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6 [1] Using sea surface temperature (SST), precipitation, and atmospheric information, this
7 statistical study revisits the questions of the July—September SST-Sahel teleconnection
8 variability after removing impact of quasi-global SSTs over the period 1900-2008. The
9 eastern Mediterranean and the Indian Ocean dominate the relationship, both in terms of.
10 intensity and time stability, with significant values in 52% and 47% of years, respectively.
11 More than two thirds of the rainy seasons classified as dry (wet) and 16 out of 18 (12 out
12 of 15) of those classified as very dry (very wet) are concomitant of negative (positive)
13 differences between the Mediterranean and the Indian Ocean. Correlations with the
14 tropical Atlantic, the Nifio area, and the western Pacific region are generally lower and less
15 robust, although, in some periods, they can be high with the southerfiitropical Atlantic.
16 Teleconnection observed with continental precipitation and the 950 hPa moisture-flux field
17 confirmed these results. Positive SST differences between the easterndMediterranean and
18 the Indian Ocean are synchronous of in-phase rainfall excess over thezwhole Sudan-
19 Sahel due to a strengthening of the convergence between the northeasterly moisture
20 transport from the eastern Mediterranean and the monsoon.southwesterly moisture
21 transport from the eastern equatorial Atlantic. Thisyis associated with changes in the
22 atmospheric circulation along the meridional and zonal planes,/mainly (1) a subsidence
23 departure from midlevels above 10°N—18°N associated with air ascents above the Saharan
24 thermal lows, (2) upward anomalies on the western and eastern Sahel reinforcing the
25 atmospheric ascents in upper levels, (3) a low-level subsidence anomaly by 30°E—40°E in
26 agreement with the Indian cooling weakening the normal uplifts, and (4) a reinforcement

27 of the tropical easterly jet over 0°—20°E.

28 Citation: Fontaine, B., M. Gaetani, A. Ullmann, and P. Roucou (2011), Time evolution of observed July—September sea surface
29 temperature-Sahel climate teleconnection with removed quasi-global effect (1900-2008), J. Geophys. Res., 116, XXXXXX,

30 doi:10.1029/2010JD014843.

31 1. Introduction

32 [2] The objective,of this study is to revisit the question of
33 the summertime SST-Sahel teleconnection variability along
34 the twentieth century,using both several gridded data sets for
35 describing time evolution of the basic fields (SST, precipi-
36 tation, atmospheric circulation) and selected key SST
37 indexes and atmospheric descriptors representative of the
38 West African monsoon.

39 [3] The question is to what extent have quasi-global SST
40 and basin-scale variations contributed to the observed
41 changes in the teleconnection, i.e., to the long-term evolu-
42 tion of correlation patterns defined at an interannual time
43 step. The purpose is therefore different from previous
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studies which often have documented this relationship
without removing the global warming effect. In this work
we have chosen to separate thermal evolutions observed in
the different oceanic basins, including the Mediterranean,
from the global-scale SST (GSST) influence, regardless of
its natural or anthropogenic origin. Removing the GSST-
related influence has a significant effect on long-term SST
evolution in the oceanic basins and allows us to separate
better basin-scale variability from longer-term evolutions
and, therefore, to quantify suitably their relative statistical
impacts on Sahelian rainfall. In addition, the investigation of
the Mediterranean role in the variability of the Sahelian
precipitation on a multidecadal time scale represents an
outstanding effort in filling this gap in the knowledge of the
West African monsoon teleconnections. Using linear cor-
relations, multiple regressions, composite methods and
cluster analyses we discuss the results in terms of statistical
significance and time stability over various periods ranging
between 1900 and 2008. Furthermore, we conclude by a
short analysis of the atmospheric circulation in terms of
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64 moisture transport, and large-scale divergent meridional and
65 zonal circulation, in order to highlight the association with
66 the SST time evolution.

67 2. Review of the Literature

68 [4] The relationship between sea surface temperature
69 (SST) fields and summer Sahel rainfall has been studied for
70 a long time, emphasizing the potential role of tropical
71 Oceanic basins [e.g., Hastenrath and Lamb, 1977; Lamb,
72 1978; Lough, 1986; Folland et al., 1986; Palmer, 1986;
73 Nicholson and Nyenzi, 1990; Ward et al., 1990]. Overall
74 these authors showed that warmer (colder) waters southward
75 to the equator—relative to that northward—were often asso-
76 ciated with Sahelian drier (wetter) conditions over the Sahel.
77 In particular, Folland et al. [1986] have been the first au-
78 thors who linked Sahelian rainfall long-term variability to
79 the differential SST warming between the hemispheres
80 through the latitudinal location of the ITCZ over the
81 Atlantic. This statistical teleconnection, observed both at the
82 interannual and decadal scales, is in good agreement with
83 model results and hence can be interpreted in terms of
84 Oceanic forcing on the tropical circulation. In the Atlantic,
85 for example, Hastenrath and Polzin [2011] show that
86 warmer (cooler) surface waters over the tropical North
87 Atlantic accompanied by lower (higher) surface pressure
88 enhance (decrease) the cross-equatorial winds from the
89 Southern Hemisphere and hence precipitation in the Sahel.
90 In the ARPEGE AGCM, the simulated drought is associated
91 with a southward shift of the continental rainbelt over cen#
92 tral and eastern Sahel, linked to an interhemispheric SST
93 mode, the southern hemisphere oceans warming faster than
94 the northern ones after 1970 [Caminade and Terray, 2010].
95 Other model experiments [Losada et al., 2009] indicate that
96 warmer SST anomalies in the equatorial ‘Atlantic lead to a
97 decrease of the local surface temperature gradient; weak-
98 ening the West African monsoon flow» and the surface
99 convergence over the Sahel. Ward [1998]\and Joly and
100 Voldoire [2010] state that the mainyoceaniessources of sea-
101 sonal rainfall predictability over West Africa are SST
102 anomalies in the equatorial Pacific, the equatorial Atlantic
103 and the Mediterranean.

104 [s] Possible causes and impacts of SST variability at
105 longer term have been also,pointed out. Thus Delworth et al.
106 [1993] described thermal impacts of the North Atlantic
107 thermohaline overturning circulation at multidecadal scales:
108 the resulting SST pattern is known as the Atlantic Multi-
109 decadal Oscillation (AMO) [Goldenberg et al., 2001; Zhang
110 and Delworth, 2006]. Bader and Latif [2003] identified the
111 warming of the Indian Ocean—partly due to anthropogenic
112 greenhouse gases [Stott et al., 2000]-as a potential source of
113 Sahelian drying. They suggested that warming trends in the
114 Indian Ocean played a crucial role for the drying trend over
115 the West Sahel from the 1950s to 1990s, while the tropical
116 Pacific’s influence is predominantly over the East Sahel and
117 the tropical Atlantic impacts rainfall only along the Guinea
118 Coast. More recently, focusing on the very dry year 1983,
119 Bader and Latif [2011], showed that the Indian Ocean sig-
120 nificantly affects interannual rainfall variability over the
121 west Sahel. In particular, they provide evidence that the
122 remanence from the strong 1982/1983 El Nifio event in this
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ocean was the main forcing for the drought observed in
1983 over the Sahel.

[6] Studying the ENSO-Sahel relationship, Janicot et al.
[2001] proposed that the existence of periods of weak or
strong linkage could result from an interaction with the
global decadal-scale SST variability, which is able to
enhance the impact of the warm ENSO phases after 1980,
through an increase in the fill-in of the monsoon trough and
a moisture advection deficit over West Africa. In addition,
Giannini et al. [2003] related the warming of the low-lati-
tude waters around Africa to the recent negative precipita-
tion trend in the Sahel, hypothesizing that the favored deep
convection over the ocean could weaken the monsoonal
convergence over the continent. More generally the drying
trend observed in the Sahel from the 1950s to the mid 1980s
coincides with marked decadal shifts like those in the
Atlantic Multidecadal Oscillation, the Pacific Decadal
Oscillation, the low-frequency” component of the Atlantic
Nifio and the global temperature [Rodriguez de Fonseca
et al, 2011].

[7] The linkage between the local forcing and the remote
SST signals implied in"the Sahel/SST teleconnection has
been also discussed: For example, Rowell et al. [1995]
showed that SSTA linked to the Nino/Nina variability im-
pacts indirectly’on July-August-September Sahelian rainfall
via atmospheric teleconnection generating SST anomalies in
the Atlantic. Rodriguez-Fonseca et al. [2009] presented
observational evidence of a change in the Atlantic-Pacific
Nifies, connection since the late 1960s. The role of the
eastern ‘Mediterranean basin in the determination of the
interannual variability of the monsoonal precipitation has
been highlighted by Rowell [2003] and Fontaine et al.
[2009]: warm SST anomalies positively affect the Sahelian
precipitation in July-August-September in reinforcing the
moisture transport from the Mediterranean across the Sahara
and hence the moisture flux convergence over the Sahel.

[8] Thus the SST forcing can be considered as the domi-
nant driver of West African rainfall variability. Conversely it
is not the unique factor impacting rainfall in this monsoon
region for at least three reasons: (1) atmospheric internal
variability contributes strongly to driving the simulated
precipitation variability over the Sahel at decadal to multi-
decadal time scales [Caminade and Terray, 2010], (2) land
surface vegetation processes and dust feedbacks may amplify
rainfall anomalies [Biasutti et al., 2008], and (3) global
warming impacts both multidecadal SST variability and
monsoon circulation [Paeth and Hense, 2004].

[v] Indeed West Africa is sensitive to water vapor and
lapse rate, vegetation, surface albedo, clouds and also
aerosols. For example, aerosol feedbacks may act to amplify
the ocean-forced component of monsoon circulation: the
direct and the indirect effects of aerosols affect the SST
gradients and favor drying at the northern edge of the ITCZ
[Biasutti and Giannini, 2006]. By contrast, for Kim et al.
[2010] aerosol radiative forcing and induced circulation
and precipitation cool the Sahel and the southern part of
Sahara desert more than the adjacent areas to the north and
south. It tends to shift the peak of the meridional temperature
gradient northward and consequently the African easterly jet.

[10] In their detailed review of biophysical processes
studies for the Sahel area, Xue et al. [2004] present the main
land/atmosphere feedbacks and mechanisms exerting a sig-
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185 nificant impact on the Sahel climate (see Xue et al.’s [2004]
186 Figure A42 and comments on their page 74 for more de-
187 tails). In particular, as Zeng et al. [1999] show, they exhibit
188 that interactive vegetation processes must be included in
189 models for simulating correctly the decadal precipitation
190 variability over the Sahel. Moreover, as Charney et al.
191 [1977] and Walker and Rowntree [1977] show, Xue et al.
192 [2004] highlight that increases/decreases in albedo lead to
193 the reduction/augmentation in precipitation while less initial
194 soil moisture leads to less precipitation.

195 [11] About global warming, Paeth and Hense [2004],
196 among other authors, have implied greenhouse-gas driven
197 signals, showing that the partial amelioration of the Sahel
198 drought in recent years may be a sign of a long-term
199 increase in rainfall. For Polyakov et al. [2010], also, the
200 current North Atlantic warming is linked to both this mul-
201 tidecadal variability and long-term climate change (includ-
202 ing anthropogenic and natural).

203 3. Data and Methods

204 3.1. SST Data

205 [12] The SST data are a 60°N—40°S selection of the
206 extended reconstructed sea surface temperature (ERSST)
207 from the most recently available Comprehensive Ocean-
208 Atmosphere Data Set (COADS) SST data with improved
209 statistical methods allowing stable reconstruction using
210 sparse data. We will use the ERSST.v3b version which is an
211 improved extended reconstruction over version 2 with no
212 satellite data (more details available from Smith et al. [2008]
213 and at http://www.ncdc.noaa.gov/oa/climate/research/sst/
214 ersstv3.php). Computations of the derived SST signals of
215 global and regional scale will be presented in section 3.1.

216 3.2. Rainfall Data

217 [13] The Sahel rainfall index used in this study ds the
218 precipitation anomaly defined by the NOAA'NCDC Global
219 Historical Climatology Network. This"index refers to the
220 1950-1979 climatology and is averaged over a 20°—10°N,
221 20°W-10°E West African window)(see jisao.washington.
222 edu/data/sahel for more details). The correlation coefficients
223 between the July-September (values,of this rainfall index and
224 other Sahel indices used/im,the literature, such as those
225 defined by Lambw[l978], Bell and Lamb [2006] and
226 Nicholson [1979] are positive‘and significant at p = 0.01
227 regarding to a Monte/Carlo procedure taking into account
228 autocorrelation in theiseries: r = 0.89 with the Nicholson’s
229 Sahel index over the/common period 1901-1994 and r =
230 0.58 with the Lamb’s time series over the common period
231 1941-2009.

232 [14] In addition, two data sets have been selected for
233 enlarging the window: (1) the high-resolution CRU TS 2.1
234 data set to focus more on different West African subregions:
235 these data comprise 1224 grids of observed climate, for the
236 period 1901-2002, and cover the global land surface at
237 0.5 degree resolution [see New et al., 2002; Mitchell et al.,
238 2004; (2) the last available version of the VASCIimO 50-Year
239 data set (1951-2000) from the Global Precipitation Clima-
240 tology Centre (GPCC), because only this version supplies
241 gridded time series of monthly precipitation at 1 degree
242 resolution for climate variability and trend studies [Beck et al.,
243 2005]: it is based on data selected with respect to a (mostly)
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complete temporal data coverage and homogeneity of the
time series (http://gpcc.dwd.de).

3.3. Atmospheric Data

[15] Two regional atmospheric signals representative of
the African monsoon circulation in July—September have
been defined between 20°W and 30°E through the NCEP/
NCAR reanalyses over the period 1950-2008: (1) the ver-
tical velocity at 400 hPa (Pa/s) over 15°N-10°N (w, the
vertical velocity in Pa/s) which is directly linked to moist
convection processes at Sahelian latitudes; (2) the West
African Monsoon Index (WAMI) [Fontaine et al., 1995]
between 15°N and 5°N which is a proxy of the monsoon cell
intensity at regional scale: WAMI issthe difference between
the standardized values of the wind modulus at 925 hPa and
of the zonal wind at 200 hPa averaged in the considered
domain.

[16] In addition, the atmosphetic moisture flux at 950 hPA
and the divergent (irrotational) part of the horizontal wind at
the different pressure leyels,of the troposphere have been
computed through the monthly NOAA-CIRES 20th Century
Reanalysis. This data 'set_is/based on surface pressure
observations-assimilated every 6 h in an atmospheric model,
and time<evolving seaysurface temperature and sea ice
concentration fields as boundary conditions. The model used
the state-of-the-art atmospheric general circulation model, a
2008 updated experimental version of the atmospheric
component of NCEP’s operational Climate Forecast System
model [Saha et al, 2006]. It has a spatial resolution of
nearly 200 km in the horizontal (corresponding to a trun-
cation. T62) and 28 vertical levels. The data are provided at a
2° x 2° latitude-longitude resolution (more details are pro-
vided by Compo et al. [2006] and at http://www.esrl.noaa.
gov/psd/data/gridded/data.20thC_ReanV2.html). The data
set will be used over the period 1920-2008 to limit time
variations of the information anisotropy at the very begin-
ning of the century and during the first world war.

3.4. Statistical Methods

[17] Statistical links are presented through linear correla-
tions, multiple regressions, composite methods and cluster
analyses. The correlation significance is estimated through
permutation tests which do not require specific distributions
such as normality and give more accurate P values than
usual statistical tests. Correlation and P values at 0.05 and
0.01 will be indicated in text and tables by one and two
asterisks, respectively. Multiple regressions have been con-
ducted with cross validation techniques. Composite results are
tested using paired Student ¢ test. Cluster analyses use a
k-means algorithm minimizing the sum, over all clusters,
of the within-cluster sums of point-to-cluster-centroid
distances: each procedure has been repeated 100 times,
each time with a new set of initial centroids.

4. Correlation Patterns

[18] Let us recall first the basic SST-Sahel correlation
patterns observed over different periods at quasi-global
scale: 1900-1949, 1950-1970, 1971-1990 and 1991-2008
(Figure 1). During the first half of the 20th century (Figure 1a),
a few Oceanic regions exhibit a statistical link with the
Sahelian rainy seasons, i.e., the equatorial, southern and NW
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Figure 1. Temporal correlation coefficients between the Sahel rainfall index and the quasi-global SST
field in July=September for different subperiods: (a) 1900-1949, (b) 1950-1970, (c) 1971-1990, and
(d) 1991-2008. Values above 10.31 (~10% of common variance) are displayed in blue (red) contours
for the negative (positive) values with a 0.2 interval; shadings are superimposed when they exceed
10.51. The green boxes in Figure la indicate the Oceanic regions used for defining the SST regional

indices presented in section 5.

302 zones in the Pacific, some areas in the extratropical Atlantic
303 in the Indian Ocean, along with the whole Eastern Medi-
304 terranean and Black Sea. Interestingly, no signal is
305 encountered in the tropical Atlantic.

306 [19] After 1950 (Figures 1b—1d), the coefficients increase
307 and involve larger oceanic regions in the tropics, such as the
308 eastern and central parts of equatorial Pacific, the Indian
309 Ocean and the eastern Atlantic (negative correlations), the
310 western equatorial Pacific, the western equatorial Atlantic

4 of

and the Mediterranean (positive correlations). In the extra-
tropical region, positive coefficients are also registered by
40°N in the Pacific and Atlantic.

[20] In fact, Figure 1 illustrates well the time instability of
correlation patterns and reveals that changes at basin scale
are obvious everywhere. Thus, the negative correlations
observed in the 1950s and 1960s (Figure 1b) in the equa-
torial Atlantic and Indian Ocean, disappear in the 1970s and
1980s (Figure 1c) and become positive on the most recent
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320 period (Figure 1d). It is thus interesting to separate this
321 quasi-global evolution from proper SST variability in the
322 different basins. There are several ways for doing that.

323 [21] In this study, a quasi Global SST (GSST) index,
324 weighted by the square root of cosine of latitudes and
325 averaged between 60°N and 40°S is first defined as an
326 Oceanic proxy of the global SST evolution. GSST me) =
327 X (SST (1at,1on,time)- cos(lat)o‘s) / n, where n is the number
328 of grid points considered. The GSST influence is then
329 removed to each line to better capture regional signals
330 that can be considered as independent from global evo-
331 lution: SST’(lat,lon,time) = SST(lat,]on,time) - GSST(time)' Such
332 a procedure is more natural and appropriate than remov-
333 ing a simple linear trend not observed over the reference
334 period. Although GSST is defined at a monthly scale, its
335 long-term evolution (see Figure 2a and its caption) is
336 similar to the GW signal based on yearly averaged global
337 SSTs, between 60°N and 45°S because of lower SST data
338 coverage, shown by Mohino et al. [2011].

339 5. Time Evolution of Key SST Regional Indices
340 Versus Sahel Rainfall

341 [22] Nine regional SST indexes representative of the
342 regions linked to Sahel rainfall variability (Figure 1) are
343 now defined as a snapshot of SST evolution since 1900,
344 by averaging the values over: (1) the western Mediterra-
345 nean (WMED: 32°N-44°N; 6°W-15°E) and -eastern
346 Mediterranean (EMED: 32°N—44°N; 15°E-36°E) basins,
347 and the whole Mediterranean (MED); (2) the northern
348 tropical Atlantic (TNA: 5°N-24°N; 50°W-15°W), the
349 southern tropical Atlantic (TSA: 20°S—0°; 30°W-10°E) and
350 the TNA-TSA differences. The correlation between TSA
351 and an equatorial Atlantic index computed over (3°N-3°S
352 and 20°W-0°) is positive, high and, significant ,(r =
353 +0.86**); and (3) the tropical Indian Ocean (IND:24°S-24°N;
354 35°E-90°E), the west Pacific Region (WPRz 20°N=20°S;
355 100°E-160°E) and the Nino 3.4 region (Nino:»5°S—5°N;
356 170°W—-120°W).

357 [23] Finally a detrended and unsmoothed version of the
358 Atlantic Multidecadal Oscillation (AMO) is added since
359 Goldenberg et al. [2001], Zhang and Delworth [2006] and
360 Polyakov et al. [2010], among others, have shown the role
361 of AMO on observed multidecadal variations of SSTs and
362 Sahel rainfall. We'use the.NOAA PSD AMO, from the
363 Kaplan SST data set” V2 /(5 x 5) referring to the area
364 weighted average over the North Atlantic (0°~70°N).

365 [24] Figure 2 presents time variability of these SST signals
366 since 1860 with superimposed July—September Sahelian
367 rainfall time series since 1900. The quasi global SST field
368 evolution (GSST in Figure 2a) is marked by two major
369 warming phases occurring from 1910 to 1940, then from
370 1975 to present. Notice that the AMO time series (thin
371 curve) which describes an apparent 60—80 year pseudocycle
372 in SSTs displays prolonged periods of warming and cooling
373 often in phase and correlated with GSST (r = +0.57**).
374 [25] In the Mediterranean, SST evolutions in the western
375 and eastern basins (WMED, EMED dashed and solid curves
376 in Figure 2b) exhibit marked covariations in the last 50 years
377 with a noticeable cooling from 1960 to 1980 concomitant of
378 the Sahelian dry phase (bars) followed by a clear warming,
379 concomitant of the recent Sahel rainfall recovery. In fact,
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EMED remains positive (negative) from 1912 to 1970 (1970
to 1997) during the long period of Sahelian rainfall excess
(deficit).

[26] In the tropical Atlantic (Figure 2c) the northern
(dashed curve) and Southern (solid curve) anomalies exhibit
often inverse polarities as in years 1917—1925, 19501960,
1967-1975 which can favor interhemispheric SST anomaly
gradient able to modify the location of the ITCZ. This
inverse evolution, associated with the dipolar pattern
between the northern and southern basins is well captured
by the TNA-TSA difference (circles).

[27] SST evolutions in the Indian and Pacific oceans
(IND, Nino and WPR in Figure 2d) also show a strong
variability all along the period. In particular the IND series
(solid curve) displays a succession of years with negative
values (1925-1960) followed by a warm phase since 1960,
while the Nino (curve with circles) and WPR (dashed curve)
series are negatively correlated allhalong the period (r =
—0.72*%*). This inverse correlation is due to the well-known
El Niflo—Southern Oscillation seesaw of reversing surface
air pressure between the eastern and western tropical Pacific.

[28] Let us now display,in Table 1 the significant corre-
lation coefficients registered between these SST indexes and
rainfall amounts over different African regions, i.e., the
western, central’and eastern parts of the Sahelian (10°N-20°N
and Guinean (5°N-9.5°N) belts. The results show that (1) the
Sahelian belt is more affected by the teleconnection than the
subequatorial zone, (2) connections imply nearly all indexes
except AMO and TNA, and (3) small differences are recorded
betweenrthe western, central and eastern African windows.
Overall, correlations are negative, except those implying the
Mediterranean basins, and the equatorial/southern tropical
Atlantic. This is well confirmed through composite analyses
(Table 2) retaining only the SST anomalies exceeding 10.51
standard deviation over a larger period (1900-2008).
Noteworthy, the teleconnection is rather linear but stronger
with the Mediterranean index (correlated positively in 76%
of occurrences), and with IND (70%) and Nino (63%), both
correlated negatively with Sahelian rainfall. In the Atlantic
TSA exhibits a negative relationship in 57% of occurrences.

6. Time Instability of the SST-Sahel
Teleconnection

[29] To better focus on this aspect, already noticed in
Figure 1 and section 4, Figure 3 displays 20 year running
correlations registered with each SST index. Several ob-
servations may be made.

[30] 1. The GSST and AMO series change continuously
and are significant in less than 10% of occurrences: with
GSST correlation series (bold curve in Figure 3a) often
negative in the 1960s, 1970s and 1980s, i.e., a period of
increasing drought occurrences over Sahel in agreement
with Giannini et al. [2003]. The lack of correlation with
AMO is not surprising regarding the period and Hodson
et al. [2010], who show that, in contrast to some studies,
the Atlantic Multidecadal Oscillation was not the primary
driver of recent reductions in Sahel rainfall. However, sig-
nificant correlations are observed in the 50s, and are con-
sistent with a northward displacement of the ITCZ and wet
anomalies in the Sahel [Mohino et al., 2011].
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Figure 2. Time evolution.of the July-September standardized time series of Sahel rainfall (bars) on the
period 1900-2008 ‘and of a few selected low-frequency SST anomaly indices (superimposed curves)
over the period 1860-2009. (a) Atlantic Multidecadal Oscillation (AMO, dashed curve) and near
global SSTs (GSST; solid curve); details in sections 4 and 5. (b) Western (dashed curve) and
eastern (solid curve) Mediterranean SSTs: WMED (32°N—44°N; 6°W-15°E) and EMED (32°N—44°N;
15°E-36°E). (¢) Tropical northern (dashed curve) and southern (solid curve) Atlantic SSTs: TNA (5°N—
24°N; 50°W=15°W) and TSA (20°S—0°; 30°W—10°E) along with the TNA-TSA difference (dash-dotted
curve with circles). (d) Indian (IND, solid curve), Nino 3.4 (solid curve with circles), and west Pacific
region (WPR) (dash-dotted curve with circles) SSTs: IND (24°S-24°N; 35°E-90°E), Nino3.4 (5°S-5°N;
170°W-120°W], and WPR (20°N-20°S; 100°E-160°E). In Figures 2b-2d, quasi-decadal/multidecadal
SST signal have been isolated from higher frequencies using a zero-phase forward and reverse digital
filtering [Murakami, 1979] for eliminating time variability < 8 years at each grid point of the weighted
SST anomaly field.

439 [31] 2. The relationship involving WMED is rather low
440 and rarely significant (13%): it is significant in the 1960s
441 and 1970s then after 1982 (thin curve, Figure 3b). In con-
442 trast, except in the 1940s and 1950s, EMED (bold curve,
443 Figure 2b) shows a quasi-persistent teleconnection in more

than 50% of years. The teleconnection is in good agreement
with work by Rowell [2003], Raicich et al. [2003] and
Fontaine et al. [2009], who showed observational and
model evidence of a thermal forcing of the Mediterranean—
with maximum amplitude in the eastern basin—on the African
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tl.1  Table 1. Significant Correlation Coefficients (x100) Between show that the Indian Ocean SST variability fails to catch the
t1.2 SST Indexes and CRU Rainfall Averaged in the Sahelian (SAH, recovery trend. The 20 year running mean tends to make
t1.3  10°N-20°N) and Guinean (GUI, 5°N-9.5°N) Belts Computed Indian SST correlation artificially high over the recent
tl.4  Over the Period 1950-2002 and in the Western (15°W—-0°), Central ~ period. Figure 2c shows also that Atlantic Ocean SST cat-
tl.5  (0°-15°E), and Eastern (15°E-30°E) Longitudes® ches well the recovery after the 1980s. The statistical link

- - . with WPR is positive (Figure 3d) and significant (9%,

estem Region Central Region Eustem Region mainly betweenpthe end f)f tghe 1960)s and theg mid—l98§)s).

1.6 SAH Gut SAH Gut SAH Gul [34] Finally, two conclusions must be drawn: (1) there is
t1.7  GSST —52% —35% no empirical evidence of correlation stability between the
tL.s - AMO selected SST indices and Sahelian rainfall at the decadal or
9 - WMED +44: +4O:: o 3 5: multidecadal scales, and (2) only the eastern Mediterranean
t1.10 EMED  +48 +54 +43 +31 X ! T .
{111  TNA and Indian Ocean SST series show significant correlations
tl.12  TSA —35%  435%K 4%k 435%% _35% -34* in about 50% of years. Another striking result is that cor-
tl.13 IND 53k 9% 45k —37* relations with the different oceanicebasins do not occur in
tl.14  NINO -30* —29% —34%* —40**

t1.15
tl.16

“Significance at p = 0.05 and 0.01 denoted by one and two asterisks,
respectively.

449 monsoon leading to increasing moisture convergence (and
450 therefore rainfall) over Sudan-Sahel latitudes through changes

the same periods. Thus the anomalous wet July-August-
September seasons observed during ‘the 1940s, 1950s and
1960s are mostly associated with (1) colder SST anomalies
over the Indian Ocean (IND) and (2) warmer (colder) SSTs
over the TNA (TSA) basins, \which induces a northward
SST anomaly gradient insthe,tropical Atlantic. By contrast,
the drought phase following the 1960s appears to be linked

451 in the southward moisture advection across the eastern to (1) colder waters in'the eastern Mediterranean and in
452 Sahara by the flow. the westernstropical Pacific, and to (2) Nino episodes in
453 [32] 3. The connection with TNA is rarely significant the central-eastern Pacific (Figure 3), compatible with the

454 (4%) and only observed during the wet 50s and 60s (dashed
455 curve in Figure 3c). The negative correlation with TSA is
456 more recurrent (20%), primarily in the 1940s—1970s. As a
457 result, the association with the dipolar pattern is positive and
458 significant during the same period (15%, dash-dotted curve
459 with circles). This is in good agreement with Janicot et al,
460 [2001] who showed that during the transition between
461 the wet sequence to the dry one, the correlations between
462 the Sahel rainfall and the tropical Atlantic dipole were the
463 highest.

464 [33] 4. The statistical relationship with,IND [and Nino is
465 negative. Figure 3d shows that the correlation is'more often
466 significant with IND (47%, chiefly between 1920 and 1975)
467 than with Nino (28%, mainly from 1900 to 1930; and after
468 1968). Indeed, IND and Nino are not significantly correlated
469 together over the total period (+0.13) or over subperiods
470 before/after the 1976-1977 climate shift in the tropical
471 Indian-Pacific region (+0.12 and +0./13, respectively). The
472 correlation with Nino confirms results of Joly and Voldoire
473 [2009] and Rodriguez:de Fonseca et al. [2011] and is partly
474 due to the Atlantic Nifio~Pacific La Nifa relationship starting
475 after the 1970s found’by Polo et al. [2008] and Rodriguez-
476 Fonseca et al. [2009]:\It is also noteworthy that the 20 year
477 running mainly deemphasizes the information in past 20 years,
478 which is an important rainfall recovery period. Figure 2,
479 which only eliminates the time variability < § years, clearly

Atlantic Nino~Pacific La Nifia relationship observed after
the 1970s by Polo et al. [2008] and Rodriguez-Fonseca
et al. [2009]. It 1s also interesting to mention that the Indian
ocean is not (is) significantly correlated with Sahelian
rainfall when Sahelian rainfall is (is not) linked with Nino.

7. JLinear Regression and Clustering

[35] Studying the summer Sahel-ENSO teleconnection,
Janicot et al. [2001] over the period 1945-1993 showed that
the decadal-scale SST variations weakly affect Sahel rainfall
variability but that they induce an indirect effect on Sahel
rainfall by enhancing the impact of the warm ENSO phases
after 1980, through an increase in the fill-in of the monsoon
trough and a moisture advection deficit over West Africa.
Interestingly, they pointed out an adjustment in correlation
after the mid-1970s (1975-1980) due to the jump in SST
observed for this period in the Pacific and Indian oceans. On
the basis of our results this hypothesis can be completed
since no abrupt change alters the IND and Nino series used
here (Figure 2d). Moreover the SST indices document other
oceanic basins (section 2) over a larger period (1950-2008).
It is therefore interesting to analyze first the summer Sahel-
SST teleconnection in a more global context for quantifying
the relative weights of the global (GSST) versus SST indices
of regional extent in their relationship with Sahelian rainfall

©2.1  Table 2. Contingency Table Between the Sign of the Sahel Rainfall Index (SAH", SAH-) and Values of SST Indexes Below —0.5 Stan-
2.2 dard Deviations (Cold Situations) or Above +0.5 Standard Deviations (Warm Situations) in Selected Basins®

TNA TSA DIP MED IND NINO
2.3 <-0.5 >+0.5 <-0.5 >+0.5 <-05 >+0.5 <-0.5 >+0.5 <-0.5 >+0.5 <-0.5 >+0.5
2.4 SAH+ 26% 22% 25% 22% 27% 27% 13% 38% 40% 14% 31% 18%
2.5 SAH- 28% 25% 22% 32% 24% 22% 38% 12% 16% 30% 19% 32%
2.6 Selected basins: TNA, tropical northern Atlantic; MED, Mediterranean; TSA, tropical southern Atlantic; DIP (= TNA-TSA), Atlantic dipole; NINO,
2.7 equatorial eastern Pacific; IND, Indian Ocean. The values are expressed in percentages of occurrences (the sum of four percentages for each Ocean basin is
2.8 100%). Values > 30% are boldface. Period is 1900-2008.
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a) 20-y running CC with SAH: AMO(4%), GSST(solid,7%)
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b) 20—y running CC with SAH: WMED(13%),EMED(solid,52%)
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d) 20—y running CC with SAH: IND(47%), Nino(solid,28%), WPR(*,9%)
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Figure 3. Correlation coefficients,computed on 20 year running windows between the Sahel rainfall
index and the SST indexes,displayed in Figure 2. The x axis is labeled with the first year of the 20
year period, so 1900 means 1900-1919. Symbols are superimposed when the values are significant
regarding significance tests based on permutation resamples drawn at random from the original data and
Monte Carlo procedure. Panels are as in Figure 1. The titles indicate the relative percentage of significant

values on the period, 1900-2008.

528 and African monsoonintensity. This is also supported by the
529 fact that Pacific-Nifio, Atlantic La Nifia and cooling of the
530 western Indian Ocean have, from the 1970s, an atmospheric
531 response related to changes in the Walker circulation
532 [Rodriguez de Fonseca et al., 2011].

533 [36] For determining these weights and their time evo-
534 lution, we estimate Sahel rainfall and the African mon-
535 soon intensity as depicted by the WAMI and w indexes
536 (section 2.3), trough linear multiple regressions after step-
537 wise selections of 4 SST indices and cross validation over
538 different periods. Table 3 displays both the correlation sta-
539 tistics and the vectors of regression coefficients (see the
540 legend for more details) explaining the highest part of var-
541 iance. Sources of skill are found in both the quasi-global
542 (GSST) and regional SST variability with high and signifi-
543 cant correlations. Notice however that over the period 1950—

2008, the statistical impact of GSST variability explains a
smaller part of the relationship with Sahelian rainfall or the
African monsoon cell (WAMI) than basin-scale variability.
By contrast the GSST coefficients are higher with the ver-
tical velocity averaged above the Sahel belt (—w). Compared
to the period 1950-1979, recent years are marked by a
decrease in the teleconnection over the southern tropical
Atlantic and the Indian Ocean and an increase over the
Mediterranean and Nino areas and also with global warm-
ing. Overall the Mediterranean SST series registers clearly
the strongest coefficients (italicized values in Table 3) with
the Sahel rainfall and the African monsoon cell (WAMI).
[37] We present now an objective cluster partition of SST
series for analyzing better the structure of statistical
dependencies between basin-scale indexes, using a k-means
algorithm minimizing the sum, over all clusters, of the
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3.1 Table 3. Linear Multiple Regression (LMR) Estimating the July-
3.2 September Sahel Rainfall Amounts and Two African Monsoon
3.3 Descriptors (WAMI and —w) After Stepwise Selections of the
t3.4  Best Four SST Indices®

R Rev Racv  GSST TSA MED IND NINO Area
t3.5 SAHEL
t3.6 19502008 +84 +79 +59 —34 22 +54 37
t3.7 1950-1979 +91 +88 +72 —44  +45 37 -15
t3.8 1980-2008 +81 +67 +32  +03 +65 -17 —40
t3.9
t3.10 WAMI
t3.11  1950-2008 +72 +66 +39 23 34 +38 32
t3.12  1950-1979 +74 +64 +28 +19 —38 +42 31
t3.13  1980-2008 +89 +84 +65  +38 24  +48 -39
t3.14
t3.15 —w
t3.16  1950-2008 +67 +60 +30 —40 26  +30 23
t3.17  1950-1979 +66 +48 +06 +19 =31 +49 -14
t3.18  1980-2008 +85 +77 +51 +49 =15 +32 —44
t3.19 See section 2 for more information on WAMI and —w. All the series
t3.20  have been standardized before applying the procedure ensuring easier
t3.21  comparisons. R Rcv Racv, total correlation (R), correlation after cross
t3.22  validation (Rcv), and adjusted correlation after cross validation (Racv).
t3.23  GSST, TSA, MED, IND, and NINO area: the vector of regression coeffi-
t3.24  cients (x100) in the linear model (highest value in bold). Italics denote
t3.25  strongest coefficients. Three periods are considered: 1950-2008, 1950—
t3.26 1979, and 1980-2008.
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560 within-cluster sums of point-to-cluster-centroid distances.
561 The procedure is applied over the period 1900-2008 on 5
562 regional SST indices after standardization of the series:.the
563 Mediterranean, the northern and southern tropical Atlantic,
564 the Indian Ocean and the eastern equatorial Pacific. Several
565 k numbers (2 to 4 classes) have been tried and we report
566 only those with k = 3 and 2 which can be estimated as the
567 most efficient choice with respect to the number ofvariables
568 and the length of the series.

569 [38] First lines of Table 4 display the associated-Cluster
570 centroid locations from a three-cluster, partition, while
571 Figure 4a shows the projectiongof results onto,the rainfall
572 series.

573 [39] 1. The “white” cluster (see white bars in Figure 4 and
574 first row in Table 4) is associated with a'mean SST pattern
575 (occurrence: 34%) controlled by aeold/warm evolution in
576 the tropical Atlantic (TNA/TSA) where warm TSA dom-
577 inates, and a Nina=likeygrowth jin the Pacific, in agreement
578 with Rodriguez-Fonseca et al” [2009]. This type taking into
579 account the inverse. SST progressions in the southern
580 Atlantic and in the equatorial eastern Pacific, will be called
581 AP (Atlantic-Pacific). Noteworthy, this cluster is not
582 strongly linked to Sahel rainfall variability.

583 [40] 2. The “blue” cluster (blue bars in Figure 4 and
584 second row in Table 4) is more frequent (40%) and clearly
585 associated with Sahel rainfall excesses. It designates a sit-
586 uation where a Mediterranean warming is concomitant of
587 warm/cold evolutions in the Atlantic with cooling over the
588 southern Atlantic and the Indian Ocean. This cluster is
589 therefore named MAI (Mediterranean-Atlantic-Indian).

590 [41] 3. The “red” cluster (bars in Figure 4 and third row in
591 Table 4) is less frequently observed (26%) but clearly
592 occurred during the dry Sahelian phase in the 1970s and
593 1980s. It associates a Mediterranean cooling with a warming
594 in the Indian and in the equatorial eastern Pacific (Nino-

XXXXXX

type), despite the low correlation between IND and Nino time
series (section 3.3). This cluster named MIP (Mediterranean-
Indian-Pacific) requires hence mechanisms linking the Indian
and Pacific basins such as those illustrated by Annamalai
et al. [2005] and Izumo et al. [2010]. It is independent of
SST variability in the Atlantic.

[42] Let us now concentrate on the coevolutions of Sahel
rainfall (Figure 4b) and cluster occurrences over successive
10 year periods between 1900 and 2008 (Figure 4c). Three
points emerge: (1) the strong decadal variability affecting
MALI occurrences; (2) their negative correlation with MIP;
and (3) the resulting inverse relationship with rainfall
anomalies. For example, the progressive increase/ decrease
of MAI/MIP occurrence in the first part of the last century is
accompanied by a long-term rise in Sahelian rainfall. Sim-
ilarly, the Sahelian transition between'the wet 1950s and dry
1970s and 1980s is synchronous of a complete MAI van-
ishing and of a moderate MIP increase, while the partial
recovery in the 1990s is concomitant of the reverse. This
inverse relationship involving MAJ and MIP occurrences
proves that the major role in the teleconnection is played by
inverse thermal evolutions, between the Mediterranean and
Indian Ocean, although correlations between SST values
averaged<over these tworbasins are low (—0.23, —0.31 and
+0.20 for thexperiods 1900-2008, 1950-1979 and 1980—
2008). Regarding Sahelian rainfall, the opposite thermal
evolution in the Mediterranean and Indian Ocean is also in
good agreement with recent studies focusing on the me-
chanisms involved in the Indian Ocean and in the Mediter-
ranean. \Bader and Latif [2011] recently showed that the
warming of the Indian ocean is related to a rainfall decrease
over the Sahel, while Fontaine et al. [2009] and Gaetani et al.
[2010] showed that the Mediterranean warming is related to a
rainfall increase over the Sahel.

[43] The results from a partition into two clusters are
displayed in Figure 4b and Table 4. They confirm that,
situations including (excluding) opposite thermal evolution
in the Mediterranean and in the Indian Ocean are (are not)
associated with significant Sahelian rainfall anomalies.
Additionally, the scatterplot presented in Figure 5 allows
us to compare the statistical impact of inverse SST evo-

Table 4. Cluster Centroid Locations, and Percentages of Occur-
rence, of Partitions in Three and Two Clusters Based on Squared

Euclidean Distances Between the Standardized SST Time Series
Over the Period 1900-2008"
Clusters and
Percent
Occurrence MED TNA TSA IND Nino Area
Three-Cluster Partition With Five SST Series (See Figure 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
Two-Cluster Partition With Five SST Series (See Figure 3b)
Blue +0.56 +0.26 -0.49 —-0.61 -0.10
Red -0.51 -0.24 +0.45 +0.56 +0.09
“MED, Mediterranean; TNA and TSA, northern and southern tropical
Atlantic; IND, Indian Ocean; Nino, eastern equatorial Pacific. The k-

means algorithm has been repeated 100 times, each time with a new set
of initial centroids, ensuring that the convergence criterion is met (the
assignment remains the same). Values higher than 10.51 are boldface.
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a) 3—cluster partition of Sahel rainfall with 5 SST indexes
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Figure 4. Time projections of (a and d) the k-means results displayed in Table 3 onto the standardized
Sahel rainfall series at an/interannual time step and (b and c) covariation with Sahel rainfall in mm/month
over 10 year subperiods between 1900 and 2008: AP (white), MAI (blue), and MIP (red).

636 lutions between MED and IND' (x axis) and TNA and TSA
637 (v axis) on the Sahelian rainy seasons since 1901. The
638 results show clearly ‘that MED-IND differences discrimi-
639 nate better rainfall anomalies than the meridional SST
640 structure in the tropical Atlantic: more than two thirds of
641 the rainy seasons classified as dry (wet) are concomitant of
642 negative (positive) MED-IND differences, versus only 1 out
643 of 2 with TNA-TSA differences. These scores reach 16 out of
644 18 (12 out of 15) for the rainy seasons classified as very dry
645 (very wet) versus only 10 out of 18 (10 out of 15) with the
646 Atlantic dipole. This picture is in agreement with Raicich
647 et al. [2003] results who found that a stronger than aver-
648 age Indian monsoon has a positive impact on the Sahelian
649 precipitation, through the eastern Mediterranean cyclonic
650 circulation: cold anomalies in the Indian Ocean are favor-
651 able to the monsoonal circulation over the Indian subcon-
652 tinent, while warm anomalies in the Mediterranean enhance
653 the cyclonic circulation; as a consequence the northerly flow

across the Sahara is strengthened and the precipitation over
the Sahel is increased.

8. Impacts of MED-IND and TNA-TSA Thermal
Contrasts

[44] The above statistical results show that the relationship
between Sahelian rainfall and SST anomalies mostly implies
the thermal variability observed over the Oceanic basins
close to the African continent, especially the thermal con-
trasts between (1) the Mediterranean and Indian Ocean, and
(2) the northern and southern tropical Atlantic. This section
is focused on these topics and on associated dynamics.

8.1. Precipitation Field and Atmospheric Moisture Flux
in Low Levels

[45] The analysis refers to the well documented period
1951-2000 (see section 2.1), marked by a positive phase of

10 of 17

654
655

656
657

658
659
660
661
662
663
664

665
666

667
668



hal-00556518, version 1 - 11 Oct 2011

XXXXXX

FONTAINE ET AL.: JULY-SEPTEMBER SST-SAHEL TELECONNECTION

XXXXXX

Sahel Rainfall vs SSTs
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Figure 5. Scatterplot of summertime (July-August-September) Sahelian rainfall as a function of the dif-
ferences computed between the MED and IND (x axis) and TNA and TSA (y axis) standardized time
series. W (D) denote the wettest (driest) rainfall anomalies, i.e., those exceeding 1 standard deviation
in absolute value, while pluses and minuses refer to other positive (negative) anomalies. Period is

1900-2008.

669 global warming in SST as previously shown in Figure 2a, in
670 order to focus on the region bounded by 40°S and 50°N in
671 latitude and 60°W and 60°E in lengitude (Figure 6). An
672 estimate of changes induced by Jineantrends in SSTs linked
673 to global warming is also provided in Figure 6 (left) and
674 Figure 6 (right), referring to calculations before and after,
675 respectively, remoying the linear trends in SSTs. It appears
676 that such trends tend to.increase the correlations but do not
677 change neither the'spatial signal at large scale, nor the
678 preeminence of MED-IND variations against TNA-TSA
679 variability. In fact, the former are synchronous of in phase
680 rainfall anomalies over the whole Sudan-Sahel belt with
681 areas of inverse polarity in Brazil and central Europa
682 (Figures 6a and 6b) while the latter contrasts sub-Saharan
683 regions (i.e., Northern Africa, Sahelian belt) to the equato-
684 rial zone across the Atlantic (Guinean coast, north Brazil).
685 They imply mechanisms of different scale: the Atlantic
686 dipole impacts directly on the meridional structure of the
687 rainbelt in the vicinity of the equatorial Atlantic. By contrast
688 the larger action of MED-IND can be interpreted through
689 the picture given by Raicich et al. [2003]: cold anomalies in
690 the Indian Ocean favor the monsoonal circulation over the
691 Indian subcontinent, while warm anomalies in the Medi-
692 terranean strengthen the northerly flow across the Sahara,
693 increasing precipitation over the Sahel .

[46] The basic relationship observed with the summertime
atmospheric dynamics is now investigated using a subset of
the monthly NOAA-CIRES 20th Century Reanalysis over
the period 1920-2008 (for the reasons listed in section 2.3).
We present the results from the moisture flux at 950 hPa
because this field emphasizes the main elements of the
monsoon circulation in low levels, in particular (1) the
interhemispheric moisture transport along the eastern coast
of Africa associated with the Indian monsoon and (2) the
African monsoon circulation between the southern-equatorial
Atlantic and the Sudan-Sahel belt (Figure 7a). Composites
regarding SST differences between (1) the northern and
southern tropical Atlantic basins and (2) the eastern Medi-
terranean basin and the Indian Ocean are then computed.
These differences are counted positive if TNA-TSA > 0 or
MED-IND > 0.

[47] The results show that both SST indices are associated
with an enhancement of the African monsoon circulation on
the Atlantic and the African continent. However, their sta-
tistical effect on the moisture transport is clearly different. A
strong TNA-TSA dipole is associated with a reinforced
southeasterly flux over the western equatorial Atlantic and
with an enhancement of the southwest monsoon over the
Sahelian belt (Figure 7b). By contrast, a positive MED-IND
index reinforces the northerlies and southerlies over the
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b) JAS rainfall: CC(MED IND) no trend
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Figure 6. Correlation coefficients with the rainfall field in July—September using the Vasclimo SST data
(period 1951-2000). Results obtained vith’ SST differences defined between (a and b) the eastern Med-
iterranean and Indian basins and (¢.and d) the northern and southern tropical Atlantic with (Figures 6a and
6¢) and without (Figures 6b and 6d), linear'trends. Values below 10.25] are not displayed.

719 Atlantic (Figure 7c¢) and therefore 'the interhemispheric
720 moisture flux convergence. In addition the northeasterly
721 transport from the eastern Mediterranean-and the southwest
722 transport from the eastern( equatorial Atlantic (i.e., the
723 monsoon flow) are both strengthened: in agreement with the
724 empirical and numerical resultsiof Rowell [2003], Fontaine
725 et al. [2009] and Gaetanivet.al. [2010] this can produce an
726 anomalous poleward JTCZ extension.

727 8.2. Atmospheric Circulation

728 [48] We investigate now the atmospheric circulation in
729 northern summer on the period 1920-2008 from (1) the
730 vertical atmospheric motion (—w in Pa s ') and (2) the
731 divergent part (irrotational) of the horizontal wind (m s )
732 which is proportional to the gradient of the velocity potential
733 (m* s '). The use of the divergent horizontal wind removes
734 any continuity problem when the circulation is averaged
735 along the zonal and meridional directions. Notice also that
736 computations have been made on the global field to avoid
737 any bias.

738 [49] The meridional component of this circulation, averaged
739 over the African longitudes (20°W—40°E) is displayed in
740 Figure 8a. It portrays the meridional overturning in the region,
741 associated with the Hadley circulation. The monsoonal cir-

culation in low levels is marked here by the shift of air as-
cents in low troposphere over Sudan-Sahel and by a small
northerly component in midlevels, at the altitude of the
African Easterly Jet (700-600 hPa). Since the meridional
plane captures well these basic features, it is interesting to
concentrate on changes induced by variations in MED-IND
and TNA-TSA contrasts.

[s0] The MED-IND composite (Figure 8b) exhibits clear
ascents in low and mid levels around 40°N in relation to the
warming of the Mediterranean basin. Southerly anomalies
are noticed in all the troposphere between 45°N and 60°N
while northerly departures prevail above 500 hPa over the
20°N—40°N latitudes. This denotes a region of divergence
anomaly in upper levels in the northern subtropics (35°N—
40°N). Southward, above the monsoon region, a general
descent from midlevels toward the surface is evidenced
above 10°N—18°N and associated with rising motion above
the Saharan thermal lows, i.e., at the latitude of the northern
tropic. Above 500 hPa where moist convection develops,
upward anomalies are present over the Sahelian belt.

[51] The TNA-TSA composite (Figure 8c) is very differ-
ent. The significant signals are mainly located in the south-
ern hemisphere. Over northern Africa a general subsidence
departure above 5°N is evidenced in the whole troposphere
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Figure 7. July—September moisture flux at 950 hPa over
the period 1920-2008. (a) Mean valuges, (b) significant dif-
ferences between the northern and southern tropical Atlantic
basins, and (c) significant differences between the eastern
Mediterranean basin and the/Indian Oc€an. The statistical
significance has been estimated omythe zonal and meridi-
onal components through a Student ¢ test contrasting the
20 highest and the 20 lowest seasonal differences versus all
the remainders.

766 whereas ascents prevail in mid and high levels south of
767 10°S. These opposed vertical anomalies are in agreement
768 with the rainfall contrasts, displayed in Figures 6¢ and 6d,
769 between sub-Saharan regions and the Guinea coast. Notice
770 that there is no signal above the Sahel in high tropospheric
771 levels where moist convection is observed.

772 [52] The east-west circulation has been averaged between
773 15°N and 20°N (Figure 9). Mean values (Figure 9a) point to
774 (1) the summertime Indian east-west cell marked by upward
775 motions over the western part of the Ocean (east of 45°E)
776 and descents over northern Africa (west of 45°E) and (2) the
777 thermal contrast between the cool eastern Atlantic marked
778 by air subsidence and the hot Saharan in the vicinity of the
779 thermal low westward to 5°W marked by atmospheric
780 heating and ascents.
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[53] The MED-IND composite (Figure 9b) first shows
that ascents in the lower troposphere decrease above the
central Sahel, while descents in upper levels are weakened
on the eastern Atlantic and above the western (20°W—-5°W)
and eastern Sahel (15°E-30°E). Then, an area of low-level
subsidence anomaly by 30°E—40°E, i.e., associated with the
relative Indian cooling, weakens the normal uplifts shown in
Figure 9a. Finally, the tropical easterly jet is reinforced by
the upper branch of the zonal overturning between the 0°
meridian and 20°E. This is in agreement with a reinforce-
ment of deep convection processes over central-eastern
Sudan-Sahel, since these processes, following Chen [2005],
are linked to the dynamics of the midtropospheric divergent
center maintained by the east-west circulation and the
Saharan thermal low.

[s4] The TNA-TSA composite exhibits few significant
upward departures above the northernitropical Atlantic as
the thermal response of the atmosphere to the relative sur-
face warming. By contrast, ‘'no significant signal above
Africa (20°W—40°E) can~be,noticed, except a divergence
area at 600 hPa in the Western Sahel and an easterly wind
component between 25°Erand/45°E in high troposphere.

9. Discussion and Conclusion

[s5] The objective of this study was to revisit the question
of the July—September SST-African rainfall teleconnection
variability in separating basin-scale variability from the
direct.impact of the quasi-global thermal evolution observed
since 1900, regardless of its natural or anthropogenic origin.
Using; statistical methods such as linear correlation, linear
multiple regression, composite and cluster analyses, the
results confirmed that the relationship is rather linear
without significant differences between African longitudes
but concerns more the Sahelian belt than the subequatorial
zone. Interestingly, the SST-Sahel teleconnection appears
more often significant with the Mediterranean index (positive
correlation) and with the Indian Ocean (negative correlation)
all along the period in about 50% of years. By contrast, sig-
nificant correlations observed with SSTs in other basins are
less frequent: only in the 1950s—1970s, during the negative
trend in Sahelian rainfall, for the southern Atlantic basin and
the meridional Atlantic dipole; Only during the anomalous
1970s—1980s dry period for the western Pacific region and
since the end of the 1960s for the Nino area.

[s6] Analyzing the relationship in a more global context
through both regional rainfall estimates and atmospheric
indices representative of the African monsoon intensity
(WAMI and —w), we showed that the quasi-global warming
(GSST) explains a small part of the relationship except with
vertical ascents above the African Sahel. The tropical
Atlantic and equatorial Pacific signals impact also moder-
ately. Overall, the dominant statistical linkage, both in terms
of intensity and time stability, is found with the Mediterra-
nean basin and with the Indian Ocean. In the recent period,
marked by a moderate rainfall recovery, the teleconnection
decreases in the southern tropical Atlantic and Indian Ocean
and increases with GSST and over the Mediterranean and
Nino areas.

[57] Additional regression and cluster analyses allowed us
to focus more on the SST signals observed in the oceanic
basins close to the African continent. We showed that, with
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Figure 8. July—September atmospheric circulation (divergent wind, —w) along a meridional-vertical
plane averaged between 20°W and 40°E over the period 1920-2008. (a) Mean values, (b) MED-IND
composite relative to SST differences between the eastern Mediterranean basin and the Indian Ocean,
and (c) TNA-TSA composite relative to SST differences between the northern and southern tropical
Atlantic basins. In Figures 8b and 8c, only the significant values are displayed. The statistical significance
has been estimated on the vertical and meridional components through a Student ¢ test contrasting the 20
highest and the 20 lowest seasonal differences versus all the remainders.
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Figure 9. Same as Figure 8 but for the July—September atmospheric circulation along a zonal-vertical

plane averaged between 15°N and 20°N.

841 a statistical point of view, the TNA-TSA differences (the
842 Atlantic dipole) are less efficientithan the MED-IND dif-
843 ferences to discriminate/ correctly the Sahelian rainfall
844 anomalies: wetter (drier) rainy seasons are primarily asso-
845 ciated with warmer (colder),anomalies in the Mediterranean,
846 and colder (warmer)anomalies in the Indian Ocean. Indeed
847 more than two thirds'of the rainy seasons classified as dry
848 (wet) are concomitant of negative (positive) MED-IND
849 differences; these scores reach 16 out of 18 (12 out of 15)
850 for the rainy seasons classified as very dry (very wet).

851 [58] The connection observed with continental precipita-
852 tion over a larger domain (60°W—60°E) confirmed this
853 feature and showed that removing linear trends in the SST
854 series decreases correlation values without changing dras-
855 tically the spatial patterns. The statistical effects of SST
856 variability on the 950 hPa moisture flux field and over-
857 turning circulation along the meridional and zonal planes
858 have been also depicted. The results obtained can be sum-
859 marized as follows.

860 [59] Positive TNA-TSA differences tend to generate
861 opposite rainfall anomalies along the meridional plane, i.e.,
862 above normal rainfall in sub-Saharan regions and below

15

normal amounts across the equatorial Atlantic (Guinean
coast, north Brazil). A northward SST gradient in the trop-
ical Atlantic is mainly associated with: (1) significant
upward atmospheric motion, a thermal response of the
atmosphere to the surface warming in the northern basin;
(2) a reinforcement of the moisture transport from the
southeast over the western equatorial Atlantic and the Sahe-
lian belt; and (3) a general subsidence anomaly above 5°N
over Africa in the whole troposphere. The two last points are
coherent with the dipolar rainfall response over the Sahelian
and Guinean regions.

[60] By contrast, the positive MED-IND differences are
concomitant with rainfall excess over the whole Sudan-Sahel
belt and with rainfall drying in Brazil and central Europe.
This is associated with an enhancement of both the north-
easterly moisture transport from the eastern Mediterranean
and the monsoon southwesterly moisture transport from the
eastern equatorial Atlantic by the monsoon flow. Such
rainfall and atmospheric patterns reproduce well several
elements of the teleconnection observed between the Med-
iterranean and the African monsoon [Rowell, 2003; Raicich
et al., 2003; Fontaine et al., 2009]. However, four additional
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885 signals have been reported in the monsoon region: (1) a
886 subsidence departure from midlevels above 10°N—18°N
887 associated with air ascents above the Saharan thermal lows;
888 (2) upward anomalies on the western and eastern Sahel
889 reinforcing the normal atmospheric ascents linked to deep
890 convection in upper levels; (3) a low-level subsidence
891 anomaly by 30°E—-40°E in agreement with the Indian
892 cooling weakening the normal uplifts; and (4) a rein-
893 forcement of the tropical easterly jet over 0°-20°E.
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