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Summary

Tropical North African climate variability is investigated
using a Sahel rainfall index and streamflow of the Nile
River in the 20th century. The mechanisms that govern
tropical North Africa climate are diagnosed from NCEP
reanalysis data in the period 1958–1998: spatially – using
composite and correlation analysis, and temporally – using
wavelet co-spectral analysis. The Sahelian climate is char-
acterised by a decadal rhythm, whilst the mountainous
eastern and equatorial regions exhibit interannual cycles.
ENSO-modulated zonal circulations over the Atlantic=
Pacific sector are important for decadal variations, and cre-
ate a climatic polarity between South America and tropical
North Africa as revealed through upper-level velocity po-
tential and convection patterns. A more localised N–S shift
in convection between the Sahel and Guinea coast is asso-
ciated with the African Easterly Jet.

1. Introduction

One of the monsoon regions of the world is trop-
ical North Africa (20� W–40� E and 5–15� N),
where the Sahara Desert lies in contrast with the
Congo basin and Gulf of Guinea. The meridional
overturning circulation produces a large annual
cycle. Superimposed on this basic state, large-
scale variability dictates the life of the people
and their socio-economic activities.

A number of researchers have investigated
the Sahel climate and its slow oscillations (Lamb,

1978, 1982; Nicholson, 1981, 1998; Nicholson
and Palao, 1993; Landsea et al., 1992; Nicholson
and Grist, 2001). The 1950s and early 1960s
are considered a wet period, followed by drought
in the 1970s and 1980s. Since 1999 the drought
trend has reversed. A part of the decadal vari-
ability is attributed to north–south gradients in
Atlantic sea surface temperature (SST) anom-
alies (Folland et al., 1986; Lough, 1986; Palmer,
1986; Semazzi et al., 1996). Fontaine et al.
(1995, 1998) linked to drought over the Sahel
to warm El Ni~nno-Southern Oscillation (ENSO)
phase and a cool-north=warm-south Atlantic SST
pattern. The atmosphere responds via subsidence
from a southward extension of easterlies, a weak-
ening of the Hadley Circulation, and a reduction
of inflow from the Gulf of Guinea (Hastenrath,
2000; Camberlin et al., 2001).

Rowell et al. (1992) modelled the influence of
global SST on the seasonal rainfall and simula-
tions indicate that ocean thermodynamic effects
tend to dominate the forcing. Alterations of trop-
ical Pacific SST act to suppress (enhance) Sahel
rainfall during warm (cool) ENSO phase (Palmer
et al., 1992; Ward, 1992; Janicot et al., 1998);
a similar association is found in southern Africa
(Jury, 2003). However, the southern rains oc-
cur during the mature phase of ENSO whilst



northern rains precede or follow ENSO, con-
straining Sahel rainfall predictions to short lead
times. One of the aims of this paper is to con-
tribute to a lengthening of lead time, through
consideration of atmospheric signals that offer
a stable forewarning.

At times, rainfall over the Guinea coast op-
poses that of the Sahel to the north (Lamb and
Peppler, 1992; Rowell et al., 1995; Ward, 1998;
Nicholson and Grist, 2001). Eltahir and Gong
(1996) proposed an entropy mechanism for
describing this variability. This theory suggests
that a large meridional gradient of Atlantic SST
and regional boundary-layer entropy results in a
strong northward monsoon and a northward shift
of the ITCZ. While a weaker Atlantic SST gra-
dient leads to a flat distribution of entropy and a
weaker monsoon (dry condition).

Ocean-atmosphere coupling may not provide
a complete answer for the causes of African
climate variability. The idea of positive feed-
back between vegetation cover, albedo, evapo-
transpiration and boundary layer climate has
gained favour since it was first proposed in the
1970s (Charney, 1975). A number of research-
ers have pursued this line to better understand
decadal oscillations in Sahel rainfall (Xue
et al., 1990; Zeng and Eltahir, 1998; Zeng et al.,
1999).

Whilst a majority of studies have concentrated
on Sahel climate west of 15� E, here we focus
equally on the area to the east that is charac-
terised by higher elevations and a major river:
the Nile. In recent times, the fluctuation of Nile
flow has been linked to ocean-atmosphere cou-
pling (Quinn, 1992; Eltahir and Wang, 1999;
Wang and Eltahir, 1999). According to Eltahir
(1996) ENSO indices account for 30% of var-
iance of the Nile flow based on 127 years of data.
From this result, Wang and Eltahir (1999) estab-
lished a three month lead-time prediction model
with forecast fit of 45%. Jury (2003) provided a
new avenue to understand the Africa climate
variability with respect to ocean-climate cou-
pling. It was shown that African rivers fluctuate
coherently across the continent and are sensitive
to coupling between the zonal circulation over the
tropical Atlantic, the global ENSO and Atlantic
SST. According to this result, a warming in the
equatorial east Pacific causes sinking motions
over northern and southern Africa and a reduc-

tion of flow for all major African rivers. Here we
extend that line of research.

Camberlin (1995) and Camberlin et al. (2001)
considered northeast Africa climate variability
and found that the occurrence of drought over
Ethiopia is attributed to El Ni~nno and high-pres-
sure over the Arabian Sea and India. Camberlin
(1997) established the association between the
Southwest monsoon and northeast Africa rainfall
variability and suggested that monsoon activity
over India is a major trigger for boreal summer
rainfall variability over the African highlands
due to the outflowing TEJ and its influence on
easterly wave trains. A study by Shanko and
Camberlin (1998) associated the high frequency
of occurrence of tropical cyclones in the South-
west Indian Ocean with Ethiopian drought, par-
ticularly during the onset season. In the study of
teleconnections between tropical north Africa
climate and Pacific SST (Camberlin et al., 2001),
the ENSO impact on boreal summer rainfall over
Ethiopia is corroborated.

The objective of this paper is to understand the
circulations that modulate tropical North African
climate variability. To this end, field data are anal-
ysed as discussed in Sect. 2. In Sect. 3, the spa-
tial and temporal behaviour of tropical north
African climate are outlined. The mechanisms
inducing its variability are elucidated through the
evaluation of composites, correlations and wave-
let co-spectra. The conclusions are given in Sect. 4
within a conceptual framework.

2. Data and methods

The data and methods used to reveal North
Africa climate variability are discussed here.

2.1 Data

We make use of monthly data on stream flow,
rainfall, sea surface temperature (SST) and
atmospheric circulation. Nile stream flow is
observed at the Aswan station, Sahel rainfall
is interpolated from observed, SST is observed
by ships and in recent years by satellite, whilst
OLR is satellite derived. The atmospheric data
(wind, velocity potential, etc.) are re-analysed
from observations. The nature of each vari-
able and the sources of the data are discussed
below.
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Continuous monthly rainfall departures, inter-
polated to 0.5� resolution, were obtained from the
Climate Research Unit (CRU) of the University of
East Anglia. The gridded fields of rainfall were
subjected to repeated rotated principal component
analysis until an optimal number of clusters was
identified (Jury et al., 2006). From this regionali-
sation, a rainfall time series for the eastern Sahel is
formed and used as an index of tropical North
Africa climate. Its area extends from 8–15� N,
12–32� E, centred on the lowlands of Sudan. The
interannual time series is significantly correlated
with rainfall from the western Sahel, hence our
interpretations may be extended westward.

Continuous monthly Nile River flow data at
Aswan were obtained from G. Wang (personal
communication). These stream flow data are qual-
ity controlled and naturalised from known human
interference (e.g. dams). These data have been used
in a number of research studies (Eltahir and
Wang, 1999; Eltahir, 1996; Jury, 2003). Together
with rainfall, this index describes the temporal
variability of tropical North African climate.

To understand the influence of ocean signals
on tropical North Africa climate variability, SST
data over the Pacific, Atlantic and Indian Oceans
are used. These are drawn from the Reynolds
reconstructed dataset. Part 1 of this paper out-
lines how thermocline oscillations in these ba-
sins relate to the overlying Walker circulations
(Yeshanew and Jury, 2006a).

The NCEP re-analysis system assimilates all
archived data from 1948 to the present via a
numerical model. The details of NCEP reanalysis
can be found in Kalnay et al. (1996) and Kistler
et al. (2000). One the most attractive character-
istics of the NCEP re-analysis with respect to
climate studies is its consistency. The accuracy
of re-analysis products depends on the influence
of the observational data on the gridded variable.
We employ wind vector and upper level velocity
potential (divergence) data in our analyses.

2.2 Methods

A contingency analysis is employed with respect
to East Sahel rainfall and Nile River flow for
identification of wet and dry seasons (June to
September). These are ranked such that the five
highest and lowest years are selected for compo-
site analysis: 1958, 1961, 1964, 1975, 1988 and

1982, 1984, 1987, 1990, 1991, respectively. A
similar procedure is followed to identify extreme
years for key indices of the tropical circulation.

Composite analysis was done via the NCEP=
NOAA CDC web site http:==www.cdc.noaa.
gov=composites to obtain maps and sections at
various lags and levels. Here we subtract the dry
years from the wet years and plot differences for
the June to September season. These fields are
subsequently referred to as the wet minus dry
composite. Significance tests were applied to
determine if the results achieved sufficient coher-
ence (Yeshanew, 2003), and only those that reach
the 95% confidence interval are reported here.

The degree of association between two time
series is estimated from the cross-correlation
value, after a continuous wavelet filter (CWT) is
applied to isolate climate signals in specific fre-
quency bands, (e.g. Lau and Weng, 1995; Wang
and Wang, 1996). Here we use a 1.5–16 year
band filter to focus on interannual to decadal
variability. CWT is used to understand the spec-
tral energy shared by two time series and to com-
pute how their phase lag evolves with time.
Further details of the methodology can be found
in Yeshanew (2003) where, in addition, the data
density and quality is discussed. Our evaluation
of statistical significance considers the ‘deflated’
degrees of freedom to account for persistence in
both target and predictor records.

3. Results

Here we document results that help form an
understanding of hydroclimate variability over
tropical North Africa. The raw time series and
spectral character for the Nile flow and East
Sahel rainfall is shown in Fig. 1. The annual
cycle dominates the raw data series, as expected.
Peaks vary from 0.5 to 3.0 sigma from year to
year. The spectral character for interannual fil-
tered data obtains peak energy around 3 and
8 years. East Sahel rainfall exhibits a stronger
decadal cycle, whilst spectral energy for the Nile
flow is contained between 2 and 5 years.

3.1 Composite structure

The composite atmospheric circulation and SST
structure is investigated for wet (1958, 1961,
1964, 1975, 1988) minus dry (1982, 1984, 1987,
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1990, 1991) seasons. The results guide our fur-
ther analysis.

The composite SST pattern exhibits a cool
tongue anomaly of <2.0 �C in the east Pacific

consistent with La Nina conditions (Fig. 2a).
Negative SST differences of �0.5 �C are reveal-
ed in the equatorial Indian Ocean. In the Atlantic
Ocean, and the expected N–S contrast is found

Fig. 1. East Sahel rainfall (up-
per) and Nile stream flow raw
timeseries and interannual fil-
tered wavelet modulus
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with SST anomaly values also �� 0.5 �C. These
oceanic structures are synonymous with en-
hanced convection over North Africa and high
flow of the Nile. When composite zonal winds
are considered in a vertical slice across the
tropics, the pattern to emerge is two Walker
Cells over the Pacific and Atlantic that overturn

in opposite directions (Fig. 2b). Values are
>þ3 m=s over the Atlantic from 900 to 500 hPa
and indicative of enhanced inflow from the Gulf
of Guinea.

Mapping the wet minus dry composite for the
700 hPa (3 km) atmospheric circulation across
the Atlantic, a low-level westerly wind is found

Fig. 2a. Global tropical SST
pattern (�C) for wet minus dry
JJAS seasons showing mainly
cooler SST (Pacific La Nina)
except in the north Atlantic

Fig. 2b. Zonal Circulation pat-
tern for the wet minus dry com-
posite season (m=s), averaged
over the tropics 0–10� N, il-
lustrating the Atlantic Zonal
Circulation

Fig. 3a. Composite winds illustrating wes-
terly flow differences at 700 hPa (m=s).
Values >4 m=s that achieve statistical sig-
nificance are shaded
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to extend from Brazil to Ethiopia (Fig. 3a) with
a maximum over Nigeria in the 5–10� N zone.
Upper easterly differences are notable (Fig. 3b)

over the tropical South Atlantic. Together these
suggest a zonal overturning circulation that drives
African rainfall.

Fig. 3b. Composite winds illustrating easter-
ly flow differences at 200 hPa (m=s). Values
>6 m=s that achieve statistical significance
are shaded

 

Fig. 4a. Composite OLR pattern
illustrating convection polarity be-
tween tropical North Africa (en-
hanced convection) South America
(suppressed convection) in W m�2.
Values >� 5 W m�2 that achieve
statistical significance are shaded

Fig. 4b. Composite upper veloc-
ity potential pattern defining the
Africa–America dipole (106 m2=s).
Values >� 104 m2=s that achieve
statistical significance are shaded
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Tropical rainfall is well detected by outgoing
long-wave radiation. Our composite wet minus
dry field (Fig. 4a) illustrates enhanced convection
over tropical North Africa and, surprisingly, sup-
pressed convection over South America. This
represents a remarkable convective polarity be-
tween the two continents. Similarly the upper
level velocity potential composite in Fig. 4b dis-
plays two distinct centres of action on either side
of the tropical Atlantic, in agreement with Jury
(2003). Statistical significance tests for various
SST and atmospheric indices (Yeshanew, 2003)
support the idea of coupling between the Atlantic
zonal overturning circulation, Pacific ENSO and
Atlantic N–S SST gradient. Cross-correlation of
the interannual-filtered velocity potential time
series for tropical North Africa and South
America achieves a significant negative corre-
lation (�0.87). It seems that local terrestrial
conditions play a secondary role, as the two op-
posing centres of action form an integral part of
the Atlantic ENSO response. We will refer to this
as the Africa–America dipole.

There are local differences in the uptake of this
signal. To reveal this, strong minus weak years
of the African Easterly Jet (AEJ) are considered,
based on the 600-hPa zonal winds averaged over
5–15� N, 10� W–20� E. The mid-level vertical
velocity field (Fig. 5) reveals a strong N–S con-
trast as expected (Nicholson and Grist, 2001).
There are ascending and descending cells in the
equatorial region and over Africa around 15� N,
respectively. Hence when the AEJ is strong, it
may suppress uptake of the larger east–west di-
pole. Further analysis of this aspect is beyond the
scope of our paper.

3.2 Temporal analyses

In this section the interaction of key atmospheric
circulations is studied, with particular attention
given to coupling of the Atlantic Zonal Circula-
tion and Pacific Walker Cell. Their opposing
circulations generate an ‘atmospheric bridge’
(Tseng, 1999) that transmits the ENSO signal
globally. Of the indices tested, tropical North

Fig. 5. 500 hPa vertical velocity (Pa s�1) for
strong minus weak AEJ composite illustrating
opposing conditions for Guinea and Sahel
regions. Values >� 0.005 Pa s�1 that achieve
statistical significance are shaded

Table 1. Key atmospheric circulation indices used in the study

Variable Name Area

Equatorial Atlantic 700-hPa zonal wind eqaU700 40� W–15� E; 10� S–10� N
Equatorial Atlantic 200-hPa zonal wind eqa200 40� W–15� E; 10� S–10� N
Atlantic Zonal Circulation aCIR¼ eqaU700� eqU200 40� W–15� E; 10� S–10� N
Transverse Indian Monsoon Circulation mCIR¼ niU850�TEJ150 niU850: 50–75� E; 5–20� N

TEJ150: 50–90� E; 5–20� N
Tropical Pacific 1000-hPa zonal wind tpU1000 180–75� W; 20� S–20� N
Tropical Pacific 300-hPa zonal wind tpU300 180–75� W; 20� S–20� N
Walker Circulation wCIR¼ tpU300� tp1000 180–75� W; 20� S–20� N
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Africa climate is associated with the Atlantic
Zonal Circulation and the Transverse Indian
Monsoon (Webster et al., 1998). Indices repre-
senting these circulations are listed in Table 1.

Linear regression models are developed based
on continuous monthly data from 1950 to 1998
(N¼ 588). Useful results are obtained from this
analysis and the models and explained variance
are given in Table 2. In the algorithms, the anti-
phase Atlantic and Pacific circulation indices act
as zero lag ‘signals’ with respect to rainfall. The
Indian Transverse Monsoon index accounts for a
significant portion of climate variability, parti-

Table 2. Association between Zonal Circulations and N.
Africa=Brazil climate

a) Atlantic and Pacific Walker Circulations

East-Sahel-rainfall¼ 0.61(aCIR)� 0.44(wCIR), r2¼ 75%
Guinea-coast-rainfall¼ 0.35(aCIR)� 0.56(wCIR), r2¼ 48%
Nile-River-flow¼ 0.55(aCIR)� 0.41(wCIR), r2¼ 50%
Brazil-rainfall¼ � 0.32(aCIR)þ 0.53(wCIR), r2¼ 41%

b) Transverse Indian Monsoon Circulation

East-Sahel-rainfall¼ 0.91(mCIR), r2¼ 83%
Guinea-coast-rainfall¼ 0.80(mCIR), r2¼ 48%
Nile-River-flow¼ 0.57(mCIR), r2¼ 32%
Brazil-rainfall¼ � 0.91(mCIR), r2¼ 83%

Fig. 6. Co-spectral analysis and
phase relationship between the
Atlantic Zonal Circulation and
Pacific Walker Circulation. Wet
and dry periods of tropical North
Africa rainfall are labeled. Nega-
tive time delay refers to Pacific
leading Atlantic
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cularly in respect of the east Sahel rainfall. Due
to co-linearity it remains independent from the
other indices in our analyses.

To understand time evolution of spectral
energy shared by the tropical circulation and cli-
matic indices, cross-spectra and phase analyses
are applied to interannual filtered data.

The Atlantic and Pacific zonal circulations
co-vary with time and achieve a statistical signif-
icant correlation at lags �6 months. Common
spectral power resides near four years. Decadal
co-spectra achieve one-third the strength. The
amplitude of the four year cycle is strong from
1965 to 1990 (Fig. 6), but the phase relationship
varies. The Pacific circulation leads the Atlantic

(up to 10 months) from 1950 to 1965. The cou-
pling is weak from 1965 to 1980, whereafter the
Atlantic leads. This may be an important finding
as regards the coupling of African climate with
the surrounding oceans. Wet epochs of Sahel
rainfall occur when the Pacific is overturning
lower easterly=upper westerly and leading the
Atlantic. The dry period in the Sahel corresponds
with the Atlantic leading and overturning lower
easterly=upper westerly. Further consideration is
given to this aspect in Sect. 4.

The filtered time series and co-spectral char-
acteristics for the Atlantic zonal circulation
and east Atlantic SST are compared in Fig. 7.
Whilst there is some shared spectral power at

Fig. 7. Co-spectral analysis and phase
relationship between Atlantic Zonal
Circulation and equatorial Atlantic
2SST. Negative time delay refers to
ocean leading atmosphere

North African climate variability. Part 2: Tropical circulation systems 45



4 years, there is significantly more spectral
energy in the decadal time scale than found
in the Pacific–Atlantic link illustrated above.
Indeed the �4 and �10 year spectral power
is nearly equal. The phase lag is stable and
nearly simultaneous except during the 1970s
when SST leads.

The Atlantic zonal circulation is compared
with the Nile River flow (Fig. 8). The wavelet
analysis reveals a shared spectral energy around
3 years, alternating between 2 and 4 years. The
phase relationship suggests that the Atlantic cir-
culation leads the Nile flow except in the first
decade, when 5–6 year cycles are present. The
lead time is �10 months throughout the record,
considerably longer than that afforded by SST
alone (Ward, 1998).

4. Discussion and conclusion

Understanding the physical mechanisms of cli-
mate variability across tropical North Africa is
the aim of this study. Wavelet spectral analysis
has revealed that the Nile River flow possesses a
high frequency signal, whereas decadal fluctua-
tions dominate Sahel rainfall to the west. The
rhythm appears dependent on elevation: the Nile
flow originating from the 2000 m Ethiopian pla-
teau, the east Sahel rains falling on land that is
<500 m. Here we have focused on zonal inter-
actions, whilst recognising the importance of
meridional links, e.g. west Sahel rainfall and the
Atlantic multi-decadal oscillation (Enfield et al.,
2001) (www.cdc.noaa.gov=Correlation).

We find that coupling of the Atlantic zonal
circulation and Pacific Walker Cell is an impor-

Fig. 8. Co-spectral wavelet transform
between Atlantic Zonal Circulation and
Nile stream flow. The Atlantic Circula-
tion leads the Nile flow except from
1953 to 1963 (e.g. negative time delay)
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tant influence on tropical North African climate
(illustrated in Fig. 9). These east–west circula-
tions result in two opposing centres of action
on either side of the tropical Atlantic, giving rise
to convective polarity between tropical North
Africa and South America. The Africa–America
dipole helps define Walker cell adjustment with
respect to ENSO (Giannini et al., 2003). Whilst
conceptual models often depict two cells over
the Pacific during warm phase and one cell in
cold phase, here we found single cells over the
Atlantic and Pacific that reverse from warm to
cold phase.

The Atlantic Zonal Circulation and Sahelian
rainfall exhibit shared spectral energy at 3–8 year
cycles, particularly during the period when the
Atlantic circulation leads the Pacific. Our study
found three epochs: Pacific Walker Cell leading
(1950–1970, wet phase in Sahel), passive cou-
pling (1970–1980, dry period in Sahel), and
Atlantic leading (after 1980). During the passive
phase, the Atlantic Zonal Circulation interacts
with the underlying equatorial Atlantic SST. The
Atlantic-Pacific ENSO coupling also impacts on
the Indian Transverse Monsoon (Yeshanew, 2003).
The Transverse Monsoon is associated with Indo-
Pacific SST and its ocean Rossby wave activity
(White, 2001). With a phase speed of 0.07 m s�1,
the low frequency ‘see saw’ of the Pacific thermo-
cline has a rhythm that is consistent with the ob-
served alternation of the Africa–America dipole
and climate variability on both sides of the tropi-
cal Atlantic (Yeshanew and Jury, 2006a).

Although east–west overturning circulations
modulate the convection polarity between tropi-

cal North Africa and South America, the AEJ
determines a more local-scale meridional over-
turning. A strong AEJ causes a shift in convec-
tion from the Sahel to the Guinea Coast.

A pivotal issue that is addressed here is the
potential for a global tropical teleconnection.
Our analysis indicates the Atlantic and Pacific
Walker Cells operating like ‘gears’ with a rhythm
modulated by ENSO. From our work it is sug-
gested that kinematic variables may prove quite
useful in statistical forecasts of Sahelian climate,
providing longer lead times than thermodynamic
parameters. Predictability is the focus of part 3 of
this paper (Yeshanew and Jury, 2006b).
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