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Abstract

:

The aim of this study is to understand the inter-annual hydrological variability (precipitation and streamflow) in the basins of the High Atlas in Morocco and to determine how climate fluctuations (represented by the North Atlantic Oscillation (NAO) climate index) are expressed in the hydrological system. To reach this objective, time series of precipitation and streamflow are processed as standardized anomalies and studied by continuous wavelet analysis and wavelet coherence analysis, which are particularly suitable for the study of unsteady processes. Wet and dry periods vary from one basin to another between three and five years. The wavelet analysis shows the existence of many bands of energy in most of the sub-basins, from annual to inter-annual scales regarding the precipitation and streamflow time series. These bands correspond to intervals of one year, 2–4 years, 4–8 years and 8–12 years. The wavelet coherence analysis shows a strong coherence between NAO/streamflow and precipitation/NAO identified at the inter-annual scale. Non-stationarity can be observed in the late 1980s, 1990s and 2000s. The contribution of the NAO is different from one basin to another ranging between 67% and 77%.
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1. Introduction


In recent studies such as the IPCC report [1] (Intergovernmental Panel on Climate Change), the term climate change refers to any change in climate parameters in time and space (local, regional and global).



Improving knowledge on the factors controlling water resources variability on inter-annual to multidecadal time scales is of major importance in a context of global climate and environmental change. This may help to explain observed hydro meteorological/hydrological events such as sea level rise and desertification [2], floods, exceptional storms and sustained droughts [2,3,4].



Hydrological cycles are influenced by fluctuations in global climate at different time scales. For example, the El Niño-Southern Oscillation (ENSO) is a sea-surface temperature fluctuation observed over the tropical Pacific Ocean that impacts precipitation in many locations around the globe, from South America to Africa, Australia and North America [5]. Labat et al. [6] performed a cross-wavelet analysis on a monthly and seasonal basis through various climatic indices over the Maroni River. They confirmed a strong relationship between the hydrology of the Guyana shelf and the variations of sea surface temperatures in the Pacific. This finding has led to evidence the influence of intermittent surface temperatures of the Atlantic Ocean on interannual and decadal time scales, especially around the years 1970 and 1990.



The North Atlantic Oscillation (NAO), which is related to atmospheric pressure over the North Atlantic Ocean, exerts a considerable influence on the hydroclimatology of Europe and North America [3,7,8,9]. The NAO is considered to be the dominant metric of the winter atmospheric variability in the Northern hemisphere [10]. The prediction of drought can potentially be estimated by information derived from climate indices such as the NAO [11].



The same index was also used to investigate the climate fluctuations in USA [12], Europe [13,14] and Mediterranean basin [15]. Various studies were conducted to exhibit the relationships between climatic fluctuations and hydrological variability. Massei et al. [16] studied the temporal variability of streamflow in the Mississippi River basin (USA) using continuous wavelet methods to detect changes over the past 60-years. They identified dominant modes of streamflow variability over the inter-annual and pluri-annual periods in the ranges 2–4-year, 4–8-year and 10–16-year, which they related to climatic fluctuations of the Southern Oscillation Index (SOI). Laignel et al. [15] studied the long-term variability of hydrological conditions and relationships with the internal variability of the climate system in the North Atlantic basin (North western France, North Africa, and the USA). Two main discontinuities occurred in the 1970s and 1990s which might be related to global-scale teleconnections. The high modes of variability are correlated with the NAO in the Northwest region of France and North Africa and also with the SOI in the USA.



Since the early 1980s, the southern Mediterranean region has experienced series of dry years [1]. These droughts actually affect the entire Northern Hemisphere [17] and result from a disruption of the ocean-atmosphere system. The southern and eastern Mediterranean countries are particularly vulnerable to climate change because they are exposed to accelerated desertification and aridity of the soil as well as increasing scarcity of water resources in a context of increasing population and water demand. In addition, these areas have limited technical and financial capacities for implementing large-scale adaptation options [18] and their economic structures depend more heavily on natural resources.



The Mediterranean coasts receive more precipitation during wintertime when extratropical synoptic disturbances cross the region. Knippertz et al. [19] explained that frontal winter rains regularly affect the northern and western parts of Morocco and the Algerian coast and usually do not reach the Southern side of the Atlas Mountains. The contribution of the summer rains is not negligible: it helps to sustain the water supply in the oases in northern Mauritania, southern Morocco and western Algeria. The hydrological variability in Africa has been studied by numerous authors since the beginning of the recent drought period in the 1970s. Many studies focused on the Sahelian areas [20,21,22,23,24,25,26,27,28,29,30]. Authors also compared the rainfall on the Sahelian and other African regions, especially in West Africa and also in Central Africa [31,32,33,34,35,36,37,38]. Other researchers used standardized anomalies of hydrological time series in North Africa [4,39].



Morocco is currently experiencing the longest dry period of its modern history, characterized by a decrease in precipitation and a clear trend of rising temperatures [4,40]. Beven et al. [41] identified a correlation between NAO and precipitation during drought in Morocco in 1979 and 1980. During the period 1961–2004 the frequency and severity of drought significantly increased. This phenomenon accompanied with the climate warming cause different troubles for various socio-economic sectors. The complexity of the impacts is due to the non-similarity of sectors using water for the production of goods and services [42].



The climate of the Tensift Haouz region (study area) is semi-arid continental, characterized by seasonal rains often concentrated in the autumn and winter periods with irregular precipitations during the rest of the year, and also by droughts which take a considerable extent, especially in lowland areas where temperature and evaporation are high.



The frequency analysis by the continuous wavelet method is not largely used to study the hydrological variability in the North Africa; Turki et al. [43] investigate only the rainfall variability in Marrakesh. In this study, the variability of rainfall from gauges and grids as well as the streamflow has been investigated over a long period of time and along large spatial scales important to identify similarities and differences between stations in the watershed of Tensift and Ksob. Most of the studied stations are located in the High Atlas.



Thus, the objective of this work is to explore the hydrologic variability over a specific area located in the South of Morocco and controlled by two River basins: the largest one is the Tensift basin and its sub-basins and the smallest one situated near to the sea which is the Ksob basin. The study area is particularly interesting due to the convergence of three climatic influences over the area: the Atlantic mild-humid oceanic cyclonic circulation, the Mediterranean semi-arid climate with seasonal extreme rainfall and the Sahara warm climate with arid South-winds fluxes. In these conditions, the study of the possible links between climate fluctuations (NAO) and the hydrological variability of rainfall and streamflow (several stations, gridded rainfall) using in both cases standardized variables and the wavelet analysis is very important to understand the origin of this variability.



The variability of rainfall and streamflow in the Tensift and Ksob basins is primarily analyzed through standardized annual time series. The method of continuous wavelet is then applied on monthly basis to identify dry and wet periods. Finally, we study the correlations between rainfall, streamflow and NAO signals.




2. Study Area


Located in West-central of Morocco, the Tensift (Figure 1) drains a catchment area with an area of 20,450 km2. It is limited in the South by the ridge line the High Atlas mountain, altitudes range from 0 to 4167 m represented by Jebel Toubkal, in the North by the small mountain named “Jebilet” with altitudes below 1000 m, in the east by the watershed line, slightly marked, separating the Tensift basin from that of the Tessaout and on the West by the Atlantic Ocean where the outlet is located.



The Ksob watershed is localized on Atlantic coast of Morocco, southeast of Essaouira city, it constitutes the western end of the High Atlas range, and extends over an area of 1480 km2 (Figure 1). The Ksob River results from the junction of Igrounzar and Zelten rivers, upstream of the Zerrar canyon about 29 km from the Atlantic Ocean.



The southern part of the Tensift basin consists in a series of sub-basins, divided into five parts: the first one (1317 km2) is drained by the Chichaoua River, the second (1282 km2) by the N’fis River, the third (225 km2) by the Rheraya River, the fourth (503 km2) by Ourika River and the last basin (452 km2) is seeped by R’dat River, flowing from the South to the North of the high Atlas towards the Tensift river in the Haouz plain (Figure 1) and discharges into the Atlantic ocean. The analysis of the physiography and geomorphology of each sub-basin is an element to understand the hydrological functioning. These characteristics are of major importance because they strongly influence the hydrological response including the flow regime during floods or droughts. The main physiographic features of each sub-basin are described in Table 1 [44,45].



The climate of the Tensift basin is influenced by the cold Canary Current in the coastal zone and in the High Atlas. Climate ranges from semi-arid/warm in the Jebilets to continental/arid in the Haouz and Mejjate plains. Precipitation is low and characterized by a high spatial and temporal variability. The mean annual rainfall is low, on the order of 250 mm in Marrakech and can reach 700 mm on the summits of the Atlas.



Examining the average monthly rainfall distribution shows that there are two seasons: a humid season from October to April, which involved almost all the rainfall events, nearly 85% to 95% of the annual rainfall; and a dry season from May to September with only 5% to 15% of the annual rainfall. The temperature variations are quite significant between winter and summer: 45 °C as maximum temperature and 5 °C as the minimum temperature.



The Ksob basin is located in a semi-arid to arid zone, characterized by interferences between oceanic, continental and mountain influences [46,47,48]. The annual rainfall average is around 300 mm per year, identical to the Tensift basin. The annual average temperature is around 20 °C. The temperature difference between the warmest month (July) and the coldest month (January) does not exceed 6 °C; but the daily range is larger, up to 10 to 12 °C.



Dams have major potential impacts on hydrological and ecological systems that can change the “natural” rhythm of the hydrological cycle. Water losses due to evaporation, combined with large losses induced by consumption, reduce the total amount of water delivered to the water systems. On some rivers, dams have changed sedimentary flows, or reduced the frequency and intensity of floods [49]. There are only two dams on the Tensift basin, both built on the N’fis River. The largest one (Lalla Takerkoust, Figure 1) is built downstream of the gauging station and the smallest one (Ouirgane) has been built only recently after the end of our time series. They have no influence on the results.




3. Data and Methods


3.1. Data


The data used for this study is mainly precipitation, streamflow and the climate index NAO. The duration of these series is variable between 30 and 45 years.



Both precipitation and streamflow data were obtained from ABHT (Agency of the Hydraulic Basin of Tensift and Haouz). Rainfall measurements are carried out through the rain gauges located on the basin. The monthly time series of runoff are calculated from the values of water high and calibration curves, both are measured at the same gauging stations by the ABHT.



To study climate and hydrological variability in the Tensift basin, we analyzed data from 7 stations: (1) Aghbalou in the Ourika sub-basin; (2) Tahanouat in the Rheraya sub-basin; (3) Iguir N’Kouris in the N’Fis sub-basin, the largest sub-basin in the Tensift; (4) Sidi Rehal in the R’dat sub-basin; (5) Chichaoua in the Chichaoua sub-basin; (6) Abadla in the Tensift River; and (7) Adamna in the Ksob basin. Located at the base of the High Atlas Mountain, except for the N’fis, the measuring station is located away from the downstream of sub-basin and Abadla located in the Tensift, the principal river (Haouz plain).



The data must meet two important criteria: the length of the Chronicles (cover the greatest possible duration) and the quality of data (the fewest missing data).



We also used rainfall gridded data to compare with the data from the gauging stations of the ABHT. These gridded data come from the SIEREM (System of environmental information for the water resources and their modeling) dataset, developed at the HydroSciences Montpellier laboratory [50,51]. These data are available at the monthly time scale, over the duration 1940–1999, and at the half-square degree scale. The interpolation method used to prepare this dataset is the kriging method [52] from observed values. For each time step, it has no correlation with a grid of reference on average over a reference period. All the available values each month are used to construct each grid.



The availability of data depends on the regional hydrological agency and the national meteorological direction. From the data received, the time series of streamflow and rainfall start before 1970 in Rdat sub-basin and after the 1970s in the Ourika (rainfall and streamflow) and Rheraya (streamflow) sub-basins, even if hydrological and climatic variability were identified in the 1970s on Rdat, Ourika sub-basins and Tensift River.



The monthly NAO index used in this study corresponds to the normalized winter sea-level pressure difference between Portugal and Reykjavik.



The duration for which this index is available extends from 1864 to 2011.



We also used rainfall gridded data to compare with the data from the gauging stations of the ABHT.




3.2. Methods


To study the hydrological variability in the Tensift basin, we work with the standardized anomalies [53] to identify alternating dry and wet periods (Figure 2).


      x i  −  x ¯   S    



(1)




where

	
    x i    : Rainfall/streamflow for a given year;



	
   x ¯   : Average rainfall/streamflow for interannual period; and



	
S: Standard deviation of rainfall/streamflow for interannual period.








Contrary to the other methods, wavelet analysis has often been used for hydrological variability of major world rivers [54,55,56].



Many wavelets are available for continuous wavelet analysis (the Morlet, Paul and derivative of Gaussian (DOG) being among the most usual); here we chose the Morlet wavelet, consisting of a Gaussian-modulated sine, which basically has a rather high frequency resolution. The wavenumber of the mother wavelet controls its basic frequency resolution: the higher the wave number, the more rapid the oscillation of the wavelet, and the higher the frequency resolution. The wavenumber used here was six for all spectra.



The continuous wavelet method (WCT) is used to analyze and quantify each temporal feature of the main spectral components in the time series. The wavelet transformation is used to follow the time course of the process at different scales in the signal [57]. It has been used for numerous studies in geosciences (e.g., [13,58,59]). In particular, applications of wavelets to discharge time series allow describing signals of climatic oscillation [14,16,60,61].



The signal is correlated with a set of “daughter wavelets”, which are obtained by translation and dilation of a reference (the so-called “mother”) wavelet:


    ψ  a , b    ( t )  =  1   a     ψ 0   (    t − b  a   )    



(2)




where a is scale parameter (dilation of the filter) and b a time-localization parameter. The continuous wavelet transforms of a signal (S(t)) produces a wavelet spectrum and is defined by:


   C ( a , b ) =  ∫  − ∞   + ∞   x ( t )  ψ  a , b   ( t ) d t   



(3)







The wavelet transform corresponds to the filtering of a signal by a band pass filter, which corresponds to a wavelet basis. Dilated versions of the mother wavelet (i.e., daughter wavelets corresponding to each value taken by parameter a) are generally used for investigating the spectral content of the signal at any time, while at each scale the translation of the wavelet (parameter b) gives access to the spectral content at the corresponding time. Higher variation (large wavelengths) in the signal can be detected by larger daughter wavelets while smaller ones define smaller variations (short wavelengths). The CWT produces a time-scale (that can also be represented as a time-period or a time-frequency diagram) showing the distribution of the spectral content (power, z-axis) across time (x-axis) and at different scale (or period or frequency, y-axis).



In all the following continuous wavelet spectra, the color scale used represents increasing power (variance) from blue to dark red. The continuous wavelet spectrum of the time series highlights the existence of several modes of variability in the form of energy bands covering certain ranges of frequencies.



The coherence is analyzed to determine the correlation between the hydrological variability and climatic parameters [62].



Here, CWT has been used in two modes: (1) univariate mode aims to identify the main variability modes of signals; and (2) bivariate mode for wavelet coherence with the objective of comparing the spectral structuration of signals:


   W  C n  X Y    ( s )  =    W n  X Y      ( S )       W n X   ( S )  *  W n Y   ( S )        



(4)







WCn corresponds to the wavelet coherence, Wn is the wavelet and S is the signal. X and Y correspond to two variables studied. The wavelet phases are also plotted to show the amount of delay between both signals [63]. The values of the phase diagram are contained between −π and π. For a zero phase difference, the two variables are in phase. For a π or −π phase difference, the two variables are out of phase (opposite phase) at the corresponding scale in relation with the edges of the influence cone.



The criterion of subdivision used here is the loss of energy that is detected from the extracted and reconstructed signal in the time domain by either inverse Fourier or wavelet transform of selected bands in the spectrum.



Discontinuities are identified by a loss of energy; physical causes of the discontinuities are not yet understood. However, according to [55], this abrupt change is explained by a change in climate patterns, mainly controlled by NAO in this case of study.





4. Results: Determination of the Hydrological Variability of the Tensift


From the SIEREM data (1940–1999), we present rainfall variability for each sub-basin of the Tensift River and Ksob basin (Figure 2). This variability is higher at the end of the 1940s and 1990s. We deduce also that the rainfall variability in Ourika and Rheraya sub-basins is similar due to the fact that the two sub-basins have a small area and share the same rainfall grid-cells.



4.1. Hydrological Variability from the Standardized Variables


4.1.1. Rainfall


Standardized annual rainfall during the period between 1970 and 2010 displayed five distinct periods in Tensift River and its two sub-basins (N’Fis and R’dat) and also Ksob basin, four periods in the Chichaoua and Rheraya sub-basins, and three periods in the Ourika sub-basin (Figure 3).



For the first group of basins (Tensift, Ksob, N’fis and R’dat), the initial period (1970–1973) was wet. The second one (1974–1987) was generally dry with few years wetter than the average. The third period (1987–1997) was characterized by a succession of humid years interrupted by periods of deficit varying from 2–4 years. The fourth period (1997–2007) was distinguished by dry years similar to those observed in the first period. After 2007, the area knew another wet period.



In the Chichaoua sub-basin, there was a succession of dry and wet years constituting four periods from 1970 to 1982, followed by a short dry period from 1982 to 1987, then a wet period from 1987 until 1998 and lastly fluctuations between wet and dry years from 1998 to 2011. In the Rheraya sub-basin, there was a wet period from 1970 to 1977, followed by a cycle of high variability displaying wet and dry years from 1977 to 1997, a dry period from 1997 to 2007 and wet years from 2007 onward.



The Ourika sub-basin experienced a succession of wet and dry years between 1974 and 2007 where two humid periods are identified before 1974 and after 2007, forming three cycles.




4.1.2. Streamflow


Standardized streamflow from 1970 to 2010 are presented in Figure 4. The selected weather calendar for the streamflow and rainfall studied series has no influence on the results obtained. They are identical. For the Tensift, Ksob, R’dat, Rheraya, and Ourika basins, similar patterns were observed. The duration 1970–1973 was characterized by high runoff level. Low streamflow generally occurred during the period 1974–1986. The duration between 1987 and 1997 was characterized by a succession of high streamflow years interrupted by periods of deficit varying from 2–4 years. The period 1997–2009 was generally marked by a succession of dry years similar to those observed in the second period, although some streamflow were above the average over the duration 2007–2009. Like the other sub-basins, N’fis and Chichaoua present above-average streamflow from 1986 to 1997, interrupted by deficits of 1–3 years, followed by dry years from 1997 to 2009.



However, neither N’fis nor Chichaoua sub-basins have above-average streamflow in the early 1970s, and both present several years of above-average streamflow in the late 1970s.



Variation in SIEREM interannual rainfall in the Ksob basin and in each sub-basin of the Tensift River are characterized by an alternation of wet and dry years. The dry period is distinguished from 1943 to 1961, encompassing some wet years. This dry period is shorter in the Sub-basin of the Ourika and R’dat ranging, respectively, between 1949 and 1953. A slightly wet period comes after 1962 to 1972 all over the basin, followed by a dry cycle, interrupted by lightly humid years identified in 1976 and 1982. In the Ourika sub-basin, the second period is described by an alternation of wet and dry years from 1950–1999, followed by a long dry period during the rest of the calendar interrupted by a few wet years (Figure 5).



At N’fis, rainfall SIEREM and hydrological stations have the same trend over the whole period; however, in Rheraya, they progress differently. In Ourika, this variability is different during some years, namely in 1973, 1978, 1986, 1993 and 1996. Regarding the sub-basins R’dat and Chichaoua, the comparable variables exhibit different variability during the periods ranging, respectively, from 1986–1990 and 1976–1980; however, this pattern is similar in Chichaoua during the rest of the time series displaying some short duration difference. In the Ksob basin, rainfall SIEREM and the studied stations have the same variability, except in 1977 and 1984–1986 where the trend is different.





4.2. Hydrological Variability from the Wavelet Analysis


Rainfall


The Wavelet analysis of data precipitation shows several energy bands from the annual to interannual scales (2–3 year and 8–12 year) (Figure 6) (Table 2). In the Tensift River and the sub-basins, a frequency of one year is more identified. The 2–3 year band was only detected in the Ourika and the R’dat sub-basins for the first half of the 1970s and in the N’fis sub-basin for the first half of the 1990s. The eight-year band is observed in the Tensift River, Ksob, Chichaoua and N’fis sub-basins during the 1990s. The Ksob and N'fis basins are characterized by discontinuities during the mid-1980s and 2000s. For the Tensift River and Chichaoua, these discontinuities are observed in 1990 and 2000, which delimit three periods. Regarding the R’dat and Ourika basins, we find four periods according to the discontinuities in 1970, 1990 and 2000, while, in the Rheraya, we identify only two periods around a discontinuity in 2000.



For all basins, we deduce generally three discontinuities around 1980, 1990 and 2000 according to rainfall stations multiple energy bands can be seen on the wavelet spectra streamflow (Figure 7) (Table 3). As in the case of the rainfall, frequencies are one year, 2–4 years and 8–12 years, but these bands occur in all sub-basins and do not always appear in the same period. There is also a moderately strong 4–8-year band that is more visible.



For the N’Fis and Ourika sub-basins, the annual cycle is generally characterized by strong attenuation during the 1970s (except for the Ksob) and during the 1990s. The 2–4-year band corresponds to a high-power fluctuation for all sub-basins expect the Tensift River from the early to the mid-1990s. It occurs also in the early to mid-1970s (Tensift river, R’dat), the mid-1970s (Rheraya) and around 1980 (Ourika). Strong 8–12-year bands are identified in all regions except Rheraya.



Major discontinuities are identified depending on the basins: they appear during the mid-1970s, 1980, 1990 and 2000. These discontinuities help to subdivide the time-series into a number of periods depending on the sub-basin; R’dat, Rheraya and Tensift River. On the other hand, we observe the presence of three periods in the Ksob, Nfis, Chichaoua and Ourika sub-basins related to discontinuities identified in 1980 and 1990.






5. Discussion: Influence of the Climatic Fluctuations of the North Atlantic Oscillation (NAO) on the Hydrological Variability of the Tensift and Ksob Basins


This section begins with a comparison of the series of data used in our study, and then studies the coherence among NAO, Rainfall and streamflow.



5.1. Comparison between Rainfall and Streamflow


The results obtained from wavelets analysis show three discontinuities during the 1980s, 1990s and 2000s.



The wavelet analysis shows some common energy bands between rainfall and streamflow but the interannual energy bands are better identified in streamflow time series than in rainfall. Except for the Ourika and Rheraya sub-basins, common annual-scale bands are identified between 1980s and 1990 as well as common 8–12-year bands for the mid-1990s. Comparing rainfall and streamflow, a discontinuity appears within the majority of stations in the 1980 and 2000 periods. In the same station, rainfall and streamflow energy bands discontinuities are coherent for Ksob, N’fis R’dat, and Chichaoua sub-basins. It is less visible during certain periods for Tensift River, Ourika and Rheraya sub-basins.



The eight-year mode is observed during the second and the third period for streamflow and only observed during the second period for rainfall. The 2–3-year mode appears with a low energy level on Ksob and R’dat rainfall in 1970. This mode can be slightly identified on N’fis rainfall between 1980 and 1990. For streamflow, the 2–4-year and 4–8-year modes were detected during the first and second periods, 1970–1980 and 1990–2000; and the 8–12-year mode is observed during the second and third periods. The major climatic variability is observed between 1980 and 1990.



For some stations, two important dry periods occur in 1974–1987 and 1997–2007. For others, there are some wetter periods with an alternation of wet and dry years but in a homogeneous tendency as shown by the wavelets analysis.



The annual variability for rainfall and streamflow identified by the continuous wavelet method can correspond to wet years determined by the standardized variables.




5.2. Comparison between Rainfall and Gridded Rainfall Data


The rainfall data used in this study are related to gauging stations, as there were no other available rainfall data from authorities. Thus, we might miss some significant variabilities that might occur outside the study area. To overcome this problem, we also used the continuous wavelet analysis on the rainfall data of the SIEREM database. This also allows comparing the signals of the streamflow with rainfall, which could better take into account regional influences of rainfall over the basin. The Tensift basin is covered by 14 grid cells. The wavelet analysis shows fluctuations generally of very low intensity. The annual cycle is identified over the whole time series showing a discontinuity in the North of the basin. The seasonal alternation is moderately expressed, the modes of variability 8–12 years are identified at the end of time series from mid-1980 to 1999 on the grids located in the South of the basin (Figure 8a,b).



In the period between 1970 and 1990 (common period between SIEREM and gauging stations data), we identify two kind of variabilities: the annual cycle, which is found on the gauging stations and grids data, and the 8–12-year band, which is detected on some grids during the end of the 1990 period and in the Tensift sub-basin. Besides, more variability is found in the streamflow compared to gauging station and gridded rainfall.




5.3. Influence of the NAO on the Hydrological Variability


Fourier analysis gives a coherence result defined as the square of the cross-spectrum normalized by the individual power spectra. This gives a quantity between 0 and 1. The cross-correlation is measured between two time series as a function of frequency [64].



Many studies have been carried out in order to determine the relationship between NAO and hydrological parameters [13,14,15,16]. They show the NAO contribution in the eight-year band falling on the second half of the last century. The annual oscillation was always strongly represented in streamflow time series and was affected by an increase in power from 1990 in Seine River [15].



The analysis of NAO and precipitation time series (Figure 9) shows rather large annual and inter-annual coherence scales. The annual scale weak coherence is visible around 1985, 1995 and 2005. The first one might be linked to the drought periods that occurred in Morocco between 1980 and 1985. Mahé et al. [65] identified a rupture in annual rainfall in Morocco between 1979 and 1980. The inter-annual coherence is mainly distributed in the energy bands of 2–4 years, 4–8 years, and 8–12 years. Considerable energy is observed between the mid-1980s and the mid-1990s for the 2–4-year band. The 8–12-year band is continuous over the entire duration for the Ksob basin and is nearly continuous for the R’dat sub-basin.



To estimate the contribution of a component over the total signal, we operate a reconstruction through the inverse transform component and compare its standard deviation to the one of the original series. The reconstruction may be performed by the wavelet inverse transform [64] or by Fourier inverse transform. Both approaches have been tested and are supposed to give very similar results.



The contribution of the NAO variability to rainfall (Table 4) is very close in the Chichaoua, Rheraya, Ourika, and N’fis sub-basins and Tensift River, with a minimum of 65% and a maximum of 69%. It varies between 74% and 79% for the Ksob basin and R’dat sub-basin.



Wavelet coherence analysis also indicates correlations between the NAO index and the monthly streamflow (Figure 10). As observed in the NAO-precipitation coherence analysis, annual and interannual bands (2–4 years, 4–8 years, and 8–12 years) are clearly visible and annual-scale coherence losses are visible around 1985, 1995, and 2005. However, the 2–4-year band for the Ksob, Tensift River and Chichaoua sub-basin is generally less extended in Figure 8 than in Figure 7, ranging from the mid-1980s to the mid-1990s. Conversely, the 8–12-year band in Figure 8 is continuous or nearly so over the entire duration for a larger number of sub-basins (Chichaoua, Rheraya, N’fis, and R’dat) than in Figure 7. The contribution of the NAO variability on streamflow is almost identical for the Tensift River, R’dat and Ourika sub-basins, with 68%, 69% and 67% respectively. For the Ksob basin, Rheraya, N’fis and Chichaoua sub-basins, their contribution varies with a minimum of 71% and a maximum of 77%. The contribution of the NAO is more or less important according to the variability of the modes (Table 5). Loss of coherence in the interannual scales (2–4 years and 4–8 years) is identified.



Laignel et al. [15] related major discontinuities observed in 1970 and 1990 to global discontinuities observed in the NAO, SOI and PDO indices, which might also be the case in our study.



The wavelets coherence analysis between the NAO and streamflow has shown that variability in flows was related to climate index (approximately), which can vary depending on time scales, the mode of variability and the nature of the sub-basin. These characteristics were also reported by other works related to unregulated watersheds [55,66,67,68], which suggested a climatic origin of such a transient pattern rather than an anthropogenic one. In addition, the External forcing (atmospheric) determines the water inflows and the energy in a watershed as well as their spatial and temporal variability (rain), the climate forcing influence on hydrological response of basin over the time [69]. However, the watershed characteristics that may influence the hydrological behavior of the basin can be Geometric (morphology) of the watershed, land use, lithology, or the influence of aquifers.




5.4. NAO Wavelet Analysis


From the NAO wavelet analysis during the period ranging between 1960 and 2011 (Figure 11) we identify a long lasting energy loss from approximately 1970 until the late 1980s. We find also intermittent annual bands from 1990 to 2007; 2–4-year bands in the 1960s, in the early to mid-1990s and around 2010; a 4–8-year band from nearly 1998 to 2010; and a relatively strong 8–12-year band from the mid-1980s to 2010. On the streamflow and rainfall spectrum, we find discontinuities in 1980 period. The study carried out by Rossi et al. [12] on the Mississippi area showed the presence of discontinuities around the 1970s and 1980s. Other discontinuities were also identified during 1970 and 1990 in the Colorado [14].



Different studies have shown the important role of the NAO in the Mediterranean and Atlantic areas. According to Hurell and Barnston [9,10], the NAO reflects the main fluctuations of climatic conditions The North Atlantic Oscillation is also considered to be the dominant mode of the Winter atmospheric variability in the northern Hemisphere [11].



Understanding the NAO variability of the last few decades in the context of past behavior is of considerable importance for enhanced predictability of the NAO and estimation of its influences on the North Atlantic region [71]. The NAO displays several non-stationary features that can be readily detected using continuous wavelet analyses, which are specially designed for the investigation of non-stationary signals. The relationships between NAO, rainfall and streamflow for the Tensift basin allows the identification of the part of variability correlated with the NAO in the related time series. Spatial and temporal variability in rainfall and streamflow in the Tensift basin is linked to climate and physiographic conditions in each sub-basin, which might modify the hydrological response of the main NAO forcing signal. For instance, the N’fis sub-basin is located at a relatively high altitude and receives low rainfall. This can be explained by the influence of the local topography that blocks the extension of the Atlantic winds. This fact could have an influence on the rainfall characteristics, which will be different from another regional basin being differently oriented in regard to the Atlantic winds, like the Ksob basin. Each sub-basin has specific physical characteristics (Table 1) that determine the shape of the observed hydrographs at the channel [72,73,74]. The mountainous N’fis, Rheraya and Ourika sub-basins, which have relatively impervious soils, are often exposed to violent floods. The magnitude of short-term flow is related to morphological characteristics [44]. The rainfall–runoff relationship can be explained by the position of each basin compared to the others influenced by humid Atlantic air masses during the winter and stormy periods in the Summer that bring torrential rain causing heavy floods [45].





6. Conclusions


In this study, we investigated the series of streamflow and rainfall on the Tensift Basin, which is part of the semi-arid areas of the Southern part of Morocco. These data have been used to determine the interannual variability and its relation with climate fluctuations.



The Wavelet technique was carried out to complete the preliminary statistical analyses of standardization and correlation. This analysis is able, in our case, to assess and describe the links between the hydrological and climatic variability of the NAO. The Wavelet method was applied to the rainfall and streamflow time series in the Tensift and Ksob basins. It showed a distribution of energy bands following high and low frequencies. The results demonstrated that the hydrological variability can be described by four modes of variability: one year, 2–4 years, 4–8 years and 8–12 years. The 4–8-year mode was only observed in streamflow time series and detected between 1990 and 2000.



Such modes are distributed following three main discontinuities occurring during the 1980s, the 1990s and mid-2000s. These discontinuities are related to the basins geomorphology, spatial variability and global exposure to seasonal drought.



The study of the coherence between the NAO and rainfall in the Tensift basin has outlined low frequencies where the total contribution is 78%. The results are quite similar for the streamflow with a contribution of 77%. However, the contribution within the 8–12-year band appeared to be higher, with a frequency equals to 95%.



These first results have to be developed further on to explore the relationships between hydrological variability and the NAO signal from the North to the South of Morocco, in order to check if there are clear boundaries between the influences of the Atlantic, the Mediterranean and the Sahara, and, on the other hand, to use longer time series of streamflow, starting long before 1970, in the case of availability of sufficient data.
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Figure 1. Location of the Ksob basin and Tensift sub-basins. 
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Figure 2. Rainfall variability at the Ksob basin and Tensift sub-basins. 
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Figure 3. Standardized annual rainfall anomalies in Ksob basin and Tensift sub-basins, between 1970 and 2011. 
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Figure 4. Standardized annual streamflow anomalies in Ksob basin and Tensift sub-basins between 1970 and 2011. 
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Figure 5. Interannual evolution of rainfall (SIEREM and gauging station) at the sub-basins of Tensift. 
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Figure 6. Continuous wavelets transform of the monthly rainfall at selected gauging stations. 
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Figure 7. Continuous wavelets transform of the monthly streamflow at selected hydrological stations. 
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Figure 8. Continuous wavelets transform of the monthly rainfall from the SIEREM gridded dataset: (a) in the North of Tensift basin; and (b) in the South of Tensift basin. 
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Figure 9. Wavelet coherence analysis diagram for rainfall at selected gauging stations. 
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Figure 10. Wavelet coherence analysis diagram for streamflow at selected hydrological stations. 
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Figure 11. The time variation of the NAO between 1960 and 2011 [70]. 
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Table 1. Description of the main physiographic features of each sub-basin.
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Station Name

	
River

	
Coordinate

	
Area km2

	
Perimeter km

	
Length km

	
Width km

	
Slope




	
Lon

	
Lat






	
Abadla

	
Tensift

	
8°33′

	
31°42′

	
-

	
-

	
-

	
-

	
-




	
Adamna

	
Ksob

	
9°40′

	
31°32′

	
1453

	
208

	
87

	
39.2

	
1.5




	
Aghbalou

	
Ourika

	
7°45′

	
31°18′

	
503

	
104

	
48.1

	
10.4

	
19.9




	
Chichaoua

	
Chichaoua

	
8°45′

	
31°33′

	
1317

	
-

	
-

	
-

	
-




	
N’kouris

	
N’fis

	
8°7′

	
31°3′

	
1282

	
214

	
92.9

	
14.3

	
3.5




	
S_Rhal

	
R’dat

	
7°27′

	
31°37′

	
452

	
130

	
50.1

	
11

	
13.8




	
Tahnaout

	
Rheraya

	
7°57’

	
31°16′

	
225

	
78

	
34

	
6.6

	
19.1
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Table 2. The time variation of the rainfall variability modes, extracted from the continuous wavelet analysis, at Tensift River, Ksob, Ourika, Chichaoua, N’fis, R’dat and Rheraya basin.
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K’sob

	
N’fis

	
Tensift

	
R’dat

	
Ourika

	
Chichaoua

	
Rheraya






	
1 year

	
Mid 1980s–1990

	
1975–1980

	
1 year

	
Mid 1980s–1990

	
1975–1980

	
1 year

	
Mid 1980s–1990




	
2–3 years

	

	
1990–1995

	

	
1973–1975

	
Beguinin–1975

	

	




	
8 years

	
1990–Mid 2000s

	
1985–2000

	
1990–2000

	
1990–2000

	

	
1990–2000
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Table 3. The time variation of the streamflow variability, extracted from the continuous wavelet analysis, at Tensift River, Ksob, Ourika, Chichaoua, N’fis, R’dat and Rheraya basin.







Table 3. The time variation of the streamflow variability, extracted from the continuous wavelet analysis, at Tensift River, Ksob, Ourika, Chichaoua, N’fis, R’dat and Rheraya basin.







	

	
K’sob

	
N’fis

	
Tensift

	
R’dat

	
Ourika

	
Chichaoua

	
Rheraya






	
1 year

	
Mid 1990s–2000

	
1977–1980 1987–1990 1995–1998

	
Beguinin-mid 1970s 1987–1992

Mid 1990s–1998

	
1965–1975 1990–1995

	
Beguinin–1973 1979–1982 1990–1993

	
1977–1980 1997–1990 1995–1998

	
1970–1975 1979–1982 1990–1995




	
2–4 years

	
1995–1997

	
1987–1995

	
Beguinin–mid 1970s

	
1965–1975 1995–1998

	
1979–1983 Around 1990

	
1985–2000

	
Around 1975 1990–1995




	
4–8 years

	

	
1985–1990 1995–2000

	

	

	

	

	




	
8–12 yeras

	
1990–2000

	
1980–2005

	
Beguinin–2000

	
1970–2000

	
Beguinin–2000

	
1975–end

	
1978–1985
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Table 4. The mean percentage of NAO/rainfall wavelet coherence for the different modes of variability (one year, 2–4 years and 8–12 years) at selected stations.







Table 4. The mean percentage of NAO/rainfall wavelet coherence for the different modes of variability (one year, 2–4 years and 8–12 years) at selected stations.







	

	
Tensift

	
Ksob

	
Ourika

	
Chichaoua

	
N’fis

	
R’dat

	
Rheraya






	
1 year

	
64%

	
69%

	
66%

	
66%

	
67%

	
66%

	
66%




	
2–3 years

	
66%

	
72%

	
67%

	
65%

	
64%

	
70%

	
54%




	
2–4 years

	
65%

	
78%

	
68%

	
62%

	
66%

	
76%

	
69%




	
8 years

	
78%

	
95%

	
66%

	
69%

	
82%

	
84%

	
65%




	
Total

	
68%

	
78%

	
67%

	
65%

	
70%

	
74%

	
63%











[image: Table] 





Table 5. The mean percentage of NAO/streamflow wavelet coherence for the different modes of variability (one year, 2–4 years, 4–8 years and 8–12 years) at selected stations.







Table 5. The mean percentage of NAO/streamflow wavelet coherence for the different modes of variability (one year, 2–4 years, 4–8 years and 8–12 years) at selected stations.







	

	
Tensift

	
Ksob

	
Ourika

	
Chichaoua

	
N’fis

	
R’dat

	
Ourika






	
1 year

	
67%

	
63%

	
62%

	
59%

	
70%

	
65%

	
69%




	
2–4 years

	
69%

	
73%

	
63%

	
71%

	
67%

	
59%

	
63%




	
4–8 years

	
71%

	
69%

	
64%

	
76%

	
73%

	
67%

	
79%




	
8–12 years

	
67%

	
90%

	
79%

	
94%

	
91%

	
84%

	
84%




	
Total

	
68%

	
74%

	
67%

	
75%

	
75%

	
69%

	
74%
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