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Abstract This study examines time evolution and stat-
istical relationships involving the two leading ocean-
atmosphere coupled modes of variability in the tropical
Atlantic and some climate anomalies over the tropical
120 °W-60°W region using selected historical files (75-
y near global SSTs and precipitation over land), more
recent observed data (30-y SST and pseudo wind
stress in the tropical Atlantic) and reanalyses from the
US National Centers for Environmental Prediction
(NCEP/NCAR) reanalysis System on the period
1968-1997: surface air temperature, sea level pressure,
moist static energy content at 850 hPa, precipitable
water and precipitation. The first coupled mode detec-
ted through singular value decomposition of the SST
and pseudo wind-stress data over the tropical Atlantic
(30°N-20°S) expresses a modulation in the thermal
transequatorial gradient of SST anomalies conducted
by one month leading wind-stress anomalies mainly in
the tropical north Atlantic during northern winter and
fall. It features a slight dipole structure in the meridi-
onal plane. Its time variability is dominated by a
quasi-decadal signal well observed in the last 20-30 ys
and, when projected over longer-term SST data, in the
1920s and 1930s but with shorter periods. The second
coupled mode is more confined to the south-equatorial
tropical Atlantic in the northern summer and explains
considerably less wind-stress/SST cross-covariance. Its
time series features an interannual variability domin-
ated by shorter frequencies with increased variance in
the 1960s and 1970s before 1977. Correlations between
these modes and the ENSO-like Nino3 index lead to
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decreasing amplitude of thermal anomalies in the tropi-
cal Atlantic during warm episodes in the Pacific. This
could explain the nonstationarity of meridional anom-
aly gradients on seasonal and interannual time scales.
Overall the relationships between the oceanic compon-
ent of the coupled modes and the climate anomaly
patterns denote thermodynamical processes at the
ocean/atmosphere interface that create anomaly gradi-
ents in the meridional plane in a way which tends to
alter the north-south movement of the seasonal cycle.
This appears to be consistent with the intrinsic non-
dipole character of the tropical Atlantic surface varia-
bility at the interannual time step and over the recent
period, but produces abnormal amplitude and/or de-
layed excursions of the intertropical convergence zone
(ITCZ). Connections with continental rainfall are ap-
proached through three (NCEP/NCAR and observed)
rainfall indexes over the Nordeste region in Brazil, and
the Guinea and Sahel zones in West Africa. These
indices appear to be significantly linked to the SST
component of the coupled modes only when the two
Atlantic modes 4+ the ENSO-like Nino3 index are
taken into account in the regressions. This suggests that
thermal forcing of continental rainfall is particularly
sensitive to the linear combinations of some basic SST
patterns, in particular to those that create meridional
thermal gradients. The first mode in the Atlantic is
associated with transequatorial pressure, moist static
energy and precipitable water anomaly patterns which
can explain abnormal location of the ITCZ particularly
in northern winter, and hence rainfall variations in
Nordeste. The second mode is more associated with
in-phase variations of the same variables near the
southern edge of the ITCZ, particularly in the Gulf of
Guinea during the northern spring and winter. It is
primarily linked to the amplitude and annual phase of
the ITCZ excursions and thus to rainfall variations in
Guinea. Connections with Sahel rainfall are less clear
due to the difficulty for the model to correctly capture
interannual variability over that region but the second
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Atlantic mode and the ENSO-like Pacific variability
are clearly involved in the Sahel climate interannual
fluctuations: anomalous dry (wet) situations tend to
occur when warmer (cooler) waters are present in the
eastern Pacific and the gulf of Guinea in northern
summer which contribute to create a northward (south-
ward) transequatorial anomaly gradient in sea level
pressure over West Africa.

1 Introduction

In the tropics the atmospheric variability is rather weak
and mainly driven by surface boundary conditions at
large scales (Gill 1980). Consequently, the main modes
of climate variability have often been described over
the oceanic areas through objective statistical methods
performed on sea-surface temperature anomalies
(SSTA). Two quasi-global modes have been pointed
out: (1) an El Nino/Southern Oscillation-like pattern in
the tropics whose time coefficients have strong interan-
nual variance; and (2) an extratropical mode opposing
the southern parts of the global ocean to its northern
parts whose time coefficients register longer term fluc-
tuations (Folland et al. 1986; Kawamura 1994; Moron
et al. 1995, among many others). The relationship be-
tween quasi-global SSTA and continental rainfall data
has also been detailed in many diagnostic and model
investigations (Palmer 1986; Ropelewski and Halpert,
1987, 1989; Semazzi et al. 1988, 1996; Wolter 1989;
Ward et al. 1990; Ward 1992; Rowell et al. 1995;
Trzaska et al. 1996, Janicot et al. 1998). All these studies
provide consistent results highlighting the role of large-
scale ocean-atmosphere interactions in the tropics.
Less agreement is found in studies focusing on the
tropical Atlantic and its surrounding continents where
climate variability is related more to processes of re-
gional scale. The leading modes of Atlantic SSTA
variability have been recognised for a long time,
through different datasets and statistical techniques, as
having their strongest loadings in the tropical basin
(Servain et al. 1985). However two questions remain
open. The first question concerns the reality of the
interhemispheric mode associated with opposite SSTA
in the northern and southern tropical parts of the
Atlantic, featuring an ‘Atlantic dipole’ (Servain 1991).
This topic has been regularly examined through princi-
pal component analyses performed on the tropical At-
lantic SSTA observed on different periods (Lough 1986;
Houghton and Tourre 1992; Zebiak 1993; Enfield and
Mayer 1997). Such a spatial structure is not clearly seen
before the 1950s but appears relevant mainly to the
most recent and best documented period (Lough 1986).
Second, Houghton and Tourre (1992) have shown that,
even in recent years, the ‘Atlantic dipole’ was perhaps
due to an artefact of the method, since it cannot be
retrieved when a varimax orthogonal rotation is per-

formed on the principal components. Third, Enfield
and Mayer (1997) established that such meridionally
antisymmetric behaviour is not a dominant character-
istic of SSTA variability in the tropical Atlantic. The
second question concerns the interannual variability in
the equatorial and southeastern Atlantic which is well
captured by the second SSTA mode but appears to be
not self-sustained by dynamical and thermal processes
over the Atlantic (Zebiak 1993). Such variability might
be initiated by external forcings (Lanzante 1996) such
those driving the warm and cold phases of the El-Nino-
Southern-Oscillation (ENSO). Warm events in the
tropical Atlantic have received much attention (Carton
and Huang 1994) and various processes have been
postulated to explain them. In particular, the ‘apparent
Atlantic Ninos’ could be due to external forcings from
the Pacific (Curtis and Hastenrath 1995) since signifi-
cant increases (decreases) of the zonal component of the
wind stress are linked to low (high) values of the South-
ern Oscillation Index (SOI) as shown by Delecluse et al.
(1994).

Those questions are interesting because thermal
anomaly gradients in the Atlantic are mostly meridi-
onal and hence linked to the timing and the vagaries of
the rainy seasons on both sides of the equator and
specifically over North Africa and South America.
When the SSTA gradient points southward (north-
ward) in northern spring and summer, abnormally dry
(wet) July-September conditions tend to occur in the
Sahel region (Tanaka et al. 1975; Lamb 1978a,b; Lamb
and Peppler 1992; Hastenrath 1990; Druyan 1991;
Fontaine and Bigot 1993; Fontaine and Janicot 1996;
Janicot et al. 1998). When for example this gradient
persists in southern spring and summer, abnormally
wet (dry) February-April conditions tend to occur in
the Nordeste region (Hastenrath and Greischar 1993;
Nobre and Shukla 1996; Roucou et al. 1996). These
fluctuations can be viewed as anomalies in the location
of the Inter Tropical Convergence Zone (ITCZ) during
the rainy season, an abnormal equatorward location
being associated with dry rainfall anomalies in the
Sahel. Consequently, the multimonth memory of the
ocean should cause interseasonal persistence of the
SSTA gradient and thus should maintain rainfall
anomalies on both sides of the equator. This, however,
does not clearly appear in the observations as noted by
Shinoda (1989), Lau and Sheu (1991) and Semazzi et al.
(1996) among others, who provide evidence of 6 month
lags in rainfall anomalies in North and South Africa
linked to the ITCZ seasonal migration (i.e. abundant
rainfall in 1950 and the reverse in 1973). Additionally
rainfall time series in the Nordeste and South Africa
regions do not present any negative trend or interan-
nual persistence similar to the North Africa rainfall
time series.

This study is not a review of the key phenomena
that control surface temperature and rainfall in the
Atlantic region. It concentrates on the question of the
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relationship between interannual modes of climate
variability in the tropics and Atlantic regional climate
anomalies detected in surface conditions and provides
some examples of rainfall impacts at regional scale. It
focuses on the tropical Atlantic region to examine the
statistical relationship between ocean-atmosphere in-
teractions in the Atlantic, and the observed and US
National Centers for Environmental Prediction
(NCEP/NCAR) anomaly patterns. This approach in-
volves both historical files and data from the
NCEP/NCAR reanalysis System.

2 Mean seasonal cycle and interannual patterns

The observed surface conditions in the tropical Atlantic
are investigated through the SST and surface pseudo-
wind stress datasets objectively analysed using a Cress-
man scheme and first investigated by Servain et al.
(1985) and Servain (1991). The data used here come
from a more recent version available on a 2°lat. * 2°
long. grid over the tropical Atlantic domain
(30°N-20°S from 60 °W to the coast of Africa) for the
period 1964-1996 on a monthly time-step.

2.1 Mean seasonal cycle

In the tropical Atlantic the seasonal cycle forces a
quasi-regular reversing of SSTs and of meridional com-
ponents of the wind stress, featuring an inter hemis-
pheric gradient. Its mean seasonal excursion has been
often described (Hastenrath and Lamb 1977; Hasten-
rath 1984) and is portrayed by 3-month periods in Fig.
1. The relatively strong annual cycle and the presence
of warmer waters north of the equator have been
shown to result from interactions between SSTs and
the meridional stress (Chang 1996). Basically, the con-
fluence zone, which separates the northern and south-
ern trade wind systems, is mainly located on (or slightly
northward of) the warmest SSTs. Its southernmost
position is reached in January-March when warmer
(colder) waters lie in the Guinea Gulf (in the northern
tropics) and its northernmost location in July—Septem-
ber. This makes these two areas very sensitive when
abnormally warm (cold) waters occur during the cold
(warm) season. Notice that relatively cold waters are
encountered all along the year in the central equatorial
Atlantic (Fig. 1), which, for similar reasons, makes this
band especially sensitive to SST anomalies. Location of
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Fig. 1 Mean 3-month seasonal sea surface temperatures (°C) and streamlines of the mean seasonal surface pseudo-wind stress for the period
1964-1995: January-March (JFM), April-June (AMJ), July-September (JAS) and October-December (OND)
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the equatorial ‘cold tongue’ corresponds to divergence
in the surface wind stress associated with the diffluence
area which separates the southern easterlies blowing to
the west and the monsoon veering towards the African
continent, stronger in northern spring and summer.
From April to June, the latitudinal location of the
confluence zone near the equator and the presence of
warm waters (>28°C) in the western equatorial
Atlantic (Hastenrath and Lamb 1977) also favours
stronger easterlies and hence equatorial upwelling
coupled with a westward gradient of sea surface top-
ography. In fact, the equatorial Atlantic registers
rather strong seasonal fluctuations of SSTs. This is due
to the Ekman divergence/pumping at the ocean-atmo-
sphere interface, stronger in northern spring and sum-
mer over that region, and to positive feedbacks involv-
ing stratus clouds: lower SSTs tend to strengthen the
atmospheric inversion and hence to produce more
stratus clouds which lower SSTs as shown by Philander
et al. (1996).

2.2 Interannual coupled variability

Singular value decomposition (SVD) analyses of SST
and wind-stress monthly anomalies from January 1964
to December 1995 are provided to document the main
ocean-atmosphere modes of interannual variability
(patterns and time-coefficients) in terms of associated
parts of variance. SVD is a generalisation of the diag-
onalisation procedure performed in principal compon-
ent analysis to matrixes that are not square as shown in
Bretherton et al. (1992). SVD of the cross-covariance
matrix between SST and wind stress monthly anom-
alies has been performed to identify pairs of spatial
patterns that maximise the mean-squared temporal
covariance between these two fields. It has been com-
puted using a complex matrix for the wind stress in-
formation with the zonal/meridional components as
the real/imaginary parts. Both original monthly
anomalies and linearly detrended monthly anomalies
series have been used: in the first case, the seasonal
mean cycle has been removed but not the linear trend
1964-1997; in the second case, both have been removed.
Figures 2 and 3 respectively present the homogeneous
spatial structures (in units of correlation coefficients)
and the standardised time-coefficients associated with
the two leading coupled modes obtained with de-
trended data to focus mainly on the interannual varia-
bility and for the sake of stationarity. Following Wal-
lace et al. (1992), the homogeneous correlations show
the spatial patterns whose polarity and amplitude of
the corresponding expansion coefficients are re-
presented. Together they account for 33% and 20.3%
of the total variance, respectively for the SST and
pseudo-wind stress anomalies (SSTA and PWSA).
Figure 2 (top) allows us to depict the first coupled
mode with strong positive values of SSTA associated

with strong southwesterly wind stress anomalies north
of 5°N. This coupled mode will be called hereafter
TWI1 (for temperature and wind stress) whereas TWtl1
(TWw1) will denote time series of the temperature
(wind stress) patterns. The sign reversal in the equato-
rial and southern tropical Atlantic indicates a slight
dipole structure between 15°N and 15°S but clearly
dominated by the north tropical Atlantic. There is a
tendency for SSTA of negative sign to occur south of
the equator but reduced in area and with weaker wind
anomalies in the northern tropical Atlantic. This could
be due to the fact that any wind-SSTA singular value
decomposition will tend to polarize the SSTAs with
respect to a dominant transequatorial anomaly pattern:
a northward interhemispheric wind anomaly is linked
to positive/negative SSTA north/south of the equator.
In fact, no dipole structure appears when the data are
not detrended. In this case (not shown), stronger
weights are also registered in the PWSA field in the
northern parts of the tropical Atlantic with no clear
counterpart in the Southern Hemisphere. These results
conform well to the conclusions of Houghton and
Tourre (1992) who showed that during the 1964-1988
period SSTAs north and south of the ITCZ are not
significantly correlated and that there is no temporally
coherent or out-of-phase fluctuations in each hemisphere.
Our coupled patterns explaining 16.9% and 13.8% of
the SSTA and PWSA variances respectively have
a squared covariance fraction of 67% and a normalised
squared covariance of 14% (scf/ncf in Fig. 3): scf is
useful for comparing the relative importance of modes
(Bretherton et al. 1992); ncf is useful to compare the
strength of the relationship between the two data fields
and ranges from zero if the fields are unrelated to 1 if
they are perfectly correlated (Wallace et al. 1993). TW1
is dominated by the thermal and wind stress variability
in the northern tropical basin. Their time-correlated
series (r = 0.67 when the atmosphere leads the ocean by
one month) present a time variability dominated by
a quasi-decadal signal, more obvious with SSTAs
(Fig. 3). The lag of one month in the atmosphere-
ocean relationship is consistent with Carton et al.
(1996) but somewhat shorter than two months, as re-
ported by Nobre and Shukla (1996) for the period
1964-1987.

The second coupled mode (called hereafter TW2)
refers to the second coupled pattern in Fig. 2. It exhibits
positive values of SSTA between 30°N and 15°S with
stronger weights in the 5°N-15°S band (16.1% of
explained variance) associated with northeasterly wind
stress anomalies (6.5%) in the equatorial and southern
areas of the tropical basin and with southerly
anomalies in the tropical north Atlantic (30 °N-10 °N).
Notice also the diffluence zone between these two
areas. TW2 has a squared covariance fraction of 12%
and a normalised covariance of 6%. The two time-
correlated series (Fig. 3) are less correlated (r = 0.52
when the atmosphere leads the ocean by one month)
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Fig. 2 The two leading SVD monthly coupled temperature-wind-
stress (T'W) surface patterns for the period 1964-1995 in units of
correlation coefficients (*100) with shading when the absolute values
exceed 0.5 (25% of explained variance): TWt and TWw refer to the

than TW1 and both series have an interannual variabil-
ity dominated by shorter frequencies.

The patterns in Fig. 2 express a local coupling be-
tween PWSA and SSTA (Huang et al. 1995). The stat-
istical association increases when PWSAs lead SSTAs
by one month, and is stronger over the area where
trade winds are rather stable. In fact, intraseasonal
interactions between wind stress and the one month-
lagged SST are slightly modulated by the mean sea-
sonal cycle as shown in Table 1 and Fig. 4. The linear
time correlations be tween the PWSA-SSTA expansion
coefficients (Table 1) are stronger from April to Septem-
ber (r = 0.84 with TWI; r = 0.65 with TW2) and are
not significant in southern summer (JFM) for TW2
(r =0.39). Correlations with other climatic indices
(NAO, SOI, Nino3) are low and not significant.

The mean seasonal evolution of field-correlations in
Fig. 4, where each season is considered within the all
month analysis (Figs. 2, 3), allows us to get more
information. TW1 is clearly dominated by significant
loadings north of 5°N (positive shaded values for

temperature-side and wind-side coefficients of TW modes, respec-
tively. The value at each grid point is equivalent to the temporal
correlation between the expansion coefficients of one mode (the
homogeneous SVD fields) and the TW field at the same grid point

SSTAs associated with stronger southwesterly PWSAs).
This arises particularly in northern autumn and
winter (OND and JFM) when the northern trade
winds are normally stronger (and hence when local
SSTAs are very sensitive to PWSAs) in agreement with
Nobre and Shukla (1996). Notice first that there is no
convergence of the wind stress field over the warmest
SSTAs (positive shaded area); second, the significant
negative SSTA counterpart south of the equator has
always smaller extent, except perhaps in April-June
when the northern (southern) weights weaken
(strengthen). In their analysis of SST variability in
the tropical Atlantic, Carton et al. (1996) provide nu-
merical evidence that the interhemispheric SSTA pat-
tern mostly results from low-frequency changes in
evaporation due to the effect of wind variations on both
shorter and longer time scales. Our results allow us to
add that the quasi-decadal variations in the tran-
sequatorial SSTA gradient (Figs. 3,5) could be also
forced by wind-stress changes due to the mean seasonal
cycle (Fig 4).
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Fig. 3 Time variability of the monthly expansion coefficients of the = imum correlation; values on the X-axis are expressed in months);
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Table 1 Linear correlation coefficients (¥*100) on a 3-month basis
between the 1964-1995 time-series of the two leading SSTA coupled
modes in the Atlantic and some atmospheric and oceanic indicators
(see the text). Asterisks indicate the significant values at P = 0.05
when taking into account the autocorrelation functions of time-
series

TWt1
JFM AMJ JAS OND
TWwl + 80* + 84* + 86* + 72%
NAO —48 — 04 + 08 —30
SOI —35 —-23 —24 +01
Nino3 +24 +35 + 22 +03
TWt2
JFM AMJ JAS OND
TWw2 +39 + 65% + 65% + 60%*
NAO +24 —20 —22 —09
SOI — 17 +09 — 06 — 06
Nino3 + 26 - 09 —02 +13

By contrast, the strongest TW2 loadings (Fig. 4,
bottom) extend mainly south of 5N from April to
December (during the southern cold seasons) with
positive SSTA areas and PWSA convergence onto
the equatorial band (Fig. 4). When in January-March
(during the northern cold season) the near-equatorial
convergence of wind stress anomalies disappears,
higher local correlations can be found in the tropi-
cal north Atlantic (near 20-25°N and 40-50°W)
between enhanced southwestern PWSAs and warmer
SSTAs.

These results conform well to the conclusions of
Enfield and Mayer (1997) and Enfield et al. (1998).
The strongest correlations of the two leading coupled
modes are concentrated over specific areas (near 15°N
for TW1 and near 5°S-10°S for TW2). Mainly located
in one hemisphere, they have only slight values of
opposite sign in the other. This could be due to the
fact that wind-stress mean seasonal patterns over
the tropical Atlantic tend to force SSTs in a way that
creates meridional gradients across the equator. In
any case, the similarity between mean seasonal SST
structures and interannual SSTA patterns indicate
a close relationship between the interannual variability
and changes in timing and magnitude of the seasonal
cycle as previously noted by Moura and Shukla (1981).
In particular, TW1 is clearly dominated by the north
tropical Atlantic from October to March when
northeasterlies are stronger (Fig. 4, top). In fact the
negative SSTA correlations south of the equator are
always less significant than their northern counterpart
and the OND structure does not display any significant
dipole pattern: TW1 mainly expresses the variability
of the meridional SSTA gradient in the vicinity of
the ITCZ due to PWSA-SSTA interactions in the
north tropical Atlantic (Fig. 4, top). By contrast,
TW2 expresses the variability of the equatorial (but
also tropical south) Atlantic, mainly from April to

December when PWSA convergence and westerly
anomalies clearly occur near the equator (Fig. 4
bottom). In JFM however, when the northern (south-
ern) trade winds are reinforced (vanish), the values
increase in the north (significant near 20-25°N) but
decrease in the south. These results show that TW2 is
linked to wind-stress anomalies involving the two At-
lantic basins but registers stronger variance in the
10°N-10°S equatorial band. Thus warmer (cooler)
waters in the quasi-equatorial zone could be supplied
from the north-western and/or the south-western tropi-
cal Atlantic in response to the relaxation (strengthen-
ing) of the trade winds, which also conforms well to the
numerical experiments conducted by Carton et al.
(1996).

3 1919-1994 Non stationarities

The two SSTA patterns have been projected onto the
MOHSST dataset of the UK Meteorological Office
(Bottomley et al., 1990) in order to consider longer time
evolutions of these SSTA structures along with their
robustness and stability. This observed SST file is used
for the period 1919-1994 in a gridded version where the
data have been corrected for observational bias and
analysed over a 5 °lat. * 5 °long. grid. Figure 5 (top and
middle) shows the monthly expansion coefficients and
fluctuations longer than 7 y using a Butterworth filter
(Murakami 1979) over the 76-ys period 1919-1994.
Both series have the sign of SSTA in their respective
regions of highest loadings, north and south of the
ITCZ for TW1 and TW2 respectively. For comparison,
Fig. 5 (bottom) presents an ENSO-like index defined
over the central equatorial Pacific (Nino3; 90°W-
150°W; 5°N-5°S). The two Atlantic time series
(TWt1,2) present a rather stable high-frequency varia-
bility over the whole period and the intermonthly vari-
ance does not increase after 1964 (the beginning of the
period on which SVD calculations are made). By con-
trast, low-frequency fluctuations clearly increase after
the beginning of the 1970s in the TW1 and TW2 series.
In particular, the strong quasi-decadal fluctuations in
TW1 series observed on the last 20-30 ys are not re-
ported before, except perhaps in the 1920s and 1930s,
but with shorter periods. In any case the slow TW1
fluctuations are less obvious in the 1940s, 1950s and
1960 s, when the intermonthly variability seems to be
stronger for TW2 in the southern and equatorial
Atlantic and for Nino3 in the central equatorial Pacific
(Fig. 5 middle and bottom). This agrees with our pre-
vious results (Fontaine et al. 1998): low frequency varia-
bility of surface oceanic parameters in the tropical
Atlantic during the last 20 ys differs from the preceding
period. One can notice for example that TW2 variance
is clearly enhanced just before the slow post-1977
warming.
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4 Associated surface patterns

In this section, we investigate two basic atmospheric
variables (surface air temperature and sea level pres-
sure) through the available NCEP/NCAR dataset, for
the period 1968-1994. The NCEP/NCAR dataset (Kal-
nay et al. 1996) consists of a reanalysis of the global
observational network of meteorological variables
(wind, temperature, geopotential height, humidity on
pressure levels, surface variables, and flux variables like
precipitation rate) with a “frozen” state-of-the-art anal-
ysis and forecast system to perform the data assimila-
tion throughout the whole period 1958-1997. This cir-
cumvents inhomogeneities in previous numerical ana-
lyses due to changes in techniques, models and data
assimilation. Data are reported on a 2.5 x 2.5 degrees
grid every 6 h (00.00, 06.00, 12.00, 18.00 UTC) on 17
pressure levels from 1000 hPa to 100 hPa.

We will focus on the anomaly patterns associated
with the two SSTA Atlantic modes and with Nino3.
Both lead/lag correlation and lead/lag composite ana-
lyses on the intermonthly and interseasonal time scales
have been used. The results are not dependent on the
techniques and the significant lags are shorter than
three months, therefore only some examples of syn-
chronous correlations are reported here on a seasonal
(3 month) basis.

4.1 Surface air temperatures

Figure 6 displays the January—-March (JFM) and the
July-September (JAS) correlation structures relative
to surface air temperatures (Ta) from 40°N to 40°S
between 120°W and 60°E in order to consider the
subtropics and significant portions of the Indian and
Pacific Oceans. TW1 and 2 are strongly correlated with
the tropical Atlantic at regional scale, that is over its
northern and southern areas respectively, due to the
strong correlation between surface air and sea surface
temperatures over oceanic areas at seasonal time scales.
Taking into account sign conventions in Fig. 2, positive
TWI1 values in Fig. 6 (top) correspond to warmer/
cooler Ta lying north/south of the mean ITCZ location
in the Atlantic (and the reverse for negative values)
associated in JFM with cooler temperatures north of
25°N in the eastern Atlantic. This is in agreement with
the 136-y EOF analysis (1856-1991) of Enfield et al.
(1998) who found significant coherence with antisym-
metric phase in the 8-12 y band during the northern

<

Fig. 4 Seasonal fields of TW1 and TW2 expressed in units of linear
correlation coefficients (*100) for the January-March (JFM),
April-June (AM]J), July-September (JAS) and October-December
(OND) seasons: TWt1,2 with shading when the absolute values of
the homogeneous correlations exceed 0.5 (25% of explained vari-
ance) as in Fig. 2; TWwl,2 (vectors) are superimposed

winter and spring. Positive TW2 (Fig. 6, middle) corres-
pond to warmer temperatures all over the Atlantic but
particularly south of 10 °N (and the reverse for negative
values). This differs from the correlation structures (not
shown) obtained when more local indices are con-
sidered. For example, when one defines two thermal
indexes, one over the northern tropical Atlantic
(30 °N-5°N), and another over the southern and equa-
torial Atlantic (5 °N-20°S), which are the key-areas of
the two Atlantic modes, no clear and significant ‘dipole’
correlation pattern can be found. This conforms to the
idea that TWI1 can be thought in terms of tran-
sequatorial anomaly gradients conducted by PWSA-
SSTA interactions over the tropical north Atlantic
while TW2 points out a transequatorial same-sign rela-
tionship dominated by the equatorial and tropical
south Atlantic.

The relationship with Nino3 (Fig. 6, bottom) con-
cerns the tropical Pacific equatorward of latitutde 20°
and appears stronger during northern winter: strong
positive values are located in the eastern tropical Paci-
fic, and in JFM, over the Indian Ocean and the Ameri-
can and African continents. The Atlantic basin is less
involved. When lagged relationships are considered
(not reported here) a weak reversing of correlation
values in the tropical Atlantic appears in JAS, as a re-
sult of positive lagged correlations linking temper-
atures in the eastern Pacific and the northern tropical
Atlantic one to two seasons later. The larger extent of
the significant values in northern winter is also re-
trieved when other global indicators (like SOI) are used
in place of Nino3. In fact the recent interannual SST
fluctuations in the tropical North Atlantic are in-
fluenced by Nino3 related anomalies (Fig. 6, bottom-
left) and hence by their ENSO-Pacific component
(Harzallah et al. 1996) but do not stress any strong and
consistent signal at regional scale. The lack of syn-
chronous relationship linking Nino3 (Fig. 6, bottom)
and SSTA in the southern and equatorial Atlantic
during the JAS season has been confirmed through
composite analyses. This is also consistent with the low
synchronous relationships linking the two Atlantic
modes to the atmospheric/oceanic Pacific indices (SOI
and Nino3) as reported in Table 1: low (high) SOI, as
warm (cold) Nino3 episodes are synchronous with pos-
itive (negative) TW1 and 2 values mainly in northern
winter. This means in particular that, over the recent
period, low SOI and warm episodes in the Pacific are
linked first to a northward thermal anomaly gradient
crossing the equator which forces some cooling to the
south (positive TW1), and second to a warm forcing in
the equatorial and southern tropical basin (positive
TW?2). This tends to diminish the amplitude of thermal
anomalies in the equatorial and south Atlantic since
Nino3 (and negative SOI, Table 1) are weakly asso-
ciated with positive values of both TW1 and TW2.
The lagged southern winter cooling south of the equa-
tor following ENSO events (positive correlations with
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Nino3) and the small ‘obscuring effect’ of the overall
ENSO response are also attested by Enfield and Mayer
(1997) and Enfield et al. (1998), respectively.

4.2 Sea level pressures

Over the tropical Atlantic, SSTAs are associated with
thermodynamical processes involving the atmosphere.
This can be illustrated through linear correlations us-
ing the JFM and JAS values of the observed SVD
modes and the NCEP/NCAR sea level pressure (SLP)
fields as in Fig. 7, where the low SLP zone associated
with ITCZ is superimposed. When the thermal anom-
aly gradient points northward in the Atlantic (positive
TWI1) during southern summer (JFM) an abnormal
southward SLP anomaly gradient generates a north-
ward pressure force and hence the transequatorial
winds from the southern tropics already seen in Figs. 2,
4. All these features cannot be really observed in north-
ern summer (JAS), in particular the southerly PWSAs
south of the equator (Fig 4), since no clear tran-
sequatorial SLP anomaly gradient associated with
TW1 occurs during this season: Figure 7 (top-right)
presents only increasing SLP anomalies south and over
the ITCZ. Change in correlations on both sides of the
low SLP zone signals a thermodynamical control of
SSTAs by surface winds. This conforms to the numer-
ical results of Carton et al. (1996) that indicate that SST

40 50 60 70 80 90

dipole structures are primarily controlled by surface
wind stress in the Atlantic with a quasi-decadal varia-
bility (also observed in Fig. 3). The connection involv-
ing TW2 (Fig. 7 middle) is limited to the southern and
equatorial parts and no dipole structure can be found.
The JFM and JAS patterns are in agreement with the
mean seasonal cycle (Fig. 1), particularly the northward
excursion of the greater loadings: when warmer waters
occur in the southern Atlantic (positive TW2) surface
pressures are lower than normal. This means south-
ward anomalies of the pressure gradient force and
hence winds across the equator (Fig. 4, bottom).
According to the empirical results of Wagner (1996)
and to the model results of Chang et al. (1997) we
hypothesise that such an anomalous northward wind-
stress anomaly could maintain surface pressure
anomalies of opposite sign over the northern and
southern parts of the Atlantic. This evolves into south-
easterly (south-westerly) anomalies in the Southern
(Northern) Hemisphere because of the Coriolis force
as shown by the TW1 correlation structures in Figs. 2,
4, 6, 7. This tends to reduce (enhance) the trade winds
prevailing in the north (south) as shown in Fig. 1 and to
create thermal and SLP anomalies in the Atlantic as
shown in Figs. 6, 7: the surface heat flux into the
Atlantic could increase (decrease) through a reduction
(an enhancement) of evaporation caused by decrease
(increase) in surface wind-stress leading to warmer
(cooler) temperature and lower (higher) pressure in the
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Fig. 6 Linear correlations between the three selected oceanic modes
and surface air temperatures (Ta) from the NCEP/NCAR analysed
dataset in January-March (JFM, left) and July-August (J A4S, right)
for the period 1968-1994. Positive/negative values above of 0.3

low atmospheric levels. The reinforcement of initial
cross-equatorial thermal and pressure gradients
strengthens in turn the cross-equatorial wind-stress
anomalies. So despite their statistical independence by
construction over the whole tropical Atlantic and the
whole year, positive TW1 and TW2 are associated with
inverse wind anomalies near the ITCZ (northward for
TWI1 and southward for TW2) in agreement with the
mean seasonal cycle (mainly in JFM for TW1 and in
JAS for TW2).

1 T
60E 120W

0 60E

(~ 10% of common variance) in solid/dotted lines (every 0.2). Shad-
ing denotes the areas where the values exceed 0.5 in absolute value
(25%), which is the significance level at p = 0.05 for 14 effective
degrees of freedom

So, in the vicinity of the ITCZ, wind stress anomalies
associated with TW1 and TW2 tend to create opposite
SSTA just northward and southward of the low SLP
zone. This explains the tendency for SSTA in the two
basins to be out of phase on each side of the ITCZ and
is the reason why dipole structure emerges when using
surface air temperatures and sea level pressures, two
ITCZ sensitive variables. The TW1 correlation fields
shown in Figs. 6, 7 register also significant seasonal
variations in both structure and intensity. The TW1
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Fig. 7 As in Fig. 6 but for sea level pressures (SLP): The heavy
1013 hPa in JFM and 1012 hPa in JAS

results appear to be consistent with the non-dipole
character of the tropical Atlantic surface variability
at the interannual time-step and over the period
1968-1994, but they show that this oceanic mode is
associated with surface thermodynamics in the
meridional plane over the Atlantic in a way which
tends to alter the mean seasonal cycle and hence pro-
duce excursions of the intertropical convergence zone
(ITCZ).

The patterns relative to Nino3 (Fig. 7 bottom) are
very different. Pressure increases east of 60 °W, over the

solid lines superimposed join the points where mean SLP values =

South American (mainly in JFM) and African conti-
nents. In northern winter (JFM), one can notice nega-
tive values in the eastern Pacific and the northern
tropical Atlantic west of 60°W along with positive
values eastward. In northern summer the positive
values are north of 15°N. So when warmer waters
occur in the global tropics (positive Nino3) the asso-
ciated pressure anomaly gradient over the tropical At-
lantic points eastward in JFM and north-eastward in
JAS (meaning an enhancement of the trades) due to
the seasonal migration of positive pressure anomalies
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over Africa. These Nino3 related correlation are in
agreement with the results of Latif et al. (1997, their
Figs. 8 and 12) who notice the presence of warmer
waters, higher surface pressures and stronger south-
easterlies in the equatorial and southern Atlantic dur-
ing Nino3-warm related phases in northern winter.

5 Associated moist static energy and precipitable water
contents in the atmosphere

This section examines the NCEP/NCAR moist static
energy (MSE) and precipitable water (PW) contents in
the atmosphere associated with the three observed
modes of variability to complement the previous sur-
face results.

5.1 Moist static energy content

Low-level atmospheric motions are related to SSTA
patterns because SSTs affect the position of convection
through the moist stability (Philander 1990). MSE does
not measure the total energy in the atmosphere but
takes into account the main forms of static energy (the
kinetic energy is negligible) per unit mass: geopotential,
enthalpy, latent energy. We will consider MSE in the
low atmospheric levels (at 850 hPa).

MSE =gz + CpT + Lg,

where gz is the gravitational-potential energy, with ¢
the gravitational acceleration and z the geopotential
height of the 850 hPa isobaric surface;

CpT is the enthalpy, with Cp the specific heat of dry air
at constant pressure (Cp = 1000 m?*s~2 deg™!) and
T the temperature (Kelvin) of the 850 hPa isobaric
surface;

Lgq is the latent energy associated with evaporation and
condensation of water, with L the latent heat of evapor-
ation (L = 2501 J/g) and ¢ the specific humidity of the
850 hPa isobaric surface (further details in Philander
1990).

Figure 8 presents the MSE correlation patterns at
850 hPa associated with the three oceanic modes along
with the region where MSE exceeds 327 J (superim-
posed heavy solid lines). The TW1 patterns (Fig. 8, top)
confirm the results obtained with the surface air tem-
perature (Fig. 6 top): they are clearly dominated by the
tropical north Atlantic (near 20 °N) in JEM (positive
values) with two inverse counterparts (negative values)
south of the equator and to the north. Positive TW1
values correspond to greater (lesser) energy content at
850 hPa north (south) of the mean ITCZ location in the
Atlantic and, in JFM, to a MSE decrease north of 25 °N
in the eastern Atlantic (and the reverse for negative
values). This is however consistent with a less (a more)
southward location of the largest MSE in JFM. The

TW2 structures are also in agreement with the previous
sections, in particular the location of the highest values
south of the seasonal MSE maxima and their seasonal
migration. Positive (negative) TW2 values denote a less
(a more) northward MSE excursion in northern sum-
mer over the Atlantic. The Nino3 results are similar to
those obtained with surface air temperature (Fig. 6 bot-
tom): they mainly concern the tropical zone and appear
stronger during northern winter. However, the Atlantic
basin is more involved. In particular, during the north-
ern summer (JAS) warm (cold) Nino3 episodes are
synchronous with stronger (lesser) energy content into
the MSE maximum zone over the Atlantic (near 10 °N)
and the Sahel zone in Africa (near 15 °N). These differ-
ences denote the role of evaporation/condensation
processes.

5.2 Precipitable water amount

The amount of precipitable water (PW) at the surface
is a measure of the vertically integrated moisture (g/kg)
the atmospheric column contains in a unit area (m?).
More exactly, PW represents the amount of liquid
water that would result if all the water vapour in the
unit column of the atmosphere were condensed (in
g/m? or in mm). The spatial distribution of the annual-
mean PW (Peixoto and Oort 1992; Fig. 12.3 p. 280)
shows a decrease of PW from the equatorial oceanic
areas (> 40 g/m?) to the high latitudes ( < 25 g/m? near
45 °N and 40 °S on the Atlantic). PW is hence linked to
the main thermodynamical processes involving the cli-
mate system in the tropics. Figure 9 displays the related
January-March (JFM) and the July-September (JAS)
TWI1, 2 and Nino3 correlation structures along with
the zone where PW exceeds 39 mm (heavy solid line)
which features the ITCZ.

The positive TW1 values (Fig. 9 top) are mainly
linked to wetter (drier) situations on the southeastern
(northwestern) edges of the Azores high pressure cell in
JFM (when it is more intense) and to wetter (drier) ones
on the northern (southern) edges of the St. Helena high
pressure cell in JAS (when it is more intense). This
means more available PW content near ITCZ over the
Atlantic-Africa region and less in the subtropics during
the winter hemisphere (and the reverse for negative
TW1). These patterns are consistent with the other
correlation structures already presented (Figs. 4, 6-8).
Notice however the northwestward gradient between
the south tropical zone (negative values) and the PW
maxima over the South American continent consistent
with a less southward migration of PW maxima during
the south tropical rainfall season meaning less available
water vapour in the atmospheric column.

The positive TW2 values (associated with equatorial
and southern abnormal warmings) are correlated with
wetter conditions in the St. Helena high pressure area
(Fig. 9 middle) and on the southern edge of the ITCZ in
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Fig.8 Asin Fig. 6 but for moist static energy (MSE) content at 850 hPa. The heavy solid lines superimposed join the points where mean MSE

values = 327 ]

JAS (and the reverse for negative TW2). This is in good
agreement with the previous NCEP/NCAR results
relative to surface air temperatures and sea level pres-
sures (Figs. 6, 7), but also with the SVD patterns involv-
ing observed sea surface temperatures and winds (Fig.
4 bottom) from another dataset: they clearly show
converging wind-stress anomalies over warmer waters
in that region.

The Nino3 results are also coherent with the pre-
vious sections. Notice however in JAS a southwestward

PW gradient between the African Sahel (negative cor-
relations) and the PW near-equatorial maxima in the
Atlantic (positive correlations) compatible with a less
northward migration of PW maxima during the mon-
soon season. This means less available water vapour in
the atmospheric column over the Sahel during the
rainfall season.

This requires examining the relations in terms of
NCEP/NCAR and observed seasonal rainfall
amounts.
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Fig.9 Asin Fig. 6 but for precipitable water (PW) content at the surface. The heavy solid lines superimposed join the points where mean PW

values = 39 g/m?

6 Associated NCEP/NCAR precipitation amounts

6.1 Continental observed versus NCEP/NCAR rainfall
indexes

There are no observations affecting directly the vari-
able ‘precipitation’ in the reanalyses, so the NCEP/
NCAR rainfall indexes have first to be compared with
those that can be computed in the observations. A re-
cent study by Trenberth and Guillemot (1998) provided

evidence that there are substantial biases in the
NCEP/NCAR precipitation in terms of mean values
and interannual variability. This arises especially over
the oceanic areas and, in particular, in the central
Pacific. So we will only focus on some continental areas
using the global land gridded data developed specifi-
cally for model validation by Hulme and Jones (1993)
in a recent version with a 2.5°lat. * 3.75 °long resolu-
tion on the 1968-1996 period. Seasonal modulation of
continental rainfall at regional scale is approached
through NCEP/NCAR and observed rainfall indexes
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Fig. 10 The three selected continental areas defining the continental
rainfall indexes: Sahel, Guinea and Nordeste from north to south

defined by areal averages over three selected regions.
From south to north we define a South American
region centred on Nordeste region in Brazil (10 °S Eq;
50°W-35°W) and called hereafter Nordeste; a sub-
tropical West African region centred on the Guinea
shore (4°N-9°N; 10°W-10°E) and called Guinea;
a sub-Saharan region centred on the Sahelian belt
(I0°N-20°N; 15°W-15°E) and called Sahel. These
regions (Fig. 10) have been selected because they ex-
perience strong seasonal contrast in rainfall on both
sides of the equator and of the Atlantic basin.

Figure 11 presents the NCEP/NCAR and observed
mean monthly rainfall amounts (left) along with the
interannual time evolution of cumulated NCEP/
NCAR and observed rainfall (right) during the respect-
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300 — :
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ive rainy seasons: January to May in Nordeste, June
to October in Sahel and Guinea. Notice first the
rather good similarity between the observed (solid) and
NCEP/NCAR (dashed) mean monthly values (Fig. 11,
left) on the period 1968-1996, in particular with the
Sahel indexes. However, when compared to the obser-
vations, the NCEP/NCAR indexes underestimate
(overestimate) by about 50 mm the monthly amounts in
Nordeste and Guinea during their respective rainfall
(dry) seasons. This is consistent with a smaller latitudi-
nal range for the simulated ITCZ latitude and its asso-
ciated rain band over the Atlantic and its surrounding
continents. This also conforms to the results of Tren-
berth and Guillemot (1998, their Figs. 5, 6) who showed
a more equatorward location of the rain band over the
Atlantic, both in annual and northern summer mean
situations. To better compare the interannual variabil-
ity of cumulative rainfall amounts (Fig. 11, right), the
linear correlations between model and observations
(along with the first-rank autocorrelations of the time
series used as a measure of interannual persistence) are
also provided in Table 2. Notice first the rather good
agreement in Nordeste and Guinea, although the
NCEP/NCAR series have stronger interannual persist-
ence, and second, the lower association at interannual
time scale for Sahel contrasting with what is observed
in terms of monthly mean values (Fig. 11, left). This
reflects the difficulty for the reanalysis to produce cor-
rect rainfall anomalies in a region where strong meridi-
onal rainfall gradients exist: in Table 2 correlations
decrease in the vicinity of the mean latitudinal location
of the rain band from June to October, the lowest value
being (r = 0.39 by 10°N); they increase northward
(r = 0.50 by 15°N) and southward (r = 0.80 by 5°N).

Fig. 11 Left: NCEP/NCAR (dashed) and observed (solid) mean monthly rainfall amounts (mm); right: NCEP/NCAR (dashed) and observed
(solid) interannual evolution of cumulated rainfall (mm) over the three selected areas during the rainy seasons: January-May for Nordeste;

June-October for Guinea and Sahel
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Table 2 Linear correlation (R) coefficients (¥*100) between the
1968-1994 time series of modelled and observed regional rainfall
indexes on a 5-month basis, and their respective first rank autocorre-
lation coefficients (R1). The 3 terms on the left refer to a South
American region centred on Nordeste in Brazil (10°S-Eq;
500 °W-350 °W), a sub-Saharan region centred on the Sahelian belt
(I0°N-20°N; 15°W-15°E) and a West African region centred on
the Guinea shore (4 °N-9°N; 10°W-10°E). Asterisks denote the
significant values at P = 0.05, taking into account the serial correla-
tions in the time series

R R1 R1
Modelled Modelled  Observed
versus
observed
Sahel (June-October) + 39 + 60 + 26
Guinea (June—-October) + 74% +55 +29
Nordeste (January-May) + 61 + 51 +23

Figure 12 shows the NCEP/NCAR rainfall amounts
stratified over the nine strongest positive (solid bars)
and the nine strongest negative (shaded narrow bars)
seasonal values of the three oceanic modes during the
common period 1968-1994. The strongest positive
TWI1 values (meaning warmer north Atlantic waters)
are associated with decreasing rainfall over the three
continental regions (significant in Nordeste during the
main rainfall season), whereas the strongest positive
Nino3 (warmer conditions in the central equatorial
Pacific) coincide with significantly drier conditions
after the main rainy seasons from July to September in
Nordeste and after September in Guinea, that is during
the poleward and equatorward excursions of the rain-
belt, respectively. Nobre and Shukla (1996) have al-
ready observed that the main reason for rainfall defi-
ciency (excess) in Nordeste is the early (later) with-
drawal of the ITCZ towards the Northern Hemisphere.
Hence, Nino3 and TW1 have similar links with NCEP/
NCAR rainfall anomalies over the three selected
areas. In the opposite sense, the strongest positive
TW2 values (meaning warmer waters over the south-
equatorial Atlantic) introduce north/south contrasts
since they are clearly associated with significant wetter
conditions in Nordeste from April to December and
with significantly drier situations in West Africa: in
AMJ and OND in Guinea; in AMJ and JAS over the
Sahel. This points to an inverse tendency in rainfall
between South America and West Africa linked to the
south-equatorial mode which could explain the nega-
tive correlation (r = — 0.47) between the Nordeste and
Sahelian rainfall amounts when cumulated on their
respective rainy seasons. Following Enfield (1996) we
think that a significant part of the Atlantic SSTA has
a direct association with rainfall, rather than being
merely an indirect proxy for Pacific ENSO linkages.

Table 3 displays the ‘multiple’ correlations obtained
when the NCEP/NCAR and observed rainfall indexes,
for the seasons which register more than 150 mm (Fig.
10), are expressed as a linear function (regression equa-

tion) of the three observed oceanic modes. The values
point out rather strong relationships, even with the
model outputs, since in AMJ and JAS more than 50%
of variance are explained with the Nordeste NCEP/
NCAR indices, and more than 40% with Guinea
in OND. The fact that all the coefficients tend to
reinforce after the peak of the respective rainfall seasons
conforms to the preceding remarks. Notice also the
enhancement of these statistical associations during (or
somewhat after) the heart of the rainfall seasons when
observations are used: r = + 0.85 with Nordeste and
r= 4+ 0.63 with Guinea in April-June; r = + 0.66
with Sahel in July-September. By comparison, the
‘individual’ (not displayed) correlations, which express
rainfall as a function of only one oceanic mode, are all
significantly lower. This suggests that thermal forcings
upon continental rainfall are sensitive to particular
linear combinations of the oceanic structures shown in
Figs. 2, 6 which is in agreement with many previous
model and empirical results. For example, if one con-
siders the Sahel, Palmer (1986) and Rowell et al. (1990)
show that, given observed SSTs as boundary condi-
tions, atmospheric general circulation models can at-
tain significant skill in simulating some contrasted
rainfall seasons. However, simulations in which the
SSTs are geographically restricted are less skillful than
simulations with the full global SST field. Moreover,
when considering longer time scales the empirical ana-
lyses of Ward and Hoskins (1996) show that 1949-1988
changes in the tropical Atlantic are particularly strong
in July-September; in particular the 1969-1988 reduced
Sahel rainfall imply a substantial reduction in cross-
equatorial flow associated with a weakened and/or
southward-shifted ITCZ over the eastern Pacific, At-
lantic and Indian longitudes.

To provide more information about the relative and
independent effects of the three oceanic modes the
contemporaneous partial correlations (pc) relative to
the observed rainfall indexes in AMJ (Nordeste and
Guinea) and JAS (Sahel) are listed in Table 4. Notice
the inverse values of the coefficients for TW1 and TW2
showing that the three rainfall amounts are linked to
meridional anomaly gradients in the Atlantic involving
both TW1 and TW2. In this context, the Atlantic mode
whose key-area is located in the opposite hemisphere
(the Southern Hemisphere for Sahel and Guinea and
the northern one for Nordeste) has always greater
weight. Guinea is primarily associated with TW2
(pc = — 0.52): cold (warm) SSTAs in the equatorial and
tropical south Atlantic are linked to abnormally dry
(wet) situation. For Nordeste TW1 (pc = — 0.46) leads
the relationship: northward (southward) thermal
anomaly gradients dominated by warm (cold) SSTAs in
the tropical north Atlantic are synchronous of dry (wet)
rainfall anomalies. Sahel however here appears more
linked to Nino3 (pc = — 0.58): the warm (cold) epi-
sodes in the central equatorial Pacific are synchronous
of dry (wet) rainfall anomalies.
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Fig. 12 Mean seasonal NCEP/NCAR rainfall amounts (mm) strat-
ified over the 9 strongest positive (solid bars) and the 9 strongest
negative (shaded narrow bars) seasonal values of the three oceanic
modes during the common period 1968-1994. Asterisks denote the
significant differences at P = 0.05 using a paired t-test. In April-

6.2 Oceanic and continental correlation patterns

Here we consider the intertropical correlation fields
(20°N-20°S) obtained with the NCEP/NCAR rainfall
amounts to produce the basic structure over the

JFM AMJ JAS OND

JFM AMJ JAS OND

June, for example, the solid (shaded) bars refer to: 1969-70-78-79-
80-81-82-83-87 (1971-72-73-74-75-84-86-89-94) for TWtl 1969-73-
84-87-88-89-90-91-93 (1970-71-72-75-76-78-81-82-92) for TWt2
1969-72-82-83-87-90-91-92-93 (1968-70-71-73-75-78-84-85-88) for
Nino3

oceanic domain in AMJ and JAS (Fig. 13): the heavy
solid lines denote areas where rainfall amounts exceed
100 mm/month. The TW1 / rainfall correlations dis-
play a northward gradient crossing the equator in AMJ
(Fig. 13, top) meaning that warmer waters north of the
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Table 3 Multiple linear contemporaneous correlation coefficients (*100) between the 1968-1994 time-series of the three selected SSTA modes
and the modelled and observed regional rainfall indexes over Nordeste, Guinea and Sahel during the seasons when they exceed 150 mm.
Asterisks denote the significant values at p = 0.05, taking into account the serial correlations in the time series

Modelled Observed
JEM AMJ JAS OND JFM AMJ JAS OND
Sahel + 50 + 66*
Guinea +45 +37 + 42 + 65% +25 + 63* + 42 +47
Nordeste +33 + 77* + 72% + 54% +37 + 87* + 41 +48
CORR (TWt1,RAIN): AMJ CORR (TWt1,RAIN): JAS

%4

7c
//c/'

60E 120W

120w

Fig. 13 As in Fig. 6 but for rainfall amounts (RAIN). The heavy solid lines superimposed join the points where mean RAIN values =
100 mm/month
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Table 4 Partial correlation coefficients (¥*100) between the
1968-1994 time-series of the three SSTA modes and observed sea-
sonal rainfall indexes in Nordeste (AMJ), Guinea (AMJ) and Sahel
(JAS)

Observed TWtl1 TWt2 Nino3
Sahel (JAS) + 18 —25 — 58
Guinea (AM]J) + 26 —52 + 08
Nordeste (AMJ) — 46 +19 —33

equator (positive TW1) are associated with positive/
negative rainfall anomalies north/south of the rain belt
over the Atlantic (and the reverse for cooler waters).
This is consistent with the results of previous sections:
abnormal southerlies blow from the southern tropics
where the pressure is reinforced towards the northern
Atlantic basin which experiences lower than normal
pressure values (Figs. 2, 4, 7). The negative TW1/Nort-
deste relationship observed in Table 4 and Fig. 11
concerns in fact the entire 5°S-15°S zone. The TW2
/ rainfall correlations (Fig. 13, middle) are positive
(negative) in the vicinity of the southern (northern) edge
of the rainfall maxima meaning that warmer waters
positive over the equatorial and southern Atlantic are
linked to wetter (drier) conditions just southward
(northward) of the main rain band. On the African
continent, correlations are mainly negative which is
also consistent with Figs. 2, 4, 7. The correlation field
related to Nino3 (Fig. 13, bottom) shows negative
values along the American shore, and in JAS over the
African Sahel. However, by contrast with those relative
to the two Atlantic modes (Fig. 7, top, middle) and
consistent with the lack of thermal relationship illus-
trated in Fig. 6 (bottom), no large area of rainfall
correlation is registered over the Atlantic Ocean.

These results show the strong sensitivity of NCEP/
NCAR seasonal rainfall to the meridional thermal
and mass gradients in the Atlantic caused by the two
Atlantic modes. When the southern (northern) tropical
Atlantic is warmer than normal, the simulated ITCZ
tends to move later towards the north (south) that is in
April (September) in place of March (August).

7 Discussion and conclusion

Relationships between the leading modes of climate
variability in the tropics and climate anomalies in sur-
face conditions over the tropical Atlantic and its sur-
rounding continents have been pointed out using both
observed data (near global SSTs and precipitation over
land, SST and wind stress in the tropical Atlantic) and
selected outputs from the NCEP/NCAR reanalysis sys-
tem for the last thirty years: surface temperatures, sea
level pressure, moist static energy at 850 hPa, precipit-
able water at the surface and rainfall. Singular value
decomposition analyses of observed SST and wind

stress monthly anomalies from 1964 to 1995 capture
the two leading ocean-atmosphere modes of interan-
nual variability in the tropical Atlantic. Together they
account for 33% and 20.3% of the total SST and wind
stress variances respectively, with greater percentages
in the 30°N-10°N and 5°N-15°S latitudinal bands.
The first Atlantic mode (TW1, squared covariance
fraction of about 67%) appears to be associated with
thermodynamical processes at the interface, mainly in
winter over the northern tropical basin, the wind stress
anomalies leading SSTA by one month. It also presents
a slight dipole structure in the meridional plane with
multi-annual variability dominated by a quasi-decadal
signal. Therefore, it can be mainly thought in terms of
slow modulations of transequatorial thermal anomaly
gradients dominated by the tropical north Atlantic.
This is consistent with the Bjerknes (1964) hypothesis:
quasi-decadal decreases (increases) in surface wind-
stress in the North Atlantic tend to create reduced
(enhanced) cross-equatorial wind that, through ocean
dynamics and heat fluxes, could further generate warm
(cold) SSTAs north (south) of the equator. Projection of
the TW1 structure onto a 75-y SST dataset shows that
such a time evolution is better observed over the last
20-30y than before, except perhaps in the 1920 s and
1930s, but with shorter periods. The second Atlantic
mode (TW2) expressing the statistical coupling between
wind stress and SST anomalies is very different. Basi-
cally it points out in phase anomalies in the tropical
Atlantic with stronger weights over the south-equato-
rial tropical Atlantic in northern summer. Its time
series reflects an interannual variability dominated by
higher frequencies with increased variance in the 1960s
and 1970s until the recent post-1977 warming.
Correlations between the time coefficients of three
selected oceanic indexes (TW1, TW2 and Nino3) and
some basic NCEP/NCAR climate variables (surface air
temperature, sea level pressure, moist static energy con-
tent at 850 hPa, precipitable water at the surface) have
been investigated for the period 1968-1997 and over
the 40 °N-40 °S; 120 °“W-60 °E domain. TW1 and 2 can
be thought as modes of regional extent (the strongest
values concern only the Atlantic basin). Despite their
statistical orthogonality (by construction) they are as-
sociated with climate anomaly patterns that denote an
intensification of the meridional gradients in the near-
equatorial zone due to higher wind-stress/SST inter-
actions, the former mainly in OND and JFM in the
northern basin, the latter from April to December in
the near-equatorial zone. While these modes can be
thought as influenced by the North Atlantic Oscillation
(NAO) and the ENSO-Pacific variability in northern
winter, their synchronous correlations with NAO, SOI
and Nino3 are low and not significant (Table 1). The
warm (cold) Pacific episodes are only slightly asso-
ciated with warm (cold) SSTAs in the northern and
southern parts of the tropical Atlantic. These correla-
tions lead however to decreasing amplitude of thermal
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anomalies in the tropical Atlantic. This could explain
the nonstationarity of meridional anomaly gradients
on seasonal and interannual time scales.

TW1 does not show by itself a clearly significant and
persistent dipole signature (Figs. 2, 4) but only a weak
antisymmetry primarily due to wind-stress / SST inter-
actions in the north tropical Atlantic during the north-
ern winter. However, when analyses convolve TW1
with ITCZ sensitive variables (temperatures, pressures,
moist static energy, precipitable water) as in Figs. 6-9,
one obtains dipole distributions meaning trans-
equatorial anomaly gradients. These results denote
thermodynamical processes at the ocean/atmosphere
interface that create anomaly gradients in the meridi-
onal plane in a way, which tends to alter the mean
seasonal cycle. This can produce abnormal excursions
of the intertropical convergence zone (ITCZ) but ap-
pears to be consistent with the intrinsic non-dipole
character of the tropical Atlantic surface variability at
seasonal or annual time scale.

The seasonal modulation of continental rainfall at
regional scale has been approached through NCEP/
NCAR and observed rainfall indexes over the Nordeste
region in Brazil, and the Guinea and Sahel zones in
West Africa. When compared to the observations,
the NCEP/NCAR indexes underestimate (overesti-
mate) rainfall amounts in Nordeste and Guinea during
their respective wet (dry) seasons. This diagnoses
weaker seasonal and latitudinal amplitude of the
simulated ITCZ and its associated rain band. However,
the interannual rainfall variability in the model is
rather well captured in Nordeste and Guinea.

Correlation and stratified analyses relative to those
indices have shown moderate seasonal rainfall modula-
tions linked to the Atlantic modes but significant con-
nections when the two Atlantic modes + Nino3 were
taken into account. This suggests that continental
rainfall is particularly sensitive to some linear combina-
tions of the three oceanic modes and hence to thermal
forcing exerted by the resulting SSTA pattern. The
warm (cold) Nino3 episodes are linked to drier (wetter)
rainfall seasons in Nordeste and Sahel which however
present significant links with TW1 and TW2, respec-
tively. In fact the linear combinations involve always
TWI1 and TW2 (independent by construction) with
opposite coefficients. Therefore we hypothesise that
independent (quasi-random) fluctuations of TW1, TW2
and/or Nino3 can modify the transequatorial thermal,
pressure and/or energy gradients in the vicinity of the
ITCZ and thus exert significant surface forcings on
rainfall amounts.

This can be simply illustrated through for example
the NCEP/NCAR sea level pressure anomaly patterns
relative to TW2 and Nino3 (Fig. 7 middle and bottom):
the transequatorial gradients can be more easily cre-
ated by a combination of type TW2 + Nino3 than by
TW1 alone. TW2 + Nino3 are sufficient for generating
a northward transequatorial anomaly gradient in sea

level pressures over West Africa in northern summer
and thus to oppose to the south-west monsoon pen-
etration over the continent. In that context dry Sa-
helian situations tend to occur when warmer waters
are present in the central-eastern Pacific and the Gulf
of Guinea and hence when the maxima in tropical con-
vergence are shifted equatorward.
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