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Abstract

After the frequent and long drought episodes of the 1980s, a plethora of case studies have shown that West1

Africa remains a hot spot in the continent where despite its numerous water resources, extreme rainfall2

variability remains a profound challenge to the availability of freshwater for agriculture and ecosystem3

services. In this paper, we assess the recent flux in water availability over West Africa by investigating4

variations in net-precipitation (i.e., the maximum available freshwater flux) using wavelet analysis. Net-5

precipitation was obtained as a residual of the atmospheric water balance, and its variability compared to6

precipitation, temperature, evaporation, soil moisture and normalized difference vegetation index using7

wavelet power transforms and coherence analysis. Results from the study indicate that the variance in8

water flux over the region has been progressively reducing, suggesting a relative reduction in extreme9

hydrological conditions. Also, the wavelet coherence analysis revealed that the observed decreasing rate10

of available freshwater is highly coupled to a low frequency modulating El-Niño activity that induced11

lower changes in rainfall variance, as well as higher evaporation variance. Spatial trends in the annual-12

scaled average wavelet power indicated that the south-western parts of the region experienced the most13

reduction in rainfall flux. The highest deficit in net-precipitation flux was found in the dry sub-humid14

climatic zone, which is drained by major regional rivers, including the Niger and Volta. Considering15

the long-term variability in freshwater (i.e., from 1979 to 2010), we found the 1980s to be the driest16

decade and the 1990s being its recovery period, while the 2000s proved to be a considerably dry decade,17

suggesting a strong multi-decadal variability.18
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1. Introduction19

In Africa, deficits in inter-annual changes in precipitation, widespread decline in vegetation greenness,20

and droughts (see, e.g., Zhou et al., 2014; Shiferaw et al., 2014) are relevant indicators of climate change21

that contribute significantly to famine and food insecurity in the region. West Africa (WA) for instance,22

remains a hot spot in the continent where despite its numerous water resources (e.g., Conway et al., 2009),23

extreme rainfall variability remains a profound challenge to the availability of freshwater for agriculture24

and ecosystem functioning. Consequently, the region sometimes suffers significant socio-economic losses25

due to its dependence on rain-fed agriculture (e.g., Shiferaw et al., 2014).26

The persistent drought episodes of the late 1960s and early 1980s, which resulted in considerable27

impacts on water resources, food security, and livelihood, triggered numerous scientific discourse on the28

hydrology and climate of the region (see, e.g., Mahé and Olivry , 1999; Nicholson et al., 2000; Conway29

et al., 2009; Lebel and Ali , 2009; Ndehedehe et al., 2016a; Nicholson, 2013, and the references therein).30

While some studies have reported that rainfall amounts over WA have shown some degree of recovery as31

observed in the Sahel (e.g., Nicholson, 2005; Lebel and Ali , 2009), the question on the state of general32

moisture conditions remains unclear (cf., Nicholson, 2013). For instance, Mahé and Paturel (2009)33

reported that although the Sahelian rainfall amounts increased towards the late 1990s, mean annual34

rainfall remains well below the amounts in the pre-1970s-era. They further noted that the increase in35

temperature over WA during the end of the 20th century induced an increase in evaporation, and may36

lead to reduction in freshwater yields. Moreover, conflicting behaviour in rainfall and runoff exist in37

much of the region (e.g., Conway et al., 2009) while despite the recent increase in rainfall amounts in38

the Sahel, dry conditions persists (e.g., Descroix et al., 2009). These and other specific case studies (see,39

e.g., Kaspersen et al., 2011; Anyamba and Tucker , 2005; Ndehedehe et al., 2016b) in the region suggest40

complex eco-hydrological systems.41

A plethora of case studies have reported that both climate and anthropogenic factors contribute42

considerably to freshwater variability in WA (e.g., Wittig et al., 2007; Roudier et al., 2014). For instance,43

some region-specific studies (see, e.g., Amogu et al., 2010; Descroix et al., 2009; Mahé et al., 2005) have44

reported that despite the reduction of rainfall rates, runoff in some sub-basins within the Niger and Volta45

basins have been increasing since the 1970s, a phenomenon partly attributed to human-induced impacts46

(e.g., land cover change). Further, Huber et al. (2011) reported inconsistent trends in Normalized47

Difference Vegetation Index (NDVI) and soil moisture in the African Sahel. Although they did not48

link it to any human influence, the preponderance of evidence from related studies, mostly those that49

have examined rainfall as a driver of vegetation dynamics (see, e.g., Herrmann et al., 2005; Anyamba50

and Tucker , 2005; Kaspersen et al., 2011), suggest the impacts of human activities and large scale51

climatic influence in the region. This lack of clarity in water availability and how it drives the ecosystem52
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necessitates a further investigation to provide a more general perspective of recent variability in available53

freshwater over the region, at least in the long term. Analyzing freshwater variability in WA, however,54

is hampered by the fact that the region is data deficient (e.g., Conway et al., 2009; Oyebande, 2001) due55

to the required hydro-climatic information not being readily available. This makes it difficult to provide56

a more reliable account of the state of freshwater in WA.57

Despite the problem of limited hydro-climatic data, various studies have attempted to analyze and58

explain the variability of available freshwater in the context of runoffs, rainfall patterns, and vegetation59

dynamics by combining available in-situ and satellite data (see, e.g., Conway et al., 2009; Descroix et al.,60

2009; Roudier et al., 2014; Herrmann et al., 2005; Anyamba and Tucker , 2005; Kaspersen et al., 2011).61

Nonetheless, most of these studies were region-specific focusing on the impacts of climate variability on62

vegetation production (see, e.g., Herrmann et al., 2005; Kaspersen et al., 2011), while others analyzed63

the uncertainties in water budget quantities derived from reanalysis and model data (see, e.g., Meynadier64

et al., 2010). Also, the African Monsoon Multidisciplinary Analysis (AMMA) project (e.g., Lebel et al.,65

2009; Boone et al., 2009) has made some progress in the region, with some observational networks now66

available in Niger, Mali, and Benin. In addition to the AMMA project, significant efforts on water67

resources development in the region include the synergy between the German research program on68

the global water cycle (GLOWA) and the Integratives Management-Projekt für einen Effizienten und69

Tragfähigen Umgang mit Süßwasser in West Afrika (IMPETUS) initiative (Speth and Fink , 2010, p. 7).70

However, the investigations of all aspects of the hydrological cycle under the framework of the IM-71

PETUS project were carried out basically over two river basins namely Ouémé and Wadi Drâa in Benin72

and Morocco, respectively, due to the availability of data among other criteria (cf., Speth and Fink , 2010,73

p. 9). Further, hydrological studies over WA that employed Gravity Recovery and Climate Experiment74

(GRACE, Tapley et al., 2004) have also been documented (see, e.g., Ndehedehe et al., 2016a; Forootan75

et al., 2014a; Grippa et al., 2011). However, these studies are restricted to the last decade because of76

the limited GRACE-observations. Since WA is one of the tropical regions of the world characterised77

by strong inter-annual variability in rainfall, with an increasing potential of drought vulnerability (e.g.,78

Ndehedehe et al., 2016b), a further investigation into the long term freshwater flux of WA is therefore79

warranted.80

WA is a well known climatic hot spot, where the land-ocean-atmosphere coupling plays an important81

role, through the spatio-temporal changes in precipitation and evaporation, which frequently result in82

the modulation of rainfall gradients (Douville et al., 2006). Some studies (see, e.g., Ndehedehe et al.,83

2016c; Diatta and Fink , 2014; Nicholson et al., 2000; Janicot et al., 1996) have suggested a possible84

relationship between climate indices (e.g., Atlantic multi-decadal oscillation-AMO, Atlantic meridional85

mode-AMM, El Niño Southern Oscillation-ENSO, Pacific Decadal Oscillations-PDO, etc.) and rainfall86
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extremes over WA. As the hydrological cycle is accelerating due to global changes in climate (see, e.g.,87

Malhi and Wright , 2004), the perceived influence of such changes underscores the need for a long term88

quantitative assessment of freshwater flux in the region.89

In this study, wavelet analysis is employed for the first time to provide a quantitative analysis of90

flux in freshwater (availability and variability) over WA at the sub-climatic scale using long-term multi-91

resolution data (soil moisture, rainfall, temperature, evaporation, and NDVI) during the period of 197992

to 2010. The main objectives of this study are threefold, to (i) investigate the spatio-temporal variations93

of freshwater flux (referred henceforth as net-precipitation) over the entire WA region, (ii) investigate the94

impacts of ENSO on WA’s freshwater and, (iii) analyze the co-variability between different parameters95

that influence variations in freshwater (i.e., net-precipitation, rainfall, temperature, evaporation, and96

ENSO index) in order to determine the nonlinear relationships between available freshwater and climate97

variability. To achieve these objectives, the wavelet approach (e.g., Torrence and Compo, 1998; Grinsted98

et al., 2004), which has shown some skills in identifying temporal variability and trends in hydrological99

signals (e.g., Beecham and Chowdhury , 2009; Szolgayová and Arlt , 2014) is employed to extract localized100

variations in the dominant modes of the assessed parameters.101

The remainder of the study is organized as follows; following the introduction, the study area is102

presented in Section 2, followed by the data and method of analysis in Section 3. The results are103

presented in Section 4, and the study is concluded in Section 5.104

2. Study Area105

2.1. Geography106

The WA region spans an area of approximately 6 million km2, roughly 20% of Africa’s total land area107

(refer to Figure 1 for the location of WA) with a total population of about 290 million. The region lies108

between longitudes 18◦W and 16◦E and latitudes 3◦N and 28◦N and it is bounded in the west and south109

by the Atlantic Ocean, the north by the Sahara desert, and the east by the Central African nations of110

Chad and Cameroon. The topography of the region is mainly flat; most parts lie less than 300 m above111

m.s.l. with several isolated high points along the coastal areas. The main river of the region is the Niger,112

which drains an area of 2 million km2, and is shared by nine of the seventeen countries in the region.113

Other important rivers are the Gambia, Senegal, Comoe and Volta, which are shared respectively by114

three, four, four, and five riparian countries.115

[FIGURE 1 AROUND HERE.]116
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2.2. Climate117

The region of WA is traditionally partitioned into three sub-climatic zones (Meynadier et al., 2010),118

including: (1) the dry north, known as the Sahel, which lies just below the Sahara desert, (2) the119

Sudano transitional zone, and (3) the relatively wet Guinean zone located in the south. This wet and120

dry regions depends on the latitude and the distance from the Atlantic Ocean while the degree of aridity121

increases from south to north and to a lesser extent from west to east as reported by Menz (2010, p.122

56). However, in order to gain a more localized perspective to variations in moisture conditions, the K-123

means clustering algorithm was used to reclassify the climatic zones by their annual rainfall amounts to124

maintain consistency with the general African sub-climatic classification (e.g., Wamukonya et al., 2006)125

and it is presented in Figure 1. Consequently in this contribution, the climatic zones have been classified126

as hyper-arid (HyA) in the north, arid, semi-arid (SA), dry sub-humid (DSH) and moist sub-humid127

(MSH) in the south. Generally, the hyper-arid sub-region coincide with the desert area; arid, Sahel;128

semi-arid, Sudano; the moist and dry sub-humid areas, Guinean (see Figure 1). Rainfall in the region129

is modulated by the northeast trade winds from the Sahara and the southwest monsoon winds from the130

Gulf of Guinea in a dipolar manner (see, e.g., Nicholson, 2013).131

3. Methods and Data132

3.1. Datasets133

3.1.1. ERA-Interim134

The European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis dataset (ERA-135

Interim) provides a third generation ocean-land-atmosphere processes reanalysis data for estimating136

mass, moisture, and energy budget products (Dee et al., 2011). Data fields of specific humidity,137

zonal (U) and meridional (V ) components of wind at different pressure levels (i.e., from the Earth’s138

surface to the top of the atmosphere) were used in this study to compute changes in atmospheric139

water storage and moisture flux divergence as described at Section 3.2.2. Additionally, tempera-140

ture, evaporation, and soil moisture datasets from ERA-Interim were used in this study to under-141

stand the co-varying relationships with net-precipitation. The ERA-Interim datasets were obtained142

from http://apps.ecmwf.int/datasets/data/interim_full_moda/ for the period 1980 to 2010. The143

datasets were all retrieved at a gridded spatial resolution of 0.25◦ at a monthly temporal interval.144

3.1.2. GLDAS145

The Global Land Data Assimilation System (GLDAS) products combines satellite and ground based146

observed data to generate optimal fields of land surface states and fluxes using advanced land surface147
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modeling and data assimilation techniques (Rodell et al., 2004). It is driven by four land surface models148

(LSMs) namely the Variable Infiltration Capacity (VIC), Noah, Mosaic, and Community Land Model149

(CLM). The four LSMs output hydrological and meteorological fields at 1-degree and 0.25-degree res-150

olutions, as well as a three-hourly and monthly temporal resolutions. The GLDAS model data are151

available from 1979 to the present. For this study, the monthly precipitation and evaporation fields152

at the 1◦ resolution for the period 1979 to 2010 were used. The GLDAS data were retrieved from153

http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings.154

3.1.3. Global precipitation Climatology Centre (GPCC)155

The precipitation data used in this study were obtained from the Global precipitation Climatology156

Centre (GPCC) and covers the period of 1979 to 2010. This data is made available by Deutscher157

Wetterdienst (DWD, National Meteorological Service of Germany) and include rain gauge data collected158

from national meteorological agencies (e.g. Becker et al., 2013). Other sources of inputs comprise of159

archives in the Global Telecommunication Systems (GTS), daily surface synoptic observations (SYNOP)160

messages, and monthly climatological data (CLIMAT messages). GPCC also utilizes published global161

datasets from the Food and Agriculture Organization (FAO) FAOCLIM 2.0, Climate Research Unit162

(CRU), Global Historical Network (GHCN), as well as several regional datasets, making it the most163

comprehensive quality controlled global gauge archive that is readily available (Becker et al., 2013). The164

precipitation products are provided at different time and spatial resolutions for specific applications (see,165

e.g., Becker et al., 2013; Schneider et al., 2013). This study used the Full Data Product (i.e., GPCC-FD)166

at a spatial resolution of 0.5◦ and a monthly temporal resolution from 1980 to 2010. The GPCC rainfall167

fields were retrieved from ftp://ftp-anon.dwd.de/pub/data/gpcc/html/download_gate.html.168

3.1.4. Multivariate ENSO Index (MEI)169

The El-Niño Southern Oscillation (ENSO) is a major coupled ocean-atmosphere phenomenon that170

causes global climate variability on inter-annual time scales. In this study, the Multivariate ENSO Index171

(MEI) was obtained from the Physical Sciences and Physical Oceanography divisions of the National172

Oceanic & Atmospheric Administration (NOAA). MEI represents ENSO events based on six variables:173

sea-level pressure, zonal and meridional components of the surface wind, sea surface temperature, surface174

air temperature, and total cloudiness fraction of the sky (Wolter and Timlin, 2011). By adopting a175

multivariate approach, MEI provides a more complete and flexible description of the ENSO phenomenon176

(Wolter and Timlin, 2011). The cold (negative) phase (La Niña) results in wet period in WA, while the177

converse is true for the warm (positive) phase (El Niño) as observed by Nicholson (2013). The ENSO178

index time series (Figure 2) used in the study were retrieved from http://www.esrl.noaa.gov/psd/179

enso/mei/.180
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[FIGURE 2 AROUND HERE.]181

3.1.5. Normalised Difference Vegetation Index (NDVI)182

Since moisture changes over the region are also highly coupled to changes in vegetation (e.g., Huber183

et al., 2011), variations in net-precipitation with respect to NDVI were assessed. NDVI time series184

covering the period of 1981 to 2006 were obtained from the Global Inventory Modeling and Mapping185

Studies (GIMMS). The GIMMS NDVI data is derived from satellite imagery generated from the Ad-186

vanced Very High Resolution Radiometer (AVHRR) instrument on-board the NOAA satellite series 7, 9,187

11, 14, 16, and 17 at a 15 day and approximately 0.0833◦ temporal and spatial resolutions, respectively188

(Tucker et al., 2005). The vegetation index data was retrieved from http://iridl.ldeo.columbia.edu/189

SOURCES/.UMD/.GLCF/.GIMMS/.NDVIg/.global/.ndvi/index.html?Set-Language=en and the bi-monthly190

dataset was aggregated to monthly series.191

3.2. Methodology192

Maximum renewable freshwater availability fields were derived from the atmospheric water budget193

approach and compared to the net-precipitation from GLDAS model’s rainfall and evaporation datasets.194

All the gridded datasets, with the exception of the GLDAS products, were up-scaled (i.e., filtered with a195

low pass filter and re-sampled with the bi-cubic interpolation technique) to a spatial resolution of 0.5◦ to196

ensure consistency with the GPCC rainfall data. In comparing the ERA-Interim and GLDAS products,197

the former was up-scaled to a coarser resolution of 1◦. Next, continuous wavelet analyzes (Section 3.2.3)198

were then performed on the different data sets in order to investigate their wave power spectra patterns.199

Finally, cross coherencies between the datasets were also investigated with the wavelet coherence method200

(Section 3.2.4).201

3.2.1. Net-precipitation202

Net-precipitation can be obtained by the direct differencing of precipitation and evaporation (e.g.,203

Meynadier et al., 2010; Morrow et al., 2011) or through the atmospheric water budget approach (e.g.,204

Yirdaw et al., 2008; Syed et al., 2009; Munier et al., 2012). Comparing global runoff anomalies from205

the coupled atmospheric-terrestrial water budget, Munier et al. (2012) indicated consistency between206

net-precipitation from observed P and modeled E. Meynadier et al. (2010) used modeled evaporation207

and Tropical Rainfall and Measuring Mission (TRMM) rainfall data and reported that the moisture flux208

divergence and precipitation minus evaporation are quite similar over WA.209

Essentially, net-precipitation is a measure of the flux in the maximum available renewable freshwater210

resource (Oki and Kanae, 2006). Consequently, a system with a long term deficit in net-precipita-211

tion tends to face dry conditions and vice-versa (Lee et al., 2014). For this study, net-precipitation212
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is computed as a residual of the atmospheric water balance using meteorological data from the ERA-213

Interim. Additionally, net-precipitation was estimated from the land-based approach using the GLDAS214

models and compared to the ERA-Interim estimate. Our motivation to select the ERA-Interim reanalysis215

data to perform the investigations was due to its long term consistency as reported by Lorenz and216

Kunstmann (2012) and Forootan et al. (2014b). The evaporation estimates from GLDAS were used due217

to their acceptable uncertainty over WA as illustrated by Andam-Akorful et al. (2015).218

3.2.2. Atmospheric Water Budget219

From the atmospheric perspective, the instantaneous water balance equation is given as (e.g., Yirdaw220

et al., 2008):221

∂W

∂t
+∇ ·Q = −(P − E), (1)

where P and E are precipitation and evaporation respectively, and t represents time. W is the atmo-222

spheric water storage obtained as the total water column in a unit area of the atmosphere, calculated as223

(e.g., Yirdaw et al., 2008):224

W =
1

gρ

pt∫
ps

q dp, (2)

where the surface pressure, ps and the pressure at the top of the atmosphere, pt are the limits of the225

integral, q, which is the specific humidity; g, the gravity value and ρ, the density of water.226

The moisture flux divergence (or convergence depending on its sign) or net outflow of water vapor227

across the atmosphere computed from specific humidity, the eastern, and northern direction winds (cf.,228

Yirdaw et al., 2008, for details) is given by:229

∇ ·Q =
1

R cosϕ

(
∂Qλ
∂λ

+
∂(Qϕ cosϕ)

∂ϕ

)
, (3)

where Qλ and Qϕ represent the east-west and north-south components of vapour flux respectively. R is230

the mean radius of the Earth, λ and ϕ are the longitude and latitude, respectively.231

3.2.3. Wavelet Transform232

Wavelet analysis allows the investigation of localized changes in sampled time series by decomposing233

them into time-frequency space (Jänicke et al., 2009). The frequency and time domains of hydroclimatic234

time series are usually non-stationary. As a result, the amplitude and frequency of the dominant periodic235

components of fluxes evolve in both space and time domains, making their identification using techniques236

such as Fourier Transforms or Least Square Spectral Analysis, very difficult (e.g., Beecham and Chowd-237

hury , 2009; Sharifi et al., 2013). Wavelet transforms, in contrast, can be applied to identify localized238
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changes from available observations by projecting them onto different resolutions (scales) base-functions239

that vary with respect to time and frequency (e.g., Torrence and Compo, 1998; Keller , 2004, p. 24).240

The continuous wavelet transform (CWT) was used, here, to compute the wave power spectrum (WPS)241

in order to quantify the distribution of variances in the available datasets such as net-precipitation and242

rainfall (Torrence and Compo, 1998). Mathematically, CWT is expressed as (Beecham and Chowdhury ,243

2009):244

C(a, b) =
1√
a

∫
s(t)ψ

(
t− b
a

)
dt , (4)

where C is the wavelet coefficient, a and b are the scale and position functions respectively, s(t) is the245

signal, and ψ is the wavelet function. Morlet wavelet was used as the mother-wavelet since it is well suited246

for feature extraction from oscillatory samples such as the hydroclimatic time series employed in this247

study (e.g., Domingues et al., 2005; Jänicke et al., 2009). Seasonal fluctuations and short-term biases248

were removed before application of the wavelet analysis by standardizing the time series, i.e., their249

temporal mean values were removed and the resulting series scaled by their corresponding standard250

deviations (Nakken, 1999). For detailed explanations of wavelet analysis using WPS, we refer to Keller251

(2004) and Torrence and Compo (1998).252

3.2.4. Wavelet Coherence253

To identify co-varying relationships between net-precipitation and the other datasets, the wavelet254

squared coherency (WTC) algorithm was employed (Torrence and Webster , 1999; Grinsted et al., 2004).255

WTC between two CWTs is useful to locate significant coherence against a background of red noise256

(Grinsted et al., 2004). The WTC between two signals is given as (Grinsted et al., 2004):257

R2
n(s) =

|S(s−1WXY
n (s))|2

S(s−1|WX
n (s)|2) · S(s−1|WY

n (s)|2)
, (5)

where S is a smoothing operator, WXY , the cross wavelet transform between the two CWTs WX and258

WY , and X and Y represent the two time series (e.g., net-precipitation and temperature). Following259

Grinsted et al. (2004), the WTC can be seen as a localized correlation coefficient in a time-frequency260

space.261

3.2.5. Trend Analysis262

The Sen’s slope estimator (Sen, 1968) was used to determine trends in the power spectrum of each263

dataset. This method of robust linear regression estimation chooses the median slope among all lines264

through pairs of two dimensional points in a time series (Machiwal and Jha, 2012, p. 70). For an equally265
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spaced time series, the slope estimator is defined as (Sen, 1968):266

f(t) = Qt+B, (6)

where Q is the slope and B is a constant. The slope rate - i.e., linear rate of change - Q, is obtained by267

finding the median of all the slopes of the data pairs as:268

Qi =
xj − xk
tj − tk

, i = 1, 2, ..., N, N =
n(n− 1)

2
, (7)

for all j > k, k = 1, 2, ..., (n−1), and j = 2, 3, ..., n, where n and N is the number of data and the number269

of slope estimations, respectively; and xj and xk are the measurements at times tj and tk, respectively.270

Using the median for computation of Qi in Eq. (7) makes the estimation more robust to the outliers or271

extreme observations. The significance of the estimated Q was tested using the Mann-Kendall test at a272

95% confidence interval (see, e.g., Machiwal and Jha, 2012, p. 69).273

3.2.6. Change Point Analysis274

Hydro-climatic sequences, which are the results of certain natural processes remain the same as long275

as conditions are steady. However, if the processes undergo significant changes, the sequences exhibit276

jumps and present different statistical properties (Wong et al., 2006). A change point analysis enables277

the estimation of the point at which the change(s) occur. We make use of the change point package278

by Killick and Eckley (2014) in the R statistical software to detect changes in the series studied in this279

paper.280

4. Results and Discussion281

The net-precipitation estimations from the atmospheric and land-based water budgets are first com-282

pared. The results of the wave power spectrum (WPS) of each data set (i.e., net-precipitation, rainfall,283

temperature, evaporation, soil moisture, and NDVI) and the analysis of mean changes of the data sets at284

the decadal scale, as well as their spatial trends in the wavelet transforms and signal coherency analysis285

are presented.286

4.1. Data Comparisons287

To compare different estimations of net-precipitation over WA, areal averages were computed from the288

GLDAS products (i.e., from the land-based water balance perspective) and ERA-Interim (atmospheric289

water balance approach). Although the five different datasets show some degree of consistency, there are290
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significant differences in their estimates as can be seen in Figure 3. The CLM product for instance seems291

to overestimate net-precipitation, with most of its values being largely above zero. Similarly, Noah and292

Mosaic seem to overestimate the quantity while VIC’s time series is the closest to that of ERA. For all293

the GLDAS products however, there seem to be a systematic error in the time series between 1996 and294

1997 where the seasonal cycle was not adequately represented. This was also reported by Huang et al.295

(2013), who assessed the GLDAS-Noah and ERA-Interim time series over the Yangtze River Basin of296

China.297

[FIGURE 3 AROUND HERE.]298

In light of the performed comparisons (see, Figure 3), the ERA-Interim estimates were used for299

the rest of the analysis. However, further investigation is needed in order to find the sources of these300

differences. For example, uncertainties in the GLDAS-estimated evaporation fields come from various301

sources such as meteorological and surface data as well as the algorithm used (e.g., Xue et al., 2013).302

4.2. Spatially Averaged Temporal Analysis303

Figure 4 shows the results of the wavelet analysis derived from the areal averages of rainfall over304

WA. Dominant modes of the signal occur at the annual (maximum occurs at the 1 year period) and the305

semi-annual scales (maximum occurs at the 0.5 year period) as shown by Figure 4c. The variance of the306

seasonal cycle as presented in Figure 4d appears to be modulated by a low frequency oscillation, as its307

magnitude show peaks and troughs at a 2 to 8 year periodicity, which is consistent with the ENSO cycle308

(see Figure 2). Similarly, the annual variabilities follow this oscillation (Figures 4b and 4d). In the early309

1980s, the spectral power at the annual scale were of relatively low magnitudes, which corresponds to310

the 1982/83 drought in WA (Nicholson, 2013). Coincident with the comparatively wet period following311

the anomalously dry spell, higher annual amplitudes are observed for the second half of the decade,312

peaking around 1989. Weaker annual variances are then observed between 1990 to early 1993, rising to313

a peak in the third quarter of 1994 before dipping in 1997 and then again, rising to another peak in314

1999 (see Figure 4d). Spectral signatures at the annual scale show a slight increasing linear trend as315

shown by Figure 4d. This signifies an increase in annual rainfall rates between 1983 and 2010, which316

was confirmed with the Mann-Kendall significance test.317

[FIGURE 4 AROUND HERE.]318

The wavelet transform results for net-precipitation over the entire region is presented in (Figure 5d).319

Similar to rainfall, most of the dominant spectral power is located at the annual and semi-annual time320

scales. Relatively weak sub-annual variances are observed before early 1984, followed by higher variances321
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between the boreal summer of 1984 to early 1991. Relatively low amplitudes are observed between 1991322

to early 1993 and 1994 to 1996. From late 1995 to 2010, however, it is observed that the wavelet323

power within this period is significantly lower than the one between 1979 to 1995. Similarly for the324

annual signals, the mean power before 1996 is found to be higher than those after this period (cf.,325

Figure 5d), which implies that, the variance of water flux over the region reduced significantly since 1995326

afterwards. A Mann-Kendall significance test showed a significant decrease in the averaged power of the327

net precipitation at the annual scale.328

[FIGURE 5 AROUND HERE.]329

A change point analysis was performed to detect the changes in both the mean and variance in330

the extracted averaged power at the annual cycle (Figure 6). Both tests divided the series into groups331

respectively at a confidence level of 95%. The extracted rainfall flux returned a change point in April332

1985, whereas that of net-precipitation was in April 1996.333

[FIGURE 6 AROUND HERE.]334

In order to confirm this apparent significant decrease in water flux variance, wavelet analyses were335

performed on evaporation, soil moisture change, temperature and NDVI time series. Figure 7 shows the336

WPS and the averaged signal power at the annual scale of the respective datasets. Figure 7 (a and b)337

shows relatively high temperature signal power during the 1980s and a significant dip in 1991 before338

experiencing a minimal positive trend. It is observed that the averaged annual scaled power (Figure 7b)339

shows a repetitive pattern of approximately 5 to 8 years. This is in agreement with ENSO activity,340

which presents cycles between 2 to 8 years. Signal power of evaporation during the drought years of the341

early 1980s was relatively low (Figure 7d), but experienced an increase in amplitude, which coincided342

with high rainfall power (see Figure 4). After a significant peak in 1988/89, we found a progressively343

decreasing trend in the variance of evaporation for the next 20 years (Figure 7d). The reduction in the344

variance of the evaporation signal could account for the lower variance in water flux. Similar patterns345

from soil moisture change, and NDVI (see Figure 7 panels e to h) with respect to net-precipitation and346

evaporation were observed.347

[FIGURE 7 AROUND HERE.]348

It can therefore be concluded here that, the increasing trend in rainfall variance is coherent with349

the decreasing trend in freshwater flux together with all other datasets (i.e., NDVI, evaporation and350

soil moisture changes). As variations in net-precipitation show two distinct regime periods (i.e., 1979 to351

1995 and 1996 to 2010), an evaluation of the mean percentage changes in the four main parameters (i.e.,352
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net-precipitation, rainfall, temperature and evaporation) with respect to those periods was undertaken.353

Altogether, the mean monthly precipitation power at the annual scale between 1979 to 1995 and 1996 to354

2010 increased by 4% while temperature increased by 8%. The variances of evaporation, soil moisture355

change, and net-precipitation however decreased by 8%, 30% and 26%, respectively (Table 1). Addi-356

tionally, soil moisture flux from the different GLDAS models (not shown here) show a mean reduction357

in annual variance of 30%. NDVI annual signal power between 1982 to 1995 and 1996 to 2006 decreased358

by 22%. Thus, the decreased annual signal power of available freshwater in the region is confirmed by359

the wavelet transforms analyses of the different datasets.360

4.2.1. Sub-climatic Zones361

Since WA is a large region with different hydroclimatic regimes, wavelet analysis was performed on362

spatially averaged signals for each sub-climatic zone (see Figure 1) in order to identify the main source of363

variability in net-precipitation and rainfall. Figure 7 presents the 1-year scale-averaged wavelet spectral364

power in the respective zones. The power of rainfall in the moist sub-humid zone (including countries365

such as Guinea, Sierra Leone and Liberia) during the drought period of 1982/83, which coincided with366

a positive ENSO event, is expectedly low as compared to the period between 1984 to 2004 (Figure 8).367

Very low signal amplitudes are however observed between early 2004 and late 2005. The amplitude of368

rainfall then rose to a significant peak during 2007, coincident with the 2007’s La Niña event (Paeth369

et al., 2011). The nature of the WPS of net-precipitation before 1993 was found to be largely consistent370

with that of rainfall (Figure 8b). Afterwards the annual signal variance show an inverse pattern till371

early 2004, after which, the two series exhibit similar troughs and peaks. Step change analysis (shown372

as dashed lines on the figure) indicated that no significant change in mean or variance occurred within373

the period of consideration for both series.374

[FIGURE 8 AROUND HERE.]375

For the dry sub-humid zone, whereas rainfall (Figure 8c) experienced a positive increase within the376

period of study, water availability (Figure 8d) decreased significantly. Rainfall in this zone experienced377

a positive change in mean power at epoch 1984.917 (i.e. December 1984), on the other hand, there378

was a negative change in net precipitation at 1995.750 (October, 1995). Similarly, the Sudano zone379

experienced increased rainfall power with a positive change in mean at 1987.667 (September, 1987)380

while net precipitation saw a negative step change at 2000.330 (May, 2000) as shown in Figure 8e and381

Figure 8f respectively. Rainfall (Figure 8g) in the Sahelian zone had a positive step change at 1988.000382

(January 1988), whereas a negative change in mean and variance for the net precipitation series begun383

at 2005.750 (October, 2005), Figure 8f. The hyper-arid zone however, experienced positive changes in384
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rainfall (Figure 8i) and net precipitation (Figure 8j) respectively at 1992.167 (March, 1992) and 1994.000385

(January, 1994).386

Overall, with the exception of the hyper-arid zone, the variances of rainfall at the annual scale show387

increasing trends, while those of net-precipitation show decreasing trends. This result is consistent with388

those from other data sets, presented in section 4.2. Furthermore, Figure 8 shows that, the rainfall deficits389

lasted for longer periods in the drier zones compared to the relatively moist ones. It is also important to390

note that, while rainfall and net-precipitation in the hyper-arid region both indicate increasing trends,391

their respective WPSs are negligible when the entire region is considered (refer to Table 1).392

[TABLE 1 AROUND HERE.]393

4.2.2. Mean decadal changes at the annual scale394

Table 1 provides a summary of the changes in the annual scale signal variances of precipitation, tem-395

perature, evaporation, and net-precipitation for the respective zones between 1979 to 1996 and 1997 to396

2010. The moist sub-humid zone experienced deficits in all the four quantities. The total contribution of397

this region to temperature and evaporation changes over WA are, however, nearly negligible. In contrast,398

its total contribution to rainfall and net-precipitation (of approximately 43% and 22%, respectively) was399

found to be very significant despite the relatively small area it covers. This humid sub-climatic zone,400

which is located mostly in the southwestern highlands of WA is an important source for a number of401

rivers including the Niger, the Gambia and the Senegal (see, e.g., Simier et al., 2006; Sall et al., 2007;402

Oguntunde and Abiodun, 2012). Consequently, a reduction in rainfall signal power in this zone could403

have triggered the reduction of the variance of net precipitation over WA. It is worth noting that, this404

sub-region was not significantly affected by the reduced rainfall rates as it only experienced a minimal405

change (−0.55%) in net-precipitation.406

Meanwhile, the dry sub-humid zone experienced a 33.6% deficit in net-precipitation variance. Con-407

versely, rainfall, temperature and evaporation, however, increased by 2.69%, 10.26% and 4.36%, re-408

spectively. Although its total rainfall power contribution to the region is slightly lower than that of the409

moist sub-humid zone, it contributes 63.34% to the total net-precipitation signal power. This is likely410

due to the fact that its land area is drained by the main rivers of WA (e.g., the Niger, Gambia, Senegal,411

and Volta). Accordingly, most of the observed reduction in available water over the region could be412

attributed to the net-precipitation deficit in this zone. The Sudano and Sahelian zones both exhibited413

positive changes in rainfall and temperature but negative for evaporation and net-precipitation. These414

two zones are mostly drained by rivers (e.g., Niger and Senegal) predominantly sourced from the more415

humid zones (moist and dry sub humid zones). Consequently, it is concluded that a possible reduction416

in runoff from the humid areas likely led to a deficit in freshwater availability in WA.417
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4.3. Spatial trends in signal variances418

Figure 9 presents the WPS spatial trends in rainfall, temperature, evaporation, net-precipitation, soil419

moisture and NDVI. Rainfall power mostly in the MSH and DSH zones along the coast (see Figure 9a)420

experienced decreasing trends, especially in the Guinean Highlands, which caused reduction in runoff421

into rivers that take their sources from this region. Conversely, most areas in the Sudano, Sahelian and422

desert regions experienced increased rainfall power. This observation agrees with the findings made in423

a number of studies, see, e.g., Nicholson (2005); Anyamba and Tucker (2005); Ali and Lebel (2008);424

Lebel and Ali (2009); Nicholson (2013). However, as observed in Section 4.2.2, rainfall in these zones425

represents a small portion of the total rainfall of the entire WA. Therefore, it did not significantly improve426

the water availability conditions in the region.427

Temperature changes (Figure 9b) in the south western part of WA indicated decreasing trends,428

whereas parts of Mali, Côte d’Ivoire, Burkina Faso, Ghana, and Nigeria exhibited modest positive429

trends. The drier northern parts of the region largely had small negative or insignificant trends in terms430

of temperature. Evaporation (Figure 9c) rates experienced reduction in most parts of the region. Parts431

of the Sahel and desert areas experienced negative trends, consistent with our results from temperature432

changes. Although the dry north (specifically the Sahel and desert areas) largely experienced positive433

trends in net-precipitation, the north eastern and western areas both saw negative trends (Figure 9d).434

Areas lying along the western coast as well as the eastern coast indicated positive trends, while most of435

the MSH, DSH and Sudano zones exhibited negative trends. Most parts of the dry north experienced436

increasing trends, however, areas in the north eastern and north western parts exhibited decreasing437

trends in power.438

[FIGURE 9 AROUND HERE.]439

A high consistency was found between the trends in the vegetation index and those of rainfall and net-440

precipitation (Figures 9f, 9a, and 9d). Generally, the drier parts of the region seem to have experienced441

some degree of greening (i.e., positive trends of 5 to 15 square units in NDVI variance), whereas the442

humid south presented negative trends. The trends in the NDVI data set is largely consistent with443

those in rainfall and net-precipitation. The increased wetness and cooler temperatures in the arid and444

semi-arid parts of the region and the converse in the Guinean sub-regions agree with the findings of445

Huber et al. (2011).446

4.4. Decadal Changes447

In Figure 10, panels a to d, the deviations of rainfall, net-precipitation, evaporation and temperature448

from their 32-year means are plotted, respectively. It is evident from Figure 10a that, the amount of449
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rainfall in the 1980s was less than the long term mean (i.e., from 1979 to 2010), with relatively higher450

rainfall rates in the following two decades. Low evaporation rates were also observed in the first decade,451

indicating a deficit in soil moisture and surface water for evaporation, whereas the higher rates of the452

following decade were likely due to availability of more water (Figure 10c). Coincident with higher453

temperatures from 2000, evaporation rates since 2003 were found to be consistently above the mean454

value for the 32 year period, which coincided with relatively lower rainfall rates in the 2000s. Similarly,455

the mean annual net-precipitation in the 1980s was lower than that of the 1990s, while the last decade456

(i.e., the 2000s) also presented lower amounts (Figure 10b).457

[FIGURE 10 AROUND HERE.]458

With respect to Table 2, the mean annual rainfall in the first decade (i.e., 1979 to 1989) increased by459

7%, and 3.7% in the second (i.e., 1990 to 1999) but fell by 3.3% in the third decade, whereas temperature460

had a cumulative rise of 0.14% in the last decade (i.e., 2000 to 2010). The mean annual evaporation461

increased by 3.59% and 0.82% leading to a cumulative rise of 4.41% by the third decade. It is, therefore,462

apparent that reducing rainfall rates coupled with rising temperatures, and consequently evaporation,463

led to 30.86% decrease in net-precipitation with respect to the second and third decades and a cumulative464

reduction of 10.54% since the 1980s. Taking into account observations made in Section 4.2.2, decreasing465

rainfall rates in the humid climatic zone and rising temperatures in the other zones resulted in increased466

evaporation rates and consequently reduced the amount of maximum available freshwater in WA.467

[TABLE 2 AROUND HERE.]468

4.5. Signal Coherencies469

Coherency between spatially averaged time series between 4 data sets (i.e. rainfall, net-precipita-470

tion, temperature and evaporation) as well as ENSO index are shown in Figure 11. Wavelet coherency471

(WTC) between rainfall and MEI (Figure 11a) shows limited coherency between the two parameters at472

the annual and seasonal scales (i.e. around periods 1 and 0.5 years, respectively). However, significant473

coherence at the annual scale can be observed between late 1988 and early 1991, coincident with the La474

Niña event between 1988 and 1989 (see Figure 2b). This is in agreement with the findings of Nicholson475

et al. (2000), who reported relatively high rainfall amounts during those years. High co-varying power476

is also observed between mid 1999 and early 2001, also coincident with the La Niña event between477

1998/1999.478

[FIGURE 11 AROUND HERE.]479
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At the seasonal scale however, the region of high co-variability between 1992 and 1995 are found to480

be anti-correlated. This period coincides with the moderate ENSO events (see Figure 2). This implies481

that although the seasonal rainfall was significantly affected, the ENSO effect was not significant at the482

annual scale. Conversely, the moderate La Niña events between 2007 and 2008 seem to present positive483

impacts both on the seasonal and annual rainfall between overlapping periods in 2005 and 2009 (cf.,484

Samimi et al., 2012; Paeth et al., 2011).485

At the three to five year cycle, rainfall and MEI are approximately six months out of phase between486

1979 and 1984 (although parts of the significant area is outside the COI due to the length of the487

time series), indicating the extreme dry conditions that coincided with the 1982/1983 ENSO event.488

Additionally, from 1995 to 2010 (note that 2005-2010 is outside the COI), ENSO is approximately 10489

months out of phase with rainfall. This is consistent with low rainfall amounts in the last decade as490

found in Section 4.4. Consequently, it can be inferred that the warm phase of ENSO during the two491

different periods resulted in dry conditions in the 1980s, as well as the mid 1990s to the present decade.492

This period of low rainfall amplitudes coincides with the low net-precipitation signal power as reported493

in Section 4.2. It can be concluded therefore, that low frequency modulation of rainfall by ENSO activity494

from late 1995 played a major role in the observed reduction in available water within WA.495

The WTC between net-precipitation and MEI at the annual and seasonal scales generally follow the496

same pattern as rainfall except over the years between 2004 and 2010 at the 2 year band, where it is497

estimated to be about 10 months out of phase. The characteristics of this coherency is similar to the one498

observed between 1979 and 1985 (the period before August 1983 is outside the COI), where a relatively499

low net-precipitation power was found. Thus, it can be deduced that this could be due to a low frequency500

oscillation which is associated with dry conditions in WA. The coherency of evaporation and MEI at the501

annual scale largely resemble that of rainfall and MEI, which generally indicates that, evaporation rates502

increase with increasing rainfall in agreement with Meynadier et al. (2010). Consequently, evaporation503

rates may show positive correlation with respect to rainfall and by extension, net-precipitation. However,504

sustained high evaporation rates during periods of low rainfall may lead to rapid moisture depletion505

(Otkin et al., 2013). The Lake Chad basin, for example, is one of such areas in WA where high evaporation506

rates due to low humidity and high temperatures can sometimes result in soil moisture deficits even507

during periods of significant increase in rainfall (Ndehedehe et al., 2016b).508

Although the derived regions of high coherency are similar to rainfall/MEI WTC, the phase differences509

are reversed at the intra-annual scale. This can be seen between the years 1992 and 1994, where low510

evaporation rates are observed after moderate ENSO events. Similar relationships can be observed at511

the seasonal level between 2007 and 2009. No significant coherency was, however, established between512

the 2 parameters at the 2 to 7 year band, meaning that ENSO did not introduce significant long term513
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modulating effects on evaporation as it does on rainfall.514

Figures 11d to 11f show the multi-resolution coherency between net-precipitation in relation to rain-515

fall, temperature and evaporation, respectively. We found significant in-phase coherency between net-516

precipitation and rainfall at both the annual and sub-annual scale, whereas it precedes peak temperatures517

by ∼ 80◦ and lags evaporation by ∼ 60◦ at the intra-annual scale. The annual scale coherency with tem-518

perature indicates a phase difference of ∼ 60◦ and a phase difference of ∼ 120◦ with evaporation. At the519

4 to 7 year band in Figure 11d, rainfall and net-precipitation show a strong co-variance between 1992 and520

2005, which is reflected in the evaporation/net-precipitation WTC (Figure 11f). Taking into account the521

adverse ENSO impact on rainfall in Figure 10a, a joint reduction in the amplitude of net-precipitation522

and rainfall can be concluded. The observed co-variance between P − E and evaporation around the 4523

to 7 year band may be due to anthropogenic influences (such as human withdrawals and land use/land524

cover changes) since no obvious changes were found, as shown in either MEI/E or temperature/E in525

Figures 11c and 11i, respectively. This however, should be confirmed with a land cover change analysis,526

which is the subject of an ongoing study.527

In Figure 11g, evaporation and rainfall indicate strong coherence in the late 1980s to the early528

1990s. The signal characteristics, however, change to reflect similar patterns observed for the 4 to 8 year529

band during the dry early 1980s (outside the COI) from around 1994 to 2001 (similar to observations530

made in Figures 11d and 11f). Consequently, it can be inferred that the low frequency oscillation,531

associated with reduced net-precipitation power was likely caused by a moderate and slowly evolving532

ENSO activity that resulted in lower rainfall coupled with high evaporation rates in the 3 to 7 year533

band. Temperature/rainfall coupling in Figure 11h show an inversed relationship especially around the534

3 to 7 year cycle till the mid 1990s, followed by a brief period of low coherency between 1996 and 2001535

(note that this was the period in which the lowest net-precipitation amplitudes were observed) and high536

coherence from 2001 till 2005. Hence, it can be deduced that, although temperature increased slightly537

in WA, its impact on water availability may not be as strong as lower rainfall induced by the ENSO538

activity. A recent study over WA during the 2002− 2014 period confirms that high precipitation rates,539

induced by ocean circulations, remain principal drivers of the region’s stored water (Ndehedehe et al.,540

2016a). The extent to which anthropogenic activities contributed to the reduction of available water is541

however, not covered in this study as it is the subject of further studies.542

5. Conclusions543

The purpose of this study was to provide a synoptic view of current trends and variabilities in544

freshwater availability in West Africa. Specifically, in this contribution, the variability of available water545

expressed in terms of net-precipitation over the region has been investigated using wavelet analysis.546
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Continuous wavelet transforms at the annual scale indicated that, although rainfall rates marginally547

increased between 1979 and 2010, available water in the hydrological system of the region reduced548

considerably. The observed reduction in net-precipitation was confirmed with similar patterns in soil549

moisture and NDVI, which are two critical indicators of available water. Additionally, the wavelet550

power spectrum of spatially averaged temperature showed a slight positive trend while evaporation had551

a considerable negative trend. Spatially, the wavelet analysis at the annual scale showed that the dry552

northern part of the region largely experienced positive trends in freshwater availability whereas the553

relatively wet south experienced negative trends.554

Mean standardized anomalies of the different data sets revealed that the 1990s experienced a recovery555

from the droughts of the 1980s, whereas the last decade was substantially dry. Wavelet coherency556

analysis, however, revealed that the reduction in net-precipitation power was highly coupled to lower557

rainfall rates induced by a moderate and slowly evolving ENSO activity that begun in 1995 as well as558

low frequency high evaporation rates. Since most major rivers (e.g., Comoe, Gambia, Niger, Senegal559

and Volta) in West Africa are fed from this area (i.e., south western Guinean zone), the reduced rainfall560

rates translated to a reduction in available water over West Africa. To further clarify the influence from561

anthropogenic sources, consideration of land use/land cover changes on the hydrological dynamics at the562

sub-climatic scale as well as evaluation of variabilities in the various components of total water-storage563

will be the subject of future studies.564
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Figure 1: The study area domain in West Africa as well as its sub-climatic zones as proposed in Section 2.2.
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Figure 2: Multivariate ENSO Index (MEI) where El Niño (positive phase) is presented in red and La Niña (negative phase)
in blue. Numbers on the plot indicate El Niño/La Niña event years. Red and blue digits represent strong El Niño and La
Niña events, respectively. Black digits show the moderate years for both events.
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Figure 4: Wavelet transform of areal averaged standardized rainfall over West Africa. a) Is the standardized time series
of rainfall, b) is the wavelet power transform, where the thick black arc defines the cone of influence which indicates the
boundary beyond which the spectral information are vulnerable to distortions due to edge effects (Torrence and Compo,
1998; Grinsted et al., 2004), c) is the global wavelet spectrum for the WPS, and d) is the averaged power at the annual
scale (blue), where the dashed red line represents the significance at a 95% confidence level; and green, the long term trend.
The rainfall WPS show a modest recovery from the dry spells in the 1980s.
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c) is the global wavelet spectrum for the WPS, and d) is the averaged power at the annual scale (blue), which the dashed
red line shows the significance at a 95% confidence level, while the green is the long term trend. In contrast to rainfall,
net precipitation WPS show decreasing trend between 1979 to 2010.
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Figure 6: Step change analysis for the averaged power at the 1-year scale for rainfall (a) and P − E (b). Rainfall over
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Figure 8: 1-year scale-averaged power of rainfall and net-precipitation for the different sub-climatic zones in WA (see
Figure 1), i.e., a) Moist sub-humid, b) Dry sub-humid, c) Sudano, d) Sahelian, and e) Hyper-arid. Step change analysis
showed that for b) to d), rainfall in the 1980s had lower means and higher means from the 1990s. On the other hand, mean
power for net precipitation was higher in the first half of the period of study and lower in the other. The moist sub-humid
zone (a), however, shows a no significant change in mean.
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Figure 9: Spatial wave power spectrum trends at the annual timescale over West Africa, where a) Rainfall, b) Temperature,
c) Evaporation, d) P − E (Net-precipitation), e) Soil moisture, and f) NDVI.
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Figure 10: Deviations from mean annual: (a) Rainfall; (b) Net-precipitation; (c) Evaporation; (d) Temperature. The
colour graduations show the different decades of interest.
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Figure 11: Wavelet coherency between: (a) Rainfall and MEI; (b) Net-precipitation (P −E) and MEI; (c) Evaporation and
MEI; (d) Net-precipitation and Rainfall; (e) Net-precipitation and Evaporation; (f) Net-precipitation and Temperature;
(g) Evaporation and Rainfall; (h) Temperature and Rainfall; and (i) Temperature and Evaporation. The areas outside
the COI (white solid line) show regions where edge effects might cause some distortion in the time frequency spectrum
while the thick black contours designate the 95% confidence level against red noise. The arrows show the phase difference
between the signals, for 2 series, X and Y (Grinsted et al., 2004): a right pointing arrow indicates an in-phase relationship;
left, anti-phase; down, X leads Y by 90◦ and up, Y leads X by 90◦. Net-precipitation exhibits a strong relationship with
rainfall, evapotranspiration and NDVI but not so much with temperature.
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Table 1: Mean power changes between 1979-1995 and 1996-2010. dPow is the mean change in the signal’s power spectrum
and pPow is the proportion of power contributed by the sub-climatic zone. The acronym MSH stands for moist sub-humid
zone, DSH stands for dry sub-humid, SUD stands for Sudano, SAH stands for the Sahelian, HyA stands for Sahara desert,
and WA stands for the entire West African region.

Region
precipitation Temperature Evaporation P − E
dPow pPow dPow pPow dPow pPow dPow pPow

MSH -12.56% 42.97% -11.38% 0.19% -31.35% 0.17% -0.55% 21.75%
DSH +2.69% 42.22% +10.26% 0.92% +4.36% 12.58% -33.60% 63.34%
SUD +17.22% 8.88% +2.65% 2.67% -0.80% 46.48% -50.11% 10.51%
SAH +34.16% 5.08% +2.95% 22.44% -7.14% 39.81% -42.25% 3.75%
HyA +48.08% 0.85% +0.08% 73.78% -52.17% 0.96% +223.97% 0.65%

WA +4.05% 100% +7.80% 100% -8.09% 100% -26.02% 100%

Table 2: Mean annual changes of P − E, rainfall, evaporation, and temperature with respect to the three decades (1979-
1989, 1990-1999 and 2000-2010, labelled as 1, 2, and 3, respectively) within the period of study. Note that ∆(i,j), with
i = 2, 3 and j = 1, 2, is the difference between the average quantity observed in decade i and decade j.

Differences P − E Rainfall E Temperature
∆(2,1) +20.32% +7.03% +3.59% +0.04%
∆(3,1) -10.54% +3.74% +4.41% +0.14%
∆(3,2) -30.86% -3.29% +0.82% +0.10%
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