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Abstract

Using SST, precipitation and atmospheric inforomtihis statistical study revisits the
guestions of the July-September SST-Sahel telectionevariability after removing impact
of quasi-global SSTs over the period 1900-2008. dastern Mediterranean and the Indian
Ocean dominate the relationship, both in termsitansity and time stability, with significant
values in 52% and 47% of years, respectively. Mben two thirds of the rainy seasons
classified as dry (wet) and 16/18 (12/15) of thatsssified as very dry (very wet) are
concomitant of negative (positive) differences ledw the Mediterranean and the Indian
Ocean. Correlations with the tropical Atlantic, themo area and the western Pacific region
are generally lower and less robust, although,oimes periods, they can be high with the

southern tropical Atlantic.

Telecconnection observed with continental preatmn and the 950 hPa moisture flux
field confirmed these results. Positive SST diffses between the eastern Mediterranean and
the Indian Ocean are synchronous of in phase thexXeess over the whole Sudan-Sahel due
to a strengthening of the convergence between dh&-easterly moisture transport from the

eastern Mediterranean and the monsoon south-westeiisture transport from the eastern
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equatorial Atlantic. This is associated with changethe atmospheric circulation along the
meridional and zonal planes, mainly (i) a subsiéetieparture from mid-levels above 10°N-
18°N associated with air ascents above the Sahlbheamal lows; (ii) upward anomalies on
the western and eastern Sahel reinforcing the gheog ascents in upper levels; (iii) a low-
level subsidence anomaly by 30°E-40°E in agreemthtthe Indian cooling weakening the

normal uplifts; (iv) a reinforcement of the Tropieasterly Jet over 0° -20°E.

1. Introduction

The objective of this study is to revisit the quastof the summertime SST-Sahel
teleconnection variability along the twentieth-aggtusing both several gridded datasets for
describing time evolution of the basic fields (S¢fecipitation, atmospheric circulation) and
selected key-SST indexes and atmospheric des@ipgpresentative of the West African
monsoon.

The question is to what extent have quasi-globall @8d basin-scale variations
contributed to the observed changes in the telesdiun, i.e., to the long-term evolution of
correlation patterns defined at an interannual tstep. The purpose is therefore different
from previous studies which often have documenkes! rielationship without removing the
global warming effect. In this work we have choserseparate thermal evolutions observed
in the different Oceanic basins, including the Medanean, from the global scale SST
(GSST) influence, regardless of its natural or esgbgenic origin. Removing the GSST-
related influence has a significant effect on léegn SST evolution in the Oceanic basins
and allows us to separate better basin-scale viggayom longer-term evolutions and,
therefore, to quantify suitably their relative gatal impacts on Sahelian rainfall. In addition,
the investigation of the Mediterranean role in ¥heability of the Sahelian precipitation on a

multi-decadal time-scale represents an outstanefifogt in filling this gap in the knowledge
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of the West African monsoon teleconnections. Usimgar correlations, multiple regressions,
composite methods and cluster analyses we disdussrasults in terms of statistical
significance and time stability over various pesodanging between 1900 and 2008.
Furthermore, we conclude by a short analysis of &mospheric circulation in terms of
moisture transport, and large scale divergent nwerad and zonal circulation, in order to

highlight the association with the SST time evanti

2. Review of theliterature

The relationship between sea surface tempera®®d)( fields and summer Sahel
rainfall has been studied for a long time, emphagithe potential role of tropical Oceanic
basins (Hastenrath and Lamb, 1977; Lamb, 1978; hot§86; Folland et al., 1986; Palmer,
1986; Nicholson and Nyenzi, 1990; Ward et al., 19%ong many others). Overall these
authors showed that warmer (colder) waters southwar the equator -relative to that
northward- were often associated with Sahelianr dmestter) conditions over the Sahel. In
particular Folland et al. (1986) have been thd fixghors who linked Sahelian rainfall long-
term variability to the differential SST warming tiveen the hemispheres through the
latitudinal location of the ITCZ over the AtlantiGhis statistical teleconnection, observed
both at the inter-annual and decadal scales,gsaa agreement with model results and hence
can be interpreted in terms of Oceanic forcinglanttopical circulation. In the Atlantic, for
example Hastenrath and Polzin (2010) show that warfmooler) surface waters over the
tropical North Atlantic accompanied by lower (héghsurface pressure enhance (decrease)
the cross-equatorial winds from the Southern Heh@sp and hence precipitation in the
Sahel. In the ARPEGE AGCM, the simulated droughassociated with a southward shift of
the continental rainbelt over central and easteahe§ linked to an inter-hemispheric SST
mode, the southern hemisphere Oceans warming fdsdarthe northern ones after 1970

(Caminade and Terray, 2010). Other model experisnfmdsada et al., 2009) indicate that
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warmer SST anomalies in the equatorial Atlantiddléa a decrease of the local surface
temperature gradient, weakening the West Africannsoon flow and the surface

convergence over the Sahel. Ward (1998) and JalyMaitdoire (2010) state that the main
Oceanic sources of seasonal rainfall predictabilitgr West Africa are SST anomalies in the
equatorial Pacific, the equatorial Atlantic and editerranean.

Possible causes and impacts of SST variabilitprager-term have been also
pointed out. Thus Delworth et al. (1993) descrilbeermal impacts of the North Atlantic
thermohaline overturning circulation at multi-deabhdcales: the resulting SST pattern is
known as the Atlantic Multi-decadal Oscillation (AN Goldenberg, 2001; Zhang and
Delworth, 2006). Bader and Latif (2003) identifidee warming of the Indian Ocean -partly
due to anthropogenic greenhouse gases (Stott, @08I0)- as a potential source of Sahelian
drying. They suggested that warming trends in titkgah Ocean played a crucial role for the
drying trend over the West Sahel from the 1950s1980s, while the tropical Pacific’s
influence is predominantly over the East Sahel thedropical Atlantic impacts rainfall only
along the Guinea Coast. More recently, focusinghenvery dry year 1983, Bader and Latif
(2009), showed that the Indian Ocean significaatifects inter-annual rainfall variability
over the west Sahel. In particular, they providelence that the remanence from the strong
1982/1983 EIl Nifio event in this Ocean was the rf@icing for the drought observed in 1983
over the Sahel.

Studying the ENSO-Sahel relationship, Janicot et (2D01) proposed that the
existence of periods of weak or strong linkage daabult from an interaction with the global
decadal scale SST variability, which is able toamge the impact of the warm ENSO phases
after 1980, through an increase in the fill-in lo¢ tmonsoon trough and a moisture advection
deficit over West Africa. In addition, Giannini at (2003) related the warming of the low-

latitudes waters around Africa to the recent negafprecipitation trend in the Sahel,
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hypothesizing that the favoured deep convectiom thee Ocean could weaken the monsoonal
convergence over the continent. More generallydityeng trend observed in the Sahel from
the 1950s to the mid 1980s coincides with markezhdal shifts like those in the Atlantic
Multidecadal Oscillation, the Pacific Decadal Olstibn, the low frequency component of the
Atlantic Nifio and the global temperature (RodrigdezZ-onseca et al., 2010).

The linkage between the local forcing and the ren®8T signals implied in the
Sahel/SST teleconnection has been also discusseéx&mple, Rowell et al. (1995) showed
that SSTA linked to the Nino/Nina variability imgaandirectly on JAS Sahelian rainfall via
atmospheric teleconnection generating SST anomiaidise Atlantic. Rodriguez-Fonseca et
al. (2009) presented observational evidence of angd in the Atlantic-Pacific Nifios
connection since the late 60's. The role of theteeasMediterranean basin in the
determination of the inter-annual variability ofethmonsoonal precipitation has been
highlighted by Rowell (2003) and Fontaine et abD(®): warm SST anomalies positively
affect the Sahelian precipitation in JAS in reigfog the moisture transport from the
Mediterranean across the Sahara and hence theunedilstx convergence over the Sahel.

Thus the SST forcing can be considered as the rdomidriver of West African
rainfall variability. Conversely it is not the unig factor impacting rainfall in this monsoon
region for at least three reasons: (1) atmospheternal variability contributes strongly to
driving the simulated precipitation variability avéhe Sahel at decadal to multi-decadal time
scales (Caminade and Terray, 2010); (2) land sewagetation processes and dust feedbacks
may amplify rainfall anomalies (Biasutti et al.,a8); global warming impacts both multi-
decadal SST variability and monsoon circulationefRa and Hense, 2004).

Indeed West Africa is sensitive to water vapour #aqabe rate, vegetation, surface
albedo, clouds and also aerosols. For examplesalefeedbacks may act to amplify the

Ocean-forced component of monsoon circulation: divect and the indirect effects of
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aerosols affect the SST gradients and favour drgtrige northern edge of the ITCZ (Biasutti
and Giannini, 2006). By contrast, for Kim et al0{®) aerosol radiative forcing and induced
circulation and precipitation cool the Sahel anel sbuthern part of Sahara desert more than
the adjacent areas to the north and south. It teadshift the peak of the meridional
temperature gradient northward and consequenthAthiean easterly jet.

In their detailed review of biophysical processesglies for the Sahel area, Xue et al.
(2004) present the main land/atmosphere feedban#tsrechanisms exerting a significant
impact on the Sahel climate (see for more detagsA42 and comments p. 74). In particular,
as Zeng et al. show in 1999, they exhibit thaeramttive vegetation processes must be
included in models for simulating correctly the aéal precipitation variability over the
Sahel. Moreover, as Charney et al. and Walkdr Rowntree show in 1977, Xue et al.
(2004) highlight that increases/decreases in aldedd to the reduction/augmentation in

precipitation while less initial soil moisture lesath less precipitation.

About global warming, Paethe and Hense (2004),ngnuther authors, have implied
greenhouse-gas driven signals, showing that thigapamelioration of the Sahel drought in
recent years may be a sign of a long-term increasainfall. For Polyakof et al. (2010) also
the current North Atlantic warming is linked to hahis multi-decadal variability and long-

term climate change (including anthropogenic artdrad).

3. Data and M ethods

3.1 SST data
The SST data are a 60°N-40°S selection of the detkmeconstructed sea surface
temperature (ERSST) from the most recently avalabbmprehensive Ocean-Atmosphere

Data Set (COADS) SST data with improved statisticathods allowing stable reconstruction
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using sparse data. We will use the ERSST.v3b wersibich is an improved extended
reconstruction over version 2 with no satelliteadénhore details available in Smith et al.,

(2007) and at_http://www.ncdc.noaa.gov/oa/climase#arch/sst/ersstv3.phpComputations

of the derived SST signals of global and regiosaleswill be presented in section 3.1.

3.2 Rainfall data

The Sahel rainfall index used in this study is phecipitation anomaly defined by the
NOAA NCDC Global Historical Climatology Network. T index refers to the 1950-79
climatology and is averaged over a 20°-10°N, 20°QVEL West-African window (see
jisao.washington.edu/data/sahel for more detailBe correlation coefficients between the
July-September values of this rainfall index arnfieotSahel indices used in the literature, such
as those defined by Lamb (1978), Bell and Lamb §2@hd Nicholson (1979) are positive
and significant at p=0.01 regarding to a Monte €aprocedure taking into account
autocorrelation in the series : r=0.89 with the Ndison’s Sahel index over the common
period 1901-1994 and r= 0.58 with the Lamb’s tireeies over the common period 1941-

20009.

In addition two data sets have been selected farging the window:
(1) The high-resolution CRU TS 2.1 data-set to omore on different West African sub-
regions: these data comprise 1224 grids of obserimetdhte, for the period 1901-2002, and
cover the global land surface at 0.5 degree rasalsee New et al, 2002 and Mitchell et al,
2004).
(2) The last available version of the VASCIimO 5@aY dataset (1951-2000) from the Global
Precipitation Climatology Centre (GPCC) becausey dhis version supplies gridded time-

series of monthly precipitation at 1 degree resmtufor climate variability and trend studies
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(Beck, Grieser and Rudolf, 2005): it is based otadselected with respect to a (mostly)

complete temporal data coverage and homogenettyedime-series (http://gpcc.dwd.de).

3.3 Atmospheric data

Two regional atmospheric signals representativih®fAfrican monsoon circulation in
July-September have been defined between 20°W @&i& Bhrough the NCEP/NCAR
reanalyses over the period 1950-2008: (i) the e@rtrelocity at 400 hPa (Pa/s) over 15°N-
10°N (o, the vertical velocity in Pa/s) which is directigked to moist convection processes
at Sahelian latitudes; (ii) the West African Mongsdadex (WAMI; Fontaine et al., 1992)
between 15°N and 5°N which is a proxy of the momnsoell intensity at regional scale:
WAMI is the difference between the standardizedigalof the wind modulus at 925 hPa and
of the zonal wind at 200 hPa averaged in the censgidomain.

In addition, the atmospheric moisture flux at $80A and the divergent (irrotational)
part of the horizontal wind at the different prasslevels of the troposphere have been
computed through the monthly NOAA-CIRES 20th CeptReanalysis. This dataset is based
on surface pressure observations assimilated esnerflours in an atmospheric model, and
time-evolving sea surface temperature and sea @&centration fields as boundary
conditions. The model used the state-of-the-arbapheric general circulation model, a 2008
updated experimental version of the atmosphericpommant of NCEP's operational Climate
Forecast System model (Saha et al., 2006). It lggm@al resolution of nearly 200-km in the
horizontal (corresponding to a truncation T62) a@8dsertical levels. The data are provided at
a 2°*2° latitude-longitude resolution (more details Compo et al. (2006) and at

http://www.esrl.noaa.qov/psd/data/gridded/data.@0fReanV2.htm)l The dataset will be

used over the period 1920-2008 to limit time vaoiag of the information anisotropy at the

very beginning of the century and during the fwsirld war.
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3.4 Statistical methods

Statistical links are presented through linearredations, multiple regressions,
composite methods and cluster analyses. The cborelaignificance is estimated through
permutation tests which do not require specifid¢riigtions such as normality and give more
accurate P-values than usual statistical testge@ion and P-values at 0.05 and 0.01 will be
indicated in text and tables by one or two “*'spectively. Multiple regressions have been
conducted with cross validation techniques. Conipassults are tested using paired Student-
t-test. Cluster analyses use a k-means algorithninmzaing the sum, over all clusters, of the
within-cluster sums of point-to-cluster-centroidtdinces: each procedure has been repeated

100 times, each time with a new set of initial ceials.

4. Correlation patterns

Let us recall first the basic SST/Sahel corretatpatterns observed over different
periods at quasi-global scale: 1900-1949, 1950-199@1-1990 and 1991-2008 (figure 1).
During the first half of the 20th century (Figurg¢la few Oceanic regions exhibit a statistical
link with the Sahelian rainy seasons, i.e., theasopal, southern and NW zones in the
Pacific, some areas in the extratropical Atlantiche Indian Ocean, along with the whole
Eastern Mediterranean and Black Sea. Interestimglysignal is encountered in the tropical
Atlantic.

After 1950 (Figure 1b-d), the coefficients increasel involve larger Oceanic regions
in the Tropics, such as the eastern and centrtd paequatorial Pacific, the Indian Ocean and
the eastern Atlantic (negative correlations), thesWrn equatorial Pacific, the Western
equatorial Atlantic and the Mediterranean (positeerelations). In the extratropical region,

positive coefficients are also registered by 4Q3khie Pacific and Atlantic.
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In fact, figure 1 illustrates well the time instity of correlation patterns and reveals
that changes at basin scale are obvious everywhbus, the negative correlations observed
in the 50s and 60s (figure 1b) in the equatoridhrtic and Indian Ocean, disappear in the 70s
and 80s (figure 1c) and become positive on the maxnt period (figure 1d). It is thus
interesting to separate this quasi-global evolutrom proper SST variability in the different
basins. There are several ways for doing that.

In this study, a quasi Global SST (GSST) indexghved by the square root of cosine
of latitudes and averaged between 60°N and 40figsisdefined as an Oceanic proxy of the
global SST evolution. GSSie) == (SSTat, ton, time)- cos(lat}®) / n, where n is the number of
grid-points considered. The GSST influence is tremoved to each line to better capture
regional signals that can be considered as imakge: from global evolution: SSki ion, time)
= SSTat, 1on, ime)— GSSTime). Such a procedure is more natural and approghateremoving
a simple linear trend not observed over the refargreriod. Although GSST is defined at a
monthly scale, its long-term evolution (see theticapand figure 2a) is similar to the GW
signal based on yearly averaged global SSTs, baté@&N and 45°S because of lower SST

data coverage, shown by Mohino et al. in 2010.

5. Time evolution of key-SST regional indices ver sus Sahdl rainfall

Nine regional SST indexes representative of theonsglinked to Sahel rainfall
variability (figure 1) are now defined as a snapsiHfd&ST evolution since 1900, by averaging
the values over:
- the Western Mediterranean (WMED: 32°N-44°N; 6°6/H) and Eastern Mediterranean
(EMED: 32°N-44°N; 15°E-36°E) basins, and the whdlediterranean (MED)
- the Northern Tropical Atlantic (TNA: 5°N-24°N;08W-15°W), the Southern Tropical

Atlantic (TSA: 20°S-0°; 30°W-10°E) and the TNA-TSferences. The correlation between
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TSA and an equatorial Atlantic index computed of8IN-3°S and 20°W-0°) is positive,
high and significant (r=+0.86**).
- the Tropical Indian Ocean (IND: 24°S-24°N; 35°@*E), the West Pacific Region (WPR:
20°N-20°S; 100°E-160°E) and the Nino 3.4 regiomli5°S-5°N; 170°W-120°W)

Finally a detrended and unsmoothed version ofAtitentic Multi decadal Oscillation
(AMO) is added since Goldenberg et al. (2001), Zhah al.(2006) and Polyakov et al.
(2010), among others, have shown the role of AMbserved multidecadal variations of

SSTs and Sahel rainfall. We use the NOAA PSD AMOMf the Kaplan SST dataset V2

(5x5) refering to the area weighted average over thehN&ttantic (0°-70°N).

Figure 2 presents time variability of these SSjnals since 1860 with superimposed
July-September Sahelian rainfall time series sif#®@0. The quasi global SST field evolution
(GSST in figure 2a) is marked by two major warmpttases occurring from 1910 to 1940,
then from 1975 to present. Notice that the AMO tiseeies (thin curve) which describes an
apparent 60-80 year pseudo-cycle in SSTs displaenmged periods of warming and cooling
often in phase and correlated with GSST (r=+0.57**)

In the Mediterranean, SST evolutions in the Westand Eastern basins (WMED,
EMED dashed and solid curves in figure 2b) exhtérked covariations in the last 50 years
with a noticeable cooling from 1960 to 1980 condami of the Sahelian dry phase (bars)
followed by a clear warming, concomitant of the emfc Sahel rainfall recovery. In fact,
EMED remains positive (negative) from 1912 to 197970 to 1997) during the long period
of Sahelian rainfall excess (deficit).

In the tropical Atlantic (figure 2c) the northefdashed curve) and Southern (solid)
anomalies exhibit often inverse polarities as iargel917-25, 50-60, 67-75 which can favour

inter-hemispheric SST anomaly gradient able to fiydtie location of the ITCZ. This inverse
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evolution, associated with the dipolar patternsaeein the northern and southern basins is
well captured by the TNA-TSA difference (circles).

SST evolutions in the Indian and Pacific Oceand(INino and WPR in figure 2d)
also show a strong variability all along the pdritn particular the IND series (solid curve)
displays a succession of years with negative valli@85-1960) followed by a warm phase
since 1960, while the Nino (curve with circles) aN®R (dashed curve) series are negatively
correlated all along the period (r=-0.72**). Thisverse correlation is due to the well known
El Nino Southern Oscillation seesaw of reversindefe air pressure between the eastern and
western tropical Pacific.

Let us now display in table 1 the significant etation coefficients registered between
these SST indexes and rainfall amounts over diite/drican regions, i.e., the western,
central and eastern parts of the Sahelian (10°MW2813d Guinean (5°N-9.5°N) belts. The
results show that (i) the Sahelian belt is moreecffid by the teleconnection than the
subequatorial zone, (ii) connections imply neailyirdexes except AMO and TNA, (iii)
small differences are recorded between the westamral and eastern African windows.
Overall, correlations are negative, except thosglyimg the Mediterranean basins, and the
equatorial/southern tropical Atlantic. This is welbnfirmed through composite analyses
(table 2) retaining only the SST anomalies excegdin5| standard-deviation over a larger
period (1900-2008). Noteworthy, the teleconnectiorrather linear but stronger with the
Mediterranean index (correlated positively in 76#@ccurrences), and with IND (70%) and
Nino (63%), both correlated negatively with Saheliainfall. In the Atlantic TSA exhibits a

negative relationship in 57% of occurrences.

6. Timeinstability of the SST/Sahel teleconnection
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To better focus on this aspect, already noticefigure 1 and section 4, figure 3 displays 20-

year running correlations registered with each 88€&x. Several observations may be made.

1. The GSST and AMO series change continuously andgigreficant in less than 10% of
occurrences: with GSST correlation series (boldreun Fig. 3a) often negative in the
60s, 70s and 80s, i.e., a period of increasinggiroaccurrences over Sahel in agreement
with Giannini et al. (2003). The lack of correlatiavith AMO is not surprising regarding
the period and Hodson et al. (2010) who show timtontrast to some studies, the
Atlantic Multidecadal Oscillation was not the primalriver of recent reductions in Sahel
rainfall. However, significant correlations are ebged in the 50s, and are consistent with
a northward displacement of the ITCZ and wet an@sah the Sahel (Mohino et al.,
2010).

2. The relationship involving WMED is rather low andrely significant (13%): it is
significant in the 60s and 70s then after 198(tlurve, fig 3b). In contrast, except in the
40s and 50s, EMED (bold curve, fig. 2b) shows asgparsistent teleconnection in more
than 50% of years. The teleconnection is in goaeéegent with Rowell (2003), Raicich
et al. (2003) and Fontaine et al. (2009) who showleskrvational and model evidence of
a thermal forcing of the Mediterranean -with maximamplitude in the eastern basin- on
the African monsoon leading to increasing moisttoavergence (and therefore rainfall)
over Sudan-Sahel latitudes through changes indhthward moisture advection across
the eastern Sahara by the flow.

3. The connection with TNA is rarely significant (4%nd only observed during the wet 50s
and 60s (dashed curve in fig 3c). The negativeetation with TSA is more recurrent
(20%), primarily in the 40-70s. As a result, thesagation with the dipolar pattern is
positive and significant during the same period%l%lash-dotted curve with circles).

This is in good agreement with Janicot et al. (30010 showed that during the transition
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between the wet sequence to the dry one, the atoie$ between the Sahel rainfall and
the tropical Atlantic dipole were the highest.

4. The statistical relationship with IND and Nino iggative. Figure 3d shows that the
correlation is more often significant with IND (47%hiefly between 1920 and 1975) than
with Nino (28%, mainly from 1900 to 1930, and afi€68). Indeed, IND and Nino are
not significantly correlated together over the ltiqtariod (+0.13) or over subperiods
before/after the 1976-1977 climate shift in thepical Indian-Pacific region (+0.12,
+0.13, respectively). The correlation with Nino fioms results of Joly and Voldoire
(2009) and Rodriguez-Fonseca et al. (2010) andrigypdue to the Atlantic Nifio- Pacific
La Nifia relationship starting after the 70's foundPolo et al. (2008) and Rodriguez-
Fonseca et al. (2009). It is also noteworthy that20-year running mainly deemphasizes
the information in past 20 years, which is an intg@at rainfall recovery period. Figure 2,
which only eliminates the time variability < 8 ysaclearly show that the Indian Ocean
SST variability fails to catch the recovery trefithe 20-year running mean tends to make
Indian SST correlation artificially high over thecent period. Fig 2c shows also that
Atlantic Ocean SST catches well the recovery after 1980s. The statistical link with
WPR is positive (fig 3d) and significant (9%, maitdetween the end of the 60s and the
mid-80s).

Finally, two conclusions must be drawn: (1) theseno empirical evidence of
correlation stability between the selected SSTaesliand Sahelian rainfall at the decadal or
multidecadal scales; (2) Only the eastern Mediteraa and Indian Ocean SST series show
significant correlations in about 50% of years. ks striking result is that correlations with
the different Oceanic basins do not occur in theesperiods. Thus the anomalous wet JAS
seasons observed during the 40s, 50s and 60s &ty massociated with (i) colder SST

anomalies over the Indian Ocean (IND) and (ii) warrrfcolder) SSTs over the TNA (TSA)
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basins, which induces a northward SST anomaly gradn the tropical Atlantic. By contrast,
the drought phase following the 60s appears tard@d to (i) colder waters in the eastern
Mediterranean and in the western tropical Pacdiod to (ii) Nino episodes in the central-
eastern Pacific (fig. 3), compatible with the AtianNifio - Pacific La Nifia relationship
observed after the 70's by Polo et al. (2008) andriBuez-Fonseca et al. (2009). . It is also
interesting to mention that the Indian ocean is (m)tsignificantly correlated with Sahelian

rainfall when Sahelian rainfall is (is not) linkagth Nino.

7. Linear regression and clustering

Studying the summer Sahel-ENSO teleconnection¢diet al. (2001) over the period
1945-1993 showed that the decadal scale SST wargatweakly affect Sahel rainfall
variability but that they induce an indirect effert Sahel rainfall by enhancing the impact of
the warm ENSO phases after 1980, through an inengathe fill-in of the monsoon trough
and a moisture advection deficit over West Afridaterestingly, they pointed out an
adjustment in correlation after the mid-70s (1988d) due to the jump in SST observed for
this period in the Pacific and Indian Oceans. QGnltasis of our results this hypothesis can be
completed since no abrupt change alters the IND Idimb series used here (Fig. 2d).
Moreover the SST indices document other Oceanimbdsection 2) over a larger period
(1950-2008). It is therefore interesting to analficst the summer Sahel-SST teleconnection
in a more global context for quantifying the relatweights of the global (GSST) versus SST
indices of regional extent in their relationshipttwSahelian rainfall and African monsoon
intensity. This is also supported by the fact atific-Nifio, Atlantic La Nifia and cooling of
the western Indian Ocean have, from the 70’s, arogpheric response related to changes in

the Walker circulation (Rodriguez-Fonseca et @10.
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For determining these weights and their time et we estimate Sahel rainfall and
the African monsoon intensity as depicted by theMVAnd o indexes (section 2.3), trough
linear multiple regressions after stepwise selestiof 4 SST indices and cross-validation
over different periods. Table 3 displays both toerelation statistics and the vectors of
regression coefficients (see the legend for mormildg explaining the highest part of
variance. Sources of skill are found in both thesipglobal (GSST) and regional SST
variability with high and significant correlationslotice however that over the period 1950-
2008, the statistical impact of GSST variabilitypkins a smaller part of the relationship with
Sahelian rainfall or the African monsoon cell (WAMhan basin-scale variability. By
contrast the GSST coefficients are higher withuwesical velocity averaged above the Sahel
belt («v). Compared to the period 1950-1979, recent ye@srerked by a decrease in the
teleconnection over the southern tropical Atlaaiid the Indian Ocean and an increase over
the Mediterranean and Nino areas and also withagjllarming. Overall the Mediterranean
SST series registers clearly the strongest coeffisi (underlined values in Table 3) with the

Sahel rainfall and the African monsoon cell (WAMI).

We present now an objective cluster partition 8T series for analyzing better the
structure of statistical dependencies between ksaxsile indexes, using a k-means algorithm
minimizing the sum, over all clusters, of the wialuster sums of point-to-cluster-centroid
distances. The procedure is applied over the pd@®-2008 on 5 regional SST indices after
standardization of the series: the Mediterranea®,northern and southern tropical Atlantic,
the Indian Ocean and the eastern equatorial Pa&iéeeral k numbers (2 to 4 classes) have
been tried and we report only those with k=3 andiich can be estimated as the most

efficient choice with respect to the number of ables and the length of the series.
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First lines of table 4 display the associatedtelusentroid locations from a 3-cluster

partition while figure 4a shows the projection e$ults onto the rainfall series.

The 'white’ cluster (see white bars in fig.4 aritllihe in Tab.4) is associated with a mean
SST pattern (occurrence: 34%) controlled by a @@dh evolution in the tropical
Atlantic (TNA/TSA) where warm TSA dominates, and\ea-like growth in the Pacific,
in agreement with Rodriguez-Fonseca et al. (2008)s type taking into account the
inverse SST progressions in the southern Atlamid ia the equatorial eastern Pacific,
will be called AP (Atlantic-Pacific). Noteworthyhis cluster is not strongly linked to
Sahel rainfall variability.

The ‘blue’ cluster (blue bars in fig.4 an8?2ine in Tab.4) is more frequent (40%) and
clearly associated with Sahel rainfall excessesddsignates a situation where a
Mediterranean warming is concomitant of warm/colebletions in the Atlantic with
cooling over the southern Atlantic and the Indiate@n. This cluster is therefore named
MAI (Mediterranean-Atlantic-Indian).

The ‘red’ cluster (bars in fig.4 and®3ine in Tab.4) is less frequently observed (26%) b
clearly occurred during the dry Sahelian phaseh@ 70s and 80s. It associates a
Mediterranean cooling with a warming in the Indamd in the equatorial eastern Pacific
(Nino-type), despite the low correlation betweerIBnd Nino time series (section 3.3).
This cluster named MIP (Mediterranean-Indian-Peakififequires hence mechanisms
linking the Indian and Pacific basins such as thidgstrated in Annamalai et al. (2005)

and lzumo et al. (2010). It is independent of S&fability in the Atlantic.

Let us now concentrate on the co-evolutions ofeSahinfall (fig.4b) and cluster

occurrences over successive 10-year periods beth@@d and 2008 (fig. 4c). Three points

emerge: (i) the strong decadal variability affegtimAl occurrences; (ii) their negative
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correlation with MIP; (iii) the resulting inverseelationship with rainfall anomalies. For
example, the progressive increase/ decrease ofMIRIbccurrence in the first part of the last
century is accompanied by a long-term rise in Sahetainfall. Similarly, the Sahelian
transition between the wet 50s and dry 70s andi8Gs/nchronous of a complete MAI
vanishing and of a moderate MIP increase, while plagtial recovery in the 90s is
concomitant of the reverse. This inverse relatignsfvolving MAI and MIP occurrences
proves that the major role in the teleconnectiorplesyed by inverse thermal evolutions
between the Mediterranean and Indian Ocean, althaagrelations between SST values
averaged over these two basins are low (-0.231-ar8l +0.20 for the periods 1900-2008,
1950-1979 and 1980-2008). Regarding Sahelian tjitiia opposite thermal evolution in the
Mediterranean and Indian Ocean is also in goodemgeat with recent studies focusing on the
mechanisms involved in the Indian ocean and inNfegliterranean. l.e. Bader and Latif
(2009) recently showed that the warming of thedndocean is related to a rainfall decrease
over the Sahel, while Fontaine et al. (2009) anctt&@a et al. (2010) showed that the
Mediterranean warming is related to a rainfall @age over the Sahel.

The results from a partition into two clusters digplayed in fig 4b and table 4. They
confirm that, situations including (excluding) ogiite thermal evolution in the Mediterranean
and in the Indian Ocean are (are not) associatdd significant Sahelian rainfall anomalies.
Additionally, the scatter-plot presented in fig&r@llows us to compare the statistical impact
of inverse SST evolutions between MED and IND (sspand TNA and TSA (y-axis) on the
Sahelian rainy seasons since 1901. The results sieavly that MED-IND differences
discriminate better rainfall anomalies than the ichenal SST structure in the tropical
Atlantic: more than two thirds of the rainy seasolassified as dry (wet) are concomitant of
negative (positive) MED-IND differences, versusyohl2 with TNA-TSA differences. These

scores reach 16/18 (12/15) for the rainy seas@ssifled as very dry (very wet) versus only
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10/18 (10/15) with the Atlantic dipole. This pictuis in agreement with Raicich et al. (2003)
results who found that a stronger than averageaidionsoon has a positive impact on the
Sahelian precipitation, through the eastern Meditezan cyclonic circulation: cold anomalies
in the Indian Ocean are favourable to the monsocnallation over the Indian subcontinent,
while warm anomalies in the Mediterranean enharoe ¢yclonic circulation; as a
consequence the northerly flow across the Sahasaaagthened and the precipitation over

the Sahel is increased.

8. Impactsof MED-IND and TNA-TSA thermal contrasts

The above statistical results show that the ralgtigp between Sahelian rainfall and
SST anomalies mostly implies the thermal varigbdbserved over the Oceanic basins close
to the African continent, especially the therroahtrasts between (i) the Mediterranean and
Indian Ocean, and (ii) the northern and southespi¢al Atlantic. This section is focused on

these topics and on associated dynamics.

8.1 Precipitation field and atmospheric moisture flux in low levels

The analysis refers to the well documented peti@fil-2000 (see section 2.1),
marked by a positive phase of global warming in @STpreviously shown in figure 2a, in
order to focus on the region bounded by 40°S artéN 50 latitude and 60°W and 60°E in
longitude (figure 6). An estimate of changes indlbg linear trends in SSTs linked to global
warming is also provided in the left and right paneeferring respectively to calculations
before and after removing the linear trends in SSTsappears that such trends tend to
increase the correlations but do not change neilieespatial signal at large scale, nor the pre-
eminence of MED-IND variations against TNA-TSA \ability. In fact, the former are

synchronous of in phase rainfall anomalies overwhele Sudan-Sahel belt with areas of
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inverse polarity in Brazil and central Europa (Fegwa,b) while the latter contrasts sub-
Saharan regions (i.e., Northern Africa, Sahelidt) e the equatorial zone across the Atlantic
(Guinean coast, north Brazil). They imply mecharsswh different scale: the Atlantic dipole
impacts directly on the meridional structure of thebelt in the vicinity of the equatorial
Atlantic. By contrast the larger action of MED-IN&nN be interpreted through the picture
given by Raicich et al. (2003): cold anomalies e tndian Ocean favour the monsoonal
circulation over the Indian subcontinent, while mamnomalies in the Mediterranean
strengthen the northerly flow across the Sahacaeasing precipitation over the Sahel .

The basic relationship observed with the summertatmospheric dynamics is now
investigated using a subset of the monthly NOAA-ESR20th Century Reanalysis over the
period 1920-2008 (for the reasons listed sectiBh Ve present the results from the moisture
flux at 950 hPa because this field emphasizes tia glements of the monsoon circulation in
low levels, in particular (i) the inter-hemisphenmisture transport along the eastern coast of
Africa associated with the Indian monsoon andtfi@ African monsoon circulation between
the southern-equatorial Atlantic and the Sudan-IShek (Fig.7 a). Composites regarding
SST differences between (i) the northern and somthrepical Atlantic basins and (ii) the
eastern Mediterranean basin and the Indian Oceathan computed. These differences are
counted positive if TNA-TSA > 0 or MED-IND > 0.

The results show that both SST indices are assdcitth an enhancement of the
African monsoon circulation on the Atlantic and tAdrican continent. However their
statistical effect on the moisture transport isadie different. A strong TNA-TSA dipole is
associated with a reinforced south-easterly flugrate western equatorial Atlantic and with
an enhancement of the southwest monsoon over thei&a belt (figure 7b). By contrast, a
positive MED-IND index reinforces the northerliesdasoutherlies over the Atlantic (Figure

7c) and therefore the interhemispheric moisturex floonvergence. In addition the
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northeasterly transport from the eastern Mediteaanand the southwest transport from the
eastern equatorial Atlantic (i.e., the monsoon jlane both strengthened: in agreement with
the empirical and numerical results of Rowell (20@ntaine et al. (2009) and Gaetani et al.

(2010) this can produce an anomalous poleward I€K&&nsion.

8.2 Atmospheric circulation

We investigate now the atmospheric circulation ortimern summer on the period
1920-2008 from (i) the vertical atmospheric mot{en in Pa.s) and (ii) the divergent part
(irrotational) of the horizontal wind (mi's which is proportional to the gradient of the
velocity potential (mis?). The use of the divergent horizontal wind remoaag continuity
problem when the circulation is averaged alongztweal and meridional directions. Notice
also that computations have been made on the diebdito avoid any bias.

The meridional component of this circulation, agem over the African longitudes
(20°W-40°E) is displayed in figure 8a. It portratyee meridional overturning in the region,
associated with the Hadley circulation. The monsbairculation in low-levels is marked
here by the shift of air ascents in low troposplerer Sudan-Sahel and by a small northerly
component in mid-levels, at the altitude of theigdn Easterly Jet (700-600 hPa). Since the
meridional plane captures well these basic featutrésinteresting to concentrate on changes
induced by variations in MED-IND and TNA-TSA corgtsa.

The MED-IND composite (figure 8b) exhibits clearcasts in low and mid levels
around 40°N in relation to the warming of the Medianean basin. Southerly anomalies are
noticed in all the troposphere between 45°N and\N6Ghile northerly departures prevail
above 500 hPa over the 20°N-40°N latitudes. Threotks a region of divergence anomaly in
upper levels in the northern subtropics (35°N-409juthward, above the monsoon region, a

general descent from mid-levels towards the suriacevidenced above 10°N-18°N and
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associated with rising motion above the Saharammhlelows, i.e., at the latitude of the
northern Tropic. Above 500 hPa where moist conwectievelops, upward anomalies are
present over the Sahelian belt.

The TNA-TSA composite (figure 8c) is very differerithe significant signals are
mainly located in the southern hemisphere. Overtlidon Africa a general subsidence
departure above 5°N is evidenced in the whole sppere whereas ascents prevail in mid
and high levels south of 10°S. These opposed @éricomalies are in agreement with the
rainfall contrasts, displayed in figure 6c¢,d, betweub-Saharan regions and the Guinea coast.
Notice that there is no signal above the Sahel igh Hroposheric levels where moist
convection is observed.

The east-west circulation has been averaged bett&f®hand 20°N (figure 9). Mean
values (figure 9a) point to (i) the summertime &rdieast-west cell marked by upward
motions over the western part of the Ocean (eadbtE) and descents over northern Africa
(west of 45°E); (i) the thermal contrast betwe&e tool eastern Atlantic marked by air
subsidence and the hot Saharan in the vicinithethermal low westward to 5°W marked by
atmospheric heating and ascents.

The MED-IND composite (fig 9b) firstly shows thagcents in the lower troposphere
decrease above the central Sahel, while descenispier levels are weakened on the eastern
Atlantic and above the western (20°W-5°W) and easEahel (15°E-30°E). Then, an area of
low level subsidence anomaly by 30°E-40°E, i.espamted with the relative Indian cooling,
weakens the normal uplifts shown in figure 9a. Bnahe Tropical easterly Jet is reinforced
by the upper branch of the zonal overturning bebwe 0° meridian and 20°E. This is in
agreement with a reinforcement of deep convectimtgsses over central-eastern Sudan-
Sahel, since these processes, following Chen (204%) linked to the dynamics of the

midtropospheric divergent center maintained by éhst-west circulation and the Saharan
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thermal-low.

The TNA-TSA composite exhibits few significant upwadepartures above the
northern tropical Atlantic as the thermal respookéhe atmosphere to the relative surface
warming. By contrast, no significant signal aboveida (20°W-40°E) can be noticed, except
a divergence area at 600 hPa in the Western Satedraeasterly wind component between

25°E and 45°E in high troposphere.

9. Discussion and conclusion

The objective of this study was to revisit the gjien of the July-September SST-
African rainfall teleconnection variability in saadéing basin-scale variability from the direct
impact of the quasi-global thermal evolution obsergince 1900, regardless of its natural or
anthropogenic origin. Using statistical methodshsas linear correlation, linear multiple
regression, composite and cluster analyses, thtseonfirmed that the relationship is rather
linear without significant differences between A&#n longitudes but concerns more the
Sahelian belt than the subequatorial zone. Iniagygt the SST-Sahel teleconnection appears
more often significant with the Mediterranean indp&sitive correlation) and with the Indian
Ocean (negative correlation ) all along the pernodabout 50% of years. By contrast,
significant correlations observed with SSTs in oth&sins are less frequent : only in the 50s-
70s, during the negative trend in Sahelian rainfalt the southern Atlantic basin and the
meridional Atlantic dipole; Only during the anoma$o70s-80s dry period for the western
Pacific region and since the end of the 60s folNim® area.

Analyzing the relationship in a more global comtéxough both regional rainfall
estimates and atmospheric indices representatitheofAfrican monsoon intensity (WAMI
and @), we showed that the quasi-global warming (GSSHplans a small part of the

relationship except with vertical ascents aboveAfrecan Sahel. The Tropical Atlantic and
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equatorial Pacific signals impact also moderat€lyerall, the dominant statistical linkage,
both in terms of intensity and time stability, auhd with the Mediterranean basin and with
the Indian Ocean. In the recent period, marked byna@lerate rainfall recovery, the
teleconnection decreases in the southern tropitiainic and Indian Ocean and increases

with GSST and over the Mediterranean and Nino areas

Additional regression and cluster analyses allowsdto focus more on the SST
signals observed in the Oceanic basins close tafitiean continent. We showed that, with a
statistical point of view, the TNA-TSA differencése Atlantic dipole) are less efficient than
the MED-IND differences to discriminate correctlyet Sahelian rainfall anomalies: wetter
(dryer) rainy seasons are primarily associated witdrmer (colder) anomalies in the
Mediterranean, and colder (warmer) anomalies inltiodkan Ocean. Indeed more than two
thirds of the rainy seasons classified as dry (a@et)concomitant of negative (positive) MED-
IND differences; these scores reach 16/18 (12/a5)He rainy seasons classified as very dry
(very wet).

The connection observed with continental predijpitaover a larger domain (60°W-
60°E) confirmed this feature and showed that remgpMinear trends in the SST series
decreases correlation values without changing idedist the spatial patterns. The statistical
effects of SST variability on the 950 hPa moistiluz field and overturning circulation along
the meridional and zonal planes have been alsoctepi The results obtained can be
summarized as follows.

Positive TNA-TSA differences tend to generate ogpasinfall anomalies along the
meridional plane, i.e., above normal rainfall inbssaharan regions and below normal
amounts across the equatorial Atlantic (Guinearstcoaorth Brazil). A northward SST

gradient in the tropical Atlantic is mainly assae@with: (i) significant upward atmospheric
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motion, a thermal response of the atmosphere tedhface warming in the northern basin;
(i) a reinforcement of the moisture transpooin the south-east over the western equatorial
Atlantic and the Sahelian belt; (iii) a general sdbnce anomaly above 5°N over Africa in
the whole troposphere. The two last points are r@vtievith the dipolar rainfall response over
the Sahelian and Guinean regions.

By contrast, the positive MED-IND differences a@comitant with rainfall excess
over the whole Sudan-Sahel belt and with rainfalirdy in Brazil and central Europe. This is
associated with an enhancement of both the nodtesy moisture transport from the eastern
Mediterranean and the monsoon south-westerly nreistansport from the eastern equatorial
Atlantic by the monsoon flow. Such rainfall and aspheric patterns reproduce well several
elements of the teleconnection observed betweeN#kterranean and the African monsoon
(Rowell, 2003; Raicich et al., 2003; Fontaine et 2010). However, four additional signals
have been reported in the monsoon region: (i) aidahce departure from mid-levels above
10°N-18°N associated with air ascents above thar@ahthermal lows; (ii) upward anomalies
on the western and eastern Sahel reinforcing thmaloatmospheric ascents linked to deep
convection in upper levels; (iii) a low-level sutbshce anomaly by 30°E-40°E in agreement
with the Indian cooling weakening the normal uplif(iv) a reinforcement of the Tropical

easterly Jet over 0°-20°E.
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TABLES

Western region

Central region

Eastern region

SAH GUI SAH GUI SAH GUI
GSST -52* -35*
AMO
WMED +44** +40** +35*
EMED +48** +54** +43** +31*
TNA
TSA -35* +35%* -42%* +35%* -35* -34*
IND -53** -29* -45%* -37*
NINO -30* -29* -34** -40**

Table 1: Significant correlation coefficients (*)0Between SST indexes and CRU rainfall
averaged in the Sahelian (SAH: 10°N-20°N) and GanngsUI: 5°N-9.5°N) belts computed
over the period 1950-2002 and in the western (15YVe@ntral (0°-15°E) and eastern (15°E-

hal-00547172, version 1 - 12 Jan 2011

30°E) longitudes.. *,** for significance at p=0.@&d 0. 01.

TNA <-0.5 >+0.5 MED <-0.5 >+0.5
SAH+ 26% 22% SAH+ 13% 38%
SAH- 28% 25% SAH- 38% 12%
TSA <-0.5 >+0.5 IND <-0.5 >+0.5
SAH+ 25% 22% SAH+ 40% 14%

SAH- 22% 32% SAH- 16% 30%

DIP <-0.5 >+0.5 NINO <-0.5 >+0.5
SAH+ 27% 27% SAH+ 31% 18%

SAH- 24% 22% SAH- 19% 32%

Table 2: Contingency tables between the sign ofSleel rainfall index (SAH+, SAH-) and
values of SST indexes below -0.5 std (cold situejar above +0.5 std (warm situations) in
selected basins: the tropical northern Atlantic A)Nthe Mediterranean (MED), the tropical
southern Atlantic (TSA), the Atlantic dipole (DIPNA-TSA), the equatorial eastern Pacific
(NINO) and the Indian Ocean (IND). The valuesexpressed in percentages of occurrences
(the sum of four percentages for each Ocean basii®0%. Values > 30% in bold. Period
1900-2008.
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R Rcv Racv GSST TSA MED IND NINO
area
SAHEL 50-08 +84 +79 +59 -34 -22 +54 -37
50-79 +91 +88 +72 -44 +45 -37 -15
80-08 +81 +67 +32 +03 +65 -17 -40
WAMI 50-08 +72 +66 +39 -23 -34 +38 -32
50-79 +74 +64 +28 +19 -38 +42 -31
80-08 +89 +84 +65 +38 -24 +48 -39
- ® 50-08 +67 +60 +30 -40 -26 +30 -23
50-79 +66 +48 +06 +19 -31 +49 -14
80-08 +85 +77 +51 +49 -15 +32 -44

Table 3: Linear multiple regression (LMR) estimgtithe July-September Sahel rainfall

amounts and two African monsoon descriptors (WAKH a®, see section 2) after stepwise
selections of the best 4 SST indices (columns 3AW)the series have been standardized
before applying the procedure ensuring easier casqes.

column 2: Total correlation (R), correlation afteross-validation (Rcv) and adjusted

correlation after cross-validation (Racv).

columns 3-7: the vector of regression coefficigni®0) in the linear model (highest value in

bold). Three periods are considered (column 1)012808, 1950-1979 and 1980-2008.

Clusters and % MED TNA TSA IND Nino area
occurrence
3-cluster partition with 5 SST series (see fig. 3a
White (34%) +0.02 -0.40 +0.70 -0.06 -0.73
Blue (40%) +0.60 +0.33 -0.60 -0.61 +0.12
Red (26%) -0.97 +0.01 +0.02 +1.03 +0.78
2-cluster partition with 5 SST series (see figh 3b
Blue +0.56 +0.26 -0.49 -0.61 -0.10
Red -0.51 -0.24 +0.45 +0.56 +0.09

Table 4: Cluster centroid locations (and percergagfeoccurrence) of partitions in 3 and 2
clusters based on squared Euclidean distances éefive standardized SST time series over
the period 1900-2008 : MED (Mediterranean); TNA,AT§orthern and southern tropical
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Atlantic); IND (Indian Ocean) and the Nino (eastexquatorial Pacific). The k-means

algorithm has been repeated 100 times, each titheawnew set of initial centroids, ensuring

that the convergence criterion is met (the assigrimamains the same). Values higher than
[0.5] in bold.

Figures
Figure 1. Temporal correlation coefficients betwdlea Sahel rainfall index and the quasi-
global SST field in July-September for differenbgueriods : a) 1900-1949; b) 1950-1970; c¢)
1971-1990; d) 1991-2008. Values above |0.3| (~10%ommon variance) are displayed in
blue (red) contours for the negative (positive)ueal with a 0.2 interval, shadings
superimposed when they exceed |0.5|. The greeesbioxpanel a) indicate the Oceanic

regions used for defining the SST regional indjpesented in section 5.

Figure 2. Time evolution of the July-September dtadized time series of Sahel rainfall
(bars) on the period 1900-2008 and of a few sdlelte frequency SST anomaly indices
(superimposed curves) over the period 1860-2009).

a) Atlantic Multidecadal Oscillation (AMO, dashedree) and near Global SSTs (GSST,
solid): details in sections 4 and 5.

b) Western (dashed curve) and Eastern (solid) tdednean SSTs: WMED:[32°N-44°N;
6°W-15°E]; EMED [32°N-44°N; 15°E-36°E].

c) Tropical Northern (dashed curve) and SoutheotidsAtlantic SSTs: TNA [5°N-24°N;
50°W-15°W], TSA [20°S-0°; 30°W-10°E] along with thENA-TSA difference (dashed
dotted with circles).

d) Indian (IND, dashed curve), Nino 3.4 (solid) akest Pacific Region WPR (dashed dotted
with circles) SSTs: IND [24°S-24°N; 35°E-90°E]; MiB.4 [5°S-5°N; 170°W-120°W]; WPR

[20°N-20°S; 100°E-160°E].



hal-00547172, version 1 - 12 Jan 2011

In panels b-d, quasi-decadal / multi-decadal Sjhadi have been isolated from higher
frequencies using a zero-phase forward and rewdiggeal filtering (Murakami,1979) for

eliminating time variability < 8 year at each gpdint of the weighted SST anomaly field.

Figure 3. Correlation coefficients computed on 2&a¢yrunning windows between the Sahel
rainfall index and the SST indexes displayed inrfeg2.

The x-axis is labelled with the first year of th@-® ear period, so 1900 means 1900-1919.
Symbols are superimposed when the values are is@mifregarding significance tests based
on permutation resamples drawn at random from thginal data and Monte Carlo
procedure. a,b,c,d as in fig.1. The titles indidht relative percentage of significant values

on the period. 1900-2008.

Figure 4. Time projections of the Kmeans resulspldiyed in Table 3 onto the standardized
Sahel rainfall series at an interannual timeste@) (aand co-variation with Sahel rainfall in
mm/month over 10-year sub-periods (b,c) betweer0 8@ 2008: AP (white), MAI (blue)

and MIP (red).

Figure 5. Scatter-plot of summertime (JAS) Sahetanfall as a function of the differences
computed between the MED and IND (x-axis) and TNW 8SA (y-axis) standardized time
series. ‘W’ (‘D’) denote the wettest (driest) raatifanomalies, i.e., those exceeding 1 sd in
absolute value, while *+’ and ‘—* refer to othergitive (negative) anomalies. Period. 1900-

2008.
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Figure 6. Correlation coefficients with the raihfi¢ld in July-September using the Vasclimo
SST data (period 1951-2000). Panels a,b (c,d) redethe results obtained with SST
differences defined between the eastern Meditearar@ad Indian basins (the northern and
southern tropical Atlantic) with (left ) and withtfright) linear trends. Values below |[0.25]

are not displayed.

Figure 7. July-September moisture flux at 950 hRar dhe period 1920-2008. (a) mean
values; (b) significant differences between thethremn and southern tropical Atlantic basins;
(c) significant differences between the easteediérranean basin and the Indian Ocean.
The statistical significance has been estimatedthenzonal and meridional components
through a Student t-test contrasting the 20 highest the 20 lowest seasonal differences

versus all the remainders.

Figure 8. July-September atmospheric circulationef@ent wind, &) along a meridional-
vertical plane averaged between 20°W and 40°E thveperiod 1920-2008. (a) Mean values;
(b) MED-IND composite relative to SST differencestveeen the eastern Mediterranean basin
and the Indian Ocean (c) TNA-TSA composite relatieeSST differences between the
northern and southern tropical Atlantic basinspémels (b,c) only the significant values are
displayed. The statistical significance has beammeased on the vertical and meridional
components through a Student t-test contrasting2éhdighest and the 20 lowest seasonal

differences versus all the remainders.

Figure 9. As figure 8 but for the July-Septembenapheric circulation along a zonal-

vertical plane averaged between 15°N and 20°N.
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Figure 1. Temporal correlation coefficients betwélea Sahel rainfall index and the quasi-
global SST field in July-September for differenbgueriods: a) 1900-1949; b) 1950-1970; c)
1971-1990; d) 1991-2008. Values above |0.3]| (~10%ommon variance) are displayed in
blue (red) contours for the negative (positive)ueal and with a 0.2 interval and shadings
superimposed when they exceed |0.5|. The greeasbiox panel a indicate the Oceanic
regions used for defining the SST regional indjesented in section 5.
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a) JAS anomalies: GSST (solid) and AMO
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Figure 2. Time evolution of the July-September dtadized time series of Sahel rainfall
(bars) on the period 1900-2008 and of a few sdlelde frequency SST anomaly indices
(superimposed curves) over the period 1860-2009).

a) Atlantic Multidecadal Oscillation (AMO, dashedree) and near Global SSTs (GSST,
solid): details in sections 4 and 5.

b) Western (dashed curve) and Eastern (solid) tdednean SSTs: WMED:[32°N-44°N;
6°W-15°E]; EMED [32°N-44°N; 15°E-36°E].
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c) Tropical Northern (dashed curve) and SoutheotidsAtlantic SSTs: TNA [5°N-24°N;
50°W-15°W], TSA [20°S-0°; 30°W-10°E] along with thENA-TSA difference (dashed
dotted with circles).

d) Indian (IND, dashed curve), Nino 3.4 (solid) aN@st Pacific Region WPR (dashed dotted
with circles) SSTs: IND [24°S-24°N; 35°E-90°E]; NiB.4 [5°S-5°N; 170°W-120°W]; WPR
[20°N-20°S; 100°E-160°E].

In panels b-d, quasi-decadal / multi-decadal Sjhadi have been isolated from higher
frequencies using a zero-phase forward and rewdiggeal filtering (Murakami,1979) for
eliminating time variability < 8 year at each gpdint of the weighted SST anomaly field.
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a) 20~y running CC with SAH: AMO(4%), GSST(solid,7%)
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Figure 3. Correlation coefficients computed on 2&yrunning windows between the Sahel

rainfall index and the SST indexes displayed inrfeg2.

The x-axis is labelled with the first year of th@-® ear period, so 1900 means 1900-1919.
Symbols are superimposed when the values are is@mifregarding significance tests based
on permutation resamples drawn at random from thginal data and Monte Carlo

procedure. a,b,c,d as in fig.1. The titles indidhie relative percentage of significant values

on the period. 1900-2008.
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a) 3—cluster partition of Sahel rainfall with 5 SST indexes
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Figure 4. Time projections of the Kmeans resulspldiyed in Table 3 onto the standardized
Sahel rainfall series at an interannual timeste@) (aand co-variation with Sahel rainfall in
mm/month over 10-year sub-periods (b,c) betweerD 8@ 2008: AP (white), MAI (blue)
and MIP (red).
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Sahel Rainfall vs SSTs
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Figure 5. Scatter-plot of summertime (JAS) Sahet@nfall as a function of the differences
computed between the MED and IND (x-axis) and TNW 8SA (y-axis) standardized time
series. ‘W’ (‘D’) denote the wettest (driest) ratifanomalies, i.e., those exceeding 1 sd in
absolute value, while ‘+" and ‘' refer to otherguve (negative) anomalies. Period. 1900-
2008.
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a) JAS rainfall: CC(MED IND) with trend b) JAS rainfall: CC(MED IND) no trend
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¢) JAS rainfall: CC(TNA TSA) with trend
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Figure 6. Correlation coefficients with the raihfild in July-September using the Vasclimo

SST data (period 1951-2000). Panels a,b (c,d) redethe results obtained with SST

differences defined between the eastern Meditearar@ad Indian basins (the northern and
southern tropical Atlantic) with (left ) and withtgright) linear trends. Values below |0.25]
are not displayed.
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a) Mean JAS MF (950 hPa)
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Figure 7. July-September moisture flux at 950 hRar dhe period 1920-2008. (a) mean
values; (b) significant differences between thethren and southern tropical Atlantic basins;
(c) significant differences between the easteediérranean basin and the Indian Ocean.
The statistical significance has been estimatedthenzonal and meridional components
through a Student t-test contrasting the 20 highest the 20 lowest seasonal differences
versus all the remainders.
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a) NOAA 20th Century: 20W 40E meridian circulation
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Figure 8. July-September atmospheric circulationef@ent wind, &) along a meridional-
vertical plane averaged between 20°W and 40°E thneperiod 1920-2008. (a) Mean values;
(b) MED-IND composite relative to SST differencetvieeen the eastern Mediterranean basin
and the Indian Ocean (c) TNA-TSA composite relatieeSST differences between the
northern and southern tropical Atlantic basinspémels (b,c) only the significant values are
displayed. The statistical significance has bedimesed on the vertical and meridional
components through a Student t-test contrasting2éhdighest and the 20 lowest seasonal
differences versus all the remainders.



a) NOAA 20th Century: 15 20N zonal circulation
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