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Integrated Hydrological Analysis for Water Resource Management and Flood Risk Forecasting in the Diani Watershed

Abstract
The Diani watershed faces increasing pressure on its water resources due to climate variability, population growth, urbanization, and agricultural and pastoral activities. Increasingly frequent episodes of intense rainfall, exacerbated by climate change, cause recurring floods resulting in loss of life, property damage, degradation of agricultural land, and socio-economic disruption. Furthermore, the lack of reliable hydrometeorological data, insufficient flood control infrastructure (retention basins, dikes, drainage canals), uncontrolled development in flood-prone areas, and deforestation further increase the watershed's vulnerability. Poor coordination among institutional stakeholders and the limited integration of modern hydrological modeling tools also hinder the effectiveness of early warning systems. The objective of this study is to estimate return periods and quantiles of extreme rainfall and discharge in order to analyze the relationship between these two variables in the Diani watershed in Guinea's Forest Region. The methodological approach consists of finding a statistical distribution of maximum annual rainfall and discharge from 1995 to 2024 by fitting them to the Gumbel distribution of extreme values. The parameters of the Gumbel extreme value distribution were estimated using the weighted moment method. The results show that the data studied fit the Gumbel extreme value distribution well. Furthermore, the annual maxima of precipitation and stream flow have return periods of 6, 12, 20, and 60 years, respectively. These return periods correspond to abnormal, highly abnormal, and exceptional events. The rainfall and flow quantiles corresponding to these events are 85.8, 99.1, 108.6, and 128.6 mm for the N’Zérékoré station; and 96.1, 113.8, 126.4, and 153.2 mm for the Macenta station, with flow rates of 195.6, 227.3, 249.9, and 297.7 m³/s respectively. Unpredictable extreme rainfall can lead to flooding, which could have serious economic and social consequences in the Diani watershed. The correlation coefficient between rainfall and flow rate is -0.041 at the N’Zérékoré station and 0.013 at the Macenta station. Indeed, these results show that there is no significant relationship between rainfall (N’Zérékoré, Macenta) and flow rates in the Diani River watershed.
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1. Introduction
The rational management of water resources at the scale of watersheds in general and ecosystems in particular requires a good knowledge of the variability of rainfall and hydrological regimes, especially during periods of crisis linked to flood or low water events (Bai et al., 2020). In the dry tropical regions of West Africa, the development of water resources for agriculture and livestock farming through small-scale hydro-agricultural developments requires a good understanding of rainfall and hydrological patterns, and in particular the characteristics of exceptional floods, to prevent the risks of destruction of hydraulic structures and crops.

The potential consequences of climate change include, among other things, an increase in extreme events or hydrometeorological situations which, until now, have manifested as heavy rainfall or prolonged periods of drought. The overall variation in rainfall, excess and poor temporal or spatio-temporal distribution over several years has significant repercussions on hydrological and agronomic levels, but also on economic, social and even political levels (Bergstrand et al., 2014). One of the most damaging consequences for the economy is the invalidity of hydrological standards used to design structures. It is therefore necessary to find a method for analyzing maximum rainfall and precipitation levels in order to have reliable management tools.

Furthermore, a good knowledge of rainfall and hydrological regimes makes it possible to better estimate annual volumetric inputs in order to better size storage facilities and determine their potential to contribute to development and to meet the needs of populations (Aghakouchak et al., 2020).

Based on the principle that a natural risk is managed better when one has prepared for it, it is necessary, in order to prevent any hydrometeorological crisis situation, to seek to better understand and quantify the rainfall and hydrological regimes of small watersheds; this allows for a better estimation of the rainfall and hydrological parameters of these watersheds which have sufficient rainfall and hydrological data. (Sisay et al., 2019 and  Laddaporn et al., 2020) 

This study is important for improving the rational management of water resources in small watersheds by enhancing understanding of rainfall variability and hydrological regimes, particularly during extreme flood and drought events. In the context of climate change and increasing hydrometeorological extremes, reliable analysis of maximum rainfall and flows is essential for the safe design and sustainability of hydraulic and agricultural infrastructure. The findings support better estimation of water availability and storage requirements, contributing to improved agricultural productivity and livelihood security. Overall, the study provides decision-makers with robust tools to mitigate hydrological risks and strengthen watershed resilience in dry tropical regions (Martin et al., 2026).
Therefore, with a view to helping basin managers in Forest Guinea to have a better understanding of extreme hydrometeorological events at the scale of Diani, this work proposes to analyze maximum flows and rainfall, to evaluate the relationship between rainfall and characteristic flows of the basin and, finally, to formulate a model allowing the estimation of return times and quantiles of maximum flows and rainfall.
2. Materials and Methods
2.1. Study Setting and Data
The Diani River watershed, located in the Forest Region of Guinea (between 7°30' - 9°30' North and 8°0' - 10°30' West), is a major ecosystem covering approximately 5,200 km² (Fig. 1). It is one of the most important watercourses in the region, essential for local hydrography. It originates in the Ziama Classified Forest (Macenta Prefecture), forms the boundary between the Macenta and N'Zérékoré Prefectures, and forms the border between Guinea and Liberia for 50 km (Yacouba et al., 2023). The basin has a reliable gauging station at the Diani Bridge, used for observations. It is subject to tropical rainfall patterns that influence its flow. The area is characterized by mountainous landscapes (Nimba Mountains, Guinean Ridge) upstream, with dense forest ecosystems. The Diani basin is crucial for water supply, agriculture, and the ecological balance of the Forest Region of Guinea. The data used in this research are based on annual rainfall and stream flow data. Rainfall data were provided by the National Meteorological Agency of Conakry and cover the period from 1995 to 2024 for two synoptic stations (Macenta and N’Zérékoré). Stream flow data were obtained from the National Directorate of Hydraulics of Conakry and also cover the same period (Piou Dobo et al., 2025).
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Fig. 1. Location map of the Diani watershed (Source: M. Sidiki Traore)
2.2. Analysis Methodology
The availability of accurate estimates of extreme hydrometeorological events (such as floods and low water levels) is essential for the successful execution of various engineering activities, including the design of hydraulic structures, water and habitat quality management, and flood prevention. To improve these estimates, numerous methodologies have been developed in recent years (Piou Dobo et al..., 2025). In this study, a fitting law, namely the Gumbel distribution, is used. This distribution was selected based on the work of several authors (Kundzewicz et al..., 2014; Amani Michel et al…, 2018; Belkacem Abdous et al..., 2008; Gue, A., & Afouda, A. 2015 and Goula et al…, 2007;).

Calculation of empirical frequencies
In the tropical zone, Hazen's formula has been used by most authors (Relwindé Abdoul et al…, 2021; H., De Longueville, F., & Ozer, P. 2015). It is based on ranking a sample of maximum rainfall of size n in ascending order. The expression for the empirical or experimental non-exceedance frequency of Hazen for a value x of rank r is calculated by the equation 1.



Characterization of Return Times
The return period (or return time) characterizes the statistical time between two occurrences of a natural event of a given intensity. This term is widely used to characterize natural hazards. The estimation of different return times for an event is defined as the inverse of the probability of that event exceeding its intensity. It is given by the formula 2.


Where, T: return period (years) and F: non-exceedance frequency.
A rainfall event is classified as highly exceptional if its return period is over 100 years; exceptional if the return period is between 30 and 100 years; highly abnormal if the return period is between 10 and 30 years; and abnormal if the return period is between 1 and 6 years (Haan and Ferreira 2006; Bergstrand et al., 2014; Fougeres et Soulier 2010; Belkacem et al.., 2008; M. Schlather et Tawn 2003; Kévin Dubois et al., 2024).

Pearson Correlation Test
The correlation coefficient, often denoted (r), measures the strength and direction of a linear relationship between two quantitative variables. It ranges from -1 to 1. For two variables (X) and (Y), the Pearson correlation coefficient is calculated using the following formula 3.



Where X̅ and Y̅ represent the means of X and Y
(r = 1): perfect positive correlation. When (X) increases, (Y) increases proportionally.
(r = -1): perfect negative correlation. When (X) increases, (Y) decreases proportionally.
(r = 0): no linear correlation. Changes in (X) have no predictable effect on (Y).

3. Results and discussion
3.1. Estimation of extreme flood flows/precipitation for different return times using Gumbel law
The application of the statistical method (Gumbel law) to hydroclimatic data allowed us to estimate different return times for extreme precipitation and flow events, the results of which are grouped in the table below.

Table 1. Extreme events for different return times
	
Years
	
Flow rate [m/s3]
	
Time [year]
	Rainfall [mm]

	
	
	
	N’Zérékoré
	Time [year]
	Macenta
	Time [year]

	1995
	88,0
	1,1
	68,1
	2,1
	77
	1,8

	1996
	186,2
	6,7
	37
	1,3
	42,2
	1,3

	1997
	172,9
	5,5
	67,7
	1,9
	81,4
	2,2

	1998
	159,6
	4,0
	95,4
	20,0
	113,3
	20,0

	1999
	127,4
	1,5
	64
	1,7
	69,5
	1,7

	2000
	138,0
	2,4
	61,6
	1,5
	67
	1,5

	2001
	120,2
	1,2
	40,4
	1,3
	34,5
	1,3

	2002
	137,4
	2,1
	33,9
	1,2
	30,6
	1,2

	2003
	126,1
	1,4
	30,1
	1,1
	21,2
	1,0

	2004
	128,3
	1,6
	29,4
	1,0
	24,9
	1,1

	2005
	168,2
	4,6
	32,5
	1,1
	32,6
	1,2

	2006
	131,0
	1,8
	33,9
	1,2
	29,6
	1,1

	2007
	206,0
	12,0
	30,3
	1,1
	26,6
	1,1

	2008
	347,1
	60,0
	69,5
	2,2
	77,6
	1,9

	2009
	275,3
	20,0
	75,7
	2,6
	100,9
	4,6

	2010
	203,6
	8,6
	77,3
	2,4
	85,7
	2,4

	2011
	131,9
	1,9
	51,1
	1,4
	49
	1,4

	2012
	60,1
	1,0
	60,3
	1,5
	69
	1,6

	2013
	94,3
	1,1
	62,7
	1,6
	58,5
	1,5

	2014
	119,4
	1,2
	91,5
	8,6
	99,3
	3,2

	2015
	144,4
	3,5
	82,5
	3,2
	95,7
	2,9

	2016
	138,7
	2,9
	78,7
	2,9
	104,4
	5,5

	2017
	137,4
	2,2
	64,4
	1,8
	80
	2,1

	2018
	138,6
	2,6
	93,6
	12,0
	86,5
	2,6

	2019
	140,1
	3,2
	85,8
	3,5
	103,6
	5,5

	2020
	123,9
	1,3
	86,7
	4,0
	99,6
	3,5

	2021
	99,4
	1,1
	86,7
	4,6
	110,3
	12,0

	2022
	127,7
	1,5
	100,6
	60,0
	100,2
	4,0

	2023
	120,4
	1,3
	88
	5,5
	113,9
	60,0

	2024
	130,1
	1,7
	90,5
	6,7
	106
	8,6



Analysis of extreme events for different return periods (Table 1) using Gumbel law shows that:
· Return periods between 30- and 100-years mark exceptional events and include the 2008 flood flow with a flow rate of 347.1 m3/s and the extreme rainfall of 2022 and 2023 in N’Zérékoré and Macenta respectively, with amounts of 100.6 mm and 113.9 mm, for which the return period is 60 years;
· Return periods falling within the range of 10 to 30 years constitute highly abnormal events and concern the flood flows of 2007 and 2009, with flow rates of 206.0 m³/s and 275.3 m³/s respectively, for return periods of 12 and 20 years; the extreme rainfall of 1998 for the two stations (N’Zérékoré and Macenta) with respective amounts of 95.4 mm and 113.3 mm for a return period of 20 years. There are also the rainfall events of 2018 and 2021 with respective amounts of 93.6 mm for the N’Zérékoré station and 110.3 mm for the Macenta station, with a return period of 12 years;
· Return periods between 1 and 6 constitute abnormal events and concern the remaining years in Table 1, with the exception of 1996 and 2008, whose flow rates are 186.2 m³/s and 203.6 m³/s, respectively, with return periods of 6.7 years and 8.6 years. In addition, the rainfall in N’Zérékoré for the years 2014 and 2024, which have return periods of 8.6 and 6.7 years, and that of Macenta, with a return period of 8.6 years corresponding to the year 2024, are included.

3.2. Adjustment of Maximum Annual Rainfall/Flow Rates According to the Gumbel Distribution
The graphs of maximum annual rainfall and flow rate as a function of the Gumbel centered variables (Fig. 2) yield the following equation, whose parameters, estimated by the method of moments, are: a = 55.31 and b = 17.94 for rainfall in N’Zérékoré and a = 55.29 and b = 23.96 for Macenta; for flow rates, a = 122.66 and b = 42.84. All the estimated rainfall/flow rate intensities closely follow the linear curves and fall within the confidence intervals. This demonstrates that the Gumbel distribution accurately estimates the extreme values ​​of observed annual rainfall/flow rates.

In other words, the method of moments consists of equating the characteristics of the (empirical) distribution of samples with the theoretical characteristics of the law. The characteristics used to describe a distribution are the moments, the best known of which are the mean and the variance.
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Fig. 2. Gumbel Law Precipitation/Runoff Fitting Model
3.3. Estimation of Quantiles Corresponding to Return Times of Stream flow and Precipitation Observed in the Watershed
The results in figure 3 reveal that the 6-year return period corresponds to rainfall quantiles of 85.8 mm and 96.1 mm for the N’Zérékoré and Macenta stations, respectively, with a flow rate of 195.6 m³/s marking abnormal rainfall events. The 12- and 20-year return periods coincide with rainfall quantiles of 99.1 mm and 108.6 mm for the N’Zérékoré station and 113.8 mm and 126.4 mm for the Macenta station, with respective flow rates of 227.3 m³/s and 249.9 m³/s.

These return periods correspond to highly abnormal rainfall events. Finally, the 60-year return period, which defines exceptional rainfall events, corresponds to rainfall quantiles of 128.6 mm and 153.2 mm for N’Zérékoré and Macenta, with a flow rate of 297.7 m³/s.
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Fig. 3. Return period of annual rainfall quantiles and maximum flow rates
Moreover, these different analyses describe the intensity of annual rainfall and maximum flows according to an annual periodicity and can lead to a recurrence of water levels in the basin.
3.4. Statistical Dependence between Rainfall and Annual Flow in the Watershed
To better understand the influence of rainfall on flow, a correlation test was applied, as illustrated by the two graphs (Fig. 4). The results of the analysis show that the cloud points are dispersed in the same way along both linear trends. The correlation coefficient between rainfall and flow is -0.041 at the N’Zérékoré station and 0.013 at the Macenta station. Furthermore, we also observe that the linear trend at the N’Zérékoré station is slightly downward than that at Macenta.
[image: ]
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[bookmark: _GoBack]Fig. 4. Relationship between precipitation and flow rate in the watershed
The summary of the correlation test statistics is presented in Table 2 below.
Table 2. Statistical dependence results between rainfall and stream flow in the watershed
	

	 
	 
	 
	R de Pearson
	p
	Covariance

	Pluie_N'Zérékoré
	-
	Débit
	-0.041
	.830
	-51.650

	

	 
	 
	 
	R de Pearson
	p
	Covariance

	Pluie_Macenta
	-
	Débit
	0.013
	.947
	21.253

	



The interpretation of the correlation between rainfall and flow rates (Table 2) when examining the values ​​of r, p, and covariance is as follows:
At the N’Zérékoré station:
r value = -0.041
This indicates a very weak negative correlation between the two variables (rainfall and flow rate). In other words, there is almost no linear relationship between the amount of rainfall at the N’Zérékoré station and the observed flow rate in the watershed.
p value = 0.830
This value is well above the usual threshold of 0.05. This means that there is insufficient evidence to reject the null hypothesis, which states that there is no correlation between the two variables. In other words, the observed relationship (or lack thereof) could be due to chance, and there is no statistically significant link between rainfall and flow rate.
Covariance = -51.650
A negative covariance indicates a tendency for one variable to decrease when it increases. However, the covariance value alone cannot be interpreted in isolation. It must be interpreted in conjunction with the correlation coefficient and the p-value.
At the Macenta station
r value = 0.013
This value indicates a very weak positive correlation between the two variables (rainfall and flow rate). In other words, there is almost no linear relationship between the amount of rainfall at Macenta and the observed flow rate. A value close to 0 suggests that there is no clear trend in the data.

p value = 0.947
This value is well above the usual threshold of 0.05. This means that there is insufficient evidence to reject the null hypothesis, which states that there is no correlation between the two variables. In other words, the observed relationship (or lack thereof) could be due to chance, and there is no statistically significant link between rainfall at the Macenta station and the catchment flow rate.

Covariance = 21.253
Positive covariance indicates a tendency for one variable (e.g., rainfall) to increase, while the other variable (river flow) also tends to increase. However, as with negative covariance, the value itself does not provide a clear interpretation. Positive covariance must be interpreted in conjunction with the correlation coefficient and p-value. Indeed, the results show no significant relationship between rainfall (N’Zérékoré, Macenta) and river flow in the Diani River basin.
4. Conclusion
The analysis of the results obtained from applying Gumbel law to hydroclimatic data led to several conclusions regarding flood flows and extreme rainfall in the Diani River watershed. The results highlight several categories of extreme events based on return periods:

· The 2008 flood flow (347.1 m³/s) and the extreme rainfall of 2022 and 2023 (100.6 mm for N’Zérékoré and 113.9 mm for Macenta, respectively) are significant, indicating events of notable rarity.

· The flood flows of 2007 (206.0 m³/s) and 2009 (275.3 m³/s), as well as the rainfall of 1998 (95.4 mm in N’Zérékoré and 113.3 mm in Macenta), fall into this category. Furthermore, the rainfall of 2018 (93.6 mm) and 2021 (110.3 mm) also show 12-year return periods.

· The other years, with the exception of 1996 and 2008, show relatively short return periods, indicating a higher frequency of these events.

Fittings using the Gumbel distribution demonstrate that the extreme values ​​of annual rainfall and stream flow are well modeled by this distribution. The equations on the right, with well-defined coefficients, indicate a good fit between empirical and theoretical data, reinforcing the validity of the method of moments used. The return periods for the rainfall and stream flow quantiles show trends similar to the previous results, with significant quantiles for abnormal (6-year) and highly abnormal (12- and 20-year) rainfall events. This underscores the importance of these events in water resource management and flood prevention.

Correlation tests indicate a very weak relationship between rainfall and river flow, both in N’Zérékoré and Macenta. Correlation coefficients and p-values ​​show that there is no statistically significant link between these variables, suggesting that other factors may influence river flow in the watershed. These results can serve as a basis for future actions aimed at better understanding and managing the risks associated with flooding and climate variability.
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