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A combination of observations and re-analysis was used to investigate the
mechanisms of the connection between the Atlantic Multidecadal Oscillation (AMO)
and Sahel rainfall. A composite technique based on the AMO index was used to
identify differences between warm and cold phases of the AMO. A significant
summer rainfall increase over the Sahel during warm phases of the AMO was
observed, with large increases during the typical monsoon onset period in June.
In spring of warm phases of the AMO prior to monsoon onset, strengthening of
the Saharan heat-low and its associated shallow meridional overturning circulation
is observed. The intensified shallow meridional overturning circulation increases
moisture flux into the Sahel from the south during spring while increased westerly
winds from the Atlantic increase westerly moisture flux into the Sahel during spring
and summer. The strengthening of the heat-low is accompanied by increases in
Mediterranean sea-surface temperatures during warm phases of the AMO that lead
to increases in moisture flux convergence in the northeast Sahel. During warm
phases of the AMO the African easterly jet is farther north than in cold phases,
and increased African easterly wave (AEW) activity across West Africa and into the
Atlantic is observed. This increased AEW activity particularly in the early hurricane
season, as measured by eddy kinetic energy, may be contributing to the increased
number of Atlantic tropical storms during warm phases of the AMO. Copyright c©
2013 Royal Meteorological Society
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1. Introduction

Sahel precipitation is well known to have undergone large
multidecadal variability over the past century (Figure 1),
with wet conditions in the 1940s and 1950s and a switch
to dry conditions in the 1960s. Multidecadal variability in
Sahelian rainfall has been attributed to variability in sea-
surface temperature (SST) in the Atlantic (Lamb, 1978a,
1978b; Folland et al., 1986; Hastenrath, 1990; Rowell et al.,
1995; Ward, 1998; Knight et al., 2006; Zhang and Delworth,
2006; Ting et al., 2009), Indian and Pacific Oceans (Bader
and Latif, 2003; Giannini et al., 2003; Biasutti et al., 2008;

Lu, 2009; Caminade and Terray, 2010; Mohino et al., 2011;
Rodrı́guez-Fonseca et al., 2011). Persistent Sahel drought
connected to changes in Atlantic SSTs has even been
documented in palaeoclimate records over the past three
millennia (Shanahan et al., 2009). These sustained wet and
dry periods have large economic and societal impacts in the
region, making them important to understand, represent in
climate model simulations, and ultimately predict.

The Atlantic Multidecadal Oscillation (AMO) is a
coherent multidecadal variation of SSTs over the North
Atlantic, including the tropical North Atlantic. Cold AMO
phases (cold SSTs over the entire North Atlantic) have been
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Figure 1. Time series of summer (JAS) Sahel (10◦N–20◦N, 20◦W–10◦E)
precipitation anomalies (mm day−1, left axis, bars) and the AMO index (◦C,
right, dashed line). Dotted lines are +/− one standard deviation of AMO.
Coloured bars indicate years when the AMO was in the warm or cold phase.
This figure is available in colour online at wileyonlinelibrary.com/journal/qj

observed in the early 1900s and the 1960s–1980s with the
warm AMO phase observed in the 1930s–1950s and early
2000s, as shown in Figure 1. The warm (or positive) phase of
the AMO has been shown to coincide with increased summer
rainfall over the Sahel due to a northward displacement of
the intertropical convergence zone (ITCZ) (Folland et al.,
1986; Rowell et al., 1995; Knight et al., 2006; Zhang and
Delworth, 2006; Ting et al., 2009) as well as increased
hurricane formation and decreased northeast Brazil rainfall
(Knight et al., 2006).

The multidecadal variability of North Atlantic SSTs has
been attributed to internal ocean circulation changes, such as
changes in the Atlantic meridional overturning circulation
(Kerr, 2000; Knight et al., 2005; Ting et al., 2009). Recently,
more attention has been placed on the role of aerosols (both
anthropogenic and natural) in controlling SST temperature
gradients in the Atlantic on decadal and longer time-scales
(Ackerley et al., 2011; Booth et al., 2012). Although this
study will focus on the response to multidecadally varying
SSTs rather than the cause, it is important to note the
recent discussion in the literature regarding how much of
the multidecadal SST signal is driven by internal ocean
dynamics versus aerosol-driven impacts.

Climate model experiments, along with observations,
have been used to show the importance of the AMO in
controlling multidecadal fluctuations of Sahel and West
African rainfall. The first low-frequency mode of summer
Sahel rainfall has been shown to be associated with the
AMO SST pattern in the Atlantic (Zhang and Delworth,
2006; Mohino et al., 2011; Rodrı́guez-Fonseca et al., 2011).
The first empirical orthogonal function (EOF) of low-
frequency Sahel summer rainfall also matches closely with
the regression of the low-frequency rainfall on the AMO
index, again suggesting the importance of the AMO in
the low-frequency variability of Sahel rainfall (Zhang and
Delworth, 2006). Mohino et al. (2011) used climate model
experiments to show that the switch to the cold phase of
the AMO in the 1980s could explain 50% of the SST-driven
Sahel reduction in rainfall, thus highlighting the importance
of understanding the connection between the AMO and
Sahel rainfall.

Early studies of decadal changes in Sahel rainfall showed
that cooling of the tropical North Atlantic was accompanied
by a surface pressure rise, strengthening of trade winds
and southward displacement of the ITCZ in the summer
leading to a reduction of Sahel rainfall (Lamb, 1978a, 1978b;
Hastenrath, 1990). More recent studies have invoked the
role of low-level onshore westerly winds, displacement of the
African easterly jet (AEJ) and changes in shear instabilities
to changes in summer Sahel rainfall between the wet and dry
periods (Grist and Nicholson, 2001; Nicholson and Grist,
2001; Wang and Gillies, 2011) while Hastenrath and Polzin
(2011) emphasize the importance of tropical Atlantic SST in
variations of Sahelian rainfall through changes in sea-level
pressure (SLP) and cross-equatorial winds.

Emphasis in previous studies has been placed on summer
rainfall changes in the Sahel, which is when the Sahel receives
its climatological maximum in rainfall. Ward (1998) shows
that, on decadal time-scales, the increase in Sahel rainfall
during the summer tends to migrate meridionally with the
annual cycle, indicating that the AMO may impact the entire
annual cycle in West Africa, potentially having large impacts
for agriculture in the region. Hence, more work is needed
to improve our understanding of the influence of the AMO
on the complete annual cycle.

The annual cycle of West African monsoon (WAM)
rainfall is characterized by four key phases: oceanic
(November–mid-April), coastal (mid-April–June), transi-
tional (first half of July) and Sahelian (mid-July–September)
(Thorncroft et al., 2011). Although the structure is well
observed, prediction and understanding of the mechanisms
controlling the annual cycle and the shift in the location of
the peak rainfall in particular are still challenging (Sultan
and Janicot, 2003; Cook and Vizy, 2006; Hagos and Cook,
2007). Two key features associated with the annual cycle
of the WAM are the Atlantic cold tongue in the Gulf of
Guinea and the Saharan heat-low (and its associated shallow
meridional circulation) (Sultan and Janicot, 2003; Hagos
and Cook, 2007; Thorncroft et al., 2011). The influence of
the AMO on these features will be investigated.

This article aims to identify and investigate how changes in
Atlantic SST associated with the AMO influence the annual
cycle of the WAM on decadal time-scales. We aim to assess
whether previously proposed mechanisms of Sahel rainfall
decadal variability are active in the AMO–WAM decadal-
scale variability, and whether other mechanisms (e.g. Gulf
of Guinea SSTs and Saharan heat-low strength) are playing
an important role. We aim to assess these mechanisms
throughout the annual cycle.

2. Data and methodology

A combination of monthly observational data and re-
analysis is used to investigate the mechanisms connecting
the AMO and Sahel rainfall. The Hadley Centre global
sea-Ice and Sea-Surface Temperature (HadISST) dataset is
used for global SSTs at 1◦ horizontal resolution from 1901
through to 2009 and is a blended dataset of both in situ and
satellite estimates (Rayner et al., 2003). Rainfall estimates
are from two different datasets. The Climate Research
Unit (CRU) 3.1 precipitation dataset provides long-term
land-only monthly data at 0.5◦ horizontal resolution for
1901–2009 (Mitchell and Jones, 2005). Despite the long
period for the CRU dataset, it provides no information
over the ocean. Additional rainfall data are from the
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Table 1. Number of years identified as in the warm or cold AMO phase
for different datasets.

Dataset Years Warm AMO Cold AMO

CRU 1901–2009 21 19
HadISST 1901–2009 21 19
GPCP 1979–2009 6 8
NCEP/NCAR 1948–2009 12 14

Global Precipitation Climatology Project (GPCP), version
2 monthly 2.5◦ horizontal resolution from 1979 through to
2009 (Adler et al., 2003). The GPCP dataset is a blended
product consisting of in situ measurements and satellite
data and thus provides data over the ocean. In addition to
rainfall and SST, other atmospheric variables are provided
by the NCEP/NCAR re-analysis dataset (Kalnay et al., 1996)
at 2.5◦ horizontal resolution from 1948 through to 2009.
This re-analysis has been chosen due to its long time
period, symmetry between the numbers of warm and cold
AMO years (Table 1) and agreement in rainfall differences
between warm and cold AMO years in the re-analysis and
observations. Results with other re-analysis datasets show
consistent although not identical results in the large-scale
patterns, supporting the use of this product (not shown).

An index of the AMO is calculated following Enfield
et al. (2001). Monthly SSTs are area-averaged over
0◦N–70◦N and 10◦W–75◦W (the North Atlantic) and then
detrended. The annually averaged index is shown as the
dashed line in Figure 1. A clear decadal signal is apparent
(even without time filtering or smoothing), with warm
conditions between approximately 1930 and 1960 and cold
conditions between 1960 and 2000, with a return to warm
conditions since 2000. In order to investigate the impact
of the AMO on the WAM, a compositing approach based
on warm and cold AMO phases is used, which can be used
to compare with results from compositing based on wet
and dry years in previous work (Grist and Nicholson, 2001;
Nicholson and Grist, 2001; Grist, 2002). Years corresponding
to a warm (cold) AMO phase were chosen if the annually
averaged AMO index was greater than one standard
deviation above (below) the long-term mean. Figure 1
also shows annual Sahel (10◦N–20◦N, 20◦W–10◦E) rainfall
from the CRU dataset. Sahel rainfall in years corresponding
to warm (cold) AMO phases is highlighted red (blue).
It is seen that the Sahel is not always wet during warm
AMO phases, as other time-scales of variability (such as
interannual variability from El Niño/Southern Oscillation
events) can dominate decadal variability.

In order to highlight the level of consistency between the
longer (but land only) CRU observations and the global
lower-resolution GPCP data, the annual cycles of the Sahel
rainfall in warm and cold years are compared. The difference
between the monthly mean Sahel rainfall amounts in warm
and cold years is presented in Figure 2 as a percentage of
the annual mean of either GPCP or CRU data. Despite
the two datasets containing different numbers of warm
and cold AMO phases (as shown in Table 1) and the
resolution differences, a consistent annual cycle difference
pattern and magnitude emerges from the two products. The
CRU data produces a smoother annual cycle of the rainfall
difference due to the larger number of years used in the
composite analysis. Rainfall differences first emerge in May
and rapidly increase to almost 20% of the annual mean in

Figure 2. Annual cycle of difference (as percentage of the annual mean)
in Sahel (10◦N–20◦N, 20◦W–10◦E) precipitation (mm day−1) between
warm and cold AMO phases for GPCP and CRU observations.

June. Differences maximize in August when the difference
between warm and cold years is 50% of the annual mean
Sahel rainfall (and 20% of the August mean Sahel rainfall).
The difference declines more rapidly after August, reducing
to 10% of the annual mean by October. From Figure 2
it is interesting to note that the AMO has a significant
impact on rainfall in June, suggesting that the timing of the
monsoon onset might be impacted, which will be examined
further in section 4. The GPCP data show weak drying in
months outside the main monsoon season while CRU shows
no change or rainfall increases; however, neither result is
significant.

3. Observed seasonal means

3.1. Sea-surface temperature

Maps showing SST differences between warm and cold
phases of the AMO are shown in Figure 3 for four seasons
from January to December (JFM, AMJ, JAS and OND).
During warm phases of the AMO, warmer SSTs are observed
all year in the Atlantic, with the well-known horseshoe
pattern evident in each season. These maps of the AMO
pattern match well with previous studies of the AMO (e.g.
Enfield et al., 2001). There are three main regions of SST
changes (all are warmer during the warm AMO phase) that
are likely to influence the Sahel rainfall: Gulf of Guinea,
Mediterranean Sea and the tropical North Atlantic. The
largest changes in SSTs associated with the warm and cold
phases of the AMO are confined to the North Atlantic Ocean
and Mediterranean Sea (beginning in spring). It is important
to note that changes in SSTs between warm and cold AMO
years are mainly confined to the Atlantic and Mediterranean,
and that differences are not observed in the Indian Ocean
and are only small in the Pacific (not shown). Although this
compositing method primarily isolates changes in Atlantic
SSTs it is likely that there will be an influence from other
ocean basins.

Sea-surface temperatures in the Gulf of Guinea are well
known to impact both the annual cycle of Sahel rainfall and
Sahel rainfall on interannual time-scales (Vizy and Cook,
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(a) (b)

(c) (d)

Figure 3. Difference in SST (◦C) between warm and cold AMO phases for (a) JFM, (b) AMJ, (c) JAS and (d) OND from HadISST (1901–2009). Black
lines indicate regions where SST in warm AMO and cold AMO years are statistically different from each other at the 95% confidence level using a simple
Student’s t-test. Solid lines indicate significant positive differences and dashed lines show significant negative differences. This figure is available in colour
online at wileyonlinelibrary.com/journal/qj

2002; Okumura and Xie, 2004; Nicholson and Webster,
2007; Joly and Voldoire, 2010). Warmer Gulf of Guinea
SSTs are often associated with reduced Sahel rainfall as the
monsoon circulation is shifted equatorward and rainfall over
the Guinean coast increases (Janicot, 1992; Vizy and Cook,
2002). If similar processes that act on interannual time-scales
were important on decadal time-scales, the small warming
in the Gulf of Guinea would act to reduce rainfall in the
Sahel, but this is not observed here (Figure 2). This suggests
that the SSTs in regions outside the Gulf of Guinea are more
influential for decadal Sahel rainfall variability.

The second region of SST changes associated with the
AMO, the Mediterranean Sea, shows larger SST changes
than the Gulf of Guinea, particularly in spring and summer,
with significant differences between warm and cold AMO
phases of 0.5–1 ◦C. Observational evidence shows a positive
correlation between Sahel rainfall and Mediterranean SST
(Rowell, 2003) and between the AMO and Mediterranean
SSTs (Marullo et al., 2011; Mariotti and Dell’Aquila, 2012).
Additional studies using atmospheric GCMs and idealized
modelling show that when the Mediterranean Sea is warm
(as in the warm phase of the AMO, Figure 3), the West
African monsoon circulation is able to penetrate farther

northwards due to increased southward moisture transport
and strengthening of the Sahara heat-low (Rowell, 2003;
Peyrillé et al., 2007; Fontaine et al., 2010; Gaetani et al.,
2010). Hence, the influence of the warm Mediterranean
SSTs during the warm phase of the AMO would be expected
to oppose the influence of the Gulf of Guinea and act to
increase Sahel rainfall.

The third region relating SST to Sahel rainfall is the
interhemispheric SST gradient across the Atlantic. As seen
in previous studies of Sahel wet and dry periods, an increase
in SST in the North Atlantic and little to no change in
the South Atlantic (Figure 3) increases the interhemispheric
SST gradient which consequently acts to change the SLP
gradient and increase the cross-equatorial monsoon flow
and Sahel rainfall (Lamb, 1978a, 1978b; Folland et al., 1986;
Hastenrath, 1990; Rowell et al., 1995; Ward, 1998; Knight
et al., 2006; Zhang and Delworth, 2006; Ting et al., 2009).
This mechanism may be acting in conjunction with the
increased Mediterranean SSTs in the case of the warm
phase of the AMO. Changes in circulation patterns and
atmospheric variables will be investigated next to determine
the importance of each of these regions during different
phases of the AMO, which will improve our understanding
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of decadal variability in the region and may prove useful
in assessment of GCM simulations of the West African
monsoon.

3.2. Surface variables

The same compositing analysis for the SSTs was performed
on precipitation from GPCP and CRU and is shown in
Figure 4. There is consistency between the GPCP and CRU
datasets in the spatial patterns of rainfall differences over
Africa (as for the differences in the annual cycle of Sahel
rainfall in Figure 2). While spatial patterns are similar, the
magnitude of the rainfall difference between warm and cold
AMO phases is larger, and more regions show significance
in the CRU data than in the GPCP data, which may be a
result of the larger sample size in the former.

A significant reduction in rainfall is observed during the
warm AMO over much of the North Atlantic midlatitude
storm track (from off the east coast of North America
to Iceland) throughout the annual cycle. The rainfall
reduction in the storm tracks is strongest in winter and
spring, and is consistent with a weaker subtropical high
and reduced meridional SLP and temperature gradients
(See Figs. 5 and 6 discussed later in this section). Over
the tropical Atlantic, particularly in spring (Figure 4(b))
and summer (Figure 4(c)), the northern fringe of the
ITCZ has increased rainfall during AMO warm phases
and the southern fringe has reduced rainfall, consistent with
previous studies (Folland et al., 1986; Rowell et al., 1995;
Knight et al., 2006; Zhang and Delworth, 2006; Ting et al.,
2009). Rainfall increases in the warm phase are also seen in
both GPCP and CRU over northeast Brazil (Knight et al.,
2006) in spring (Figure 4(b) and (f)) and the Caribbean in
summer/autumn (Figure 4(c), (d), (g) and (h)). Changes in
the Caribbean may be connected to the increase in hurricane
activity during the warm phase of the AMO (Goldenberg
et al., 2001; Klotzbach and Gray, 2008).

Areas of significant rainfall increases during warm AMO
years are first observed over West Africa in AMJ (as seen
in Figure 2, these increases are strongest in June), and are
more significant in the CRU data (Figure 4(f)) than GPCP
(Figure 4(b)). The significant increased rainfall across the
Sahel during warm phases of the AMO is largest (both
spatially and in magnitude) during the summer months
(as in Figure 2), and is clearly seen in both Figure 4(c)
and (g) extending zonally across much of the Sahelian belt.
The rainfall across parts of the Sahel (including parts of
Chad, Senegal and Mauritania) is in excess of 1.5 mm day−1

(or close to 100% of the annual mean rainfall) greater
in warm phases of the AMO than cold phases. As the
monsoon weakens in autumn, the rainfall increase during
warm phases of the AMO is only significant along the Gulf
of Guinea coast, with CRU (Figure 4(h)) showing more
significant values than GPCP (Figure 4(d)).

Along the Gulf of Guinea coast of central Africa, a
significant drying is seen during spring over land in the GPCP
data (Figure 4(b)) but not in the CRU data (Figure 4(f)).
During summer (Figure 4(c) and (g)), a weak drying signal
is observed along the Guinea coast of West Africa in both the
GPCP and CRU data. This dipole between the Sahel and Gulf
of Guinea coast has some similarities with the dipole mode
often seen on interannual time-scales, which is forced by
SST changes in the Gulf of Guinea (Nicholson and Webster,
2007). However, SST warming in the Gulf of Guinea and

drying near the coast are weak (not significant) suggesting
this mechanism is not a leading factor in the AMO impact
on the Sahel. Thus, the remainder of the discussion will
focus on the explanations for the significant rainfall increase
during warm phases of the AMO over the Sahel.

Changes in SLP between warm and cold phases of the
AMO are shown in Figure 5. Midlatitude and subtropical
SLP changes are largest during winter with reduced pressure
during the warm phase of the AMO. Over the subtropical
high in winter, SLP differences exceed 3 hPa. Changes in SLP
over the North Atlantic are consistent with the modelling
work of Grosfeld et al. (2008), who show that North Atlantic
SLP and SST are in phase at multidecadal time-scales.
The weakening of the subtropical high in the Northern
Hemisphere and extension of low SLP across northern Africa
(SLP reductions of up to 2 hPa during JAS) during the warm
phase of the AMO occur throughout the annual cycle and
lead to a reduction of the SLP gradient between hemispheres.
In the Southern Hemisphere, the subtropical high
strengthens during warm phases of the AMO throughout
the annual cycle, which contributes to the increased
interhemispheric SLP gradient. The significant lowering
of SLP over the Sahara is consistent with a deepening (or
strengthening) of the Sahara heat-low, which is known to
impact the West African monsoon (Lavaysse et al., 2009).

The strengthening of the heat-low is also evident in the
surface air temperature difference composites shown in
Figure 6. Surface air temperature pattern changes across the
Atlantic, Mediterranean and Gulf of Guinea are consistent
with the SSTs shown in Figure 3 and remain quite constant
throughout the annual cycle, with warming in the North
Atlantic much larger than cooling in the South Atlantic. In
conjunction with the reduced SLP, surface air temperatures
over North Africa are more then 1 ◦C warmer during the
warm phase of the AMO than the cold phase. Warming
of North Africa compared to the Gulf of Guinea increases
the meridional thermal gradient across the continent which
can lead to a strengthening of the monsoon circulation and
an increase in Sahel rainfall during summer, as shown in
Figure 5(c). Significant cooling in the warm phase of the
AMO during spring and summer (Figure 6(b) and (c)) in the
Sahel is a result of increased precipitation. The same analysis
was performed with the longer time series of land-only
surface temperature from the CRU dataset (not shown),
and the warming of the Sahara is also evident in these data,
supporting the results presented from the re-analysis.

The low-level (925 hPa) winds associated with the
difference between the warm and cold phases of the AMO
are shown in Figure 7. The enhancement of onshore westerly
and onshore southerly wind anomalies during warm phases
of the AMO in West Africa is clearly evident throughout
the seasonal cycle. Both the westerly and southerly wind
increases affecting West Africa have connections to the
South Atlantic. In all seasons, the southerly flow through the
Gulf of Guinea that reaches the Sahel begins close to 30◦S.
Similarly, the westerly winds have a southerly component
from the South Atlantic that turns eastward as it crosses the
Equator and a westerly component from the weakening of
the North Atlantic high.

The impact of the warm Mediterranean during warm
phases of the AMO is seen predominantly through winter,
spring and summer (Figure 7(a)–(c)), with enhanced
northeasterly winds originating in the region of the eastern
Mediterranean and predominantly influencing the central
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(a) (e)

(b) (f)

(c) (g)

(d) (h)

Figure 4. Difference in precipitation (mm day−1) between warm and cold AMO phases from GPCP (left column) and CRU (right column) data. Seasons
shown are (a), (e) JFM, (b), (f) AMJ, (c), (g) JAS and (d), (h) OND. Black lines indicate regions where precipitation in warm AMO and cold AMO years
are statistically different from each other at the 95% confidence level using a simple Student’s t-test. Solid lines indicate significant positive differences
and dashed lines show significant negative differences. This figure is available in colour online at wileyonlinelibrary.com/journal/qj
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(a) (b)

(c) (d)

Figure 5. Difference in sea-level pressure (hPa) between warm and cold AMO phases for (a) JFM, (b) AMJ, (c) JAS and (d) OND from NCEP/NCAR
re-analysis (1948–2009). Black lines indicate regions where SLP in warm AMO and cold AMO years are statistically different from each other at the 95%
confidence level using a simple Student’s t-test. Solid lines indicate significant positive differences and dashed lines show significant negative differences.
This figure is available in colour online at wileyonlinelibrary.com/journal/qj

Sahel. In conjunction with the increased northeasterly winds,
the increased specific humidity (not shown) and surface
temperatures (Figure 6) lead to an increase in moisture and
heat fluxes from the Mediterranean towards the Sahel. This
increase in moisture fluxes early in the year may build up
moisture in the Sahel prior to the monsoon season that
could result in additional rainfall when sufficient forcing
for rainfall arrives during the summer months (a full
moisture budget analysis would be necessary to confirm
this, but is outside the scope of this study). This pattern
is consistent with observational studies based on warm
and cold Mediterranean SSTs (Gaetani et al., 2010) and
modelling output forced only by varying Mediterranean
SSTs (Rowell, 2003; Gaetani et al., 2010). Moisture flux
convergence in the Sahel through the annual cycle is
discussed further in section 5.

4. Annual cycle of rainfall and winds

The patterns of surface variables discussed in section 3.2
indicate significant changes in rainfall, SLP, surface air
temperature and low-level winds over West Africa and
the surrounding regions throughout the annual cycle. This

section will present zonal mean circulation responses to
changes in phase of the AMO, and connect these changes
with the surface changes already identified. Figure 8 shows
the annual cycle (averaged over the Sahel, between 20◦W and
10◦E) of the warm minus cold phase of the AMO composited
rainfall and low-level (925 hPa) winds. Consistent with
Figure 2, the increase in precipitation over the Sahel begins
in June, with the largest changes at 12◦N. The rainfall
difference between warm and cold AMO phases maximizes
in August and decreases rapidly until October (as seen
in Figure 2). Rainfall differences between warm and cold
phases of the AMO are above 1 mm day−1 during August
and September between 10◦N and 15◦N.

Increased rainfall in June might be expected to be
associated with an earlier monsoon onset date, a more
intense monsoon or a combination during warm phases of
the AMO and should be explored in future work. Evidence
from Le Barbé et al. (2002) and Sultan and Janicot (2003)
suggest little difference in onset date between decadal wet
and dry periods; however, differences in methodology, time
periods and data exist between the two studies. A single
analysis using long-term daily data covering warm and cold
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(a) (b)

(c) (d)

Figure 6. Same as Figure 5 but for surface air temperature (◦C). This figure is available in colour online at wileyonlinelibrary.com/journal/qj

phases of the AMO is required to determine the AMO
impact on the monsoon onset.

Rainfall deficits over the Gulf of Guinea begin in March
close to the Equator and move northward, maximizing just
south of the Guinea coast during July despite significantly
warmer SSTs there in the warm phase of the AMO (Figure 3).
However, the drying over the ocean and coast is not
statistically significant, as shown in Figure 4.

Figure 8 also shows the stronger low-level monsoon flow
in the warm phase of the AMO compared to the cold phase, as
observed in Figure 7. Low-level southerly winds over the Gulf
of Guinea, originating south of the Equator, and westerly
winds over the Atlantic are increased throughout the entire
annual cycle, consistent with increased rainfall in the Sahel.
The largest changes in low-level wind speed occur at 10◦N,
begin in March and increase throughout summer, reaching a
maximum in September, a month after the strongest rainfall
differences. These wind increases, along with increases in
specific humidity at low levels (not shown), act to increase
the moisture flux into the Sahel region (section 5) from
the west, south and north. The increase in westerly winds
from the Atlantic maximizes at 850 hPa throughout the
annual cycle and increases in depth from 700 hPa in winter
to 400 hPa during summer (not shown). The increase in
the westerly and southerly low-level flow into the Sahel is

consistent with studies of interannual variability of wet and
dry years in the Sahel (e.g. Nicholson and Webster, 2007)
despite the different compositing technique used (SST versus
rainfall) and the different time period investigated. The
increased northeasterly winds from the Mediterranean seen
over the eastern Sahara are less evident in this zonal mean
than the map in Figure 7 (due to averaging only over the
western Sahel); however, small increases in northerly winds
are seen across the Sahara during the summer months.

Changes in circulation are not only apparent at low levels.
Changes in mid-level winds at 700 hPa are also evident
between the warm and cold phases of the AMO. Figure 9
shows the composites of wind speed and direction at 700 hPa
(the approximate level of the AEJ during summer) for the
warm (Figure 9(a)) and cold (Figure 9(b)) phases of the
AMO. Easterly winds are seen in both warm and cold phases
throughout the annual cycle, with the summertime AEJ
evident in both warm and cold phases of the AMO and
reaching its maximum northward position during August.
Easterly winds south of 10◦N are stronger during the cold
phase of the AMO throughout the annual cycle. Latitudinal
changes in the AEJ position during summer between the two
AMO phases are more apparent than intensity changes, with
the AEJ further north during the warm phase of the AMO
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Figure 7. Same as Figure 5 but for 925 hPa wind speed (shading, m s−1) and direction (vectors).

(Figure 9(a)), consistent with the more northerly position
of rainfall over the Sahel.

5. Moisture fluxes

Changes in the circulation associated with the warm phase
of the AMO, as discussed in section 4, impact moisture
transport and rainfall patterns in the region. Specific
humidity increases are observed in the warm phase of
the AMO throughout the annual cycle below 500 hPa.
Increases in humidity are observed as far north as 20◦N in
spring and 35◦N in the summer (not shown), consistent
with the increased rainfall over the Sahel and stronger
monsoon circulation shown earlier. To diagnose changes
in the meridional overturning circulation and moisture
flux convergence, seasonal mean north–south cross-sections
(averaged between 20◦W and 10◦E) are shown in Figure 10.
The large-scale features are consistent with ECMWF Re-
Analysis (ERA) Interim and Modern Era Retrospective
analysis for Research and Applications (MERRA) re-
analyses shown in Thorncroft et al. (2011), despite the
resolution differences between the re-analyses. Most notably,
the vertical dipole of moisture flux divergence overlying
convergence, a signature of the heat-low shallow meridional
circulation, is visible throughout the annual cycle and moves

northward to 18◦N during summer (Figure 10(c)). The weak
moisture flux convergence peak near 10◦N during summer
at 700 hPa that Thorncroft et al. (2011) attribute to the
shallow meridional circulation is also evident in the National
Centers for Environmental Prediction/National Center
for Atmospheric Research (NCEP/NCAR) re-analysis. The
small-scale features of the NCEP/NCAR re-analysis are most
similar to the MERRA re-analysis, with weaker low-level
moisture flux divergence separating the coastal and Sahel
moisture flux convergence peaks.

The differences between the meridional circulation and
moisture flux convergence in the warm and cold phases of
the AMO are shown in Figure 11. In winter (Figure 11(a)), a
northward shift of the vertical moisture convergence dipole
during the warm phase of the AMO compared to the
cold phase is evident, with anomalies largest at 11◦N. In
conjunction with this northward shift in low-level moisture
convergence and enhanced cross-equatorial southerly flow,
increased moisture divergence is seen at the coast during
warm phases of the AMO.

Between winter and spring the peak in mean low-
level moisture flux convergence and mid-level moisture
flux divergence moves northward to the central Sahel
(Figure 10(b)). In the warm phase of the AMO, the vertical
dipole associated with the heat-low shallow meridional
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Figure 8. Annual cycle (averaged between 20◦W and 10◦E) of difference
in precipitation (shading, mm day−1) from GPCP and 925 hPa wind
vectors from NCEP/NCAR re-analysis between warm and cold AMO years.
Solid contours indicate GPCP mean 1 mm day−1 and 6 mm day−1

precipitation boundaries. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

circulation is northward of its mean location in spring
(Figure 11(b)) and a clear enhancement in the cross-
equatorial shallow overturning circulation is evident.
Vertical motion in the Sahel, mid-level cross-equatorial
return flow (at approximately 600 hPa), descent close to 5◦S
and the low-level southerly return flow are also enhanced
in the warm phase of the AMO compared to the cold
phase. The enhancement in the southerlies is unlikely to
be due to the cold tongue in the Gulf of Guinea (Zheng
et al., 1999), as Gulf of Guinea SSTs are warmer during
the warm phase of the AMO (Figure 3(b)). The increased
cross-equatorial southerly winds on the eastern side of the
basin which increases moisture fluxes into the Sahel during
the warm phase of the AMO are postulated to be due to the
strengthening of the heat-low (section 3.2) and associated
shallow meridional circulation (Zhang et al., 2008).

The summer mean conditions (Figure 10(c)) show the
vertical dipole in mean moisture flux convergence peak
has continued its propagation northward to 18◦N. The
difference between the warm and cold phases of the AMO
shows a large peak in anomalous moisture flux convergence
centred at 18◦N. The enhancement of low-level moisture
flux convergence during the warm phases of the AMO is
strongest below 850 hPa, but extends up to 500 hPa, with
an equatorward tilt, in conjunction with increased vertical
motion. The mean mid-level moisture flux divergence at
20◦N is slightly enhanced during the warm phase of the
AMO compared to the cold phase. The reduced precipitation
observed at the coast (5◦N) in the warm phase during
summer coincides with increased moisture divergence just
above the surface. Increased southerly cross-equatorial

winds during summer extend from near 30◦S, consistent
with increased descent and higher SLP in the South Atlantic
(Figure 5), rather than the shallow overturning heat-low
circulation seen in spring (Figure 11(b)). Also observed
are increased low-level northerly winds to the north of the
Sahel during the warm phase of the AMO. Although the
increase in northerly winds is weaker than the increased
southerly winds to the south of the Sahel (consistent with
increased inertial stability), they still contribute to increased
southward moisture (and heat) fluxes across the Sahara and
into the Sahel, reinforcing the increased precipitation.

In autumn (Figure 10(d)), the mean low-level moisture
flux convergence maximum moves southward and weakens
as the cross-equatorial southerly flow weakens. Compared
to the mean, the low-level moisture flux convergence is
once again shifted northward during the warm phase of
the AMO (Figure 11(d)). Figures 10 and 11 combine to
show that the shallow meridional circulation and moisture
flux convergence pattern associated with the heat-low are
enhanced during the warm phase of the AMO throughout
the annual cycle. Maximum enhancement occurs during
spring, prior to the onset of the monsoon, further indicating
that the AMO may play a role in the onset date and intensity
of the monsoon.

6. African easterly waves

While changes in the large-scale climate, as previously
discussed, give insight into the processes controlling the
large-scale changes in Sahel precipitation during warm
and cold phases of the AMO, analysis of smaller scales
is needed to further diagnose changes in rainfall. During the
summer, when rainfall changes are largest, synoptic-scale
rainfall activity in the Sahel is dominated by African easterly
waves (AEWs) (e.g. Carlson, 1969; Kiladis et al., 2006).
AEWs are westward-moving mixed baroclinic–barotropic
disturbances that arise through interactions between
convection and the AEJ (Burpee, 1972; Thorncroft et al.,
2008). Increased vertical and horizontal shear of the AEJ
during warm phases of the AMO (section 4) increases
the instability of the jet that may act to encourage more
development of AEWs during warm AMO phases.

As in many previous studies, AEW activity is diagnosed
using the eddy kinetic energy (EKE) as follows:

EKE = u′2 + v′2
2

(1)

where the primes indicate 2–10-day filtered anomalies.
Four times daily NCEP/NCAR re-analysis was used for the
calculation of EKE, with warm and cold phases of the AMO
selected in the same way as described for the monthly data
in section 2.

The seasonal difference maps for EKE at 700 hPa between
warm and cold phases of the AMO are shown in Figure 12.
Maximum differences in EKE over West and central Africa
are observed during summer (Figure 12(c)), although some
small but significant increases are seen over central Africa
in spring (Figure 12(b)). Increases in EKE are consistent
with the locations of the climatological mean EKE position
off the coast of West Africa but a secondary maximum is
also noted close to Lake Chad. Similar results are observed
for the location of EKE increases at 850 hPa (not shown).
In addition to the enhancement during summer, increased
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(a) (b)

Figure 9. Annual cycle (averaged between 20◦W and 10◦E) of wind speed (shading, m s−1) and direction (vectors) at 700 hPa for (a) warm AMO phases
and (b) cold AMO phases from NCEP/NCAR re-analysis.

EKE in the Sahel and south of the AEJ is also observed in
autumn (Figure 12(d)), particularly in October (not shown).

To further examine the annual cycle of EKE and AEW
activity over West Africa, the annual cycle of the vertical
profile of EKE over West Africa (5◦N–20◦N, 25◦W–5◦W)
is shown in Figure 13. A large increase in EKE during warm
phases of the AMO is seen at mid-levels from June through
to November. The largest and most significant increases in
EKE over West Africa are observed in June and September
at 600 hPa. Regional increases in EKE during the summer
months are large and significant at 850 hPa (although not
significant in the area-averaged vertical profile in Figure 13).
This is in contrast to Grist (2002) who used a compositing
technique involving wet and dry years and found enhanced
mid-level wave activity during wet Sahel years but little
difference at low levels. The large increase in EKE during
warm AMO years beginning in June would be expected
to impact the frequency of tropical cyclone formation off
the coast of West Africa, given a favourable large-scale
environment.

The increase in EKE activity is most likely due to
more vigorous convection within the AEWs, as seen by
the increased precipitation shown in Figure 4. Additional
contributions to the increased EKE and AEW activity may be
from increased convective triggering of waves and increased
instability of the AEJ (Leroux and Hall, 2009; Leroux et al.,
2010). During the warm phase of the AMO, increases in
vertical and horizontal wind shear in and south of the
AEJ core as well as an increased surface air temperature
gradient are observed (Figures 6, 8 and 9), which may be
acting to increase the instability of the AEJ. In addition to
the enhanced convection in the warm phase of the AMO,
increased AEJ instability may also play a role in the increased
EKE and AEW activity during warm phases of the AMO,
but separating these two contributions is beyond the scope
of this study.

This increase of EKE and associated AEW activity could
have a strong impact on tropical cyclones in the Atlantic.
Several studies have shown a link between the warm phase
of the AMO and increased tropical cyclones in the Atlantic
(Goldenberg et al., 2001; Knight et al., 2006), which has
been attributed to increased SSTs and decreased vertical
wind shear (Goldenberg et al., 2001; Aiyyer and Thorncroft,
2011) during the warm phase of the AMO. As AEWs are
often precursors of tropical depressions and cyclones (e.g.
Avila and Pasch, 1992; Thorncroft and Hodges, 2001), this
enhancement of AEW activity during the warm phase of the
AMO, particularly the increases observed off the coast of
West Africa (Figures 12(c) and 13), is suggested to be an
additional potential cause of the increased tropical cyclone
activity during the warm phase of the AMO (Hopsch et al.,
2007). Previous studies (e.g. Xie et al., 2005) have suggested
that AEW activity could be modulated by the AMO, but this
study explicitly shows an increase in AEWs during the warm
phase of the AMO.

The genesis locations, defined as the location where
tropical depression wind speed is reached and obtained
from the North Atlantic HURricane DATabase (HURDAT:
Landsea et al., 2004) of tropical storms during warm and
cold phases of the AMO are shown in Figure 14. As expected
from previous work, a larger number of storms per year
are observed during warm AMO years (13.1) compared to
cold AMO years (7.9). Although Kossin and Vimont (2007)
show no correlation between the AMO index and mean
genesis longitude of tropical storms, it is evident from visual
inspection of Figure 14 that more storms formed closer to
Africa in the warm phase of the AMO (Figure 14(a)) and
more storms formed off the southeast USA in cold phases
of the AMO (Figure 14(b)). However, as fewer storms also
formed in the Caribbean during cold phases of the AMO,
this results in no significant change in the mean longitude
(59◦W in warm phases of the AMO and 63◦W in cold phases
of the AMO). It is important to note, however, that the
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Figure 10. Meridional cross-section (averaged between 20◦W and 10◦E) of the seasonal mean in moisture flux convergence (shading and contour lines,
s−1) and meridional circulation (vectors) for (a) JFM, (b) AMJ, (c) JAS and (d) OND from NCEP/NCAR re-analysis. Solid contours indicate regions
of positive moisture flux convergence and dashed contours regions of negative moisture flux convergence. This figure is available in colour online at
wileyonlinelibrary.com/journal/qj

relative roles of increased SST, AEW activity and decreased
vertical shear during the warm phase of the AMO have not
been determined in this study.

7. Summary and discussion

By using a combination of observations and NCEP/NCAR
re-analysis, the differences between warm and cold phases
of the AMO through the annual cycle over West Africa have
been diagnosed. This analysis uses a compositing method
based on SST in the North Atlantic rather than the more
commonly used method of compositing by wet and dry
years in the Sahel.

By presenting composite differences between warm and
cold phases of the AMO, it is simple to see the magnitude
of the changes between the two periods, which is why this
approach was selected. Additional compositing methods
using only the tropical Atlantic SST as well as regressing
variables onto the AMO index produced results similar to
those shown in this study and add support to the use of this
methodology.

The well-known increase in summer Sahel precipitation
during warm phases of the AMO was observed in both
CRU and the shorter GPCP observations, and was shown
to begin in spring and peak in summer. In addition to
the Sahel rainfall increase, a drying was observed along the
Guinea coast and in the Gulf of Guinea. However, this
drying was not significant in either the GPCP or longer CRU
data but is consistent with increased descent as part of the
increased shallow meridional circulation. The timing of the
Sahel increase in rainfall and an extended monsoon in the
north has major impacts on agriculture, ecology and energy
production in the region and further study with higher-
resolution rainfall data is required to identify AMO impacts
on monsoon onset.

The decreased SLP and increased surface air temperature
over the Sahara throughout the annual cycle are consistent
with a stronger Saharan heat-low. The shallow meridional
circulation associated with the heat-low was shown to
be stronger during spring. This cross-equatorial shallow
overturning circulation increases southerly winds into the
monsoon region during spring, while cross-equatorial flow
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Figure 11. Meridional cross-section (averaged between 20◦W and 10◦E) of the difference in moisture flux convergence (shading and contour lines, s−1)
and meridional circulation (vectors) between warm and cold AMO phases for (a) JFM, (b) AMJ, (c) JAS and (d) OND from NCEP/NCAR re-analysis.
Solid (dashed) contours indicate regions where the moisture flux convergence difference between warm and cold AMO years is positive (negative). This
figure is available in colour online at wileyonlinelibrary.com/journal/qj

originating from a strong South Atlantic high increases
southerly winds through the Gulf of Guinea during summer.
This southerly flow in spring and summer increases the
moisture flux and associated moisture flux convergence
in the region and adds to the northward propagation of
the monsoon rains into the Sahel. Biasutti et al. (2009)
emphasized the connection between the heat-low and Sahel
rainfall on interdecadal time-scales in global climate models.
The results of this study indicate, for the first time, that the
phase of the AMO may control the strength of the heat-low
on these decadal time-scales, particularly during spring, and
it is suggested that the changes in the heat-low are a major
part of the AMO–Sahel rainfall connection.

Changes in the strength of the heat-low are consistent
with the warming observed in the Mediterranean during
the warm phase of the AMO. According to Rowell (2003),
Peyrillé et al. (2007), Fontaine et al. (2010) and Gaetani
et al. (2010), a warm Mediterranean Sea increases the
monsoonal precipitation over the Sahel in summer by
strengthening the heat-low and increasing northeasterly
moisture transport toward the Sahel. This study supports

the conclusions from these previous studies, but applies
them to the time-scales of the AMO and extends them
to show that not only do northeasterly winds across the
Sahara increase but also southerly winds from the Gulf of
Guinea through the impact of the stronger heat-low on the
shallow meridional circulation. These wind increases lead to
increased moisture flux convergence in the Sahel.

It is important to note that while the meridional
circulation strengthens with changes in the heat-low during
the warm phase of the AMO, large changes are also
observed in the zonal flow at both low and mid levels.
Increased westerly winds from the tropical North Atlantic
are observed in the warm phase of the AMO, increasing
moisture and heat transport into the Sahel. These increased
westerly winds arise through the increased interhemispheric
SST and SLP gradient (AMO warming is confined to
the Northern Hemisphere) in the Atlantic. We suggest
that the increased Atlantic interhemispheric SST and SLP
gradient during warm phases of the AMO controls the
ITCZ northward movement, but over West Africa this
mechanism is supplemented by increases in Mediterranean
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Figure 12. Same as Figure 5 but for eddy kinetic energy (m2 s−2) from four times daily NCEP/NCAR re-analysis. This figure is available in colour online
at wileyonlinelibrary.com/journal/qj

Figure 13. Annual cycle (averaged 25◦W–5◦W, 5◦N–20◦N) of the vertical
profile of difference in EKE (shading, m2 s−2) from NCEP/NCAR re-
analysis between warm and cold AMO years. Black lines indicate regions
where EKE in warm AMO and cold AMO years are statistically different
from each other at the 95% confidence level using a simple Student’s t-test.
Solid black lines indicate where this difference is positive. This figure is
available in colour online at wileyonlinelibrary.com/journal/qj

SSTs which lead to a stronger heat-low during spring,
more shallow overturning, increased moisture convergence
and enhancement of the monsoon during summer. A
quantitative assessment of the relative roles at decadal time-
scales of the enhanced moisture flux through westerly winds
in the tropical Atlantic, southerly winds in the Gulf of
Guinea and northeasterly winds across the Sahara from the
Mediterranean requires a full moisture budget which is a
potential topic for future study.

At mid-levels, the AEJ is farther north during the
summer of warm AMO years. These changes in the low-
level westerlies and the AEJ are consistent with changes
observed in a small sample of wet and dry years by Grist
and Nicholson (2001). Increased vertical and horizontal
wind shear associated with the AEJ during the summer of
warm phases of the AMO is postulated to be a factor in
increased AEW activity during warm phases of the AMO
in conjunction with increased rainfall and latent heating
within the waves and increased triggering of the waves
themselves. Increased EKE is observed across the majority of
West Africa during the summer of warm phases of the AMO,
with differences between warm and cold phases peaking at
600 hPa during June and September. This increase in AEWs
is suggested to be a prominent feature of the increased
Sahel rainfall during warm phases of the AMO. A significant
increase in EKE is also observed at the West African coast
particularly at the beginning and end of the monsoon season,
suggesting more AEWs propagating into the Atlantic, and
consistent with the increased hurricane activity during warm
phases of the AMO (consistent with Hopsch et al. (2007)).

Further investigation is required to identify the relative
roles of increased AEWs versus increased SST and decreased
vertical wind shear for tropical storm development during
warm phases of the AMO and is outside the scope of
this study. This could partly be addressed by investigating
the structure of AEWs in warm and cold phases of the
AMO to determine if the increased EKE and AEW activity
during warm phases is conducive for increasing tropical
cyclogenesis in the Atlantic (i.e. Hopsch et al., 2010).
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Figure 14. Locations of tropical storm genesis in the Atlantic for (a) warm and (b) cold AMO years from HURDAT.
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