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Abstract The tropical Atlantic Ocean exhibits two primary modes of
interannual climate variability: an "equatorial mode" analogous to, but
weaker than, the Pacific El Nino phenomenon, and a "dipole" mode that
does not have a Pacific counterpart. The equatorial mode is responsible for
warm (and cold) sea surface temperature (SST) events in the Gulf of Guinea,
and is identifiable with changes in the equatorial thermocline slope resulting
from zonal-wind anomalies in the western tropical Atlantic, The dipole mode
is characterised by SST anomalies of opposite sign on either side of the mean
position of the Intertropical Convergence Zone (lTCZ), To date, the dipole
mode has been detected in the ocean only from SST. Here it is shown, using
surface and subsurface oceanic temperatures obtained from observations as
well as from a numerical solution, that the dipole mode is linked to changes
in the equatorial thermocline slope occurring at interannual time scales.
Thus, the two main interannual climatic modes appear to be dynamically
linked in this frequency band. Furthermore, the dominant pattern of
variability in both modes involves north-south displacements of the ITCZ, as
in the annual response.

INTRODUCTION

During the last decade, a number of studies have identified two primary modes of
interannual climate variability in the tropical Atlantic (e.g. Servain & Merle, 1993).
One of them, the "equatorial" mode, has a time scale of 2-4 years. It is similar to,
albeit much weaker than, the Pacific El Nifio-Southern Oscillation (ENSO) in that it
relates changes in the tropical ocean's thermal structure to trade-wind anomalies in
the western equatorial ocean. Specifically, when the trades intensify (weaken) in the
western Atlantic, the equatorial thermocline slope increases (decreases), and negative
(positive) SST anomalies develop in the eastern equatorial ocean, particularly in the
Gulf of Guinea (Servain & Arnault, 1995). The second mode, the "dipole" mode,
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has no Pacific counterpart. It is characterized by a north-south interhemispheric
gradient of SST anomalies, and its time scale ranges from interannual to decadal
(Moura & Shukla, 1981; Servain, 1991). During typical dipole episodes, anomalies
appear with opposite signs on either side of the Intertropical Convergence Zone
(ITCZ), although the development is not always simultaneous (Houghton & Tourre,
1992). So far, this mode has been observed mainly in SST and surface wind fields,
and little is known about its subsurface manifestations.

Here, we use both observed and simulated, oceanic temperature data to address
the question of whether the two modes interact with each other. First, we describe the
data sets used in our analyses and then review the basic properties of the modes, among
other things describing their identifying characteristics. Then, we define quantitative
measures of these characteristics, and compare their time series for the period 1985
1994. Based on the good correlation between the measures, we find that both modes
involve fluctuations of the equatorial thermocline slope on the same time scale (2-4
year period). Furthermore, they are associated with anomalous north-south shifts in
the location of the ITCZ, similar to what happens in the seasonal cycle. Our results
therefore suggest that the two modes are linked to each other at interannual time scales,
and that both can be viewed as being modifications of the normal annual cycle.

DATA SOURCES

Owing to the increasing amount of surface marine observations obtained from the
Volunteer Observing Ship (VOS) system, SST and surface wind data are sufficient to
allow a continuous temporal-spatial analysis on a 2° x 2 ° grid over the tropical
Atlantic at least since 1964. The 1985-1993 SST and wind observations used here
are obtained from the monthly analysis of Servain et al. (1985, 1996).

In contrast to the surface data, it is difficult to obtain a continuous basinwide
picture of the observed oceanic properties below the ocean's surface. Historical
subsurface data are obtained mainly from expendable bathythermograph (XBT)
drops. As for the surface data set, these observations are available from the VOS
system, but in far fewer numbers, and their coverage is restricted to the primary ship
tracks. In the tropical Atlantic, two ship tracks, AXil (Europe-South America) and
AXIS (Europe-South Africa) shown in Fig. 1, are sampled densely enough to allow
continuous monthly coverage, and then only since the beginning of the Tropical
Ocean and Global Atmosphere (TOGA) program in the mid-1980s when intensive
subsurface observations first began to be taken (Fabri et al., 1996).

To corroborate and expand upon the rather sparse, subsurface observations, we
also utilize a solution from OPA-7, an ocean general circulation model (OGCM)
developed at the Laboratoire d'Oceanologie et de Dynamique du Climat (Delecluse et
al., 1993). In the specific solution used here, OPA-7 is forced by wind-stress, heat
flux, and precipitation fields provided by ARPEGE, an atmospheric general
circulation model (AGCM) developed at Meteo-France (Deque et al., 1994). The
AGCM was run during the TOGA period (1985-1994) using observed SST
(Reynolds & Smith, 1994).

The oceanic model covers the Atlantic from SooN to 50oS, but is entirely
prognostic only between 20 0 N and 20oS. Poleward of these latitudes, the solution is
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Fig. 1 Spatial structure of the first EOF of Z20 monthly anomalies from the
numerical solution. Straight lines indicate ship tracks AX 11 (west) and AX 15 (east).

slowly restored towards Levitus (1982) climatology below the mixed layer. In
addition, the model's resolution varies with latitude, from fiy = 0.33° near the
equator to fiy = 1.50° in the subtropics. These properties suggest that OPA-7 is able
to simulate climatic variability more realistically near the equator than elsewhere.

OVERVIEW

Equatorial mode

Figure 1 illustrates the tropical-ocean thermal structure during the "cold phase" of
the equatorial mode in the numerical solution noted above. It shows the depth anomaly
of the 20°C isotherm (hereafter referred to as Z20), which is a typical temperature
for the mid-thermocline in the tropics. In fact, Fig. I is really the spatial pattern of
the first mode of an empirical orthogonal function (EOF) analysis performed on the
Z20 anomaly field, and it explains 84% of the variance. Similar, but less complete,
patterns are derivable from observed Z20 fields (e.g. Reverdin et al., 1991).

It is well known that ocean dynamics play a prominent role in the generation of
Z20 anomaly patterns like those in Fig. 1, and in the development of interarumal SST
anomalies in the eastern equatorial ocean; hence, they are important in the equatorial
mode itself. Consider the response to strengthened trade winds in the western ocean.
They excite equatorially trapped, Kelvin waves that propagate eastward across the
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basin in a few weeks time, shallow the thermocline in the eastern, equatorial ocean,
and increase the equatorial tilt of Z20. They subsequently reflect from the eastern
boundary as Rossby waves and coastal Kelvin waves, thereby extending the response
throughout the eastern ocean and to latitudes well off the equator. Because the
thermocline shallows throughout the eastern ocean, cool subsurface water is able to
upwelI to the surface more readily, thereby creating cool SST anomalies in the
region. The pattern in Fig. 1 results from such processes, and its opposite occurs in
response to weakened trades. Observational evidence for this type of dynamic
response can be found in Moore et al. (1978), Picaut (1983), and Katz (1987, 1997).
More detailed discussions of the relevant theory can be found in Philander (1979),
McCreary et al. (1984), Zebiak (1993) and Servain & Arnault (1995).

A well-documented warm phase of the equatorial mode took place in 1984, when
equatorial monthly anomalies of SST reached 3-4 QC near the African coast and the
equatorial thermocline slope became unusually flat (Philander, 1986; Servain &
Seva, 1987; Reverdin et al., 1991). Other warm episodes took place in 1968, 1995
and 1997, whereas sigrtificant cold events were noted in 1967 and 1976. Such events
have important climatic, social, and economical consequences. The African monsoon
feels their impact in that the distribution and intensity of precipitation is strongly
affected. For example, during 1968 there were strong rains along several African
countries bordering the Gulf of Guinea (Hisard, 1980), while sub-Saharan Africa
(Sahel) was very dry (Lamb, 1978b). In addition, these events affect open-ocean tuna
fishing (Fonteneau, 1991), as well as the distribution of several pelagic species along
the African coast (Binet, 1982; Binet & Marchal, 1993).

Dipole mode

At the surface, the observed dipole mode is associated with spatially coherent SST and
wind patterns of opposite sign on either side of the mean position of ITCZ (Moura &
Shukla, 1981; Servain, 1991; Nobre & Shukla, 1996). It is also associated with slow
interannual shifts in the mean position of the ITCZ, and can be seen across a broad
range of time scales from seasonal to decadal (Servain, 1991; Mehta & Delworth, 1995).

To illustrate the dipole mode, Fig. 2 plots the first EOF of SST for the numerical
solution. In this case, the variance accounted for is 45 %. Consistent with patterns
determined from observations (e.g. Moura & Shukla, 1981, or Nobre & Shukla,
1996), the anomaly pattern in Fig. 2 exhibits a dipole structure with opposite SST
anomalies on either side of the mean position of the ITCZ, which is the defirting
criterion for the dipole mode. In contrast to the observed structure, however, it does
not show distinct centres of action confined in the subtropics. The likely cause of this
discrepancy is the property that OPA is relaxed toward c1imatological SST poleward
of 20°, and hence cannot maintain SST anomalies there.

In contrast to the equatorial mode, the ocean dynamics associated with the dipole
mode are not well understood. Indeed, recent studies suggest that it has a purely
thermodynamic origin (Carton et al., 1996; Chang et al., 1997). Nevertheless, even
if ocean thermodynamics is instrumental in determining the origin of the
interherrtispheric SST anomalies, dynamic processes probably still play some role. In
the Chang et al. (1997) coupled model, for example, although positive feedback is
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Fig. 2 Spatial structure of the first EOF of SST monthly anomalies from the
numerical solution.

generated thermodynamically by a mutual interaction between the wind-induced heat
flux and SST, ocean dynamics (temperature advection) provides the negative
feedback that sets the long time scale of the variability.

The dipole mode is best known for its effect on droughts in Northeast Brazil
(Nordeste). Periods of increased (decreased) rainfall there are generally associated
with an anomalous displacement of the ITCZ towards the south (north), and also
with a pattern of anomalous cold (warm) SST in the northern tropical Atlantic and
warm (cold) SST in the southern tropical Atlantic (Servain, 1991; Wainer & Soares,
1997). For instance, such anomalous patterns occurred during early 1974 and 1985,
the last two major wet periods in Nordeste (Servain et al., 1998). Likewise, droughts
in Sahel (like the major one in 1968) are often found to be associated with a broad
band of negative (positive) SST anomalies across the tropical North (South) Atlantic
(Lamb, 1978a).

RESULTS

Observations

As noted above, the equatorial mode is characterized by changes in the slope of the
equatorial thermocline, and the dipole mode is characterized by interhemispheric SST
anomalies with opposite signs on either side of the ITCZ. To estimate the equatorial
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thermocline slope from observations, we utilized the 1985-1993 XBT data along the
AXIl E!9 AXIS tracks (Fig. 1) filtered to remove the climatological annual cycle.
These time series give Z20 at two locations on the equator: close to 30 0 W for AXIl
and close to lOoW for AXIS. The difference between these two records is our
measure of the equatorial thermocline slope, !'J,20. Positive (negative) values of
!'J,20 correspond to a rather pronounced (rather flat) thermocline slope. To measure
the interhemispheric SST gradient, t>.SST, we used the difference between anomalous
SST averaged from 5°-20 0 N and from 5°-15 oS, a method similar to that utilized
previously by Servain (1991) for his Atlantic-dipole index. Positive (negative) values
of t>.SST correspond to a SST dipole pattern that is warm (cold) in the northern ocean
and cold (warm) in the equatorial and southern regions.

Finally, based on the observed wind data set, we determined a monthly index of
the anomalous latitudinal position of the ITCZ, MTCZ, for the period 1985-1993. It
is defined to be the abnormal latitudinal displacement of the zero value of the
meridional wind along 28°W, a meridian near the centre of the basin. Positive
(negative) values of MTCZ identify a northward (southward) abnormal position of
ITCZ.

All three (6-month smoothed) indices (!'J,20, t>.SST and MTCZ) are plotted in
Fig. 3. Three main 2-3 year oscillations, in which the SST dipole evolves from a
negative to a positive state and returns, can be seen during the study period: 1986
1989, 1989-1991 and 1991-1993. At the same time, the tilt of Z20 along the equator
evolves similarly, from negative conditions (a flat thennocline) to positive conditions
(a pronounced slope) and returns. It is visually apparent that t>.SST and !'J,20 are well
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Fig. 3 Time series of ~Z20 (solid curve), ~SST (dashed curve), and ~ITCZ

(dashed/dotted curve) from the observations. The time series are all smoothed by a
6-month running-mean fJ.lter. For a better readability, the ~Z20 curve is forwarded
by 2 months vs the two other series.
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correlated on a 2-4 year time scale, and the maximum correlation coefficient
between them is 0.65 with a 2-month lag (I~SST leading). This good correlation
suggests that the equatorial and dipole modes, the primary modes of interaIUlual
variability in the tropical Atlantic, are significantly linked at imeraIUlual time scale.

As expected, the correlation coefficient between MTCZ and t,.SST is high
(maximum correlation of 0.83 at zero lag), a northward (southward) deviation of
ITCZ corresponding to positive (negative) SST dipole pattern. The correlation
between MTCZ and t,.Z20 is somewhat weaker (a maximum coefficient 0.45 at 2
month lag, MTCZ leading), allhough it is visually evident that the two time series
have a similar temporal evolution.

Model

The spatial patterns of the solution's equatorial and dipole modes are well
characterized by the first EOFs of the Z20 and SST anomaly fields (Figs 1 and 2,
respectively). Figure 4 shows the time series of each EOF, smoothed with a 6-month
ruIUling-mean filter. It is visually apparent that the two time series are quite similar
on a 2-4 year time scale. Indeed, the maximum correlation is 0.73 with a I-month
lag, Z20 leading. This similarity shows that the two interaIUlual modes are as closely
related in the numerical solution as they are in the observations. To compare the
solution more closely to the observations, Fig. 5 shows curves for the solution that
exactly correspond to curves t,.Z20 and t,.SST in Fig. 3. The two curves are similar

I I

J S D M J S D M J S D M J S D M J S D M J S D M J S D M J S D M

1985 1986 1987 1988 1989 1990 1991 1992 1993

Fig. 4 Time series associated with the first EOFs of the Z20 anomalies (solid curve)
and SST (dashed curve) monthly anomalies from the numerical solution, both
smoothed by a 6-momh running-mean filter.
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Fig. 5 Time series ~Z20 (solid curve) and ~SST (dashed curve) from the numerical
solution, both smoothed by a 6-month, running-mean filter.

both to each other (with a maximum correlation of 0.61 at I-month lag, Z20 leading)
and to the observed set (Fig. 3). This supports, a posteriori, that the interarumal
signal provided by the numerical solution is reasonably consistent with the
observations, and thus can be used to illustrate the main modes of interannual
variability of the tropical Atlantic, as described above.

CONCLUDING REMARKS

For the first time, it is shown that the equatorial mode and the dipole mode, the two
main modes of climatic variability in the tropical Atlantic, are linked at interannual
time scales. Moreover, the processes involved seem to be of the same nature as those
that control the seasonal cycle. A possible scenario for the "cold" phase of an
oscillation is as follows: An anomalous northward displacement of the ITCZ
(MTCZ > 0) weakens the northeast trades, and strengthens the southeast trades and
equatorial zonal winds; these changes increase the equatorial thermocline tilt
(!1Z20 > 0), warm SST north of the ITCZ due to a decrease in evaporative cooling,
and cool it in the eastern-equatorial and southern regions due to increased upwelling
and latent-heat loss (/}:,.SST > 0). This situation favours drought in the Nordeste
region and along the continental border of the Gulf of Guinea, and favours enhanced
rainfall in the Sahel.

Regrettably, the paucity of the XBT observations does not allow one to obtain a
time series of the observed equatorial thermocline tilt longer than the 1985-1993
record discussed here. Due to its shortness (9 years), it is not possible to conclude



Modes of climatic variability in the tropical Atlalllic 53

that such processes link the two modes at decadal time scales. Given their strong
connection at interannual time scales, however, this possibility seems likely. We are
currently working to demonstrate this linkage, and to obtain a better understanding of
the dynamic and thermodynamic processes that govern the two modes at all
frequencies.
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