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Abstract: The evolution and acceleration of the effects of climate change on the water cycle demand adaptation 

and mitigation plans. Consequently, the implementation of public policies (management, governance, and 

strategy) regarding flood risk management or prevention (such as levee heights and spillway dimensions of 

dams) is based on the characterization of flood hazards. This requires understanding extreme climate 

phenomena and conducting a rigorous probabilistic analysis of hydrometric data. This study aims to estimate 

the flood quantiles for lake Nokoue. To achieve this, the adopted methodology involved fitting the Generalized 

Extreme Value (GEV) distribution, the Gumbel distribution, and the Generalized Pareto (GPA) distribution to 

the annual maximum water levels of lake Nokoue from 2015 to 2022. We estimated experimental probabilities 

using the Weibull formula. The assessment of the fit quality of the theoretical probability distributions to our 

data sample indicated that the Gumbel distribution was the most suitable, with a root mean square error 

(RMSE) of 0.0724, compared to 0.0754 and 0.0761 for the GEV and GPA distributions, respectively. The position 

and scale parameters (φ; α) of the Gumbel distribution were estimated to be 3.802 and 0.249, respectively. This 

allows for the calculation of the probability of an extreme water level occurring within a return period in a 

single day. Thus, the extreme water levels (flood quantiles) associated with return periods of 10, 50, and 100 

years, as determined by the Gumbel distribution, are 4.36m, 4.77m, and 4.95m, respectively. These values are 

of crucial importance for the design of flood prevention structures (infrastructure) intended to mitigate flood 

risk. 

Keywords: flooding; flood quantile; flood risk; frequency analysis; statistical distributions; 

probability 

 

1. Introduction  

Floods are currently the most frequent and damaging natural risk in West Africa. [1], [2–4]. They 

have harmful effects on the activities and populations living along the banks and involve significant 

security challenges for the most exposed areas. They are natural phenomena that are integral to the 

natural regime of water bodies (lakes) and watercourses (rivers), and protection against them 

requires prevention and forecasting [5–7].  Unlike the management approaches of the 1960s, current 

policies tend to better account for the significant role of floods and the means of managing the flood 

risk of a water body or a watercourse. Flood risk is particularly complex to understand due to its 

random nature associated with climate change, especially in highly developed and urbanized areas 

such as urban and peri-urban zones [8–10]. This issue is also present in the lake Nokoue basin. The 

basin is indeed subject to high rainfall intensities that can be potentially devastating due to the rapid 

urban growth along its banks. Scientific literature has shown that, regardless of the nature of the 

floods, hydrological studies are often overlooked, and flood prevention structures are poorly 

designed due to the use of outdated empirical formulas [11–13]. Therefore, to reduce anxiety about 
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the threat of flooding from lake Nokoue in Benin, the estimation of extreme water levels is used in 

the context of public policy implementation for risk prevention or coastal management, particularly 

through the characterization of flood hazards. The purpose of these estimations is to provide a high 

level of safety in flood risk prevention. In this study, we apply probabilistic models to estimate 

extreme water levels up to a 100-year return period for lake Nokoue. The estimates are made using 

an extreme value statistical analysis method. The choice of a 100-year return period is driven by 

political rather than scientific reasons. However, the estimation of extreme surcharges (quantiles) for 

return periods close to 100 years is useful for analyzing rare extreme events. The results of this study 

could provide valuable insights for evaluating the extreme scenarios referenced by public policies in 

flood risk prevention for lake Nokoue. 

2. Materials and Methods 

2.1. Study Areas 

Lake Nokoue is located in southern Benin between 6°38' and 6°50' North latitude, and 2°35' and 

2°55' West longitude. It extends between 150 and 170 km², respectively, during the low water period 

and the high-water period “Figure 1”. 

 

Figure 1. Location of the study area. 

2.2. Implementation of Frequency Models 

Extreme water levels are estimated using a method of statistical fitting and extrapolation of 

extremes. Only the main points of the method are outlined here. For more information, please refer 

to [14]. The calculations were performed using the R environment because it is well known nowadays 

well. 

• Data on water levels of lake Nokoue 

This study focuses on the statistical analysis of extreme water levels of lake Nokoue, sourced 

from the Institute of Hydrology and Oceanology Research of Benin (IRHOB). An extreme water level 

is defined as the maximum observed value within a year. These values were extracted from a series 

spanning from 2015 to 2022.  

• Detection of hydrological flood risk thresholds 

The categorization of flood risk hazard thresholds is based on the classification of the 

standardized water height index. This categorization was made possible through a transposition of 
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daily data used by McKee et al. (2002) [15]. By normalizing the water height series of lake Nokoue, 

these thresholds were determined (Totin et al., 2016; WMO, 2012) [16,17]. Water height anomaly 

indices and McKee's classification were used to characterize flood thresholds. The risk categories 

(limited, moderate, significant, and critical) are shown in Table 1. The occurrence period of flood 

water heights associated with flood risk threshold indices is determined using the Gumbel 

distribution with the method of linear moments. 

Table 1. Standardized Classification of Water Heights. 

Risk Level Standardized Water Height Index   

Critical Catastrophique Index ≥ 2.0 

Significant 1.5 ≤ Index < 1.99 

Moderate 1 ≤ Index < 1.49 

Limited  -∞≤ Index < 0.99 

This table categorizes daily maximum water heights into different flood risk levels (limited, 

moderate, significant, and critical) based on the standardized water height index. 

• Selection and calculation of empirical probabilities of observations 

The experimental probabilities associated with the observations were calculated using formula 

“(1)” with the Weibull formula, which aims to obtain unbiased exceedance probabilities for all 

distributions. [18]. 

𝑝(𝑥𝑖) =
𝑖

𝑁+1
    𝑒𝑡   𝑇(𝑥𝑖) =

1

1−𝑝(𝑥𝑖)
                        (1) 

Where 𝑝 is the exceedance probability of the maximum water level, iii is the rank of the height 

in the series, and 𝑁 is the size of the series consisting of the annual maximum water levels. 

• Test of stationarity, independence, and homogeneity. 

The Mann-Kendall, Wald-Wolfowitz, and Wilcoxon tests were used respectively for stationarity, 

independence, and homogeneity. The p-value represents the risk of error if we consider that the null 

hypothesis 𝐻0 (the hypothesis that the sample is stationary, homogeneous, and independent) is not 

true. The maximum acceptable value for the risk of error is set at 5%. If the p-value is less than 5%, 

there is less than a one in five chance of being wrong in considering that the series of extreme water 

levels is not independent, stationary, and homogeneous [19]. 

• Parametric fitting and extrapolation 

A parametric distribution law is fitted to the extreme water levels. Adopting a distribution law 

to study and describe maximum water levels is undoubtedly the most critical step, introducing the 

greatest uncertainties [20,21]. Il est prudent de tester d'autres lois de distribution appartenant au 

domaine asymptotique des évènements extrêmes. Diverses pistes ont contribué à faciliter ce choix, 

mais il n’existe malheureusement pas de méthode universelle et infaillible [22]. It is prudent to test 

other distribution belonging to the asymptotic domain of extreme events. Various approaches can 

help facilitate this choice, but unfortunately, there is no universal and infallible method. [23]: The 

Generalized Extreme Value (GEV) distribution, the Gumbel distribution, and the Generalized Pareto 

(GPA) distribution are all types of generalized extreme value laws that are often used to model 

extreme events, such as river or lake floods. A comparative study of the performance of these 

recommended distributions by [24]is the best approach for justifying the choice of a distribution. The 

linear moments method available in the (lmomco) package, based on negative logarithmic likelihood, 

was used for parameter estimation. The distribution functions of the three laws used in this article 

are as follows “(2)” to “(4)”: 
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Gumbel: 𝐹(𝑋) = 𝑒−𝑒−𝛼(𝑥−𝑥0)

        (2) 

Where 𝛼(𝑥 − 𝑥0)  for the Gumbel distribution, where 𝛼 is the scale parameter and 𝑥0 is the 

location parameter. 

GEV : 𝐹(𝑋) = 𝑒
(−(1+𝑘(𝑥+𝑥0.)

−
1
𝑘))

       (3) 

With 𝑘 ≠ 0 et 𝑘(𝑥 + 𝑥0.)
−

1

𝑘 > 0         

GPA : Let 𝑋 be a random variable with distribution function 𝐹 and 𝑢 be a threshold value. 

The random variable 𝑌 =  𝑋 –  𝑢 pour 𝑋 >  𝑢 follows the conditional distribution function: 

𝐺(𝑦) = 𝐺(𝑥 − 𝜇) =
𝐹(𝑥)−𝐹(𝜇)

1−𝐹(𝑥)
           (4) 

With 𝑥 > 𝜇 

𝐺(𝑦) = 1 − [1 + 𝑘 (
𝑦

𝜎
)]

−
1

𝑘
              (5) 

• Model performance metrics 

The quality of the statistical extrapolation of extreme events is assessed using linear moments 

diagrams, Taylor diagrams, cumulative distribution functions, and the root mean square error 

(RMSE), as these methods are more practical and powerful compared to the χ² test, Bayesian 

Information Criterion (BIC), and Akaike Information Criterion (AIC). 

• Linear moments diagram 

par la formule de The linear moments diagram (LM) is based on the combination of skewness 

coefficients (𝜏3) and kurtosis coefficients (𝜏4) to graphically assess which distribution best fits the 

sample observations. Constructing the diagram requires knowledge of the function relating 𝜏3 to 𝜏4 

 through the formula of “(6)”:  

𝜏4 =∑ 𝑎𝑗
8
𝑗=0 (𝜏3

2)                                              (6) 

With 𝑎𝑗 : polynomial approximation coefficient. The L-moments package in the R programming 

language was used to represent the kurtosis coefficients as a function of skewness coefficients and 

the experimental characteristic of the sample. 

• Root Mean Square Error criterion 

The root mean square error (RMSE) is a method for objectively evaluating the performance of 

models. It provides a measure of the average magnitude of prediction errors, with lower values 

indicating better model accuracy. It is formulated as follows “(7)”: 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑂𝑛 − 𝑀𝑛

𝑁
𝑖=1 )2                                 (7) 
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3. Results  

3.1. Description of the Data 

The statistical examination of the data series indicated that, over an 8-year period, the annual 

maximum water levels of lake Nokoue ranged from 3.5 to 4.4 meters, observed in 2015 and 2022, 

respectively, with an average annual maximum of 3.95 meters (see Table 1 and “Figure 2”). The 

empirical probability density is composed of two phases: a rising phase from 0.3 to 1.2 and a declining 

phase from 1.25 to 0.5. The extreme water levels with the highest empirical probability densities are 

between 3.8 meters and 4.0 meters “Figure  3” 

Table I. Summary STATISTICS OF THE DATA. 

min 25% 50% 75% max 

3.5 3.75 3,95 4.13 4,4 

 

 

Figure 2. annual maximum water levels. 

 

Figure 3. Empirical probability density of annual maximum water levels. 
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3.1. Results of Hypothesis Tests 

The various statistical tests yielded the following p-values for the series of annual maximum 

water levels, as shown in Table 2.  

• The hypothesis that the data series of annual maximum water levels is independent is accepted 

with a 95% confidence level. There is no correlation between the data in the series. 

• The absolute value of the Mann-Kendall statistic (|𝐾|)  is evaluated at 0.04. The hypothesis 

that there is no trend in the 10-minute and 15-minute data series is accepted at a 5% significance 

level. 

• The absolute value of the Wilcoxon statistic (|𝑊|)  is evaluated at 0.04. The mean of the two 

sub-samples (2015-2018 and 2019-2022) is statistically equal, meaning the series is 

homogeneous. Thus, the null hypothesis 𝐻0is accepted at a 5% significance level. 

TABLE II.VALUES OF THE STATISTICAL TESTS. 

Statistical tests p-value 

independance 0.2 

homogeneity 0.4 

stationarity 0.4 

 

3.1. Results of the Fitting To Statistical Distributions 

The parameter values for the Gumbel, GEV, and GPA distributions are recorded in Table 3, and 

the “Figures—7” are presented below. 

Table 3. RESULTS OF THE PARAMETERS FOR THE GUMBEL, GEV, AND GPA DISTRIBUTIONS. 

Statistical distributions Parameters 

xi               alpha kappa   

lois de Gumbel 3.80                        0.25 
 

  

lois GEV 0.30                         0.3 0.27 
 

Lois GPA 3.43                        1.003 0.96   
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Figure 4. Parameters of the Generalized Extreme Value (GEV) distribution. 

 

Figure 5. Parameters of the Gumbel distribution. 
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Figure 6. Selection of the threshold for extreme water levels of Lake Nokoue. 

 

Figure 7. Parameters of the Generalized Pareto (GPA) distribution. 

“Figure 8” below shows the results of the fitting performed for each of the three statistical 

distributions Gumbel, GEV, and GPA applied to the series of extreme water levels of lake Nokoue. 

The graphical analysis indicates that the scatter plot is best represented by the Gumbel distribution. 

The best result in the root mean square error (RMSE) test is for the Gumbel distribution, estimated at 

0.0721. Therefore, the Gumbel distribution appropriately fits the extreme water levels of lake Nokoue. 
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The L-moments diagrams and cumulative density curve also confirm the suitability of the Gumbel 

distribution for predicting the extreme flood water levels of Lake Nokoue, as shown in “Figure 9”. 

 

Figure 8. Fitting of the three distributions. 
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Figure 9. Performance criteria: Probability density function; Cumulative distribution function; Taylor 

diagram; and L-moment diagrams.. 

3.1. Results of the Quantile Estimates for the Gumbel, GEV, and GPA Distributions 

The estimates from the Gumbel (G), GEV, and GPA distributions differ. At this stage, there is no 

criterion that clearly favors one distribution over the others. The Gumbel distribution appears to fit 

the tail of the distribution better. The estimates obtained with the Gumbel distribution are 

Table 4. valeurs des quantiles associées aux périodes de retour. 

Période de retour Gumbel GEV GPA 

 

100 

50 

30 

20 

15 

10 

5 

3 

2 

 

4,95 

4,77 

4,65 

4,54 

4,47 

4,36 

4,18 

4,03 

3,89 

 

4,64 

4,57 

4,51 

4,46 

4,41 

4,35 

4,21 

4,08 

3,94 

 

4,47      

4,45 

4,44 

4,42 

4,40 

4,36 

4,25 

4,11 

3,94 

4. Discussion 

There are many examples where the Gumbel distribution provides remarkable results, but it 

seems that, with equal theoretical justifications, in some cases, it would be more beneficial to use the 

Fréchet distribution, particularly due to the slower decay of the latter [25–28]. This could be explained 

by its asymptotic behavior. Reference [29–32] in its study demonstrated that the GPA distribution 
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was much more suitable for a series composed of values exceeding a threshold. It confirms that the 

tail of the GPA distribution is thicker as the value of the parameter k increases. Our results 

corroborate with those of [33], [34–39]. These authors, in their study, demonstrated that the Gumbel 

distribution was more efficient than the Weibull and GPA distributions. They recommended that the 

estimation of parameters using the maximum likelihood method for the generalized extreme value 

distribution (GEV) and the generalized Pareto distribution (GPA) can be carried out very effectively 

and accurately using a global optimization tool that can bypass various local optima." 

5. Conclusions 

The Gumbel model correctly reproduces the curves of maximum flood water heights for lake 

Nokoue. The return period of the largest flood experienced by lake Nokoue is 7 years. The Gumbel 

model will be used for the preliminary determination of the maximum water heights related to floods 

in the lake Nokoue basin. The main limitation of this work lies in the choice of probability 

distributions and the method of parameter estimation. Indeed, there is no universal and infallible 

method for choosing the distributions suited to different situations. However, this case study of the 

lake Nokoue basin serves as a basis for all flood prevention structures in the lake Nokoue basin and 

the determination of alert thresholds. 
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26. Ju árez S.F.  and W.R. Schucany. Robust and efficient estimation for the generalized pareto distribution. 

Extremes 2004, 7(3),237–251.  

27. Pickands J 1981. Multivariate extreme value distributions. In Proceedings 43rd Session International Statistical 

Institute. 

28. Pickands J. III 1975. Statistical inference using extreme order statistics. Annals of Statistics, 3:119–131.  

29. CIEH. Courbes hauteur de pluie-fréquence Afrique de l‘Ouest et Centrale pour des pluies de durée 5 mn à 

24 h. 1984 

30. Christophe Ancey. Risques hydrologiques et aménagement du territoire. École Polytechnique Fédérale de 

Lausanne, Ecublens, CH-1015 Lausanne, Suisse 2011. 

31. Cunnane C. Note on the poisson assumption in partial duration series model. Water Resour Res, 1979, 15(2), 

489–494.  

32. Matthew J. Purvis, Paul D. Bates, Christopher M. Hayes. A probabilistic methodology to estimate future 

coastal flood risk due to sea level rise,Coastal Engineering 2008, 55, 12, 1062-1073  

33. Courtney M. Thompson, Tim G. Frazier, Deterministic and probabilistic flood modeling for contemporary 

and future coastal and inland precipitation inundation, Applied Geography 2014, 50,1-14 

34. Roman Krzysztofowicz. Probabilistic flood forecast: Exact and approximate predictive distributions, 

Journal of Hydrology 2014, 517, 643-651. 

35. Pascal Lardet, Charles Obled. Real-time flood forecasting using a stochastic rainfall generator, Journal of 

Hydrology 1994, 162, 3–4, 391-408. 

36.  Shien-Tsung Chen, Pao-Shan Yu. Real-time probabilistic forecasting of flood stages,Journal of Hydrology 

2007, 340, 12, 63-77. 

37. Roman Krzysztofowicz. The case for probabilistic forecasting in hydrology,Journal of Hydrology 2001, 249, 

14, 2-9. 

38. Kupfer, S., MacPherson, L. R., Hinkel, J., Arns, A., & Vafeidis, A. T. A comprehensive probabilistic flood 

assessment accounting for hydrograph variability of ESL events. Journal of Geophysical Research: Oceans, 

2024 ,129 

39. Karl-Erich Lindenschmidt, Prabin Rokaya, Apurba Das, Zhaoqin Li, Dominique Richard.A novel stochastic 

modelling approach for operational real-time ice-jam flood forecasting,Journal of Hydrology 2019, 575, 381-

394. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those 

of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) 

disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or 

products referred to in the content. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 October 2024 doi:10.20944/preprints202410.1634.v1

https://doi.org/10.20944/preprints202410.1634.v1

