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Abstract An intermediate complexity atmospheric gen-

eral circulation model has been used to investigate the

influence of the South Atlantic Ocean (SAO) dipole

(SAOD) on summer precipitation over the Guinea Coast of

West Africa. Two ensemble integrations in which idealized

but realistic SAOD-type sea surface temperature (SST)

anomaly is prescribed only in the SAO, and then globally

are performed and inter-compared. Consistently, above

(below) the average precipitation is simulated over the

Guinea Coast during the positive (negative) phase of the

SAOD. Comparison of the two set of experiments reveal

that in its active years, the SAOD is a dominant mechanism

that shapes the spatial character of summer precipitation at

the Guinea coast, the global SST variability merely slightly

moderate its effects. During the SAOD, cool SST anomaly

in the extra-tropical SAO off the Brazil–Uruguay–Argen-

tina coast gives rise to suppressed convection and mass

divergence. In turn, the subsidence tends to amplify the

sub-tropical arm of anomalous Hadley-type circulation and

consequently large scale convection and mass flux con-

vergence in the equatorial Atlantic Ocean/Gulf of Guinea

region bordering on the coastal fringes of West Africa.

Precipitation is therefore increased at the Guinea Coast.

Keywords Air-sea interactions � Atlantic Niño �
SST dipole � Climate modelling � Atlantic Ocean �
West Africa

1 Introduction

As the internal variability of the tropical atmosphere is

rather weak, the inter-annual and inter-decadal climate

variabilities are often strongly dependent on the surface

boundary conditions. Indeed, it has been demonstrated that

atmospheric circulation and precipitation in the tropics are

nearly insensitive to the initial atmospheric conditions but

are greatly determined by the sea surface temperature

(SST) boundary forcing (Shukla 1998; Ma and Li 2008;

Feng et al. 2011). A number of recent studies indicate the

occurrence an opposite SST anomaly (SSTA) mode in the

South Atlantic Ocean (SAO) and its possible relevance for

climate studies (Venegas et al. 1996, 1997; Haarsma et al.

2003, 2005; Colberg and Reason 2007; Trzaska et al. 2007;

Nnamchi et al. 2011).

The aim of this present paper is to examine by the use of

an intermediate complexity atmospheric general circulation

model (AGCM), the influence of this oceanic mechanism

referred to as the SAO dipole (SAOD) on summer pre-

cipitation at the Guinea Coast1 of West Africa. We report
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that we are successful in simulating the impacts of the

SAOD on the region consistent with recent observational

studies (Nnamchi et al. 2011; Nnamchi and Li 2011). We

further show that in its active phase the SAOD represents a

dominant control on the spatial distribution of summer

precipitation anomalies over the Guinea Coast, its influence

is merely is moderated by the global SST variability.

Attempts to quantify the possible causes of summer

rainfall variability in West Africa—with particular empha-

sis on the recurrent droughts in the Sahel from the 1950s to

the 1980s—have generally focused on two mechanisms:

the albedo-precipitation feedback resulting from land cover

changes (e.g. Charney et al. 1975; Xue and Shukla 1993;

Taylor et al. 2002), and the impacts of global SST variability

(e.g. Folland et al. 1986; Giannini et al. 2003; Held et al.

2005). However, in recent years there has been a somewhat

growing consensus that although the Sahel precipitation

may indeed be sensitive to changes in land surface boundary

conditions the major control is the global SST variability

(Held et al. 2005; Biasutti et al. 2008; Mohino et al. 2011;

Rodrı́guez-Fonseca et al. 2011).

Accordingly, the role of the global ocean has been

investigated in several modelling and observational studies

on West African precipitation (for recent reviews see

Fontaine et al. 2011; Nnamchi and Li, 2011; Rodrı́guez-

Fonseca et al. 2011). Idealized and perturbed modelling

experiments report robust response of the region’s summer

precipitation to SST variability in tropical ocean basins for

instance, in the Atlantic (Fontaine et al. 1998; Vizy and

Cook 2001; Giannini et al. 2003; Losada et al. 2012; Joly

and Voldoire 2010), Indian (Bader and Latif 2011; Mohino

et al. 2011) and Pacific (Joly and Voldoire 2009; Mohino

et al. 2011) oceans.

There is equally a somewhat increasing realization—

largely motivated by observational analyses—that the

extra-tropical latitudes may be of greater significance than

was previously thought. For instance, the warming of the

surface waters in the eastern Mediterranean Sea has been

linked enhanced precipitation over the Sahel (Polo et al.

2008; Fontaine et al. 2009; Fontaine et al. 2011). On the

other hand, the warming (cooling) anomalies in the Gulf

of Guinea associated with concurrent cooling (warming)

in the extra-tropical SAO off the Brazil-Uruguay-Argen-

tina coast characteristic of the SAOD has also been

related to enhanced (suppressed) precipitation at the

Guinea Coast based on observational analyses (Robertson

and Mechoso 2000; Nnamchi and Li 2011, Nnamchi et al.

2011). In this study therefore, we focus on the boreal

summer season i.e. the June–July–August–September

(JJAS) and explore the capability of numerical models

to capture this connection by forcing an intermediate

complexity AGCM with idealized but realistic SAOD-

type SST variability.

The rest of the paper is presented in three sections. Input

datasets, the model and formulation of the numerical

experiments are described in Sect. 2. This is followed

by the observational relationship between different parts

of West Africa and the SAO, model climatology and its

comparison with reanalysis datasets in Sect. 3. Also

described in this section are the model simulated precipi-

tation, wind and convection anomaly fields. Furthermore,

the importance of the comprehensive framework offered

by considering the influence of the SAOD/extra-tropical

SAO on the Guinea Coast (as opposed to the traditional

emphasis on only the Gulf of Guinea/Atlantic Niño/equa-

torial Atlantic) is highlighted through discussions of the

impact of the SWP-only SSTA as well as the mass flux,

moisture transport and Hadley-type circulation associated

with the SAO SST variability. In Sect. 4, we present con-

cluding remarks along with some discussions.

2 Data, model and experimental design

2.1 Data and methods

2.1.1 Datasets

This work is largely based on idealized AGCM simulation

experiments in which the model is forced with SAOD-type

SSTA derived from the National Oceanic Atmospheric

Administration (NOAA) Extended Reconstructed SST

(NOAA ERSST) version 3b available at 2� longitude by 2�
latitude horizontal grids (Smith et al. 2008) for the period

1950–2010. Other model input boundary conditions have

been derived from the European Centre for Medium-Range

Weather Forecast’s ERA-Interim reanalysis (Dee et al.

2011).

The University of Delaware monthly precipitation

dataset at 0.5� 9 0.5� for 1950–2008 was also used to first

highlight the observed relation of West African precipita-

tion to the SAO SST variability. For each of the SST and

precipitation datasets, monthly anomalies were computed

by subtracting the climatological mean from the individual

monthly means. The datasets are then averaged for the

JJAS season.

2.1.2 SAOD and precipitation indices

An indicator of dipole events is the SAOD index (SAODI).

The SAODI is the basis for constructing SSTA composite

fields used as the lower SSTA boundary conditions for the

AGCM sensitivity experiments. Following Nnamchi et al.

(2011), the SAODI is defined by calculating the difference

between the domain-averaged SSTA of the two centres of

action associated with the dipole, viz:
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SAODI ¼ ½SSTA�NEP � ½SSTA�SWP ð1Þ

where the square brackets indicate domain averages, the

subscripts show the area over which the SSTA averages are

computed. These domains are the northeast pole (NEP:

10�E–20�W, 0�–15�S) and the southwest pole (SWP:

10�–40�W, 25–40�S). These domains as the well as the

Atlantic Niño region are shown in Fig. 1a.

Precipitation indices for West Africa and parts thereof are

used to investigate connections with the SAOD by regression

analysis. Following Janowiak (1988), the domain-averaged

precipitation for the Guinea Coast, Sahel and the entire West

African region are used as the indices for the respective regions.

These three domains are determined as shown in Fig. 1b.

2.1.3 SAOD, Atlantic Niño and determination

of the SST anomaly composites

From Fig. 1a we see that the NEP region falls within the

Atlantic Niño domain, and as shown by Nnamchi and Li

(2011) these the two indices are strongly correlated. Yet,

not all Atlantic Niño cases co-occur with significant SSTA

over the SWP in the extra-tropics. Thus, SAO SSTA

response to the Atlantic Niño is characterized by domain-

scale homogenous and generally statistically significant

warming with maximum anomalies in the equatorial

Atlantic Ocean (Fig. 2a). Conversely, SSTA response to

the SAOD features significant warming over the equatorial

region and cooling in the extra-tropics. The implication of

the spatial patterns of the two phenomena is that the value

of the SAODI could be unduly influenced by the equatorial

variability: strong warming (cooling) over the NEP only

characteristic of the classical Atlantic Niño means high

(low) SAODI value even if there is no marked SST vari-

ability at the SWP.

Therefore, in order to objectively composite the positive

SAOD years for the AGCM experiments, we chose only

those SAOD years in which pronounced cooling actually

occurred in the SWP. This is determined as those years in

which the normalized value of the SAODI is ?0.75 or

greater and the SWP index is -0.5 or less (Fig. 3a). By

putting the SWP variability into account, we ensure that

those high SAODI values caused by the classical Atlantic

Niño i.e. when there is no cooling in the extra-tropics are

not treated as dipole events. This way eight (8) years

namely 1951, 1963, 1964, 1968, 1974, 1996, 1998 and

1999 are identified as positive dipole years.

Another important consideration is the possible roles

played by the equatorial Pacific Ocean based El Niño in

determining the influence of the impacts of the SAOD on

Guinea Coast precipitation. Figure 3b demonstrates that of

the eight cases of SAOD used, four (i.e. 1951, 1968, 1974

and 1998) are El Niño years; the other 4 years (1964, 1974,

1996 and 1999) are La Niña years—defined by the index

value of greater or less than zero. However, it is important

to note that: (i) the El Niño/La Niña SST amplitudes are

generally weak, and (ii) the co-occurrence of the SAOD

positive phase with both equatorial Pacific warming and

cooling means that when the data is averaged over the

above 8 years, the otherwise weak El Niño/La Niño SSTAs

cancel each other (Fig. 4). The Niño 3 index is neither

correlated with the SAODI (r = -0.16) nor with Guinea

Coast summer precipitation (r = -0.003).

2.2 Model

Idealized numerical experiments have been designed and

implemented on the Simplified Parameterizations, primi-

tivE-Equation DYnamics (SPEEDY) model developed at

the Abdus Salam International Centre for Theoretical

Physics, Trieste, Italy (Molteni 2003; Kucharski et al.

2006). SPEEDY is an intermediate complexity AGCM

based on a spectral primitive-equation dynamical core

(a)

(b)

Fig. 1 a Domains for determining the SAOD namely the North-East

Pole (NEP), South-West Pole (SWP) and the Atlantic Niño (Atl3).

These are defined as follows; NEP: 10�E–20�W, 0�–15�S; SWP: 10�–

40�W, 25�–40�S (Nnamchi et al. 2011) and Atl3: 0�–20�W, 3�N–3�S

(Zebiak 1993). b Domains over which the Guinea Coast (20�E–15�W,

2�–10�N), the Sahel (20�E–20�W, 10�–208N) and West African

(20�E–18�W, 2�–20�N) precipitation indices are averaged, modified

from Janowiak (1988)

South Atlantic Ocean Dipole 679
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(Held and Suarez 1994), with a hydrostatic, r-coordinate,

spectral transform (Bourke 1974) and semi-implicit treat-

ment of gravity waves.

There are eight r- levels and standard horizontal reso-

lution corresponding triangular truncation at total wave

number 30 (T30), standard Gaussian grids of 96 by

48 points and a suit of simplified parameterization

schemes. The parameterized processes include convection,

large-scale condensation, clouds, radiation (short- and

long- wave), vertical diffusion, and surface momentum and

energy fluxes. Despite the parameterizations, the quality of

the SPEEDY simulated climates compares very well with

those of the more complex AGCMs, and there are several

recent applications of the model in similar studies (e.g.

King et al. 2010; Bulic and Kucharski 2012; Kucharski

et al. 2011; Molteni et al. 2011; Zamboni et al. 2012).

Information is available on the earlier/latest versions of

SPEEDY, its users, how to access the model and assess-

ment of its performance, at the following web-page:

http://www.ictp.it/*kucharsk/speedy-net.html.

2.3 Experimental design

We report the results of eight simulations using the

SPEEDY AGCM forced with the JJAS averaged SST

datasets. These experiments are summarized in Table 1 and

are described below:

(i) Control: a 61-ensemble integration forced with the

JJAS averaged climatological SST. The output pro-

vides the basic JJAS climatological dataset against

which we evaluate the relative significance of ideal-

izing the SSTA in subsequent sensitivity experiments.

(ii) Positive SAOD-only experiment: a 61-ensemble inte-

gration in which the AGCM is forced with JJAS

SAOD-type SSTA composite imposed on the clima-

tological SST only in the SAO region (10�N–45�S,

20�E–60�W). Outside this domain, the climatological

SST is prescribed. The SSTA pattern is shown

Fig. 4a. The SSTA is characteristic of the positive

(a) (b)

Fig. 2 South Atlantic Ocean SSTA response to a Atlantic Niño and b SAOD determined by regression analysis. Grid points for which regression

coefficients are significant at 95 % confidence level are dotted

(a)

(b)

Fig. 3 a Normalized indices of the SAOD (colourfill), SWP (solid

line) and NEP (dashed line). b Niño 3 index for the corresponding

period. Dotted vertical lines indicate dipole years determined by

SAOD index of ?0.75 or greater and SWP of -0.5 or less. The

SAOD years are 1951, 1963, 1964, 1968, 1974, 1996, 1998 and 1999

680 H. C. Nnamchi et al.
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phase of the SAOD, with warming in the NEP and

cooling in the SWP region. By restricting the SSTA

to the SAO only, we aim to identify the impacts of the

SAOD in its active years without the external

influence of the global SST variability.

(iii) Negative SAOD-only experiment: Same as experi-

ment (ii) above, but the SSTA is inversed by

multiplying with by -1. By inversing the SAOD

SSTA, we aim to use this experiment to establish if

opposite effect on the Guinea Coast JJAS precipita-

tion could be produced. We have used the same

composite (instead of extracting negative SAOD-

type SSTA directly from data) to provide an

immediate and direct sense of comparison with the

results of the positive SAOD-only experiment.

(iv) Positive SAOD ? global SSTA experiment: a

61-ensemble integration in which the AGCM is

forced with JJAS global SAOD-type SSTA compos-

ite as shown in Fig. 4b. By extending the SSTA

beyond the SAO, our aim is to show the additional

contributions of global SSTA to the Guinea JJAS

precipitation during the active phase of the SAOD.

(v) Negative SAOD ? global SSTA experiment: Same as

experiment (iv) above, but the SSTA is inversed by

(a)

(b)

Fig. 4 Imposed SSTA for the

SPEEDY AGCM Experiments

(contour interval 0.2 K).

a SSTA for the SAOD-only

experiments and b SSTA for the

SAOD ? Global SSTA

experiments. Thick black

contour represent 0 K; dashed

contours indicate negative

SSTA, solid contours indicate

positive values

Table 1 Basic information on the numerical experiments performed

SN Experiment Domaina Ensb

1. Control Global ocean 61

2. Positive SAOD-only 10�N–445�S, 20�E–60�W 61

3. Negative SAOD-only 10�N–445�S, 20�E–60�W 61

4. Positive SAOD ? global

SSTA

Global Ocean 61

5. Negative SAOD ? global

SSTA

Global Ocean 61

6. Global SSTA without

SAOD

Global ocean, except

10�N–45�S, 20�E–60�W

61

7. NEP-only 10�N–445�S, 20�E–60�W 61

8. SWP-only 10�N–445�S, 20�E–60�W 61

a Refers to the region in which the JJAS-averaged SSTA composite is

imposed on the climatological SST, and outside which the model is

forced with only climatological SST
b Ens is the number of ensembles of the integration

South Atlantic Ocean Dipole 681
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multiplying it by -1 to ascertain the opposite effect

on precipitation over the Guinea Coast.

(vi) Global SSTA without SAOD: a 61-ensemble integra-

tion of the AGCM in which the climatological SST is

prescribed in the SAO domain. Elsewhere the

observed SSTA composite is imposed on the clima-

tology. Although the SAO SSTA may contain signal

of the global SST variability, from Fig. 4 it is quite

obvious that the SAOD represents the dominant

pattern over the region in its active years. Therefore,

the aim of this experiment is to identify the effects of

the global SST variability of Guinea Coast precipi-

tation in such years in absence of the dominant SAOD

pattern.

(vii) NEP-only experiment: a 61-ensemble integration in

which the AGCM is forced with the JJAS NEP-type

warm SSTA composite (only positive values in

Fig. 4a). Elsewhere the climatological SST is pre-

scribed. The aim of this experiment is to reproduce

the well-known response of Guinea Coast precipi-

tation to the NEP/Gulf of Guinea/Atlantic Niño

region for comparison with the SAOD- and SWP-

only experiments.

(viii) SWP-only experiment: a 61-ensemble integration in

which the AGCM is forced with the JJAS SWP-

type cool SSTA composite (only negative values in

Fig. 4a). Elsewhere including over the NEP, the

climatological SST is prescribed. The aim of this

experiment is to see how the Guinea Coast precip-

itation field responds to cooling in the SWP region

only, in absence of the global SSTA and without

warming at the NEP.

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 5 Observed SSTA regressed onto Guinea Coast (a–c), Sahel

(d–f) and West African (g–i) precipitation indices for 1950–2008 (left

panels), 1950–1978 (middle panels) and 1979–2008 (right panels).

See Fig. 1b for the definition of the indices. Dots indicate regressions

significant at 95 % confidence level. The contour interval is 0.03 K/

cm
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The NEP roughly falls within the same domain as the

classical Atlantic Niño which has long been known to

influence Guinea Coast summer precipitation (Wagner and

Da Silva 1994; Vizy and Cook 2001). Therefore, although

the NEP and SWP anomalies co-occur during the SAOD

events, we hope to learn from this idealized experiment if

any relationship exists between the SWP and precipitation

over Guinea Coast in absence of the NEP.

In the following discussions, the plots have been

created by computing the grid-point difference between

the climatological and sensitivity experiments, or

between the positive and negative experiments and then

taking the average. Given any parameter P, anomaly

with respect to the climatological simulation is calculated

as follows:

DP ¼ AEXPT � CLM ð2Þ

where AEXPT is the sensitivity experiment under

consideration; CLM is the climatological experiment. On

the other hand, when positive (POSEXPT) and negative

(NEGEXPT) experiments are used for one plot, we have:

DP ¼ POSEXPT � NEGEXPT

2
ð3Þ

Thus, the anomalies are characteristic of the positive phase

of the SAOD. In all cases, the first year of integration has

been excluded from the analysis as the model spin-off

before the anomalies are fully developed.

3 Results

3.1 Observed relationship between West African

summer precipitation and SAO SST variability

We first highlight the observed relationship between West

African precipitation anomalies and SAO SST variability.

The boundary between the Guinea Coast and the Sahel is

often drawn along latitudes 10�–12�N. Therefore, as shown

earlier in Fig. 1b we define three precipitation indices to

represent summer precipitation for the Guinea Coast, Sahel

and the entire West African region.

Figure 5a show that the regression of the Guinea Coast

precipitation index produces a clearly defined dipole with

statistically significant coefficients of opposite signs over

the NEP and SWP for the entire 1950–2008 period. To

explore the stability of the regression, we divided the

datasets into two epochs of roughly equal length, and the

results show that SAOD SSTA-type is the dominant pattern

of the SAO relations to the Guinea Coast precipitation in

both the 1950–1978 (Fig. 5b) and 1979–2008 (Fig. 5c)

periods. On the other hand, the Sahel precipitation is linked

to domain-wide cooling with centres in the Atlantic Niño

region as well as over the SWP during the entire study

period (Fig. 5d). However, this relationship is not station-

ary in time as the SWP cooling is weaker during the first

epoch (1950–1978) but the pattern becomes SAOD-like

during the last 30 years (Fig. 5e–f).

Fig. 6 a GPCP precipitation (shading: unit, mm day-1) and ERA-40 925 hPa winds in m s-1 for JJAS. b Same as (a) but as simulated in the

SPEEDY AGCM control experiment

South Atlantic Ocean Dipole 683
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For the entire West Africa, strong (comparatively weak)

responses are found in the SWP (NEP) region for the

1950–2008 period (Fig. 5g). Considered on the basis of the

two epochs, the NEP SSTA response is practically unde-

tectable during the 1950–1978 period but a phase shift

characterized by SAOD pattern is witnessed during the

latter epoch (1979–2008). A comparison of the six panels

of Fig. 5 suggests that while the relationship between the

Guinea Coast precipitation and SAO SST variability is a

stable dipole pattern throughout the study period, for the

entire West African region the connection is unstable

which is largely attributable to the Sahel variability.

3.2 Model circulation and precipitation climatology

How well the AGCM simulates the JJAS climatological

climate is examined in this section by comparing the control

integration with reanalysis datasets. Figure 6 shows the

Global Precipitation Climatology Project (GPCP) precipi-

tation (Adler et al. 2003) and the European Centre for

Medium-Range Weather Forecast’s 40-year reanalysis

(ERA-40) 925 hPa horizontal winds (Uppala et al. 2005),

and the SPEEDY control simulation of the same parameters.

Figure 6 shows that the SPEEDY effectively captures

the large scale patterns of the observed precipitation and

near surface winds in the SAO—West African region. Also

the model efficiently reproduces the major dynamical

features including the SAO sub-tropical anticyclone, the

equatorial and monsoon circulations. A notable bias is that

the simulated 1 mm contour hinges on the Guinea Coast,

but is further south over the ocean in the GPCP dataset.

Again the model simulated 16 mm contour over the Guinea

highlands in the western part of West Africa is more

extensive compared to the GPCP dataset.

However, it is important to note that all the plots in

Fig. 6 do not refer to exactly the same period; the SPEEDY

run is based on 1950–2010 climatological SST, the GPCP

precipitation dataset is for 1979–2008 while the ERA-40

covers the period 1958–2000. As has been highlighted

elsewhere (e.g. De Xue et al. 2010; Kucharski et al. 2011),

the model biases indicated are essentially typical of most

AGCMs, and in the case the SPEEDY could be attributable

to several factors such as the low (horizontal and vertical)

resolutions and deficiencies in the convection and surface-

flux parameterizations schemes. To minimize the effects

of these biases on the results presented here, we have

(a) (b)

(c) (d)

Fig. 7 Precipitation anomalies over the Guinea Coast during the

positive phase of the SAOD for a SAOD-only experiment and

b SAOD ? global SSTA experiment. c, d, the same as (a, b), but for

the negative phase of the SAOD. Dots indicate significant precipi-

tation anomalies at 95 % confidence level
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conducted all the experiments in this study over the same

length of integration using input datasets derived over the

same period. Thus, by comparing the climatologies of the

different sensitivity experiments and/or with the control

run we hope to elicit useful information on how the SAOD

could affect Guinea Coast precipitation.

3.3 Precipitation and circulation anomalies associated

with the SAOD

In this section, we describe the Guinea Coast precipitation

anomalies during the SAOD and the associated winds,

extending further afield into the SAO. As shown in Fig. 7a,

Fig. 8 Relative impacts of the

SAOD and global SST

variability on Guinea Coast

precipitation (determined by

SAOD ? global SSTA minus

SAOD-only simulated

precipitation) in positive (upper

panel) and negative (lower

panel) phases of the SAOD.

Dots indicate significant

precipitation anomalies at 95 %

confidence level

Fig. 9 Guinea Coast

precipitation simulated in the

global SSTA-only experiment,

with climatological SSTA

prescribed in the South Atlantic

Ocean. Dots indicate significant

precipitation anomalies at 95 %

confidence level
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the positive SAOD-only SSTA is associated with three

major precipitation anomaly patterns over West Africa.

One is a large area in the Guinea Coast (south of 11�N and

west of 15�E) with pronounced, statistically significant

increase in precipitation; two, in the mid-belt and eastern

parts there is reduced precipitation that is significant only

in the western part and three, in the northern extremity

there is increase in precipitation, although of far smaller

magnitude and generally statistically insignificant. Similar

large area of homogenous precipitation significant increase

is also well reproduced over the Guinea coast in the

SAOD ? global SSTA experiment as shown Fig. 7b. Else-

where over West Africa, the magnitudes of the anomalies

are comparatively low and insignificant.

Figure 7c, d shows that the negative phase of the SAOD

is equally associated with widespread failure of rainfall

extending well into the Sahel, although statistically sig-

nificant mainly over the Guinea Coast. Interestingly, the

simulated response of precipitation is more homogenous

and of larger magnitude in the negative phase of the SAOD

compared to the positive phase. In the northeastern parts of

the domain, there is a very weak increase in precipitation in

both the SAOD-only experiment, which disappears in the

SAOD ? global SSTA experiment (Fig. 7d).

More importantly, in both the negative and positive pha-

ses of the SAOD significant response of precipitation is

found over the Guinea Coast region consistent with the

previous observational analyses (Nnamchi et al. 2011;

Nnamchi and Li, 2011). It is also noteworthy that the pre-

cipitation anomalies are basically similar in the SAOD-only

and SAOD ? global SSTA global experiments. The dis-

crepancies are mainly in terms of the magnitude of the pre-

cipitation anomalies, as is further highlighted by the

composite difference between the two sets of experiments in

positive and negative phases of the SAOD (Fig. 8). From

Fig. 8, it is evident that after subtracting the SAOD-only

experiments from the SAOD ? global SSTA experiments,

the Guinea Coast is largely characterized by increased

(reduced) precipitation anomalies in the positive (negative)

phase of the SAOD suggesting that the dominant effect of the

SAOD tends to be amplified by the global SST variability.

To investigate the roles of global SST variability fur-

ther, we implemented an additional integration with the

observed SSTA composite imposed over the global ocean,

Fig. 10 Specific humidity (shading, in g kg-1) and 925-hPa winds (vector, in m s-1) associated with the SAOD
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except the SAO where the climatological SST is pre-

scribed—the global SSTA without experiment. Figure 9

shows that the model fails to simulate coherent precipita-

tion anomalies over the Guinea Coast, as in the other

experiments in which the SAOD is included. Instead, there

is pronounced precipitation failure over the Guinea high-

lands where precipitation increases are most noticeable if

the SAOD is included. On the other, strong positive

anomalies are simulated over the mid-belt of Nigeria and

the Chad-Central African border. Note also that the pre-

cipitation response is generally weak and statistically

insignificant in the absence of the SAOD-type SSTA.

These suggest that in its active years, the SAOD represents

a dominant mechanism that controls the spatial pattern of

precipitation anomalies at the Guinea Coast, but the global

SST variability affect the actual amounts of precipitation

received.

Associated with the Guinea Coast precipitation anomaly

fields is a strengthening of the SAO sub-tropical

anticyclone over the SWP (more clearly defined in the

SAOD-only experiment) which feeds a cyclonic circulation

over NEP in the equatorial belt during the positive phase of

the SAOD as revealed by the 925 hPa circulation fields

(Fig. 10). The NEP-Guinea region is characterized by

surplus of specific humidity indicating the availability of

moisture for the enhanced precipitation. In negative phase,

these are patterns are reversed thereby suppressing the

occurrence of precipitation over the Guinea Coast.

3.4 Convection fields

As it is already shown that the positive (negative) phase of

the SAOD is associated with enhanced (suppressed) pre-

cipitation over the Guinea we now examine the SAOD-

type convection anomalies.

Figure 11 shows the out-going longwave radiation

(OLR) over the region as an indicator of atmospheric

convection during the SAOD. It is readily evident that the

Fig. 11 Composite average of

the OLR (W/m2) associated

with the SAOD. The contour

interval is 0.2
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OLR is closely related to the precipitation field. Thus, the

Guinea Coast region of homogeneous precipitation anom-

alies is characterized by enhanced convection with the

strongest magnitude over the west coast in the SAOD-only

experiment. In the northwestern and eastern segments of

the domain however, convection is suppressed. Another

region of fairly enhanced convective activity occurs over

the eastern half of locations north of 16�N. In the

SAOD ? global SSTA experiment, there more is clearly

defined south-north dipole in the convection field over

West Africa: enhanced convection over the Guinea Coast

extends from western to the eastern extremity, while in the

Sahel there is a similar west-east pattern but of suppressed

convection.

The importance of the SAOD-induced convection

anomaly pattern over the Guinea Coast is reflected in the

cloud cover (Fig. 12). Thus, there are above the average

cloudiness at most locations over the region, but further

inland cloudiness drops to below average in the Sahel.

These spatial differences in atmospheric convective activ-

ity revealed by the OLR vis-à-vis cloudiness explain the

spatial differences also in precipitation anomalies descri-

bed in Sect. 3.3.

3.5 Is the SAOD really important for Guinea Coast

precipitation?

A large body of available literature based observational and

modelling have since demonstrated that SSTA in the NEP/

Gulf of Guinea/Atlantic Niño region affects summer pre-

cipitation over the Guinea Coast (Wagner and Da Silva

1994; Vizy and Cook 2001; Giannini et al. 2003; Polo et al.

2008; Losada et al. 2012; Joly and Voldoire 2010). How-

ever, observations show that the SAOD is characterized by

strong SSTA in the NEP occurring concurrently with

another SSTA equally robust, but of opposite sign in the

SWP off the Brazil-Uruguay-Argentina coast (cf. Figs. 2b,

4). And, we have seen from the foregoing analyses that this

opposite polarity mode is also strongly associated with

summer precipitation at the Guinea Coast. The question is

now of the form: Does the opposite SSTA mode really

affect Guinea Coast precipitation, is the SWP of any sig-

nificance or is the NEP/Atlantic Niño/Gulf of Guinea on

the immediate coast enough to account for the precipitation

anomalies?

In order to address the above questions; first, we further

idealize the numerical experiment to consider only the

Fig. 12 Composite average of

the total cloudiness (%) at the

Guinea Coast associated with

the SAOD. The total cloudiness

is estimated as the average of

deep and stratus clouds
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impacts of the NEP and then SWP. The well-known

influence of the NEP/Gulf of Guinea/Atlantic Niño region

on West Africa somewhat similar to the SAOD influence is

reproduced in the NEP-only experiment. Thus, there are

precipitation increases at most locations over the Guinea

Coast, and decreases over the Sahel especially the western

and eastern parts (Fig. 13a). Note however that most

prominent Atlantic Niño cases co-occur with opposite

anomalies in the extra-tropics (cf. Fig. 3) so that in reality,

the effect of Atlantic Niño only SST variability on Guinea

(a)

(b)

(c)

Fig. 13 Precipitation (unit:

mm day-1) anomalies

simulated in the a NEP-only

experiment forced with only the

positive SSTA in Fig. 4a;

b SWP-only experiment forced

with only the negative SSTA in

Fig. 4a and c the SAOD minus

NEP experiments difference.

Dots indicate significant

precipitation anomalies at 95 %

confidence level in (a) and

(b) and 90 % in (c)
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Coast precipitation may be far less than suggested by the

simulation.

Of interest here is the precipitation anomalies simulated

in the SWP-only experiment in which the climatological

SST is prescribed elsewhere except the SAO where only

negative SAOD-type SSTA is imposed (Fig. 13b). The

simulation result is consistent with the full SAOD experi-

ments in three aspects of interest here. One, there is posi-

tive response over the Guinea Coast from the west coast up

to Benin Republic. Two, the mid-belt is characterized by

negative precipitation anomalies, most marked on the west

coast of the Sahel, and along the border of southeastern

Nigeria and Cameroun. Three, above the average precipi-

tation amounts are simulated in the northeastern part of the

domain. Thus, it appears that the SWP indeed contributes

to the precipitation anomalies, which with the inclusion

of the NEP is greatly amplified and extends eastwards

(cf. Fig. 7).

We further explore the interactions between the two

centres of action in the SAO during SAOD that could affect

Guinea Coast precipitation. Figure 14 shows the lower

tropospheric averaged velocity potential and the divergent

component of the vertically integrated mass flux. An

anomalous vigorous upward motion occurs over a large

area in the NEP/Atlantic Niño/Gulf of Guinea/West Africa

region. Over the equatorial Atlantic Ocean, this is linked to

a strong mass flux convergence a few orders of latitude to

the north and along the coastal fringe of West Africa. On

the other hand, at the SWP suppressed convection centred

at 30�S, 30�W prevails and extends over a large domain.

This gives rise to a strong mass divergence over the SWP.

The occurrence of this pronounced opposite polarity cre-

ates a form of horizontal gradient by which mass diverging

in the SWP region tends to boost the mass convergence,

and then upward motion over the equatorial Atlantic

Ocean.

This equatorial convergence plays important role in the

generation of precipitation over the Guinea Coast. This is

because within the SAOD context outlined, the SWP is a

region of net mass deficit while the NEP is a region of net

surplus. To account for this surplus, we have computed the

vertically integrated moisture transport in the lower tro-

posphere (Fig. 15). It readily can be seen that the western

segment of the equatorial Atlantic Ocean of mass flux

convergence is the major source of the moisture which

undergoes westerly transport towards the Guinea Coast

where it causes increases in precipitation.

As has been shown, the precipitation is largely limited to

the Guinea Coast plausibly due to the oceanic/coastal

nature of the deep convection and equatorial mass flux

Fig. 14 Anomalous velocity potential averaged over the lower

troposphere 925–400 hPa (shading: unit, 106 m2/s) for the SAOD-

only (left panel) and SAOD ? global SSTA (right panel) experiments.

Vectors show the divergent component of the mass flux vertically

integrated over the same layers (unit: kg m-1 s-1). Both maps are

based on the average of the positive and negative experiments
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convergence field. As a result of this, the continental

convergence associated with the West African summer

monsoon (cf. Fig. 6) and therefore precipitation in the

Sahel is weakened. We have also investigated the meridi-

onal circulation field to illustrate the tropospheric con-

nection between the SWP and NEP vis-à-vis Guinea Coast

precipitation. As shown in Fig. 16, there is a strong surface

subsidence in the extra-tropics which tends to reinforce the

upward motion in the NEP region. The vertical motion

field exhibits great vertical extent up to 200 hPa where it

subsides at the SWP to complete the loop. Indeed, the

vertical motion in the NEP region is basically an equatorial

phenomenon, and this explains why the precipitation

impacts are basically restricted to the Guinea Coast.

4 Summary and concluding remarks

Based on the summer monsoon season (that is, June–July–

August–September, JJAS) we have described in this paper,

the successful simulation of the impacts of the SAOD on

Guinea Coast precipitation by prescribing idealized but

realistic SAOD-type SSTA over the SAO in an interme-

diate complexity AGCM. The model generates significant

precipitation anomalies over the Guinea Coast in the

positive and negative phases of the dipole event, but the

response in the Sahel further inland is rather weak. Above

the average summer precipitation is associated with the

positive SAOD episode in which warm SSTA occurs in the

Gulf of Guinea and cool SSTA in the extra-tropics off

the Brazil-Uruguay-Argentina coast. The reverse is also the

case. Similar precipitation increases over the Guinea Coast

were also reported in recent studies based on Atlantic Niño

composites with weak cooling in the extra-tropics (Losada

et al. 2010; Rodrı́guez-Fonseca et al. 2011).

We equally performed a second set of experiments in

which global SSTA is prescribed with, and then without the

SAOD-type SSTA in the SAO. It is found that the SAOD-

type precipitation anomalies remain dominant in those

simulations involving global SST variability if the SAOD

Fig. 15 Anomalous moisture

transport vertically integrated

from in the lower troposphere

from 925 to 400 hPa (vector:

1 g kg-1 m s-1). Shading

indicates the magnitude of the

moisture transport
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is present, but disappears in absence of the SAOD. These

suggest that in active years the SAOD it constitutes a pri-

mary influence on the Guinea Coast precipitation. The

impact of the global SST variability tends to strengthen the

atmospheric response at the NEP/equatorial Atlantic region

and consequently increase (reduce) the actual amount of

precipitation received in the positive (negative) phase of

the SAOD.

While the NEP/Gulf Guinea/Equatorial Atlantic/Atlan-

tic Niño region is long known to influence Guinea Coast

precipitation, of significance in this study is the role of

the SWP in the extra-tropical SAO. This is confirmed by

the robust response of the region’s precipitation after the

anomalous warming at the NEP is turned off in the model.

It is shown that the interactions between the two centres of

action of the SAOD determine its impacts Guinea Coast

precipitation. Indeed, there is a growing body of literature

emphasizing the dependency of the tropical Atlantic Ocean

influence on West African precipitation on remote, extra-

tropical influences (e.g. Bader and Latif 2011; Fontaine

et al. 2011; Rodrı́guez-Fonseca et al. 2011).

In the lower troposphere, there is deep convective

motion over the equatorial Atlantic Ocean associated with

large-scale mass flux convergence extending to the coastal

fringes of West Africa. At the SWP, the anomalous cooling

leads to suppressed convection, strong mass divergence

and subsidence motion which amplifies the sub-tropical

arm of the anomalous Hadley-type circulation. This tends

to boost the mass convergence, uplift in the equatorial

region and therefore enhanced precipitation at the Guinea

Coast. A reversal of this mechanism (not described in

details) could equally account to precipitation failure

associated with the negative phase of the SAOD.
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