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Abstract. Hydropower energy, the main renewable energy source in West Africa, contributes to more than half
of the Togo and Benin National electrification. This resource highly depends on water availability in rivers or
reservoirs. The water availability heavily relies on climate patterns of the area. In the climate change context,
the sustainability of hydropower plants is at risk. This work aims to assess the sensitivity of the Nangbeto hy-
dropower plant to multiyear climate variability using statistical analysis. The results show that energy generation
at Nangbeto hydropower is more modulated by four main variables namely inflow to reservoir, water level, rain-
fall of the actual and the previous year. The energy generation is found to be strongly and significantly correlated
to inflow to reservoir, water level, and rainfall. Overall, the Nangbeto hydropower generation is more sensitive
to inflow which is controlled by climate variables (rainfall, temperature) and land use/cover change. Therefore,
the probable future change in these variables is suggested to be deeply investigated.

1 Introduction

The Mono basin plays a vital role in the socio-economic
development of Togo and Benin countries. This basin is
subjected to different water uses activities namely agricul-
ture, livestock breeding, as well as small dam and Nangbeto
hydropower generation. Nangbeto dam was constructed in
1987 to power Togo and Benin in electricity. This source
has recorded rapid growth over the world especially over
West African countries (IHA, 2019). In Togo, hydropower
energy represents more than 80 % of the total electric energy
consumption of the country which occupies more than 98 %
share of renewable energy generation. The main challenge
is that this source depends on water availability which is a
function of climate variables. Thus, any change or variability

in climate factors could affect hydropower plant (IHA, 2019;
Rim, 2019) generation.

The water availability relies on precipitation and poten-
tial evapotranspiration which is a function of temperature.
Therefore, any change in rainfall and temperature could af-
fect the water availability for power generation (Hamududu
and Killingtveit, 2012, 2016). It has been proven that West
Africa’s temperature has significantly increased over the past
ranging from 0.3 to 1 and 0.2 to 0.5°C over the Gulf of
Guinea and this could be amplified in the future (Riede et
al., 2016). The rising in temperature consequently leads to in
increase the PET. However, the past and future changes of
precipitation are uncertain and this change occurring faster
than ever before (Riede et al., 2016). This could make the
prediction of hydropower uncertain and may vary depending
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Figure 1. Presentation of Mono basin.

on the geographical location of the dam (Cole et al., 2014;
Kling et al., 2016). Knowing the past could help us to learn
the lesson and develop measures to adapt for the future.
This study has the goal of assessing the sensitivity of
Nangbeto energy generation to change and variability of past
temperature and precipitation over the 1988-2016 period.
The observed rainfall, energy generation, inflow to reservoir,
outflow as turbined water, and reservoir water level dataset as
well as temperature were analysed. Aside from the general
introduction which gives the state of the art concerning the
topic, the study area, as well as the data and method used are
described. Afterward, the results are presented and discussed
following by a conclusion and some recommendations.

2 Study area, data and methods

2.1 Study area

Mono basin, transboundary river basin sharing between Togo
and Benin, covers an area of 24 282.26 km?2. In Mono basin
is constructed Nangbeto hydropower plant with an installed
capacity of 65MW (Fig. 1). The population living in the
basin are mainly rural and their main activity is agriculture
which exposes the basin under a rapid land cover/use dy-
namic (Obahoundje et al., 2018).

The cumulative annual precipitation in the basin is esti-
mated around 1168 mm (FAO, 2005) with the mean monthly
discharge at downstream (Athieme station) varies from
261 m>s~! (September) at the peak of the rainy season to
about 0m>s~! in the dry season (February to April). Dur-
ing the rainy season, the rainfall is greater than evapotran-
spiration (which varies from 4.5 to 6 mm d~1; Amoussou,
2014), and vice versa, during the dry season. The basin mean,
highest and lowest temperatures are, respectively, 26, 44, and
15 °C. The relative humidity varies between 20 %-30 % dur-
ing the Harmattan period in the dry season and 70 %—80 %
during the rainy season (Obahoundje et al., 2018).
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2.2 Data and methods

The observed rainfall (1961-2016) data for four stations
namely Corre-cope, Nangbeto, Tetetou, and Athieme as well
as energy generation, inflow, outflow, and water level were
obtained from Mono River Authority for 1988-2016. Due to
a lack of temperature data, the reanalysis Climate Research
Unit (CRU) air temperature data is used. CRU dataset is a
month-by-month variation (from 1901 to the present) in cli-
mate over the last century and produced by the Climatic Re-
search Unit at the University of East Anglia. CRU data has a
spatial resolution of 0.5 x 0.5° grids purposely made for cli-
mate variation study (New et al., 2002). However, the Thorn-
thwaite (Thornthwaite, 1948) method was used to compute
the potential evapotranspiration (PET) based on this CRU
temperature data.

An ordinary Kriging method was used to interpolate the
observed rainfall from four stations into basin average. Next,
the method of Ali and Lebel (2008) was applied to com-
pute the Standardized Precipitation Index (SPI) for the Mono
basin. The formula is given by:

. PP
SPIi = b —"°

ey

Ob

With Pg the rainfall over basin b at year i, P, and oy, the
mean and standard deviation of the precipitation over basin b
for the considered period.

The trend of all variables over the 1988-2016 period was
computed using the Mann Kendall test for the Mono basin af-
ter an autocorrelation test, all with a significance at 95 % con-
fidence level. The non-parametric Mann—Kendall test which
is a rank-based non-parametric test for assessing the signifi-
cance of a trend (Kendall and Gibbons, 1938) recommended
by the World Meteorological Organization (WMO) for trend
detection in hydro-meteorological time series (WMO, 2009)
is used in this study. The description of the different fac-
tors guiding this test is presented in our previous work (Oba-
houndje et al., 2018).

Finally, the Nangbeto hydropower energy generation’s
sensitivity analysis was performed using the random forest
algorithm. The random forest is proved to be a more reli-
able sensitivity analysis tool in matching production histo-
ries (Aulia et al., 2019) as it gives a robust, internally cross-
validated estimation of the most important variables (An-
toniadis et al., 2021). The Mean Decrease Accuracy (%In-
cMSE) is then used to determine the most important vari-
ables, i.e. those that influence the energy generation the most.

3 Results and discussion

3.1 Sensitivity analysis and correlation

Figure 2 presents the Mean Decrease Accuracy of all in-
volved variables namely, inflow, water level, rainfall of the
current (precip) and the previous (precip_lagl) year, the

https://doi.org/10.5194/piahs-384-343-2021



S. Obahoundje et al.: Multiyear rainfall variability in the Mono river basin 345

Inflow ©
Level °

Precip_lag1 o

Precip o

tas_mean °

PET o

%IncMSE

Figure 2. Random Forests-based sensitivity plot of energy genera-
tion at Nangbeto dam from 1988 to 2016.

mean temperature, and the potential evapotranspiration. In
this figure, the greater the %IncMSE of a variable, the more
the energy is sensitive to that. Thus, the energy generation is
found to be more sensitive to inflow to reservoir following
by water level. The inflow is found to be strongly and sig-
nificantly correlated with rainfall, water level, and outflow
(Fig. 3). It is also important to highlight that the inflow is de-
rived from river discharge which is a function of hydrological
balance (rainfall, PET, runoff) modulated by basin character-
istics mainly land use/cover change. The hydropower gener-
ation has been shown to be sensitive to both climate variables
and land use/cover change in West Africa (Obahoundje et al.,
2017,2021). The water level is controlled by outflow (Fig. 3).
The outflow is shown to be strongly and significantly corre-
lated with rainfall, inflow and water level (Fig. 3) and water
management policy in place at the dam. For instance, when
focusing on rainfall, it was noted that the energy generation is
more sensitive to the rainfall of the previous year than rainfall
of the current year (Fig. 2). This exhibits the role that water
management plays in dam operationalization.

Further analysis confirmed that the energy generation is
strongly and significantly correlated with inflow to reser-
voirs, water level, and rainfall (Fig. 3). The rainfall is also
shown to be strongly and considerably correlated with en-
ergy, outflow, and inflow. Therefore, the energy generation at
the Nangbeto dam is dependent on rainfall.

Furthermore, the Mann Kendall test reveals that only wa-
ter level (downward) and mean temperature and PET (up-
ward) show a significant trend. It was also shown that wa-
ter level and inflow are weakly and inversely correlated (not
significant) with mean temperature and PET. This increase in
PET may contribute to the observed decreasing trend in water
level (not significant) and inflow despite the (also not signifi-
cant) increase in precipitation. Addititionally, the downward
trend in inflow could be due decreasing in occurrence of rain-
fall over Guinea region of West Africa (Bichet and Diedhiou,
2018). This is therefore a consequence of low outflow lead-
ing to a (non-significant) decrease in energy production.
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Figure 3. Correlation matric between energy generation and hydro-
climatic variables in the Mono river basin. NB: The circle with x
indicates that the correlation is not statistically significant at 95 %
confident level while the values are the Pearson correlation coeffi-
cient R.
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3.2 Interannual variability of rainfall and energy

The long-term interannual rainfall variability was examined
for observed rainfall data over the Mono basin. The 1961—
1995 and 2011-2016 periods were marked by a steady de-
crease in rainfall while 19962011 was affected by an in-
crease in rainfall (not shown). The total annual precipita-
tion amount is greater within the 1961-1980 period than the
1981-2016 period. Generally, two decades (1961-1968 and
2002-2011) exhibit rainfall excess, and the last three (1969—
1980, 1981-1991, and 1992-2001) show a rainfall deficit
that affected West Africa in the early 1970s. In addition, the
beginning of this last decade and (2012-2016) also exhibit
a deficit in rainfall (Fig. 4). However, the 1968—1978 period
recorded the lowest rainfall amount over the 1961-1980 pe-
riod. The basin has recovered from this 1970s drought, but
the amount of total rainfall recorded over the last decades as
of 1980 is lower than the amount over the 1961-1980 period.
This has been proved by different studies in West Africa (Ali
and Lebel, 2008; Le Barbé et al., 2002; Diawara et al., 2014;
Nicholson, 2013).

The standardized precipitation index (SPI) displays a pe-
riod merely humid for 1988-2001 and a period globally hu-
mid for 2002-2016 (Fig. 4). The SPI analysis reveals that
over 29 years (1988-2016) of study, 48.28 % (14 years),
20.69 % (6 years), and 31.03 % (9 years) were respectively
normal, dry, and wet years leading to 27.59 % (8 years) of en-
ergy generation excess and deficit each. Both periods 1988—
2001 and 2002-2016 were made of more normal years. For
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Figure 4. Interannual variability of rainfall and energy anomaly.

instance, 26.67 % (13.33 %) were with a deficit of rainfall
and 20 % (40 %) were with excess rainfall over the 1987-
2001 (2002-2016) period. The years 2001 and 2015 were
the years with the highest deficit while the period 2007-2011
was wet with the highest excess rainfall record. It was noted
that energy generation at a given year (y) depends also on
the rainfall of the current (y) and/or previous (y — 1) year.
For instance, the dry year of 1990 led to deficit energy gen-
eration in the same 1990 year. The excess energy genera-
tion in 2000 despite the dry year 2000 is due to the previous
wet year 1999. A higher deficit of energy generation in 2001
is due to consecutive dry years 2000 and 2001. This find-
ing is in the agreement of previous studies in Akosombo in
Ghana (Kabo-bah et al., 2016) and Kossou in Ivory Coast
dams (Kouame et al., 2019).

4 Conclusion

This study evaluates the sensitivity of Nangbeto hydroelec-
tric generation to multi-year hydroclimatic variability using
statistical analysis and a random forest model. Energy is
noted to be strongly and significantly correlated with inflow;
water level is controlled by the climate variable. On the one
hand, Nangbeto’s hydroelectric generation is more sensitive
to inflow and water levels. It was noted that inflow is con-
trolled by precipitation, water level and outflow and also de-
pends on basin characteristics, namely land use and cover
change. Water level depends on runoff and water manage-
ment. In addition, power generation at Nangbeto Dam is sen-
sitive to rainfall in the current and previous years. Therefore,
it is suggested that the likely future impacts of climate, basin
features and socio-economic development changes on hy-
dropower generation be thoroughly investigated while con-
sidering the incidences of climate extreme events as well as
compounds extremes.
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