flooding shows that the dam has
moderately reduced the devastating impact of the 100-years and 50-years floods
that are most often responsible for flooding phenomena. It can therefore be said
that the Lagdo dam has provided protection and reduced the extent of the 30-
years floods to the 100-years floods observed in the Benue valley downstream of
the dam particulary in the Niger Delta in Nigeria. However, this flood control
action is limited when predefined thresholds are exceeded following heavy rain-
fall. When the water level reaches the 210 m threshold in the Lagdo dam, the ex-
cess water is automatically released to prevent the risk of the dam bursting,
thereby ensuring the dam’s safety in the event of a 50-years or 100-years flood.
For example, in 2012 the Lagdo reservoir has been released simultaneously with
heavy rainfall downstream and exacerbated flooding in the Niger Delta. The max-
imum flow observed in this year due enabled the dam to be emptied as a precau-
tionary measure resulting in the total submersion of the Benue valley and the con-
sequent flooding phenomena. These floods caused considerable damage with

many people losing their lives.

Table 4. Compared analysis of flood during pre and post dam period at Garoua station.

Period pre-d Period post-d
eriod pre-dam eriod post-dam f change

1952-1980 1999-2020
Low water flow 17.6 173,1 +90%
Annual peak flow 1695 1012 40%
Annuel mean flow 290 335 13.4%
Maximum mean flow 2994 1604 46.4%
Peak flow (june-november) 96% % -8%
100-years flood 5776 3797 -34%
50-years flood 5294 3419 -35%

This table (Table 4) shows a reduction in flood flows, average flows and maxi-
mum flows between the pre- and post-dam periods. However, low-water flows
seem to have increased significantly. We can therefore say that the construction
of the dam led to a reduction in the amplitude of floods and an increase in low-
water flows thanks to the release of water from the dam. The entire hydrological
dynamic of the Benue valley has thus been modified moving from a natural trop-
ical rainfall regime to an artificial or socialized regime characterized by water re-

leases that support low-water flows.

4. Conclusion

To understand the impact of the Lagdo dam on Upper Benue river regime, dis-
charge data of the pre-dam period (1950-1982) and post-dam period (1983-2020)
have been analyzed. Despite major limitations related to data scarcity, it appears

from the above that the construction of the Lagdo dam has affected the hydrolog-
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ical dynamics of the Benue at Garoua. The results highlight a change in the shape
of the hydrograph with a reduction of about 40% of peak flows and an increase of
90% of low flows. In addition, the reduction in maximum daily flows by around
47% in 100-year and 50-year floods, illustrates a regularization and reduction in
the amplitude of floods. This has reconfigured the hydrological dynamics of the
Upper Benue basin. The Lagdo dam therefore acts as a flood damper by reducing
maximum flows. This has made it possible to reduce the amplitude of floods in
the Benue valley and consequently, the flooding phenomenon. The dam is there-
fore a tool for regulating the Benue River and controlling flooding in the Benue
valley. Nonetheless, it is important to take into consideration the effect of climate
change on the anthropogenic factors, which have been recognized in the previous
study. While the Lagdo dam can be effective in mitigating flood risks in Benue
valley, its operation requires careful planning, coordination, and consideration of
potential negative impacts on the environment and local communities located
downstream. Overall, these results would be useful for effective and efficient man-
agement of water resources downstream of the dam in the current and future con-

text of global change.
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