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Outline of this talk
the role of the oceans in the variability of West 
African climate 
including future projections of change in the Sahel 
[and limitations of the explanation]
Applications of this idea/interpretation to:
Ø An [indirect] attribution argument for anthropogenic 

influence in late 20th century drought and recovery in the 
Sahel

Ø Interpretations of trends in the sub-seasonal character of 
precipitation
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[This is the work of ~15 years of research, 
and ongoing, so if there is one lesson here, it 
is that in research you have to be persistent –
perseverance, and some intellectual 
support, can take you there]
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[This presentation is about research results, 
but also about methods in climate research. 
As we go through it, note what elements may 
be relevant to your research. We can delve 
deeper in them in the lab session on the IRI 
Data Library.]
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Observed trends in 
annual precipitation

1901-2005

1979-2005

IPCC/AR4/WG1, Ch.3
(Trenberth et al, 2007)
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Where is the Sahel?

1901-2005

1979-2005

IPCC/AR4/WG1, Ch.3
(Trenberth et al, 2007)
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If this most outstanding trend
is anthropogenic climate change

then what about “recovery?

Where is the Sahel?

1901-2005

1979-2005

IPCC/AR4/WG1, Ch.3
(Trenberth et al, 2007)
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The climate of sub-Saharan Africa
is dominated by [seasonality in] precipitation
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the role of the oceans in the 
variability of West African climate 
[this is the basis for seasonal climate 
prediction, and much more]
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Giannini, A, R Saravanan, P Chang, 2003. Science, 320, 1027-1030

Oceans caused 20th century Sahel drought
land surface-atmosphere interaction a positive feedback
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An ensemble of simulations...
the same model is run many times with the same 
boundary conditions, but different initial conditions 
[to sample chaos or uncertainty in the system]

ØThe ensemble average/mean, approximates the 
externally forced response

ØDeviations from it approximate internal variability
o Cases of climate prediction [S2S, SI, decadal]
o Case of climate change projections
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An application of Principal Component 
Analysis [or Empirical Orthogonal 

Function analysis] to the study of the 
variability of July-September 

precipitation over tropical Africa
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[What is an anomaly?]
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Variability in Gulf of Guinea rainfall – the oceanic ITCZ
(15% in obs, 32% in ens-mean)

Giannini, A, R Saravanan, P Chang, 2005 in Clim. Dyn.

EOFs, or eigenvectors
PCs, or time series
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Variability in Gulf of Guinea rainfall – the oceanic ITCZ
(15% in obs, 32% in ens-mean)

Giannini, A, R Saravanan, P Chang, 2005 in Clim. Dyn.
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Giannini, A, R Saravanan, P Chang, 2005 in Clim. Dyn.

Variability in Sahel rainfall – the West African monsoon
(25% in obs, 21% in ens-mean)
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Variability in Sahel rainfall: 
separation of interdecadal and interannual time scales

Giannini, A, R Saravanan, P Chang, 2003 in Science
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The “Sahel” pattern is also an 
internal mode of atmospheric 
variability

Giannini, A, R Saravanan, P Chang, 2005 in Clim. Dyn.

Hidden slide



diagnosing the dynamics of ocean 
influence through regression

Hidden slide



9% Jul-Jun variance

EOF1 of Oct-Dec (17%)
EOF1 of Jan-Mar (18%)

17% of Jul-Jun variance

EOF1 of Apr-Jun (11%)
EOF1 of Jul-Sep (24%)

7% of Jul-Jun variance

Dominant patterns of observed rainfall variability
Jul-Jun [annual average] 1930-1995
Giannini, Biasutti, Held and Sobel 2008, in Climatic Change
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Predictability of precipitation comes from the oceans
Giannini, Biasutti, Held and Sobel 2008, in Climatic Change

Hidden slide
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Oceans’ influence explains past persistent drought:

multi-decadal changes in the oceans around Africa, 
Atlantic and Indian, explain the persistence of drought

the monsoon is distinct from the (oceanic) ITCZ
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How do oceans affect the climate of the 
Sahel?
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Conventional wisdom
[cartoon is from Zeng 2003, in Science]
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Reinterpreting conventional 
wisdom…
(1/2) the global tropical 
oceans set the threshold 
for deep convection
e.g., “upped ante” 
in warming

Neelin et al. 2003, in Geophys Res Lett
Chou and Neelin 2004, in J Climate
Held et al. 2005, in PNAS
Held and Soden 2006, in J Climate
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Reinterpreting conventional 
wisdom… 
(2/2) the local ocean 
supplies the moisture 
to meet the threshold
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L’analyse de l’IPS sahélien, calculé sur la base des 
données de 600 stations suivies par le centre régional 
AGRHYMET, met en évidence deux périodes 
bien distinctes (Fig. 6 parties bleue et rose). La 
première, de 1950 à 1969, est caractérisée par une 
persistance d’années humides et, la deuxième, de 
1970 à 1993, par une persistance de plus de vingt 
années sèches. Les années 1970 marquent ainsi ce 
qui est communément appelé la rupture climatique 
au Sahel. Un tel comportement pluviométrique n’a 
été observé dans aucune autre région du monde. 
Cette analyse constitue un consensus au sein de la 
communauté scientifique. De nombreux programmes 
internationaux ont étudié la pluviométrie de la région 
pour tenter d’expliquer le phénomène, le dernier en 
date et le plus ambitieux étant le programme AMMA 
(Analyse multidisciplinaire de la mousson africaine). 
La sécheresse observée au Sahel durant la période 
1970-1993 n’a également pas eu d’équivalence dans 
sa dimension spatiale : elle a frappé toute la région, 
sans exception.

La situation actuelle, sujet de controverse

De part l’analyse de la Fig. 6 (partie verte), le 
moins que l’on puisse dire est qu’un changement 
est intervenu après 1993. Trois années très humides 
ont été enregistrées au Sahel : 1994, 1999, 2003. 
Que faut-il déduire de cela ? Est-ce la fin de la 
sécheresse qui a tant meurtri la région ? C’est là 
tout le débat scientifique. A observer la Fig. 6, nous 
suggérons de parler plutôt d’apparition d’un autre 
mode de variabilité inter annuelle de la pluviométrie, 
caractérisé par une alternance brutale entre années 
très humides et années très sèches, plutôt que de 
parler période sèche ou humide, allusion faite à la 
situation d’avant 1993. La variabilité inter annuelle 
a augmenté avec le nouveau mode de variabilité, 
ce qui rend encore plus difficile les prévisions inter 
annuelles de la pluie au Sahel.

Pour mieux appréhender la situation actuelle, nous 
avons effectué une analyse zonale de la région en 
distinguant la partie Est (correspondant à la partie 
Tchadienne et Est du Niger) de la partie Ouest du 
Sahel (correspondant à la zone regroupant le Sénégal 
et la partie Ouest du Mali) et la partie centrale (centre-
est du Mali et centre-ouest du Niger). Les résultats 
montrent que cette alternance entre années humides 
et années sèches, observée au niveau général Sahel, 
cache une fracture climatologique nette entre les 
parties Ouest et  Est . La sécheresse se poursuit dans 
la partie Ouest alors que la partie Est connaît un 
retour à des conditions plus humides (Fig. 7). Dans 
ce contexte, il n’est point judicieux de continuer à 
considérer un indice global et d’en déduire une 
caractéristique globale de la pluviométrie pour le 
Sahel : il est nécessaire de bien distinguer la partie 
Est de la partie Ouest. Ainsi, alors que la tendance 
de la sécheresse des années 1980 et 1990  se poursuit 
dans la partie Ouest du Sahel, elle prend fin dans la 
partie Est. Plusieurs études climatologiques actuelles 
commencent à mettre le doigt sur les raisons de 
cette nouvelle donne. Certains l’expliquent par un 
déplacement vers l’ouest du foyer chaud de l’océan 
indien qui a eu pour conséquence de déplacer la zone 
de sécheresse vers l’ouest (Hagos et Cook, 2008) 

Fig. 6 Indice de pluie (IPS) du Sahel sur la période allant de 
1950 à 2006. Les valeurs positives indiquent des années de 
pluviométrie supérieure à la moyenne de la période 1950–
2006 et les négatives indiquent des années de pluviométrie 
inférieure à cette moyenne.

18

Evolution of 20th century Sahel climate: 
anomalously wet, persistent drought, increased variability?
Agrhymet (2010)
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North Atlantic – global mean global tropical mean Sahel rainfall

Evolution of 20th century Sahel climate: 
anomalously wet, persistent drought, increased variability?
Agrhymet (2010)
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anomalously wet, persistent drought, increased variability?
Agrhymet (2010)
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1950-1969 – wet
1970-1989 – dry 
1990-2006 – variable

20th century observations of Sahel climate
Subtropical North Atlantic minus global tropical mean SST 
is a potential predictor of Sahel rainfall

Sahel SPI from Ali and Lebel (2009)
1950-2006
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Past
Green: end 20th century – pre-Industrial
Blue: end – beginning 20th century

Future
Yellow: mid-21st – end 20th

Red: end 21st – end 20th

21st century projections of Sahel climate
Subtropical North Atlantic minus global tropical mean SST 
explains the uncertainty in projections of long-term change
[Giannini, Salack, Lodoun et al., 2013 in Env. Res. Lett.]
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The recent recovery in Sahel rainfall: observed 
changes and model-simulated responses

Dong and Sutton 2015 in Nature Clim Change
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Summary on the role of the oceans in 
Sahel rainfall variability/change
Oceans drive variations in West African rainfall on interannual
[e.g., El Niño] and interdecadal [e.g., decadal variability in the 
Atlantic Ocean, whether internal or externally forced] time scales. 
[Land surface-atmosphere interaction provides an amplifying 
[positive] feedback.]

The simplest balance for the Sahel is one where the global 
tropical oceans set the threshold for convection, with warming of 
the oceans associated with a more stable vertical column, and 
the local ocean meets the threshold if it can supply sufficient 
moisture – stabilization v. moisture supply 
This framework is partly successful in explaining projections of 
change.
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questions

• How do stabilization v. moisture supply work during 
transitions into and out of the rainy season? 

• Is onset predictable? [On what time scale?]
• What do decadal predictions say about sea surface 

temperatures in the North Atlantic?
• ...
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Application #1 – attribution

Oceans’ influence explains attribution of 
drought to emissions of greenhouse gases and 
sulfate aerosols from industrialization

How?
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“Robust Sahel drying in response to 
late 20th century forcings”
Biasutti and Giannini, 2006 in Geophys Res Lett

No CMIP3 model simulates 
a wetter Sahel at the end of 
the 20th century compared to 
the pre-Industrial control.

Sulfate aerosols drive the
coherence in this response.

Also see: 
Chang, Chiang et al. 2011, in J Climate
Booth et al. 2012, in Nature
[Ting et al. 2009, in J Climate]

end of 20th century minus pic
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change between end of 20th century and pre-Industrial
in 19 [CMIP3] coupled models

precipitation
change

surface
temperature

change

“Robust Sahel drying in response to 
late 20th century forcings”
Biasutti and Giannini, 2006 in Geophys Res Lett
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superimposed on a pronounced multidecadal variation.
This observation is supported by the results of EEMD
analysis of the AITG index, which readily extracts a
trend IMF (Fig. 1d) separate from the multidecadal be-
havior (Fig. 1c). Results of sensitivity tests show that the
decompositions of these two modes are robust under
changes in the end years of theAITG index. The post-80s

turning points of the twomodes also remain robust under
sensitivity tests (see appendix).
The multidecadal IMF (Fig. 1c) matches well with a

known variation of North Atlantic SST—AMO (Kushnir
1994; Delworth and Mann 2000; Schlesinger and
Ramankutty 1994)—and several previous studies (e.g.,
Knight et al. 2006; Ting et al. 2009) have suggested the

FIG. 1. (a) The observed AITG indices and results of EEMD analyses. The AITG index is
defined as the SST difference between the tropical North Atlantic (58N–358N, 08-808W north
solid-line box) and the tropical SouthAtlantic (58–108S, 608W–208E, south solid-line box; south
minus north). (b) AITG indices from three different observational datasets: solid line: Hadley
SST, long dash line: ERSST, and dot dash line: KAPLAN extended SST v2 (units: 8C). (c) IMF
4 of the EEMD analysis of the indices in (b), showing multidecadal variations. (d) IMF 5,
showing a trend that reverses in the 1980s. (e) The area-averaged meridional winds of the
dashed-line box (08–68N, 108–508W) in (a), indicating a progressively southward ITCZ con-
sistent with the trend behavior in the AITG (units: m s21).

15 MAY 2011 CHANG ET AL . 2543

Sulfate aerosols reduced 20th century 
warming of the North compared to the 
South Atlantic

Chang, Chiang et al 2010, in J Climate

Observations

Multi-decadal
Oscillation
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Aerosols implicated as a prime driver of 
twentieth-century North Atlantic climate 
variability
Booth et al. 2012, in Nature
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end of 20th century minus pic end of 21st century minus pic

“Robust Sahel drying in response to 
late 20th century forcings”
Biasutti and Giannini, 2006 in Geophys Res Lett
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The lack of coherence in 
projections is the 
manifestation of a 
fundamental, dynamical 
uncertainty in the response 
of precipitation to 
greenhouse gases...

end of 21st century minus pic

“Robust Sahel drying in response to 
late 20th century forcings”
Biasutti and Giannini, 2006 in Geophys Res Lett
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Update: “Forced Sahel rainfall trends in 
the CMIP5 archive”
Biasutti 2013, in J. Geophys. Res.
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Application #1 – attribution

Oceans’ influence explains attribution of 
drought to emissions of greenhouse gases and 
sulfate aerosols from industrialization:

Indian Ocean warming and greenhouse gases
[Levitus et al 2000; Barnett et al 2005; Du and Xie
2009]

North Atlantic not warming and sulfate aerosols
[Rotstayn and Lohmann 2002; Chang et al 2011; 
Ackerley et al 2011; Booth et al 2012]
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Application #2 – characterization of 
precipitation at sub-seasonal time scale

How do we understand frequency and intensity 
of daily precipitation?
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North Atlantic and global tropics 
in the interannual variability of Sahel rainfall –
rainfall index is from Ali and Lebel (2009)
open circles are negative anomalies,
full dots are positive anomalies

Giannini, Salack, Lodoun et al. 2013, in Environ Res Lett

years since 1950
blue is early
red is late



The International Research Institute
for Climate and Society

Mechanisms to connect dynamics of variability and change:

• tropical oceans
çè controls vertical stability
çè related to frequency of daily rainfall?

• Atlantic Ocean
çè controls moisture supply
çè related to intensity of daily rainfall?



The International Research Institute
for Climate and Society

North Atlantic and global tropics 
in frequency (left) and intensity (right)
of daily rainfall in Senegal (1950-2010)
open circles are negative anomalies,
full dots are positive anomalies

Giannini, Salack, Lodoun et al. 2013, in Environ Res Lett
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“Changes in seasonal descriptors of precipitation in Burkina
Faso associated with the late 20th century drought and 
recovery in West Africa”
Lodoun et al. 2013, in Environ Develop
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regions of West Africa. Salack et al. (2012) show that when

both DS4 and DS3 events are observed during the same year

(in MJJ and ASO respectively) then the rainy season of that
year is extremely dry. However, if only DS4 or DS3 is

observed over one-third of the raingauge network the rainy

season of that year is normal to dry.
It is unanimously accepted that rainfall regimes in the

Sahel have had different spatio-temporal patterns from the

1950s to present (Lebel and Ali 2009). A majority of recent
reports distinguish three reference periods: humid

1950–1969 (P1), dry 1970–1990 (P2) and ‘‘recovery’’

starting from the end of the 1990s (P3) (Ozer et al. 2003;
Nicholson 2005; Bell and Lamb 2006; Agrhymet (2010)).

For example, an assessment of daily rainfall over Senegal

(Salack et al. 2011) reveals that in recent years (P3), the
onset date of the rainy season has not undergone a statis-

tically significant change, compared to the previous dry

period (P2). Rather, onset dates are embedded within long

dry spells. This situation can explain the high interannual

variability of rainfall in recent years. The monthly distri-

bution and number of cases of extDS are depicted in the
Fig. 5 (upper panel). According to the onset dates

(STDATE), the shift of the PDF towards the 1st half of June

shows that in 1950–1969 (P1) extDS were more frequent
earlier, in May–June. In contrast, since 1970 (P2 and P3),

this mode of variability is centred on June–July. The extDS

of category DS3 is later, in P1 as compared to P2 and P3. In
other words, humid years tend to exhibit early extDS

occurrence of category DS4 and longer cropping season

with later DS3 events. On the contrary, in recent years,
whose annual total rainfall regime seems closer to normal,

early cessation events are more likely in September (with a

higher probability of occurrence of DS3 events). The
monthly average number of extreme dry spells has not

shown a significant change in the study area as revealed by

Fig. 5 (bottom panels). Nevertheless, a strong variability is

Fig. 5 Sub-seasonal distribution of extreme dry spells (extDS), DS4
category (DS C 15 days) in May–June–July (MJJ), and DS3 category
(8–14 days) in August–September–October (ASO). In the upper panel

(a, b) are the onset dates (STDATE), in the lower panel (c, d), the
monthly number of occurrence. The reference periods are P1 (humid),
P2 (drought) and P3 (recovery)

S. Salack et al.

123

Author's personal copy

“Oceanic influence on the sub-seasonal to interannual timing
and frequency of extreme dry spells over the West African 
Sahel”
Salack et al. 2013, in Climate Dynamics
[stations in Niger and Senegal]

These are the dry spells related to false start (DS4) and 
early cessation (DS3)
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questions

• What is the influence of greenhouse gases [GHG] on 
Sahel rainfall?

• Are frequency and intensity of precipitation 
predictable? [in the S2S or SI sense?]

• ...
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In sum, oceanic influence

explains persistence of drought in the Sahel in the 1970s 
and 1980s, and partial recovery since

can be used to make sense of model projections of future 
precipitation change

implicates the influence of emissions of greenhouse gases
and sulfate aerosols on late 20th century climate of the 
Sahel, 
including persistent drought

provides a theoretical framework to interpret changes in the 
[sub-seasonal] “character of precipitation”
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