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The interannual and decadal to multidecadal variability of precipitation in western Sahel region was examined using wavelet
transform and coherency analysis. The aim was to identify the major climate index that has a robust relationship with Sahel
precipitation (drought). The results show that ENSO, North Atlantic Oscillation (NAO), Atlantic Multidecadal Oscillation (AMO),
and Indian Ocean Dipole (IOD) all have some relationship with precipitation at different time scales which is in agreement with
recent studies. There is an antiphase relationship between Sahel precipitation and ENSO at the 3-4-year band localized around
1982/83 El Nifo episode. This indicates a cause and effect relationship between the droughts 0f1983 and 1982/83 El Nifio. In addition,
wavelet transform coherence analysis also revealed a relatively antiphase relationship between AMO and precipitation signifying
cause and effect. The wavelet analyses indicate that IOD control on rainfall variability in Sahel is limited to the east (15°E-35°E).
Advancing this understanding of variability in rainfall and climate forcing could improve the accuracy of rainfall forecast.

1. Introduction

Several authors have reported marked interannual variability
in rainfall across Africa [1-3]. Since economic development
in the region is highly dependent on water availability [4], the
effect of climate variability on rainfall is critical [5]. Western
Sahel region (latitudes 14°N and 18°N—longitude —18°W to
10°W) is the semiarid transition zone between the Sahara
desert and humid tropical Africa that is prone to drought
[6, 7]. The Disaster Management Center (DMC) [8] reported
that more than 900,000 people were severely affected by
the devastating drought of the 1970s across the Sahel. The
associated social and economic consequence of drought such
as failure in crop yield, destruction of pasture, and famine
has led to a series of studies exploring the interactions and
dynamics that control precipitation within the region.

Opver the past three decades, studies on the possible causes
of drought in Sahel have focused on forcing by either sea
surface temperature (SST) or land-atmosphere interaction.
Simulations of hydrological impact of land-atmosphere inter-
actions include [9-12] which all attributed reduced rainfall
to degradation of land surface at least in part. Li et al.
[12] confirmed the impact of land surface changes on the

regional climate through a feedback mechanism that sustains
drought. The contribution of these mechanisms has however
been exaggerated [13, 14] especially the characterization of
desertification in the Sahel as irreversible.

There have also been several studies that examined
the teleconnection between rainfall variability in Sahel and
variation in SST over the tropical Pacific [15, 16]. While it
has been concluded that SST patterns play a significant role
in rainfall variability in West Africa [17, 18], there is still
a debate regarding the major drivers [19]. Several results
found that regional weather patterns forced by North Atlantic
Oscillation (NAO) have more influence on the local climate in
Sahel region [20-23]. Zhang and Delworth [24] and Delworth
et al. [25] have linked the Atlantic Multidecadal Oscillation
(AMO) to low frequency variations extending back to the
nineteenth century.

In addition to the above teleconnection, the role of the
Mediterranean sea as having a strong influence on precipita-
tion across the Sahel has been suggested [26]. On the other
hand, the influence of the Indian Ocean Dipole (I0OD) on
both Sahel rainfall and Indian monsoon has been suggested
[27, 28]. Studies on the role of El Nifio-Southern Oscillation
(ENSO) and Pacific Ocean in modulating Sahel precipitation



include those of [29-31]. A strong link between the decaying
phase of La Nifa and developing phase of El Nifio has been
established by Joly and Voldoire [32]. The limiting role of
ENSO on rainfall variability only on eastern Sahel has also
been suggested [33]. One of the conclusions that came out
of these multiple studies is that the interannual to decadal
variability in precipitation over West Africa is controlled by
competing physical mechanisms [34].

Despite these advances on the possible causes and trends
of persistent drought in Sahel region, there are still projection
uncertainties and consensus that models cannot reliably
predict future climates in the region [17, 18, 30, 34, 35]. This
had led to big spreads in projections [17, 36].

The spread in projections in this semiarid region with
high interseasonal, interannual, and interdecadal variability
in rainfall [22, 37, 38] could lead to some serious repercus-
sions on the local economy, farming, and livestock produc-
tion. More accurate modeling is therefore not only essential
in improving our understanding of circulation across the
Sahel region but also crucial in planning for future impact of
climate change and variability. Accurate modeling and better
projections however depend on use of appropriate climate
forcing and understanding of the complex dynamics in play
in this region.

The major aim of this advanced review is to identify
the major climate index that has a robust relationship with
Sahel precipitation (drought) using a wavelet approach.
Most of the studies reviewed above have employed either
coupled ocean atmosphere general circulation model [24] or
dynamical modeling [21]. The specific nature of rainfall time
series (variability) and drought outbreaks in the Sahel region
makes its analysis with wavelet potentially advantageous.
The most important advantage of wavelet analysis is that,
unlike classical spectral analysis that requires the restrictive
assumption of stationarity, wavelet approach focuses on time
series that change with time [39, 40]. Wavelet analysis is also
a better tool for extracting features locally. It achieves this
by decomposing patterns while preserving and displaying
locational information that makes analysis of dependencies
between two signals easier. Finally, wavelet cross coherence
analysis between ENSO-and LC level is of high importance
with respect to long-term water resources problem. One
disadvantage of continuous wavelet approach is the edge
effect at the beginning and end of the time series. This makes
information within the cone of influence less accurate.

This advanced review differs from previous studies by
applying wavelet statistical analysis to climate indices to study
how they modulate precipitation in the Sahel region. The
datasets and preparation will be described in Section 2. The
rainfall characteristics and climatology of the Sahel region
are provided in Section Three. Description of the wavelet
approach and results will be given in Section 4 together
with the difference between rainfall variability in eastern and
western Sahel in relation to these climate indices. Section 5
provided summary and conclusions.

2. Data and Preparation

2.1. Dataset. There are two primary precipitation datasets
used in this study. One is the Global Precipitation Clima-
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tology Project (GPCP v.2) 2.5-degree global grid monthly
estimate of precipitation, which is a combination of merged
satellite data (from infrared and microwave imagers) and
gauge observations [41]. These observed data are daily data
resolved to monthly time steps. The second precipitation
dataset used in the study is the gridded station monthly
rainfall anomalies (cm) taken from the National Oceanic and
Atmospheric Administration (NOAA) and Global Historical
Climatology Network (GHCN) [42]. The gridded data points
were produced on a 5°-by-5° basis and averaging for Sahel
region to address inhomogeneity was based on a rotated
principal component analysis of African precipitation by
Janowiak [42]. Also, stations with at least 20 years of data
between 1961 and 1990 period were used. Further detail
for the data is described at http://www.ncdc.noaa.gov/temp-
and-precip/ghcn-gridded-products.php.

In this study, we focused on the North Atlantic Multi-
decadal Oscillation (AMO), North Atlantic Oscillation index
(NAO), the Indian Ocean Dipole (IOD), and the Nino 3.4
indices. These are the most studied climate indices linked to
modulation of precipitation in the Sahel region. AMO uses
gridded global sea surface temperature (SST) and anomalies
from 1856 till present derived from UK Met Office SST data
[43].

El Nifo-Southern Oscillation (ENSO) is represented in
this study by SST data from Nifo 3.4 region (5°S-5'N/120°-
170°W). The Nino-3.4 SST period used in this study is based
on a new strategy of updating by Climate Prediction Center
(CPC) of National Oceanic and Atmospheric Administration
(NOAA). In this new approach, multiple centered 30-year
base periods are used to calculate anomalies for successive
5-year periods in the historical record [44]. This has the
advantage of defining El Niflo and La Nifia episodes based by
their contemporary climatology while previous classification
will mostly remain fixed over historical period. Also, warning
from longer-term trends that do not reflect interannual
ENSO variability defined by a single fixed 30-year base period
is removed [44].

IOD was first identified by [45] and is an interannual
climate pattern across tropical Indian Ocean. Cooler than
normal water in tropical eastern Indian Ocean and warmer
than normal water in tropical western Indian Ocean char-
acterizes the positive IOD period [45]. The trend is reversed
during the negative IOD period.

The NAO is a large-scale mode of natural climate vari-
ability that is dominant in winter with important impact
across the North Atlantic region [46]. According to Jones et
al. (1997) [47], NAO measures the sea level pressure difference
between the Azores High and Icelandic Low [48]. Positive
NAO is linked with strong westerlies while negative NAO is
linked with weakened Atlantic storm track [49].

2.2. Data Preparation. As part of the data preparation we
aggregated the monthly climate indices into seasons in order
to reduce noise following Brown et al. [50]. We applied
area weighted averaging to the GPCP gridded monthly time
series. This has the advantage of minimizing the spatial data
gaps in a semiarid region. Also, Huffman et al. [51] reported
that high mean absolute error for individual grid points can
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FIGURE I: (a) Eight-year running mean of observed Sahel precipitation anomalies (cm). (b) April-October monthly cycle of rainfall anomalies
(cm). The rainfall anomalies are relative to 1950-1979. Spatial distribution of western Sahel seasonal precipitation climatology (GPCP) 1981~

2010 for (b) AM]J and (c) JAS.

be minimized by spatial and temporal averaging. We used
JAS (July, August, and September) average index correlated
with aggregated monthly rainfall totals of JAS corresponding
to rainfall peak of raining season in Sahel. The aggregated
JAS rainfall allowed us to focus on periods of considerable
precipitation, thereby reducing the noise from long periods
of dry spells characteristic of this region. The criteria for
selecting the GHCN dataset (1900-2012) were based on the
suitability for correlation analysis with Atlantic Multidecadal
Oscillation (AMO). The climate indices analyzed in this
study are mainly archived as a monthly dataset and thus the
suitability of GPCP monthly precipitation. The different time
frames for climate indices were based on the available time
series for each dataset.

There are conflicting definitions of the extent of Sahel
region domain in the literature. While there is a consensus on
the latitudinal domain (14°N to 18°N), the east-west bounds
have varied. Nicholson [52] generally used the 30° to 35°E as
the eastern bound while Lamb [53-55] used eastern bound
to 10°E. Some studies have found significant difference in
rainfall variability between different sections of Sahel [55].

In this advanced review, we divided the Sahel into east
(10°E to 35°E) and west (Atlantic to 10°E) for the purpose
of comparing rainfall variability in relation to these climate
indices.

3. Spatial and Temporal Characterization of
Western Sahel Rainfall

We first characterize the monthly and seasonal (spatial)
climatology of rainfall in Sahel region using observational
data set. The rainfall time series (Figure 1(a)) in Sahel shows
large variability with negative rainfall anomalies since early
1960s. The negative rainfall anomaly of 1.4 cm around 1983-
1984 corresponds to the period of one of the severe droughts
that have plagued the region. This drought condition is
characteristic of this region and has been documented by
several authors (e.g., [19]). Also of note is the gradual recovery
in rainfall (Figure 1(a)) from the year 2000 corresponding to
onset of recovery in Sahel rainfall as reported by Nicholson

(3].
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FI1GURE 2: Continuous wavelet transform for (a) western Sahel rainfall, (b) North Atlantic Oscillation (NAO), (¢) Atlantic Multidecadal
Oscillation (AMO), and (d) Indian Ocean Dipole (I0D). The thick contour enclosed regions are greater than 95% confidence for a red-noise
process. The thin solid line indicates the “cone of influence,” where edge effects become important.

Figure 1(b) shows the monthly (average) evolution of
1900-2012 April to October western Sahel rainfall (cm)
anomalies with respect to 1950-1979. There is short period of
rainfall in the region (boreal summer) with maximum rainfall
in August. The “wettest” period (1930-1959) has a positive
rainfall anomaly of about 2.3 cm in August. In the 2013 State
of the Climate report (Sima et al. 2013) [56], the 2012 extensive
flooding in the Sahel was reported as a pointer to a full return
to “wet” periods across the region. Our analysis however
shows negative rainfall anomalies of —2.1cm and —1.7 cm in
August for 1990-2000 and 2000-2012 periods, respectively
(Figure 1(b)). This difference could be explained by the use
of 1981-2010 rainfall climatology in the State of the Climate
report, a period characterized by severe drought in Sahel
region, whereas our anomaly analysis was based on 1950-1979
rainfall anomaly, a relatively wetter period.

Figure 1(c) (April-June (AM])) and Figure 1(d) (July-
September (JAS)) show the spatial distribution of seasonal
rainfall in the region. Predominantly, heavy rainfall occurs
south of latitude 20°N while dry conditions are common
northwards at the proximity of Sahara desert. Also, east-west
uniformity and south-north gradient described by Nicholson
(2013) are evident. There is a characteristic rain-band at
the southwest region off the coast of Guinea in the JAS
seasonal rainfall distribution (Figure 1(d)). The evidence of
the limitation of rainfall in this region can also be seen in the
difference in the spatial distribution of rainfall between boreal
spring (Figure 1(c)) and boreal summer (Figure 1(d)). There
is heavier rainfall (between 5.5 and 7.5 mm/day) in JAS south
of latitude 14°N. Conversely, there is only about 4 mm/day
rainfall for the same latitude band in AMJ.

4. Wavelet Analysis

Using wavelet analysis, we examined the interannual vari-
ability of precipitation and climate indices by decomposing
their (a multiscale nonstationary process) time series into fre-
quency space following the program developed by Torrence
and Compo [57]. A summary of the basic theory of con-
tinuous wavelet transform (CWT), cross wavelet transform
(XWT), and wavelet transform coherency (WTC) following
[57, 58] is given as

1 +oo (=T
vw)=—0 | xov (5w
()77 oo §
where y(t) is the mother wavelet defined by 7, the transition
parameter corresponding to the position of the wavelet,
and s is the scale dilation parameter that determines the
width of the wavelet. The variability of the dominant mode
with time was determined using the Morlet wavelet with a
wavenumber w0 = 6 as the mother wavelet. The choice
of Morlet wavelet is based on its localization in time and
frequency making it a good tool in extracting features [58].
Information about the periodicity of the time series data can
be extracted from the CWT while cross wavelet transform
(XWT) helps in determining whether the two time series
are statistically significant by Pearson’s correlation coefficient.
Detailed methodology of wavelet transform can be found in
(57, 58].

4.1. Continuous Wavelet Transform. Figure 2 shows the CWT
of rainfall in the Sahel and the climate indices. The major
periodicity can be seen in the power spectrum near the 2-
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FIGURE 3: Cross wavelet spectrum. (a) Nino 3.4, (b) Nino 3.4, (c) Atlantic Multidecadal Oscillation (AMO) and wavelet coherence, and (d)
Atlantic Multi-decadal Oscillation (AMO). (In-phase, pointing right; anti-phase, pointing left; and leading by 90° pointing straight down; see
text for details and interpretation). The thick contour enclosed regions are greater than 95% confidence for a red-noise process. The thin solid
line indicates the “cone of influence,” where edge effects become important.

year band, 1-4-year band, 1-2-year band, and 2-5-year band
for ENSO, NAO, and IOD, respectively. These interannual
cycles have time scales of less than 8 years. In addition,
the region that is statistically significant at 95% confidence
for IOD is important with reference to drought of 1980s
in the region. Also, multidecadal variability of AMO shows
regions of statistical significance at 38-32-year period around
the early 1900s. The statistically significant periodicity has
however gradually decreased from 40-year to 16-year cycle
in 2000s. The next step is to expand these time series into
frequency space by applying CWT as a band filter to the time
series. This will help in finding localized periodicities and in
feature extraction. Cross wavelet transform will determine
if these associations are merely coincidences by obtaining
the frequency component of the hydroclimate variability as
a function of time. Wavelet transform coherency (WTC)
between two CWT will address the statistical significance of
the coherences as well as confidence level against noise. In this
analysis, we applied the 95% confidence level.

4.2. Cross Wavelet Transform and Wavelet Coherence. The
XWT and WTC between rainfall and the four climate indices

are shown in Figures 3 and 4. According to Torrence and
Compo [57], XWT is a representation of cross correlation
between rainfall and each climate index as a function of
time and frequency. The phase difference between the climate
indices and precipitation is represented by the vectors while
the locally significant power of the red-noise spectrum at
significance level of « = 0.1is shown by the bold solid contour
line [57]. The lighter black contour line is the cone of influence
(COI), where edge effects are not negligible. The coherence
power between two series is shown in the color code, red to
blue (strong to weak).

ENSO’s role in modulating Sahel precipitation shows
high common power (good correlation) at 3 bands, (1) 1-2-
year band localized around 1970, (2) 3-4-year band localized
between 1983 and 1986, and (3) 4-6-year band localized
between 1990 and 2000 years (Figure 3(a)). According to
Grinsted [58], cause and effect relationship in XWT is
indicated by phase lock oscillation. The 3-4-year band is
pointing left (antiphase) indicating a cause and effect rela-
tionship between the drought of 1983 and 1982/83 El Niiio
episode. The coherency between precipitation and ENSO
(Figure 3(b)) also shows three high common powers that are
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FIGURE 4: The same as Figure 3 but for (a-b) North Atlantic Oscillation and (c-d) Indian Ocean Dipole.

statistically significant, (1) 1-2-year band localized around
2000, (2) 4-6-year band localized between 1990 and 2000,
and (3) 9-10-year band localized between 1965 and early
1970s. The spectral coherency in the 4-6-year band is very
strong and noteworthy since it coincides with the onset of
rain recovery in the Sahel region [59]. However, because
the oscillation is not phase-locked, we can only speculate
that there is statistically significant association between the
increasing rainfall and Nino 3.4. ENSO, according to Ward
[60], influenced high frequency rainfall variability in Sahel
while [32] linked strong ENSO events teleconnection to Sahel
precipitation to developing and decaying phase of El Nifio
and La Nina, respectively.

In the XWT between rainfall and AMO shown in
Figure 3(c), notice the statistically significant cross wavelet
power and consistent phase angle stretching from early 1920s
to 2000 which is associated with signal in the 25-38-year
band. Many studies have shown that precipitation in the Sahel
region of Africa is influenced by oceanic conditions impact
on atmospheric circulations especially Atlantic Multidecadal
Oscillation AMO [23] and El Nino-Southern Oscillation
ENSO [16]. The coherency spectra that are significant at the
25-32-year band from late 1910s to late 1950s correspond to
the years of positive rainfall anomalies shown in Figure 1(a).
This is significant in relation to the reported increase in

precipitation associated with warm phase of AMO [24, 25].
Wavelet transform coherence analysis also revealed a rela-
tively antiphase relationship between AMO and precipitation
signifying cause and effect.

As seen in Figure 4(a), there is a strong agreement
between NAO and Sahel rainfall indicated in the XWT
between 1- and 2-year band around late 1970 and late 2000s.
While the second band (2) is phase-locked, the first band
(1) however indicates a nonlinear relationship between ANO
and Sahel precipitation. A corresponding strong coherency
between NAO and precipitation is evident in the 1-2-year
band of late 2000s (Figure 4(b)). In addition, NAO shows a
significant spectral coherence with Sahel rainfall between 1-
and 3-year band localized from 1960 to 2000 (Figure 4(b)).
The phase angle is however chaotic. There is antiphase
relationship between IOD and GPCP precipitation for period
of 3-4 years around 1983-1990 (Figure 4(c)). There is also a
significant cross wavelet power for the period of 1997-1998
associated with 2-year band (Figure 4(d)). However, there is
no significant coherency between rainfall and IOD for most
of the years within COI. The power is also very weak, except
for the 1-year band around 1995 to 1998.

These results confirm the conclusions by [34] and
Nicholson [19] that the interannual to decadal variability in
precipitation over in this region is not controlled by any
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dominant mechanism. The 1983-1987 years corresponding to
the drought of the late 1970s to late 1980s have been described
as intense [19]. While Bader and Latif [33] attributed the
1983 drought to Indian Ocean SSTs, our results show that
AMO, ENSO, NAO, and IOD all have some correlation
with precipitation around the same year though on different
bands. There is however strong coherency with ENSO, AMO,
and NAO unlike IOD. This suggests that, contrary to [33],
AMO, NAO, and ENSO may have influenced events during
those drought years [26].

4.3. East versus West Sahel. In this section, we compared the
influence of the climatic indices on rainfall variability in east
and west Sahel as defined in our data preparation section.
The XWT and coherence plots of GPCP rainfall in west and
east Sahel for two selected climate indices (ENSO and IOD)
with significant difference are shown in Figure 5. As seen in
Figures 5(a) and 5(c), there are some significant differences
in ENSO association with rainfall variability in eastern and
western Sahel. ENSO relationship with precipitation in the
east (Figure 5(c)) stretches over longer period and years
while showing more variability compared to rainfall-ENSO
relationship in western Sahel (Figure 5(a)).

ENSO teleconnection with precipitation in the east shows
coherency that is localized from 1990 to 2004 (Figure 5(d)).
The coherency for western Sahel is however only localized
from 1995 to 2004 (Figure 5(b)). We can thus argue that
ENSO teleconnection effect on precipitation is stronger in
east Sahel, which is in agreement with [33] who had suggested
that ENSO effect on rainfall variability is limited to eastern
Sahel.

The results also show some evidence of difference in
climatic control of precipitation in west and east Sahel. From
Figures 5(e) and 5(g), it appears that IOD control on rainfall
variability in Sahel is limited to the east. The XW'T for IOD-
rainfall in the east shows 2 regions with statistically significant
correlation: (1) in the 2-4-year band localized between late
1980s and early 1990s (Figure 5(g)) and (2) in the 5-6-year
band localized between 1986 and 1990. In the west however
there is relatively small band with statistically significant
correlation around the same band (Figure 5(e)). The spectral
coherency plots show a very weak association except a thin
spectrum at the 1-year band in the early 2000s (Figures 5(f)
and 5(h)). The coherency plot for east Sahel on the other hand
has a similar pattern of the weak band as the west. In addition,
there is a relatively strong power in the 3-4-year band in the
early 1990 (Figure 5(g)), though none of these coherencies are
statistically significant.

5. Summary and Discussion

With the establishment of a statistical connection between
these climate indices and Sahel precipitation, we will next
discuss the dynamical mechanism of the connection. The
physical mechanisms influencing the multidecadal variability
in the Sahel region have been linked to AMO [24, 25] while
the interannual variability at different time scales are linked
to ENSO [30], IOD [33], and NAO [61]. The warm (cold)

phase of AMO is associated with enhancement (weaken-
ing) of Sahel precipitation [24]. The increased precipitation
during the warm phase has been attributed to increased
African easterly wave activity and northward displacement
of Intertropical Convergence Zone (ITCZ) [62]. On the other
hand, El Nifio/La Nifia Southern Oscillation (ENSO/LNSO)
[63], a coupled cycle of atmosphere and ocean [64], has been
linked to the devastating droughts of 1970s and 1980s in the
Sahel of Africa [15]. Also, Okonkwo et al. [65] characterized
the relationship between West African jet streams and ENSO
and found enhanced variability of African Easterly Jet (AE]),
Tropical Easterly Jet (TEJ]), and low-level African Westerly
Jet (AW]) which are coupled with (ENSO/LNSO). Further
analysis by [65] suggests a statistically significant association
between TE] and the El Nifio events of the 1980s that led to
intense drought in the Sahel region of West Africa. El Nino
results in the weakening of West African Monsoon (WAM)
flow, creating a dry condition across the Sahel region [66]. La
Nifa on the other hand creates a wet condition through the
enhancement of Walker circulation [59].

This advanced review had focused on identifying and
illuminating the nature of interannual and decadal to multi-
decadal variability of precipitation in Sahel region. It should
however be pointed out that the Sahelian climate under
future climate warming is still complex and controlled by one
dominant ocean dynamics. The analysis is however a useful
tool in identifying the major climate index with a robust
relationship with Sahel precipitation (drought) variability on
annual to interannual timescale.

The findings are summarized as follows.

(1) ENSO, NAO, AMO, and IOD all have strong relation-
ship with precipitation at periodicity.

(2) There is an antiphase relationship between Sahel
precipitation and ENSO, the 3-4-year band localized
around 1982/83 El Nifio episode.

(3) This indicates a cause and effect relationship between
the droughts of 1983 and 1982/83 El Nifio.

(4) The interrelationship between ENSO composite of
1983-1987, cold phase of AMO, and warm phase of
NAO explained the drought of the early 1980s.

While this advanced review does not resolve all the
outstanding issues on rainfall variability in Sahel region, it
however points to some climate indices that have significant
control to current improvement in precipitation as well as
the most recent severe drought in the region. This improved
knowledge is a first step in better planning and management
of water resources in Sahel region. One limitation of the study
is that it is based on the different time scales for different
climate indices considered. This study however has provided
some key aspects of SST forcing on rainfall variability across
the Sahel Region. Advancing this understanding of variability
in rainfall and climate forcing could therefore improve the
accuracy of rainfall forecast.
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FIGURE 5: Cross wavelet spectrum (left) and wavelet coherence (right) between GPCP Sahel precipitation (east and west) and selected climate
indices (ENSO and IOD). (a)-(b) Western Sahel rainfall and ENSO, (c)-(d) eastern Sahel Rainfall and ENSO, (e)-(f) western Sahel rainfall
and IOD, and (g)-(h) eastern Sahel rainfall and IOD. In-phase, pointing right; anti-phase, pointing left; and leading by 90° pointing straight
down; (see text for details and interpretation). The thick contour enclosed regions are greater than 95% confidence for a red-noise process.
The thin solid line indicates the “cone of influence;” where edge effects become important.
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