

  water-14-00941




water-14-00941







Water 2022, 14(6), 941; doi:10.3390/w14060941




Article



Impact of Rainfall Variability and Land Use Change on River Discharge in South Cameroon



Valentin Brice Ebodé 1,2,*[image: Orcid], Jean Jacques Braun 2,3, Bernadette Nka Nnomo 2,4, Gil Mahé 5,*[image: Orcid], Elias Nkiaka 6[image: Orcid] and Jean Riotte 3,7





1



Department of Geography, University of Yaounde 1, Yaounde P.O. Box 755, Cameroon






2



International Joint Laboratory DYCOFAC, IRGM-UY1-IRD, Yaounde P.O. Box 4110, Cameroon






3



Géosciences Environnement Toulouse, Université de Toulouse, CNRS, IRD, 31400 Toulouse, France






4



Institute of Mining and Geological Research (IRGM), Hydrological Research Center, Yaounde P.O. Box 4110, Cameroon






5



HydroSciences Montpellier, Université de Montpellier, CNRS, IMT, IRD, 34095 Montpellier, France






6



Department of Geography, University of Sheffield, Sheffield S10 2TN, UK






7



Indo-French Cell for Water Sciences, Joint IRD-IISc Laboratory, Indian Institute of Science, Bangalore 560012, India









*



Correspondence: ebodebriso@gmail.com (V.B.E.); gil.mahe@ird.fr (G.M.); Tel.: +237-694-426-200 (V.B.E.); Fax: +33-467-144-774 (G.M.)







Academic Editor: Marco Franchini



Received: 27 January 2022 / Accepted: 15 March 2022 / Published: 17 March 2022



Abstract

:

Climate change, variability and anthropogenic forcings such as land use change are the main forcings of river discharge variability. However, an understanding of their simultaneous impacts on river discharge remains limited in some parts of the world. To shed light on this issue, the objective of this article is to investigate the effects of rainfall variability and land use change on river discharge in the Nyong basin (at Olama and Mbalmayo gauging stations) and some of its sub-basins (So’o and Mefou) over the long period 1950–2018. To achieve this goal, hydro-meteorological data of the Nyong basin and sub-basins were analyzed using the Pettitt test. Likewise, land use changes in the basin and sub-basins were also analyzed using supervised classifications of Landsat satellite images of the basins at different periods (1973, 2000 and 2018). On the annual scale, rainfall has decreased statistically over the studied basins. In the large basins (Olama and Mbalmayo), this decrease in rainfall is synchronous with that of discharges, while it is concomitant with an increase in the Mefou (small basin). After the ruptures within time series identified in the annual modules, the extreme discharges (maximum and minimum) decreased in Olama; in Mbalmayo, the maximum discharges remained stable while the minimum discharges decreased. On the other hand, the maximum and minimum discharges have significantly increased in the Mefou. The stability of maximum discharges at Mbalmayo and the increase in extremes on the Mefou in a context where the precipitation that generates the discharge has decreased can be attributed to land use change. These changes are essentially marked by an increase in impervious areas and a reduction in forest cover. On the seasonal scale, the impact of precipitation in the dry season is visible on the flows of the rainy seasons that follow them on the large basins (Olama and Mbalmayo). Between the decades 1970–1990 and 2000–2010, there was respectively a significant increase, then a decrease in summer precipitation, which impacted the autumn discharges in the same direction. Conversely, between the same intervals, there was a significant decrease, then a slight increase in winter precipitation. The impact of winter precipitation on the spring discharge is more visible during the first period only (1970–1990). During the second period, winter precipitation seems to have more of an impact on the runoff for the same season. In the Mefou sub-basin, the precipitation plays an essentially amplifying role in the increase in discharge in the seasons during which they occur. Those having experienced an increase, or a maintenance of precipitation (summer and spring) recorded the most significant increases in discharges. These results could be useful for long-term planning on the demand and use of water, as well as flood management in the basins






Keywords:


forcings; precipitation; runoff; land use; Nyong; Central Africa












1. Introduction


Changes in river discharge result from interactions between climate change and/or land use change [1,2,3,4,5], although it is also admitted that the physical characteristics of the basin (size, slope system, type of soil, etc.) increase their sensitivity to these factors [6,7]. Some authors attempt to identify climatic and land use change impacts on river regimes [8,9,10,11,12,13], but most of the research focuses on the effects of these two factors separately, as is the case with recent studies in Africa and South America [14,15,16,17,18].



In sub-Saharan Africa, the work devoted to investigating the impact of rainfall on discharge has been ongoing since the 1980s [19]. Studies correlating precipitation and discharge are based on the detection of ruptures in the hydrometeorological series. Results from those studies confirm, in the case of West Africa, that the 1970s appear to be the main period of discontinuity marking the onset of hydroclimatic drought in the region [20,21,22,23]. In Central Africa, fluctuations in river discharges and rainfall have been observed at seasonal [24] and interannual [25] time scales. Liénou et al. [26] demonstrate, in the case of three equatorial rivers (Ntem, Nyong and Kienke), that the most significant climatic variations leading to changes in river discharge result from variations in rainfall during the dry season. The authors explain the sensitivity of the studied basins to rainfall variability by the fact that their reduction induces a significant deficit in soil moisture and groundwater storage resulting in a decrease in river discharge. Conversely, an increase in soil moisture during the dry season therefore enhances discharge at the start of the rainy season. It appears that the variability of discharge regimes of equatorial rivers can be better appreciated when rainfall of these seasons is considered. Concerning the impact of land use change on river discharge, previous studies have used supervised classifications of satellite images, using at least two dates, to assess the dynamics of land use and its impact on river discharge [27,28,29]. Their results confirm an increase in discharges following an increase in impervious surfaces (buildings, roads and cultivated areas).



We anticipate that the series of nested basins in our study areas are likely to undergo similar changes. These basins are forested, but since the early 1970s, climatic fluctuations have been observed there as in the rest of sub-Saharan Africa. In addition, the population in these basins is increasing rapidly [30]. This demographic growth may likely lead to an increase in impervious areas, with serious implications on the hydrological dynamics of these hydro systems. However, unlike the West African basins, the Nyong basin and its sub-basins have received substantially less attention from the research community due to the absence of observational data, while in some cases, the existing data in the region are riddled with gaps [31]. Furthermore, acquiring satellite images of sufficient quality over large areas (no haze and cloud) remains a big challenge. Previous studies focusing on the impact of rainfall variability and land use change in sub-Saharan Africa have focused on other sub-regions while only few studies exist in the Central Africa sub-region. This study focuses on the Nyong river basin, and its sub-basins located in south Cameroon, because it is the main source of water supply to the city of Yaoundé which is the political capital of Cameroon. In addition, the Nyong river is rich in halieutic resources, and as such, it serves as a source of employment for many fishermen who supply their fish catch to markets in Yaoundé. The Nyong river basin therefore plays two important roles including water and food security in Cameroon.



The main objective of this study is to investigate the impact of precipitation variability and land use change on the hydrological dynamics of the Nyong river and its tributaries. Considering that few studies have attempted to investigate the impact of rainfall variability and land use change on river regimes in Central Africa, this paper contributes to this debate by focusing our analysis on the Nyong River basin in Cameroon, which is representative of Central African basins under the sub-equatorial Atlantic climate.




2. Data and Methods


2.1. Study Area


The study focuses on a series of nested basins which are the Nyong (at Olama and Mbalmayo, respectively 19,755 km2 and 14,438 km2) and two of its sub-basins (So’o at So’o bridge and Mefou at Nsimalen, 2383 km2 and 428 km2, respectively). These basins are located in south Cameroon, within the Central African sub-region, between latitudes 2°50′ N and 4°40′ N, and longitudes 11°5′ E and 13°30′ E (Figure 1). They belong to the sub-equatorial domain, with abundant annual precipitation (around 1600 mm/year), spread over four seasons of unequal importance. Two of them are dry (summer and winter) and two are rainy (spring and autumn) (Table 1). The studied basins are dissected by deep gullies cut into hills with convex slopes and wide marshy valleys [32]. Their geological substratum is made up of a granito–gneissic base on which ferralitic soils (on the summits and slopes) and hydromorphic soils (in the shallows) develop. The vegetation in the area is a dense semi-deciduous forest, with Sterculiaceae and Ulmaceae, which is subject to anthropogenic pressure [33].




2.2. Data Sources


2.2.1. Hydroclimatic Data


The river discharges of the Nyong (Olama and Mbalmayo) were obtained from two sources. The point of measurement, as well as the methods used for reading water levels and calculating discharges, however, remained the same for the sources. The series obtained from the Hydrological Research Center covers the period 1965–1987 (Olama) and 1951–1987 (Mbalmayo). This center manages a hydrometric database, mostly on a daily time step, which contains almost all the measurements carried out on Cameroonian territory since the beginning of the 1950s, for most of the stations. No observation data were available on this watercourse between 1988 and 1997. Indeed, after 1987, due to budgetary constraints, the hydrological service could no longer sustain the continuity of observations. This led to the abandonment of several hydrometric stations, including those of Nyong at Olama and Mbalmayo. Over the period 1998–2016, the river discharge series used (for the Nyong and the So’o) were obtained from ORE-BVET (Observatory for Research in the Environment/Tropical Experimental Watersheds) and funded by the French Ministry of Research and New Technologies, the National Institute of Sciences of the Universe, the Research Institute for Development and the Midi-Pyrénées Observatory. The complete series of flows of the Mefou came from the Hydrological Research Center and covers the period 1963–2018, but with gaps during the decades 1970, 1980 and 1990. There were no data on this watercourse between the 1978–1983 and 1989–2000 intervals. All the hydrological data used in this work were collected on a daily time step. The monthly, seasonal and annual modules were calculated subsequently.



The rainfall data used in this work came from the Climate Research Unit (CRU) of the University of East Anglia in the United Kingdom. These data have been available since 1901, via the site https://climexp.knmi.nl/selectfield_obs2.cgi?id=2833fad3fef1bedc6761d5cba64775f0/ (accessed on 26 January 2022) in NetCDF format, on a monthly time step and at a spatial resolution of 0.25° × 0.25°.



Six climatic indices (SOI: Southern Oscillation Index; DMI: Dipole Mode Index; NATL: North Tropical Atlantic sea surface temperature indices; SATL: South Tropical Atlantic sea surface temperature indices; MEI: Multivariate ENSO Index; NAO: North Atlantic Oscillation) representative of certain sources of large-scale variability (Pacific Ocean, Indian Ocean and Atlantic Ocean) likely to influence the climate of the region [34] were used in this study (Figure 2). These indices were collected at a monthly time step on the National Oceanic and Atmospheric Administration website (https://psl.noaa.gov/data/climateindices/list/ accessed on 26 January 2022). SOI, DMI and NAO were collected at the same intervals as the rainfall. The other indices have only been available since the beginning of the 1980s.




2.2.2. Spatial Data


The spatial data used to analyze changes in land use in the Nyong basin were mainly Landsat 8 satellite images from January 2018, Landsat TM from March 2000 and Landsat MSS from March 1973. Three Landsat scenes cover the entire basin, corresponding to path/row 185/57, 185/58, 184/57 (for Landsat 8 and Landsat TM satellites) and 199/57, 199/58, 198/57 (for the Landsat MSS satellite). All the images are made available to the general public for free by the National Aeronautics and Space Administration (NASA), via the US Geological Survey site (https://earthexplorer.usgs.gov/ accessed on 26 January 2022), in GeoTIFF format. Uploaded images taken during the dry winter season (December to mid-March) were preferred over the rainy seasons because they are less affected by cloud disturbances.





2.3. Data Analysis


2.3.1. Hydroclimatic Data


The analysis of precipitation, average river discharge and runoff coefficients (at annual and seasonal time steps) was carried out using Pettitt [35] and Mann–Kendall [36,37,38] tests, at the 95% significance level.



The Pettitt test seems to be the most suitable for the analysis of incomplete series such as ours because it can separate the series into two periods with an overall distinct behavior, which avoids the detection of false discontinuities which can sometimes be observed with other tests such as Hubert segmentation. Its principle consists of dividing the studied series (of N size) into two sub-samples of sizes m and n, respectively. We then calculated the sum of the ranks of the elements of each sub-sample in the total sample. A statistical study is then carried out based on the two sums thus determined; then, it is tested according to the hypothesis that the two sub-samples do not belong to the same population. The Pettitt test is non-parametric and derives from that of Mann–Whitney. The absence of a discontinuity in the series (Xi) of size N constitutes the null hypothesis. Its implementation supposes that for any instant T between 1 and N, the time series (Xi) 1 to t and t + 1 to N belong to the same population. The variable to be tested is the maximum in the absolute value of the variable Ut, N defined by:


  Ut , N =  ∑  i = 1    t   ∑  i = t + 1    N  Dij  








where Dij = Sign (Xi − Xj) with: sign (x) = 1 if x > 0, 0 if x = 0 and −1 if x < 0. If the null hypothesis is rejected, an estimate of the date of discontinuity is given by defining the maximum in the absolute value of the variable Ut, N.



In addition to the Pettitt test, the Mann–Kendall test was also used to analyze precipitation, average river discharge and runoff coefficients (at annual and seasonal time steps). This test is based on the test statistic “S” defined as follows:


  S =   ∑   i = 1   n − 1     ∑   j = i + 1  n  sgn  (  xj − xi  )   








where the xj are the sequential data values; n is the length of the data set; and sgn = (θ) if θ > 1, 0 if θ = 0 and −1 if θ < 0. There is no significant trend in the series analyzed when the calculated p-value is above the chosen significance level.



To assess the behavior of extreme flows, the Indicators of Hydrologic Alteration (IHA) tool, version 7.1, developed by The Nature Conservancy was used. This tool offers the possibility of comparing the parameters characterizing the flow regimes under different conditions [39]. It uses daily discharge values and produces several important statistics. Only four of them were considered essential for this study, among which were the average, the coefficient of variation (CV) of extreme discharge and the Julian date of the annual minimum and maximum. By dividing the series of values in the period before and after the discontinuity, the tool calculates the change that occurred in the evolution of each of these parameters after the discontinuity. We can thus analyze not only the sign of change between the two periods but also the magnitude of this difference.



The correlation coefficient is the criterion used to assess the links between the rainfall indices and the climatic indices selected. Denoted by “r,” the correlation coefficient is the ratio between the covariance (γ) of two variables (X and Y) and the product of their standard deviations. It indicates the strength and direction of the linear relationship between these variables. Varying between −1 and +1, it reflects a strong correlation if it is less than −0.5 or greater than 0.5:


  r =   γ  (  X , Y  )       σ X σ Y         








where   γ  (  X , Y  )    denotes the covariance of the variables X and Y;    σ X    and    σ Y    denote their standard deviations.




2.3.2. Spatial Data


Landsat images were classified using the supervised maximum likelihood classification, using the software Sentinel Application Platform (SNAP). This enabled us to perform a diachronic analysis of the evolution of land use in the basins studied. This operation was preceded by operations of preprocessing and recognition of objects in the field by photography and GPS (Global Positioning System). Satellite image preprocessing refers to all the processes applied to raw data to correct the geometric and radiometric errors that characterize certain satellite images. These errors are generally due to technical problems with the satellites, and interactions between outgoing electromagnetic radiation and atmospheric aerosols, also called “atmospheric noise”. The atmospheric disturbances are influenced by various factors that are present on the day of acquisition, including weather, fires and other human activities. They affect all the images acquired by passive satellites including Landsat 4-5-7 and 8. With the downloaded Landsat images being orthorectified, the preprocessing involved the atmospheric correction of the images and reprojection into the local system (WGS_84_UTM_Zone_32N). For this, neo-channels were created, to increase the readability of the data by enhancing certain properties less obvious in the original image, thus showing more clearly the elements of the scene. Three indices are therefore created, namely: the Normalized Difference Vegetation Index (NDVI, Equation (1)), the Brightness Index (BI, Equation (2)) and the Normalized Difference Water Index (NDWI, Equation (3)). These indices respectively highlight vegetated surfaces, sterile (non-chlorophyllin) elements such as urban areas and water bodies. The formulae used in creating these indices are:


  NDVI =   NIR − R   NIR + R    



(1)






  BI =    (   R 2  +   NIR  2   )    0.5      



(2)






  NDWI =   NIR − MWIR   NIR + MWIR      



(3)




where NIR: ground reflectance of the surface in the near-infrared channel; R: ground reflectance of the surface in the red channel and MWIR: ground reflectance of the surface in the mid-wave infrared channel. Due to the fact that the study area extends over several scenes, the enhancement operations were followed by the mosaic of the different scenes used on each date. It was an operation of joining two or more adjacent images into a single image. The use of Google Earth, as well as the spaces sampled from the GPS, made it possible to identify with certainty the impervious areas (buildings, savannas, bare soils and crops), water bodies (large rivers, lakes and ponds) and the forests (secondary, degraded, non-degraded and swampy) of each mosaic. Before the classification, the separability of the spectral signatures of the sampled objects to avoid interclass confusion was assessed by calculating the “transformed divergence” index. The value of this index is between 0 and 2. A value >1.8 indicates a good separability between two given classes. The different classes used in this study show good separability between them, irrespective of the image considered, with indices >1.9. The validation of the classifications obtained was carried out using the confusion matrix, making it possible to obtain treatment details to validate the choice of training plots. After validating the land use/land cover maps, the statistical and spatial differences of each class between 1973 and 2018 were evaluated.






3. Results


3.1. Evolution of Annual and Seasonal Precipitation


3.1.1. Interannual Evolution of Precipitated Quantities


Annual Precipitation


The results of our analysis indicate statistically significant negative trends in the annual precipitation in the Nyong basin (Olama and Mbalmayo) and the Mefou basin (Table 2 and Figure 3). Pettitt’s test showed a major rupture in the series of annual precipitation in these basins in 1975–76 (Figure 3). The deficits associated with this rupture were respectively −6.4%, −5.7% and −6.5% (Figure 3). In the Nyong basin at Olama and Mbalmayo, a drop in precipitation started in the 1970s and remained uninterrupted until the 2000s. In the Mefou sub-basin, in addition to that which was previously mentioned, the 1980s also seemed concerned by this enhancement (Table 3). The So’o basin experienced a significant decrease in annual precipitation from the 2000s (−3.5%) to the 2010s (−4%); however, Pettitt’s and Mann–Kendall’s tests did not reveal any rupture in their series (Figure 3 and Table 2). This could be related to the length of the time series (19 years only).



Previous studies in the Nyong basin at Mbalmayo have reported the absence of a rupture in the time series of annual precipitation in this basin [26,28]. This result differs from that obtained in the present study. A rupture marking a decrease in precipitation was highlighted in the series of precipitation in this same basin in 1975–76. This difference in results could be attributed to the different sources of precipitation used in the two studies. This study used rainfall data obtained from the Climatic Research Unit (CRU) while Ebodé et al. [28], for their part, used rainfall data from the System of Environmental Information on Water Resources and their Modeling (SIEREM) (1950–1999) and Tropical Rainfall Measuring Mission (TRMM) 3B42 V7 (2000–2016). Liénou et al. [26] used data obtained from SIEREM precipitation only. This could also be due to the difference between the lengths of the precipitation series used. This study covers the period 1950–51 to 2017–18, while that of Liénou et al. [26] covers the period 1950–2000.




Seasonal Precipitation


Precipitation during the rainy season decreased over all the basins studied. This decrease was statistically significant in some cases (Figure 3 and Table 2). Spring precipitation decreased statistically in 1975–76 in Nyong at Olama and Mbalmayo. The rates of change recorded following this rupture were respectively −9.2% and −6.5% (Figure 3). Despite this decrease in the Nyong basin at these two stations since the 1970s, it should be noted that spring precipitation has increased slightly over the past two decades (Table 3). Although it is not statistically significant in the Mefou basin, the drop in spring precipitation observed since the 1970s was only interrupted during the 2000s (Table 3). In the So’o basin, spring precipitation decreased from the 2000s to the 2010s (Table 3). However, this decrease was not significant according to the Pettitt test (Figure 3).



In the case of the autumn precipitation, it decreased significantly only in Nyong at the Mbalmayo and Mefou basins. The deficits caused by the ruptures identified in the series (1974–75 for the Nyong and 1972–73 for the Mefou) were −5.1% in the first case, and −11% in the second (Figure 3). The analysis of the decadal deviations from the interannual average of the four basins shows an evolution in the autumn precipitation, which is in line with that described for the annual precipitation over the same decades (Table 3).



The opposite trends have been highlighted in the dry season rainfall, except in the So’o. There was an increase in summer precipitation and a decrease in winter precipitation. The increase in summer precipitation was statistically significant for the Nyong basin at Mbalmayo and Mefou. Ruptures were respectively identified in their series in 1964–65 (+31%) and 1979–80 (+42.8%) (Figure 3). Despite a general increase observed in the various basins during the 1960s for certain basins (Nyong at Mbalmayo) and 1980s for others (Nyong at Olama and Mefou), the analysis of the decadal deviations from the interannual mean nevertheless reveals a significant drop in summer precipitation which started during the 2000s and intensified considerably in the following decade (Table 3). The precipitation of the summer dry season decreased from the 2000s to the following decade in the So’o basin. This decrease was, however, not statistically significant (Figure 3).



The decrease in winter precipitation was significant for the Nyong (at Olama and Mbalmayo) and Mefou basins. The rates of change recorded after the rupture was detected in their series in 1975–76 were, respectively, −26.1%, −30.8% and −39% (Figure 3). Although it experienced a general decrease during the 1970s, winter precipitation seems to have increased considerably since the 2000s (Table 3). This rise was not significant in the Nyong basin (Olama and Mbalmayo). In Mefou, the relapse that began during the 2010 decade was significant (Table 3). The precipitation of the dry winter season did not change statistically in the So’o basin; however, we noted a decrease from the 2000s to the 2010s (Table 3).



Like the previous studies relating to the studied region [26,28], this study highlights a cross-trend evolution of summer and winter precipitation between the 1960/1980 and 1990 decades. However, the present work reveals a reversal of these previously known trends from the 2000s. These new trends have only been demonstrated by a small number of studies so far [4,28].





3.1.2. Spatial Evolution of Precipitation


The analysis results of the interannual evolution of rainfall show that the 1970s represent the pivotal period of rainfall evolution in the study area. This led us to investigate the spatial distribution of rainfall in the Nyong basin and sub-basins during the period after this decade. The question therefore arises as to whether the changes in annual and seasonal rainfall observed around the 1970s were accompanied by a modification in its spatial distribution.



Figure 4 shows the spatial distribution of average annual and seasonal rainfall over the 1950–1979 and 1980–2017 periods. In terms of annual rainfall, it accounted for a decrease in the basins from east to west between the two compared periods. The limits of the selected precipitation classes were progressing towards the west (Figure 4). Likewise, if we stick to the 1600 mm isohyet, for example, it was located towards Dzeng during the first defined period, but it shifted towards Nsimi (to the west) during the second period (Figure 4).



As for the rainy season’s rainfall, we also observed, as with the annual precipitation, a decrease in rainfall in the different basins from east to west between the periods compared. For spring, the limit of the weakest precipitation class (<650 mm) was around Abong-mbang during the first period but reached Akonolinga during the second period (Figure 4). In addition, the 750 mm isohyet located near Yaounde during the first period almost disappeared in the Nyong basin at Olama. The autumn precipitation evolved almost identically to spring in the basins studied (Figure 4).



In the case of the dry season precipitation, we noted an increase in summer precipitation from north to south in the basins (Figure 4). Summer precipitation exceeding 200 mm was confined to the northwest and southwest during the first period under study but extended to cover almost the entire basin during the second period. Winter precipitation decreased in the same direction (north–south). The lowest precipitation class (<100 mm) was confined to the north of the basin during the first period and covered most of the catchment during the second (Figure 4).




3.1.3. Relationships between Rainfall and Some Potential Sources of Variability


The changes in precipitation described above (decrease in annual rainfall and rainy seasons; cross-trend evolution in dry season rainfall) motivated us to the examination of the links between the rainfall in the Nyong basin and certain relevant sources of large-scale climate variability (SOI, NATL, SATL, DMI, MEI and NAO), which may influence precipitation in the region [34]. Table 4 presents the correlations between the anomalies of the representative climatic indices of these sources of variability and those of rainfall in the basin studied (Nyong at Olama) at annual and seasonal time steps. This analysis shows significant correlations in this basin between the anomalies of the NATL indices and those of rainfall during spring, but also between the anomalies of these same indices and those of rainfall in winter. Important links have also been demonstrated between the rainfall anomalies of this watershed and those of the SOI in winter.



NATL indices were negatively correlated with rainfall during spring (Table 4). This implies that warming (cooling) of the Tropical North Atlantic was associated with the low (heavy) precipitation over the Nyong watershed during this season (Figure 5). This configuration was sometimes taken by default on the two watersheds, in particular in 1986–87, 1990–91, 1993–94, 1996–97, 2010–11, etc. Opposite signs of NATL indices and the rainfall anomalies were, however, noted for 74% of the years studied in this watershed (Table 5).



The NATL indices, on the other hand, were positively correlated with winter rainfall (Table 3). An increase in the temperature of the Tropical North Atlantic would be concomitant with abundant rainfall in the watershed studied during this season and conversely (Figure 5). A different situation was nevertheless observed in these watersheds in 1990–91, 1996–97, 1997–98, 2004–05, 2015–16, etc. The proportion of years for which the same sign of anomalies was observed between these two variables during winter was 69% in the Nyong basin (Table 5).



As in the previous case, the SOI was positively correlated with the rainfall in the watershed studied in winter (Table 4). This implies that a warming of the Pacific Ocean was synchronous with the generally abundant rainfall during this season (Figure 5). This situation was not, however, observed for certain years (1950–51, 1963–64, 1968–69, 1970–71, 1984–85, 1990–91, 1996–97, etc.). The percentage of years having recorded the same sign of anomalies between rainfall and SOI in winter was 56%. The correlation between rainfall and SOI anomalies was good in winter, but the proportion of years with the same sign of anomalies did not give enough clear information.



The fact that winter rainfall was correlated with both the temperatures of the Tropical North Atlantic and the Pacific Ocean indicates a probable simultaneous control of these two oceans on the precipitation of the whole region during the winter.



Bogning et al. [40] recently demonstrated that an important relationship exists between the March-April-May (MAM) rainfall and the tropical Atlantic Niño. According to them, the negative temperature anomalies in the south-eastern equatorial Atlantic are at the origin of the positive anomalies of the MAM rainfall in the Ogooue watershed. The negative correlation coefficient between these two variables is high (r = −0.74). This study also highlights a relatively strong link (r = −0.56) between the spring rainfall of this watershed located further north of the equator and the temperatures of the Atlantic Ocean, with the difference that the link with the rainfall of this season has been established this time with the temperatures of the Tropical North Atlantic of the same season.





3.2. Evolution of Average and Extreme Discharge


The main features and trends in hydrological variability reported here are those detected for average (annual and seasonal) and extreme (maximum and minimum) discharges.



3.2.1. Average Flows


Average Annual Discharges


The annual modules of Nyong at Olama and Mbalmayo decreased significantly over their respective study periods (Figure 3). Ruptures were identified in the Nyong annual module series at these two sections, respectively: in 1971–72 (−18.9%) and 1973–74 (−11.9%). In these two sections, the 1980s was the only wet period after the 1970s (Table 3). Unlike the previous cases, the Mefou annual average discharges have increased significantly since 1985–86 (Figure 3). The surplus following this rupture was +55.2%. From the 1980s, all decades were wet in this basin, despite the slight decline observed during the 2010s (Table 3). The So’o average annual discharges decreased not significantly from the 2000s to the 2010s (Table 2 and Figure 3).



A comparison with other rivers in the sub-region (Ntem, Ogooué and Nyong), where similar analyses have been carried out, shows opposite evolutions which are at the same time shifted compared to the Mefou [28,41]. First of all, the statistically significant rupture that was detected marked, in the case studied, the start of a wet period, whereas it was a reverse trend on the rivers involved. It then appeared that this was later on the Mefou (1985–86); conversely, it occurred much earlier on the three other rivers concerned by the comparison; specifically, in 1977 on the Ogooue at Fougamou, in 1971 on the Ntem at Ngoazik and 1973 on the Nyong at Mbalmayo [28,41].




Evolution of Average Seasonal Discharges


The spring modules evolved similarly to the annual modules in the Nyong (at Olama and Mbalmayo) and the Mefou basins. Ruptures occurred in the discharge series during the same years as the annual modules (Figure 3). The rates of change recorded following these ruptures were −30.4% (Olama), −25.7 (Mbalmayo) and +66.4% (Mefou). The decrease in spring modules, which began in the 1970s, was continuous until the 2010s in the Nyong basin at Olama and Mbalmayo (Table 3). The increase noted for the modules of this season on the Mefou during the 1980s was amplified starting from the 2000s. In the So’o basin, the spring modules decreased non-significantly from the 2000s to the 2010s (Table 3).



The autumn modules changed significantly in the Mefou basin only. A rupture followed by a surplus of +27.8% was detected in this season’s module series in 1985–86 (Figure 3). Despite their general increase, the modules of this season have declined considerably since the 2000s in this basin (Table 3). In the Nyong basin (at Olama and Mbalmayo), autumn modules increased between the 1970s and 1980s, but have declined significantly since the 2000s (Table 3). In the So’o basin, the autumn modules decreased insignificantly from the 2000s to the 2010s (Table 3).



In summer and winter, average discharges in the Mefou appear to have experienced a statistically significant change, according to the Pettitt test. The ruptures occurred during these two seasons in 1985–86. The respective surpluses noted were +62.8% and +40% (Figure 3). The discharges of these two seasons increased since the 1980s, but there has been a drop since the 2000s, which seems more important during winter (Table 3). The average discharges of the Nyong at Olama and Mbalmayo have decreased during the summer since the 1970s. However, this decrease was periodically interrupted during the 1980s and 2000s on the Nyong at Olama (Table 3). Winter modules have also generally decreased since the 1970s in the Nyong basin at Olama and Mbalmayo, but a considerable increase was observed during the 2010 decade. The decadal deviations from the interannual average of this decade were +3.3% and +9.8% at Olama and Mbalmayo (Table 3). The So’o experienced a non-significant decrease in summer and winter discharges between the 2000s and 2010s (Table 3).



We note that the power of the tests is a function of the size of the series [38,42,43]. It is visible in the case of the So’o. Only 18 years long, the series of average discharges (annual and seasonal) of the So’o were the only ones to have not recorded any statistically significant evolution, except those of the summer. However, in the case of the three other basins, whose sizes of the series oscillate between 51 years (Olama) and 65 years (Mbalmayo), significant changes have been recorded in most cases, in particular by the Pettitt test. The power of the tests also seems to depend on the importance of the series’ variability, but also on the condition that this (series) has a large size. Average discharges series (annual and seasonal) of the Mefou, for example, had significant coefficients of variation, oscillating between 22% and 44% (Table 1). Both tests revealed statistically significant changes in most cases (Table 2). For the So’o, on the other hand, where the series were short, the average summer discharges were the only ones to have recorded a statistically significant change (Table 2); yet, the variability of the different series’ studied was also high, between 31% (winter) and 51% (summer) (Table 1).



By comparing the regimes of the homogeneous periods located before and after the rupture in the different basins, we note that the Nyong regime remained practically stable in the two sections studied after the rupture. However, there was a sharp decrease in spring and autumn after the discontinuity at the Olama outlet. At the Mbalmayo outlet, the spring discharges seem to be the only ones to have been significantly impacted (Figure 6). The Mefou regime at Nsimalen, on the other hand, has been considerably modified. The spring flood almost caught up with the autumn (Figure 6).





3.2.2. Extreme Flows


The extreme flows of the Nyong (Olama and Mbalmayo) and Mefou were analyzed through maximum and minimum over consecutive days (1, 3, 7, 30 and 90 days).



Maximum Flows


First of all, it is worth noting that the period after the rupture corresponded to a deficit phase on the Nyong (Olama and Mbalmayo) and a surplus phase on the Mefou.



For the Nyong at Olama, the dryness of this period was also noticeable in the maximum flows. There was a decrease in all the ranges of maximum flows evaluated (Table 6). The 90-day maximum flow experienced the largest decline (−9.2%), while the smallest decrease was observed for the 30-day maximum (−7.2%). The variability of all maximum flow ranges was relatively modest and did not change significantly after the rupture. Before or after the rupture, the coefficients of variation of the different maximum flow ranges oscillated between 22% and 23% (Table 6). The average onset date of the maximum was only three (3) days early after the rupture (Table 6).



In the case of the Nyong at Mbalmayo, despite the dryness of the post-rupture period, all maximum flow ranges did not experience significant changes during the latter period (Table 6). The 3-day maximum flow recorded the largest increase (+0.55%), and the largest deficit (−0.76%) was noted for the 30-day maximum flow (Table 6). A slight reduction in the variability of maximums was also noted during this period, which appeared greater in the case of the short-term ranges (1-day to 7-day), for which the coefficients of variation decreased from 26% before the rupture to 23% after (Table 6). The maximum appeared earlier in Mbalmayo after the rupture. Their average Julian observation date reduced from 318 before the rupture to 309 after the rupture (Table 6).



For the Mefou, the different maximum flow ranges have all increased after the rupture. These increases were between +31.2% (7-day maximum) and +46.5% (90-day maximum). While an upward trend was observed for a flood, this was not the case for the coefficients of variation and the maximum dates of occurrence. The coefficients of variation of the various ranges of maximum flow rates decreased by more than 10% after the rupture. The average date of onset of the maximum reduced from 302 before the rupture to 180 after (Table 6).




The Minimum Flows


The minimum flows evolved in the same direction as the maximum flows in the Nyong basin at Olama. The various ranges considered decreased at rates ranging from −31% (30-day minimum) to −19.6 (1-day minimum). This decrease was accompanied by a significant increase in their variability. The increase in the variability of the 30-day minimum flow was the least significant. Its coefficient of variation increased from 32.2% before the rupture to 72.9 after (Table 6). The onset Julian date of the minimum increased by 5 days on average after the discontinuity (Table 6).



For the Nyong basin at Mbalmayo, the evolution of minimum flows differed from that of the maximum. All of the different ranges taken into account have decreased considerably after the rupture, regardless of the flow duration. The rates of change recorded after the discontinuity were quite close from one range to another, varying between −29.3% and −36.2% (Table 6). The 90-day minimum flow rate was the only one where there was a slight reduction in variability after the rupture. For the other four ranges, an increase was observed, which seemed greater for the short-term minimum (1 and 3-day). Their coefficients of variation increased from 30% before the rupture to 41% after (Table 6). The minimums were slightly late on the Nyong after the rupture. Their average Julian date increased from 61 before the rupture to 67 after (Table 6).



In the case of the Mefou basin, the minimum evolved in the same direction as the maximum (Table 6). Their rate of change was between +57.1% (90-day minimum) and +82.3% (7-day minimum). The variability of all minimum flow ranges increased slightly after the rupture. The average Julian date of onset of flows was earlier, over time reducing from 80 before the rupture to 71 after (Table 6).







4. Discussion


The changes in the flow regimes in the studied basins require explanations which are provided herein by examining the flow regimes using a combination of environmental forcings (land use and precipitation).



4.1. The Impact of Changes in Land Use Patterns


Significant hydrological changes observed after the rupture occurred in some of the studied basins (Mefou and Nyong at Mbalmayo) seem not to have any links with changes in precipitation. In the case of Mefou, annual and seasonal precipitation decrease (apart from summer), while the annual and seasonal average discharges increase. Additionally, while the maximum and minimum discharges are increasing, the rainy seasons (autumn and spring) and the winter precipitation, which are respectively at the origin of their production, are decreasing. In the case of Nyong, it is virtually the same situation. The maximum stability is concomitant with a decrease in precipitation during the rainy seasons that generate them. All this prompts us to investigate the evolution of land use in the two basins.



A change detection analysis performed with SNAP, through the diachronic comparison of the results of supervised classifications of Landsat images, shows significant changes in land occupation and use patterns in the Nyong basins at Mbalmayo and Mefou (Figure 7). In general, there is an increase in impervious areas in these two basins (made up of buildings, roads, bare soil, young fallows and cultivation areas) to the detriment of forest areas and water bodies. In the Nyong basin in Mbalmayo, the increases are between +416.3% (bare soil, savannah, cultivated area, young fallow) and +222.8% (buildings, roads). In the Mefou, changes in land use are between +676.9% (buildings and roads) and +300.4% (bare soil, savannah, cultivated area, young fallow) (Table 7). Some authors in Central Africa [44,45,46,47], West Africa [48,49] and elsewhere [50,51] have made similar observations relating to changes in land use in these sub-regions.



In a medium-sized basin like the Mefou, changes of this type and of such a magnitude can induce hydrological alterations such as those observed in this basin (increase in average and extreme flows, the early timing of peak flows). Regarding the increase in flows, it should be noted that, in a context where the precipitation that generates the flows decreases, the most logical thing would have been to observe a corresponding decrease in flows; however, this is not the case. The current rate of urbanization in this basin seems to be the most plausible factor to justify this trend. In this case, the decrease in precipitation appears to have been offset by increasing runoff. The annual average runoff coefficients of this basin have indeed increased significantly since the 1980s (Figure 3 and Table 3), following a phase of accelerated urbanization in the upstream part of this basin (Yaoundé region) from the 1980s [52]. Concerning the early timing of maximum flows, the observed changes in surface conditions reduce the response time of the basin. Thresholds of impervious surfaces beyond which urbanization is supposed to have, at the basin scale, a statistically significant influence on river flows, are proposed in the literature. However, the figures put forward by the various authors are somewhat contradictory. Some authors place this threshold at 10% of impervious surfaces [53,54], while others place it at 20% [55]. The threshold proposed by Yang et al. [56] is much lower (3–5%). In all cases, by remaining strictly within the limits of the Mefou sub-basin at Nsimalen outlet on the one hand, and by considering the urban surfaces (buildings and roads) analyzed using the Landsat 8 image of 2018 on the other hand, it appears that this imperviousness rate, which exceeds 50%, is exceeded in the case studied. Under these conditions, it is logical that hydrological alterations such as those observed in this study occur. Studies in sub-Saharan Africa [45,57] and elsewhere [58,59,60,61] have already reported the impact of urbanization on runoff. This work has shown an increase in average flows, following an increase in impervious areas in the studied basins.



For the Nyong basin at Mbalmayo, the stability observed for the maximums after the rupture could also be a consequence of the changes in surface conditions. The most logical process would have been to see the maximum decrease because of the evolution of the precipitation of the two rainy seasons that generate them. The current rate of urbanization of this basin, although modest, seems to be the main factor that can justify this lack of trend. As in the Mefou case, the increase in runoff has offset the decrease in precipitation. It is quite possible to wonder about the impact of such a modest imperviousness rate on runoff. Given that the changes in extremes do not agree with other processes having a proven impact on runoff—in this case, the decrease in precipitation highlighted in this study and the increase in temperatures postulated by Amougou et al. [62] in the region—which act rather in the direction of flows reduction and a late observation of the maximums, it is quite possible to attribute this flow’s trend to the changes in land cover, however modest they may be. Their combined action on the flows could have been considerably amplified by their location in the basin (to the west, near the outlet of the basin), which would favor the rapid delivery of runoff with the least possible losses towards the outlet, thus erasing the effect of size and forest cover of the basin. Some authors [63,64] have already shown that the impacts of impervious surfaces are attenuated when they are not near rivers. If this situation persists, there is every reason to believe that an increase in the Nyong’s flood will occur within a few years, despite the drop in precipitation. This urbanization action is not perceptible on the flows in Olama (further downstream) because of the considerable contributions of the So’o (after Mbalmayo), which is one sub-basin on the left bank that is still almost mainly forestry.




4.2. The Impact of Precipitation


At the annual time scale, the impact of precipitation is perceptible in the flows of the studied basins. There is a significant synchronous decrease in precipitation and flow in the Nyong basin at Olama and Mbalmayo during the 1970s. Although the dates of ruptures highlighted for the precipitation and the flows do not strictly coincide in the two cases (Olama and Mbalmayo), the fact that they occur during the same decade, marked by the beginning of an evolution in the same direction (decrease), leads us to postulate a possible link between these two variables (precipitation and flows). Mpakam et al. [65] also highlighted the impact of rainfall on Nyong’s discharges at the annual time step.



In the rainy season, the autumn flows and runoff coefficients increase in the Nyong basin at Mbalmayo and Olama between the 1970–1990 decades, while the precipitation does not very much in the region. This increase seems to be the result of summer precipitation increasing. The summer precipitation’s impact on autumn discharges is more noticeable during the decades 2000 and 2010. For these last, there is a joint decrease in summer precipitation, autumn flows and runoff coefficients despite a negligible variation in autumn precipitation in the large basins (Table 3). Because of these developments, the increase in precipitation during the summer dry season during the decades from 1970–1990, considerably reduces the deficit of evaporation and water reserves in the soil at the start of the autumn rainy season, favoring runoff [26]. The portion of precipitation that is converted to runoff increases, resulting in an increase in autumn runoff coefficient during these decades (Table 3). The decrease in summer precipitation during the decades 2000 and 2010 has the opposite effect, which is why we see, during the latter, a reduction in runoff coefficients responsible for a reduction in flow.



In the spring, the precipitation and the flows decrease in a statistically significant way during the decade 1970. As with the annual time step, one could expect a possible impact of the precipitation of this season on its discharges. However, the winter precipitation’s impact also appears noticeable in spring runoff, between the 1970–1990 decades only. The winter precipitation decline over this interval appears to be closely related to that of the spring runoff. The rates of change in these two variables during this interval are consistent (decrease in both cases) (Table 3). Liénou et al. [26] already suggested this influence of winter precipitation over the same period. The authors argue that from the 1970s, the decline in winter precipitation created a water deficit (evaporation and soil water reserve) in the basin at the start of the first spring rainy season. This winter deficit means that a part of the precipitation received during the spring first fills this water deficit; therefore, the fraction that generates the runoff is reduced. Then, this results in low runoff for the same average precipitation levels during the spring, which explains the decrease in the runoff coefficient (Figure 3). In the decades 2000–2010, on the other hand, the impact of winter precipitation on spring runoff is not visible (Table 3). Over this interval, the winter precipitation impacts the winter runoff itself. It is visible during the 2010s, during which a lesser drop in winter precipitation is concomitant with an increase in the runoff for the same season. The lesser impact of winter precipitation on the spring flows of the Nyong between the 2000–2010 decade has been already suggested in the literature [28]. However, it should be noted that, unlike the Nyong basin, the increase in winter precipitation observed in the region between the decades 2000–2010 is visible in the spring flows from basins located further south, such as the Ntem and the Ogooué [4,28].



The role of precipitation is also visible in the flows of the Mefou. In reality, in this basin, precipitation contributes to amplifying or reducing the increase in runoff observed since the 1980s. We note that summer precipitation has increased significantly in the Mefou basin, since 1979–80. Annual and seasonal precipitation is decreasing. Significant statistically decreasing trends are observed for autumn (1972–73) and winter (1978–79) precipitation. The different cases where a downward trend was observed (autumn and winter) are also those for which increases in flow are the least important after the identical rupture of 1985–86. On the other hand, the greatest increases in flow are observed in cases where there is an upward trend (summer) or an absence of rupture (spring). Similarly, the 2010s, characterized by a significant drop in precipitation, also happen to be the years for which the surpluses observed since the 1980s are generally the lowest, apart from the spring for which the increase remains relatively high (Table 3).



In the So’o basin, the precipitation–flow relationship seems quite clear. From the 2000s to the 2010s, there is a non-significant decrease for these two variables (Table 3).





5. Conclusions


The objective of this study was both to characterize, over the recent period, the hydroclimatic variability in the Nyong basin (at Olama and Mbalmayo gauging stations) and two of its sub-basins (So’o and Mefou), and also to look for the key factors explaining the observed hydrological fluctuations. On an annual timescale, precipitation has decreased statistically over the basins studied. In the Nyong (Olama and Mbalmayo), the decrease in precipitation was synchronous with that of discharge, while it was concomitant with an increase in flows on the Mefou. The extreme flows (maximum and minimum) decreased on the Nyong at Olama after the rupture of the average discharges. In the Nyong at Mbalmayo, the maximums were stable after the rupture, while the minimum decreased. The maximum and minimum discharges of the Mefou, for their part, have increased significantly. Maximum discharge stability in the Nyong and the increase in extreme flows (maximum and minimum) on the Mefou in the context of precipitation decrease seem to result from changes in land use patterns, mainly marked by an increase in runoff caused by changes in land use/land cover especially urbanization, bare soil and cultivated areas, and a decrease in forest cover and water bodies. Seasonally, the precipitation of the dry seasons has a considerable impact on the flows of the rainy seasons, which follow them on the large basins (Olama and Mbalmayo). However, on the Mefou (a small catchment), precipitation influences the flows of the seasons during which they occur. Tramblay et al. [66] have shown on the Mono river in Togo that using a soil moisture accounting model (SMA) could improve the river modelling, by considering the changes in soil moisture due to land use/land cover changes. This is a path to follow for further studies in the region.
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Figure 1. Location of the studied basins (Nyong at Olama and Mbalmayo, So’o at So’o bridge and Mefou at Nsimalen). 
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Figure 2. Patterns in oceanic sea surface temperatures (SSTs) likely to influence weather in the studied region, according to Bush et al. [34]. 
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Figure 3. Evolution of precipitations, discharges and runoff coefficients (Ke) of the basins studied at annual and seasonal time steps. The vertical dashed lines indicate the rupture years. The corresponding rates of change appear on their right sides. The ruptures in black are identical to several basins. 
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Figure 4. Spatial distribution of mean precipitation in the basins studied at annual and seasonal time steps, between the 1950–1970 and 1980–2010 decades. 
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Figure 5. Comparison of evolutions of climatic indices and normalized rainfall anomalies. 
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Figure 6. Average annual hydrological cycles of some basins studied Nyong (at Olama and Mbalmayo) and Mefou at Nsimalen before (in black) and after the rupture (break) (in grey). 
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Figure 7. Spatial distribution of the main land use patterns having links with runoff in the Nyong at Mbalmayo and Mefou basins in 1973, 2000 and 2018. (The runoff areas include buildings, roads, savannas, cultivated areas and young fallows). 
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Table 1. Statistics of precipitations and average flows (annual and seasonal) of the basins studied over their respective study periods, but also on both sides of the identified ruptures.
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Periods

	
Interannual

	
Years of Rupture

	
Mean

	
Cv (%)




	
Mean

	
Cv (%)

	

	
Before

	
After

	
Before

	
After






	
Precipitation (mm)




	
Olama




	
Annual

	
1675

	
8

	
1975–76

	
1769

	
1651

	
4

	
8




	
Spring

	
676

	
11

	
1974–75

	
731

	
664

	
9

	
10




	
Summer

	
224

	
21

	
-

	
-

	
-

	
-

	
-




	
Autumn

	
677

	
8

	
-

	
-

	
-

	
-

	
-




	
Winter

	
98

	
37

	
1975–76

	
124

	
92

	
31

	
36




	
Mbalmayo




	
Annual

	
1641

	
8

	
1975–76

	
1701

	
1605

	
8

	
9




	
Spring

	
662

	
10

	
1972–73

	
692

	
647

	
13

	
10




	
Summer

	
225

	
24

	
1964–65

	
181

	
237

	
32

	
20




	
Autumn

	
668

	
9

	
1975–76

	
690

	
655

	
8

	
9




	
Winter

	
87

	
41

	
1975–76

	
107

	
74

	
35

	
38




	
Pont So’o




	
Annual

	
1800

	
9

	
-

	
-

	
-

	
-

	
-




	
Spring

	
743

	
10

	
-

	
-

	
-

	
-

	
-




	
Summer

	
185

	
27

	
-

	
-

	
-

	
-

	
-




	
Autumn

	
724

	
11

	
-

	
-

	
-

	
-

	
-




	
Winter

	
148

	
28

	
-

	
-

	
-

	
-

	
-




	
Nsimalen




	
Annual

	
1767

	
8

	
1975–76

	
1857

	
1739

	
6

	
8




	
Spring

	
714

	
11

	
-

	
-

	
-

	
-

	
-




	
Summer

	
241

	
51

	
1979–80

	
208

	
267

	
48

	
46




	
Autumn

	
710

	
19

	
1974–74

	
755

	
698

	
21

	
18




	
Winter

	
97

	
55

	
1975–76

	
126

	
87

	
47

	
53




	
Discharges (m3/s)




	
Olama




	
Annual

	
204.5

	
21

	
1971–72

	
243

	
197

	
21

	
19




	
Spring

	
142.6

	
29

	
1971–72

	
191

	
133

	
24

	
26




	
Summer

	
158

	
42

	
-

	
-

	
-

	
-

	
-




	
Autumn

	
375

	
24

	
-

	
-

	
-

	
-

	
-




	
Winter

	
148

	
25

	
-

	
-

	
-

	
-

	
-




	
Mbalmayo




	
Annual

	
139

	
20

	
1973–74

	
151

	
131.6

	
19

	
18




	
Spring

	
88

	
31

	
1973–74

	
105

	
76

	
28

	
27




	
Summer

	
111

	
31

	
-

	
-

	
-

	
-

	
-




	
Autumn

	
243

	
23

	
-

	
-

	
-

	
-

	
-




	
Winter

	
123

	
20

	
-

	
-

	
-

	
-

	
-




	
Pont So’o




	
Annual

	
34.9

	
31

	
-

	
-

	
-

	
-

	
-




	
Spring

	
28.7

	
37

	
-

	
-

	
-

	
-

	
-




	
Summer

	
24

	
55

	
-

	
-

	
-

	
-

	
-




	
Autumn

	
66.2

	
31

	
-

	
-

	
-

	
-

	
-




	
Winter

	
19.2

	
31

	
-

	
-

	
-

	
-

	
-




	
Nsimalen




	
Annual

	
7.5

	
28

	
1985–86

	
5.8

	
9

	
29

	
13




	
Spring

	
8.1

	
32

	
1985–86

	
5.7

	
9.6

	
21

	
18




	
Summer

	
6

	
42

	
1985–86

	
4.3

	
7

	
63

	
23




	
Autumn

	
11

	
24

	
1985–86

	
9.7

	
12.4

	
27

	
16




	
Winter

	
5

	
26

	
1985–86

	
4

	
5.6

	
26

	
18
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Table 2. Results of annual and seasonal rainfall, discharges and runoff coefficient analysis using Mann–Kendall’s test. The “+” and “−” signs indicate positive and negative trends, respectively. Calculated p-values below the significance level (α = 0.05) indicate that there is a significant trend in the series. Values in bold indicate significant trends.
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Variables

	
Annual

	
Spring

	
Summer

	
Autumn

	
Winter




	

	
p-Value

	
Evolution

	
p-Value

	
Evolution

	
p-Value

	
Evolution

	
p-Value

	
Evolution

	
p-Value

	
Evolution






	
Olama




	
Rainfall

	
0.1698

	
−

	
0.351

	
−

	
0.2155

	
−

	
0.633

	
−

	
0.7998

	
−




	
Discharges

	
0.05106

	
−

	
0.009002

	
−

	
0.5657

	
−

	
0.06542

	
−

	
0.7125

	
−




	
Ke

	
0.7044

	
−

	
0.006281

	
−

	
0.4878

	
−

	
0.0703

	
−

	
0.9914

	
−




	
Mbalmayo




	
Rainfall

	
0.03547

	
−

	
0.03877

	
−

	
0.32

	
−

	
0.08

	
−

	
0.147

	
−




	
Discharges

	
0.3782

	
−

	
0.008722

	
−

	
0.4246

	
−

	
0.8688

	
−

	
0.8418

	
−




	
Ke

	
0.6645

	
+

	
0.01127

	
−

	
0.1909

	
−

	
0.4488

	
+

	
0.3018

	
−




	
Nsimalen




	
Rainfall

	
0.06932

	
−

	
0.2008

	
−

	
0.191

	
+

	
0.2891

	
−

	
0.882

	
−




	
Discharges

	
0.001171

	
+

	
0.000278

	
+

	
0.004695

	
+

	
0.258117

	
+

	
0.1514

	
+




	
Ke

	
0.000015

	
+

	
0.000336

	
+

	
0.001934

	
+

	
0.06517

	
+

	
0.000413

	
+




	
So’o




	
Rainfall

	
0.1235

	
−

	
0.02006

	
−

	
0.2639

	
−

	
0.6077

	
−

	
0.6946

	
−




	
Discharges

	
0.06909

	
−

	
0.3301

	
−

	
0.005244

	
−

	
0.1192

	
−

	
0.2691

	
−




	
Ke

	
0.381

	
−

	
0.1834

	
−

	
0.23

	
−

	
0.3468

	
−

	
0.9225

	
−
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Table 3. Deviations (%) of the decadal, annual and seasonal averages of precipitation, discharges and runoff coefficients compared to their interannual means in the basins studied.
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Variables

	
Decades

	
Olama

	
Mbalmayo

	
Pont So’o

	
Nsimalen




	

	

	
Annual

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual

	
Spring

	
Summer

	
Autumn

	
Winter

	
Annual

	
Spring

	
Summer

	
Autumn

	
Winter






	
Precipitation

	
1950

	
-

	
-

	
-

	
-

	
-

	
2.5

	
7.3

	
−21.5

	
4

	
14.1

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
1960

	
6.5

	
9.2

	
3.1

	
3.6

	
16.5

	
3.8

	
2.5

	
−2.2

	
4

	
27.3

	
-

	
-

	
-

	
-

	
-

	
8

	
4.8

	
−5

	
10.5

	
38.4




	

	
1970

	
1.1

	
1.4

	
−3.7

	
0.4

	
15.9

	
0.9

	
0.1

	
2.8

	
−0.2

	
8.9

	
-

	
-

	
-

	
-

	
-

	
−3

	
3.5

	
−24.7

	
−7.7

	
20.8




	

	
1980

	
−2

	
−3.2

	
7

	
−1.1

	
−19.3

	
−2.7

	
−3.9

	
11.8

	
−3.4

	
−27.0

	
-

	
-

	
-

	
-

	
-

	
4.7

	
2.9

	
30.2

	
4.7

	
−30.6




	

	
1990

	
−2.3

	
−5.4

	
5.8

	
−0.5

	
−11.3

	
−2.7

	
−6.5

	
11.4

	
−1.6

	
−19.4

	
-

	
-

	
-

	
-

	
-

	
−9.7

	
−19.4

	
19.3

	
−5.6

	
−19.5




	

	
2000

	
2.4

	
1.9

	
−2.5

	
3.6

	
10.1

	
1

	
0.1

	
2

	
1.2

	
1.9

	
3.5

	
1.5

	
1.2

	
5.6

	
6.7

	
5.7

	
8.4

	
18.1

	
0.4

	
−1.2




	

	
2010

	
−2.7

	
1.1

	
−9

	
−4.1

	
−2.9

	
−3.0

	
0.4

	
−6

	
−4.8

	
−9.1

	
−4

	
−1.7

	
−1.3

	
−6.3

	
−7.3

	
−12.6

	
−11.2

	
−15.1

	
−9

	
−41.2




	
Discharges

	
1950

	
-

	
-

	
-

	
-

	
-

	
−5

	
9

	
−0.5

	
−14.4

	
−4.3

	
-

	
-

	
-

	
-

	
-

	

	

	

	

	




	

	
1960

	
15.1

	
37.9

	
34.2

	
3.3

	
16.1

	
17.6

	
25.9

	
20.4

	
12.7

	
15.9

	
-

	
-

	
-

	
-

	
-

	
−18.7

	
−29.8

	
−35.7

	
−10.4

	
−11.7




	

	
1970

	
−1.7

	
3.8

	
−18.2

	
2.5

	
−9.9

	
−4.2

	
−1

	
−14.2

	
0.5

	
−12.1

	
-

	
-

	
-

	
-

	
-

	
−30.4

	
−33.5

	
−38.8

	
−18.2

	
−29.3




	

	
1980

	
5.6

	
0.4

	
3.5

	
10.7

	
6.2

	
1.5

	
−4.5

	
−9.3

	
8.4

	
−1.5

	
-

	
-

	
-

	
-

	
-

	
26.7

	
9.3

	
48.3

	
28.2

	
24.5




	

	
1990

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
2000

	
−5.3

	
−8.6

	
3.7

	
−5.5

	
−12.3

	
−7.4

	
−15.6

	
−1

	
−4.4

	
−10.9

	
9.8

	
25.1

	
20.3

	
7.6

	
5.6

	
23.6

	
28.5

	
24.8

	
12.4

	
17.3




	

	
2010

	
−8.4

	
−14.6

	
−14.9

	
−11.3

	
3.3

	
−2.8

	
−12.3

	
−2.1

	
−5.6

	
9.8

	
−12.2

	
−4.3

	
−25.9

	
−9.3

	
−6.9

	
14.8

	
21.8

	
7.2

	
9.7

	
0.3




	
Ke

	
1950

	
-

	
-

	
-

	
-

	
-

	
−9.9

	
8.3

	
46.1

	
−31.2

	
−13.0

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
1960

	
−15.5

	
28.3

	
20.2

	
−8.6

	
−27.9

	
7.2

	
24

	
12.7

	
5.2

	
6

	
-

	
-

	
-

	
-

	
-

	
−55.7

	
−29.4

	
−40.8

	
−18.2

	
−61.8




	

	
1970

	
−17.8

	
2.1

	
−11.2

	
7.7

	
−28.4

	
−7.2

	
−3.2

	
−18.8

	
16.5

	
−11.2

	
-

	
-

	
-

	
-

	
-

	
−65.4

	
−35.7

	
−7

	
−1

	
−76.9




	

	
1980

	
83

	
6.3

	
−15.6

	
24.2

	
119.2

	
14

	
6.9

	
−32.3

	
32.3

	
17

	
-

	
-

	
-

	
-

	
-

	
−2.1

	
−10.2

	
−25.6

	
0.3

	
−0.2




	

	
1990

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
2000

	
−28.3

	
−9.9

	
3.7

	
−16

	
−38.3

	
−13.8

	
−16.1

	
−11.2

	
−10.5

	
−13.9

	
4.3

	
12.2

	
11.5

	
2.1

	
0.1

	
−4.4

	
24.6

	
17.3

	
6.8

	
−8.9




	

	
2010

	
−14.9

	
−14

	
7.2

	
−12.9

	
−18.9

	
9.9

	
−14.0

	
7.6

	
−8.4

	
18

	
−5.2

	
−15.2

	
−14.2

	
−2.4

	
−0.2

	
137.2

	
43.7

	
41.2

	
10.7

	
161.2
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Table 4. Correlation between rainfall indices and climatic indices at annual and seasonal time steps. Significant correlations are in bold.
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	Indices
	Annual
	Spring
	Summer
	Autumn
	Winter





	DMI
	−0.23
	−0.09
	0.09
	−0.23
	−0.02



	MEI
	−0.03
	−0.11
	−0.16
	−0.1
	0.11



	NAO
	−0.04
	0.05
	0.2
	−0.02
	−0.24



	NATL
	−0.17
	−0.56
	−0.09
	−0.11
	0.53



	SATL
	0
	−0.08
	0.14
	−0.12
	0.36



	SOI
	0.21
	−0.04
	0.1
	0.16
	0.55
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Table 5. Frequency of years having the same/opposite signs of ocean indices and rainfall anomalies. NY: number of years; NYOS: number of years with opposite signs; NYSS: number of years with same signs.
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NATL&Rainfall (Spring)

	
NATL&Rainfall (Winter)

	
SOI&Rainfall (Winter)




	
NY

	
NYOS

	
%

	
NY

	
NYSS

	
%

	
NY

	
NYSS

	
%






	
35

	
26

	
74

	
35

	
24

	
69

	
68

	
38

	
56
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Table 6. Statistics relating to the maximum and minimum flows of some studied basins (Nyong in Olama and Mbalmayo, and Mefou in Nsimalen) before and after the rupture identified in their respective series.
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IHA Statistics

	
Means (m3/s)

	
Cv (%)

	
Change




	
Before Rupture

	
After Rupture

	
Before Rupture

	
After Rupture

	
m3/s

	
%






	
Olama




	
Minimum flows

	

	

	

	

	

	




	
1-day minimum

	
47.1

	
37.9

	
65.9

	
141.6

	
−9.2

	
−19.6




	
3-day minimum

	
52.5

	
38.6

	
52.3

	
140.7

	
−13.9

	
−26.5




	
7-day minimum

	
57.3

	
40.1

	
51.9

	
136.4

	
−17.2

	
−29.9




	
30-day minimum

	
69

	
47.6

	
46.9

	
113.6

	
−21.4

	
−31




	
90-day minimum

	
101.3

	
70.4

	
33.2

	
72.9

	
−30.9

	
−30.5




	
Maximum flows

	

	

	

	

	

	




	
1-day maximum

	
622.1

	
571.2

	
22.2

	
22.8

	
−50.9

	
−8.2




	
3-day maximum

	
618.1

	
565.9

	
22.8

	
23.1

	
−52.2

	
−8.4




	
7-day maximum

	
609

	
557

	
23.6

	
23.1

	
−52

	
−8.5




	
30-day maximum

	
543.7

	
504.4

	
24.5

	
23.4

	
−39.3

	
−7.2




	
90-day maximum

	
424.4

	
385.5

	
22.8

	
22.9

	
−38.9

	
−9.2




	
Average Julian dates

	

	

	

	

	

	




	
of minimum

	
62

	
67

	

	

	

	




	
of maximum

	
310

	
307

	

	

	

	




	
Mbalmayo




	
Minimum flows

	

	

	

	

	

	




	
1-day minimum

	
25.5

	
17.9

	
0.30

	
0.41

	
−7.6

	
−29.7




	
3-day minimum

	
26.2

	
18.2

	
0.30

	
0.41

	
−8

	
−30.6




	
7-day minimum

	
27.8

	
19.4

	
0.30

	
0.38

	
−8.4

	
−30.5




	
30-day minimum

	
41.5

	
26.5

	
0.28

	
0.36

	
−15

	
−36.3




	
90-day minimum

	
82.9

	
58.6

	
0.31

	
0.29

	
−24.4

	
−29.4




	
Maximum flows

	

	

	

	

	

	




	
1-day maximum

	
366.9

	
366.6

	
0.26

	
0.23

	
−0.3

	
−0.08




	
3-day maximum

	
363.6

	
365.6

	
0.26

	
0.23

	
2

	
0.6




	
7-day maximum

	
361.2

	
362.5

	
0.26

	
0.23

	
1.3

	
0.4




	
30-day maximum

	
340.8

	
338.2

	
0.26

	
0.25

	
−2.6

	
−0.8




	
90-day maximum

	
274

	
271.7

	
0.25

	
0.25

	
−2.3

	
−0.8




	
Average Julian dates

	

	

	

	

	

	




	
of minimum

	
61

	
67

	

	

	

	




	
of maximum

	
318

	
309

	

	

	

	




	
Nsimalen




	
Minimum flows

	

	

	

	

	

	




	
1-day minimum

	
1.5

	
2.6

	
0.33

	
0.34

	
+1.1

	
+73.3




	
3-day minimum

	
1.6

	
2.9

	
0.27

	
0.31

	
+1.3

	
+81.2




	
7-day minimum

	
1.7

	
3.1

	
0.25

	
0.29

	
+1.4

	
+82.3




	
30-day minimum

	
2.3

	
3.9

	
0.27

	
0.28

	
+1.6

	
+69.5




	
90-day minimum

	
3.5

	
5.5

	
0.27

	
0.22

	
+2

	
+57.1




	
Maximum flows

	

	

	

	

	

	




	
1-day maximum

	
16.4

	
23.1

	
0.31

	
0.19

	
+6.7

	
+40.8




	
3-day maximum

	
15.3

	
20.3

	
0.31

	
0.13

	
+5

	
+32.6




	
7-day maximum

	
14.1

	
18.5

	
0.32

	
0.12

	
+4.4

	
+31.2




	
30-day maximum

	
11.7

	
15.8

	
0.35

	
0.14

	
+4.1

	
+35




	
90-day maximum

	
8.8

	
12.9

	
0.34

	
0.19

	
+4.1

	
+46.5




	
Average Julian dates

	

	

	

	

	

	




	
of minimum

	
88

	
71

	

	

	

	




	
of maximum

	
302

	
180
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Table 7. Evolution of the land use patterns having links with runoff in the Nyong at Mbalmayo and Mefou basins between the years 1973 and 2018.






Table 7. Evolution of the land use patterns having links with runoff in the Nyong at Mbalmayo and Mefou basins between the years 1973 and 2018.





	
Land Use Modes

	
Area Occupied in the Basin (km2)

	
Evolution between

1973 and 2018




	
1973

	
2000

	
2018

	
km2

	
%






	
Nyong at Mbalmayo




	
Built and road

	
77.6

	
177

	
250.5

	
+172.9

	
+222.8




	
Bare soil, cultivated area, savannah and young fallow land

	
272.1

	
658.7

	
1405

	
+1132.9

	
+416.3




	
Water

	
143.9

	
11

	
8.6

	
−135.3

	
−1573.2




	
Secondary forest and old fallow land

	
1671.2

	
3062

	
4391

	
+2719.8

	
+162.7




	
Undegraded and slightly degraded forest

	
10340.2

	
8917

	
7100.9

	
−3239.3

	
−31.3




	
Swampy forest

	
1833

	
1510

	
1182

	
−651

	
−35.5




	
Mefou at Nsimalen




	
Built and road

	
21.6

	
117.6

	
167.8

	
+146.2

	
+676.9




	
Bare soil, cultivated area, savannah and young fallow land

	
24.5

	
37.8

	
98.1

	
+73.6

	
+300.4




	
Water

	
1.1

	
1

	
0.9

	
−0.2

	
−22.2




	
Secondary forest and old fallow land

	
168.8

	
116.8

	
86.2

	
−82.6

	
−48.9




	
Undegraded and slightly degraded forest

	
150.4

	
130,4

	
61.7

	
−88.7

	
−59




	
Swampy forest

	
61.6

	
24.6

	
13.3

	
−48.3

	
−363.1
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