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ABSTRACT

Empirical orthogonal functions (EOFs) and composite analyses are used to investigate the development of
sea surface temperature (SST) anomaly patterns over the tropical Atlantic. The evolution of large-scale rainfall
anomaly patterns over the equatorial Atlantic and South America are also investigated. The EOF analyses
revealed that a pattern of anomalous SST and wind stress asymmetric relative to the equator is the dominant
mode of interannual and longer variability over the tropical Atlantic. The most important findings of this study
are as follows.

Atmospheric circulation anomalies precede the development of basinwide anomalous SST patterns over the
tropical Atlantic. Anomalous SST originate off the African coast simultaneously with atmospheric circulation
anomalies and expand westward afterward. The time lag between wind stress relaxation (strengthening) and
maximum SST warming (cooling) is about two months. '

Anomalous atmospheric circulation patterns over northern tropical Atlantic are phase locked to the seasonal
cycle. Composite fields of SLP and wind stress over northern tropical Atlantic can be distinguished from random
only within a few months preceding the March—May (MAM) season. Observational evidence is presented to
show that the El Nifio—Southern Oscillation phenomenon in the Pacific influences atmospheric circulation and
SST anomalies over northern tropical Atlantic through atmospheric teleconnection patterns into higher latitudes
of the Northern Hemisphere.

The well-known droughts over northeastern Brazil (Nordeste) are a local manifestation of a much larger-
scale rainfall anomaly pattern encompassing the whole equatorial Atlantic and Amazon region. Negative rainfall
anomalies to the south of the equator during MAM, which is the rainy season for the Nordeste region, are related
to an early withdrawal of the intertropical convergence zone toward the warm SST anomalies over the northern
tropical Atlantic. Also, it is shown that precipitation anomalies over southern and northern parts of the Nordeste
are out of phase: drought years over the northern Nordeste are commonly preceded by wetter years over the
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southern Nordeste, and vice versa.

1. Introduction

One of today’s most challenging problems for long-
range forecasting of tropical rainfall is an accurate pre-
diction of sea surface temperature (SST) over the Trop-
ics. There is a large body of evidence in the literature
that suggests time-mean area-averaged rainfall over the
Tropics is modulated by slowly varying boundary con-
ditions like SST and soil moisture (Shukla 1984; Dir-
meyer and Shukla 1993). The interannual variability
of SSTs over the tropical Atlantic, though smaller than
the amplitude of its annual cycle (Merle and Hisard
1980; Hastenrath 1984 ), has a strong influence on the
distribution of rainfall over the tropical Americas (Has-
tenrath and Heller 1977; Moura and Shukla 1981; Has-
tenrath 1984; Nobre and Shukla 1991) and Africa
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(Lamb 1978a,b; Lough 1986; Palmer 1986; Parker et
al. 1988). For instance, anomalous meridional gradient
of SST over the equatorial Atlantic has a profound im-
pact on the total rainfall over northeastern Brazil
(Nordeste) through the modulation of the intertropical
convergence zone (ITCZ) latitudinal positioning (Has-
tenrath 1984; Hastenrath and Greischar 1993). The pat-
tern of anomalous SSTs over the tropical Atlantic that
is most often associated with years of drought or flood
over Nordeste shows anomalies of opposite signs to the
north and south of the equator (Hastenrath and Heller
1977; Markham and McLain 1977; Moura and Shukla
1981; Servain 1991). The interhemispheric asymmetry
of SST anomalies in the tropical Atlantic and its rela-
tion to regional rainfall departures has been earlier re-
ported by Hastenrath and Heller (1977), Hastenrath
(1978), Lamb (1978a,b), Hastenrath (1984), and
Hastenrath and Druyan (1993).

If SST anomalies could be predicted over the Trop-
ics, it would be possible to make substantial improve-
ments in long-range prediction of rainfall anomalies
over the Nordeste (Ward and Folland 1991 ). However,
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the mechanisms responsible for the development of
anomalous SST patterns over the tropical Atlantic are
yet largely unknown. There is some evidence that in-
terannual variability of SST over the tropical Atlantic
is achieved through both local dynamics and remotely
forced perturbations, as those associated with the El
Nifio—Southern Oscillation (ENSQO) phenomenon
(Hastenrath et al. 1987; Aceituno 1988; Hameed et al.
1993; Curtis and Hastenrath 1995). Observational ev-
idence and results of numerical simulations corroborate
that positive values of the Southern Oscillation index
(SOI) (indicating the cold phase of ENSO) are asso-
ciated with concurrent anomalously colder SST and
higher SLP over the northern tropical Atlantic and
warmer SST and lower SLP over the southern tropical
Atlantic, and vice versa (Hastenrath and Heller 1977,
Hastenrath 1978; Hastenrath et al. 1987; Aceituno
1988; Hameed et al. 1993; Hastenrath and Greischar
1993). Also, the largest simultaneous correlation be-
tween the SOI and SST over the tropical Atlantic oc-
curs during MAM (Ropelewski and Halpert 1987).
Additionally, there is evidence that an El Nifio-like
phenomenon also takes place over the equatorial At-
lantic (Philander and Pacanowski 1986; Zebiak 1993;
Carton and Huang 1994). However, the ‘‘Atlantic
ENSO’’ mode seems to be insufficiently strong to de-
termine the total SST variability by itself, even close
to the equator; thus, the total SST variability is to be
achieved by the combined effects of ENSO-like equa-
torial coupling, other dynamical modes, and external or
remotely forced perturbations (Zebiak 1993).

The question to be pursued in this paper is whether
or not the ocean—atmosphere coupling over the tropical
Atlantic is consistent with observations, and if so, what
mechanisms of coupling are suggested. There is obser-
vational evidence that on the monthly timescale the
SLP forcing of SST over the tropical Atlantic is
stronger than the effect of SST on the atmospheric cir-
culation (Lough 1986). The results of this work con-
firm previous findings and suggest that basinwide SST
anomaly patterns develop from the interplay between
hemispheric-scale atmospheric circulation disturbances
and SST anomalies over the tropical Atlantic.

2. Data

The data used in this study are as follows: Sea sur-
face temperature (SST) and wind stress (7) from 30°S
to 30°N over the tropical Atlantic are COADS 2° X 2°
grid for the period January 1950 through December
1987, as in Halpert and Ropelewski (1989) [the
pseudo-wind stress (units of m?s~2) was converted
into wind stress (units of dyncm™) by Huang
(1992)1, horizontal winds at six levels from 48°S to
48°N are derived from the NMC operational analysis
(Arkin 1982; Parish and Kistler 1982) for the period
June 1974 through December 1987, sea level pressure
(SLP) are COADS 2° X 2° grid between 60°S and 60°N
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from January 1946 through December 1985 (Slutz et
al. 1985); global 2.5° X 2.5° gridded outgoing long-
wave radiation (OLR) for the period June 1974
through November 1990 (March through December
1978 missing) are from the National Meteorological
Center (NMC); raingauge data over South America
(north of 16°S) are from Departamento Nacional de
Aguas e Energia Elétrica (DNAEE), Brazil, for the
period 1849-1984; and OLR-based precipitation esti-
mates over the tropical Atlantic between 20°S and 20°N
for the period June 1974-December 1988 (March
through December 1978 missing) are from Yoo and
Carton (1988).

All data are monthly. Anomalies are calculated as
departures from the long-term mean at each grid point.
Raingauge precipitation data over South America are
averaged within 1° X 1° latitude—longitude boxes, gen-
erating one value per month per box in which mea-
surements are available. Figure 1 shows the areas re-
ferred in the text as (A) eastern Amazon, (B) northern
Nordeste, and (C) southern Nordeste.

3. Empirical orthogonal functions analysis

EOF analysis is used to identify the dominant modes
of wind stress and SST variability over the tropical At-
lantic. The data for the EOF calculations is sampled
every other point from the 2° X 2° grid to produce a 4°
X 4° grid. Departures from long-term (1964-1987)
monthly means of SST and wind stress are normalized
by their local standard deviations (Kutzbach 1967).

We shall focus on the eigenmodes (EOFs) of SST
and wind stress that explain the largest portion of the
variance during the periods in which variance is max-
imum. The maximum time variances of wind stress and
SST over the northern tropical Atlantic occur during
December—January—February (DJF) and March—
April-May (MAM) respectively (figures not shown).
Thus, the eigenanalysis is presented with data samples
covering DJF-only, MAM-only, and 12-month data.

10N Tgemo ,
SN ) .......
el A
ss{ &7 A
105\ Mg T
tssf AL L C ..........
BOW 70W 60W 50W 40W 30W

FIG. 1. Localization map. The (A) eastern Amazon, (B) northern
Nordeste, and (C) southern Nordeste areas of Brazil are indicated.
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The EOFs are calculated for each variable separately
(SST, 7%, 77), jointly in pairs, and all three together.
The results of our calculations are discussed below,
but only the first joint eigenvector of anomalous SST,
7%, and 77 (hereafter called SST—7-EOF1), for the
12-month data, and the first EOF of MAM-only anom-
alous SST are shown in Fig. 2 and Fig. 3, respectively.
SST-r—EOF1 (Fig. 2a) explains 13.1% of the total
variance after subtracting the seasonal cycle. It shows
that anomalous SST with opposite sign to the north and
south of the equator are associated with anomalous 7%
with a similar dipole pattern and anomalous 7~ directed
from anomalously cold toward anomalously warm SST
regions. Therefore, it suggests that warmer off-equa-
torial SSTs are associated with weaker trade winds and
colder SSTs with stronger trade winds. SST—7-EOF1
is of special importance to describe the interannual
variability of the tropical Atlantic coupled ocean-—at-
mosphere system since it brings together information
on both SST and wind stress. The time series of coef-
ficients associated with SST—-7-EOF1 (Fig. 2b) de-
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FiG. 2. The first joint EOF of SST, 7%, and 77 monthly anomalies
over the tropical Atlantic from September 1963 to August 1987; (a)
the spatial pattern and (b) the associated coefficient time series. The
contours represent the SST loadings; contour interval is 0.1; negative
contours are dashed; values greater than 0.4 or lower than —0.5 are
shaded; the zero contour is not drawn. The arrows represent the vec-
torial sum of 7¥ and 7 loadings; the vectors are scaled accordingly
to the arrow plotted at the lower right side of the upper panel.
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FIG. 3. The first EOF of MAM-only SST anomalies over the trop-
ical Atlantic from 1964 to 1987; (a) the spatial pattern; contour in-
terval is 0.2; negative contours are dashed; values greater than 0.4 or
lower than —0.6 are shaded; the zero contour is not drawn; and (b)
the associated coefficient time series (bars), and February—June rain-
fall departures over the northern Nordeste (open circles) (units of
standard deviations, after C. A. Nobre 1995, personal communica-
tion).

picts a clear low-frequency decadal timescale, as well
as superimposed interannual variability. The study of
fluctuations of decadal or longer timescale is beyond
the scope of this work.

Figure 3a shows the first EOF of MAM SST anom-
alies, which explains 31.8% of the variance after sub-
tracting the annual cycle. It is noteworthy in Fig. 3a
that amplitudes of the loadings over the northern trop-
ical Atlantic are twice as large as those over southern
Atlantic. The predominance of the anomalous SST pat-
tern that is asymmetric relative to the equator, resem-
bling a dipole, during MAM is consistent with the re-
sults of Hastenrath and Heller (1977), Hastenrath
(1978), and Moura and Shukla (1981), which relates
rainfall departures over the northern Nordeste with
anomalous SST asymmetric relative to the equator over
the tropical Atlantic during MAM.

The leading wind stress (joint 7* and 77) EOF over
the tropical Atlantic is essentially the same as the one
shown in Fig. 2a, but the maximum variance is ex-
plained by the DJF-only data sample (20.9%). Anom-
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alous southeast and northeast trade winds are out of
phase, albeit loadings are smaller over the southern
than over the northern tropical Atlantic. This anoma-
lous circulation pattern is consistent with the simulta-
neous weak North Atlantic subtropical high pressure
cell and strong South Atlantic subtropical high pressure
cell, and vice versa.

In summary, the leading joint SST, 7%, and 7> EOF
(Fig. 2) presents clear evidence that a pattern of anom-
alous SST asymmetric relative to the equator is asso-
ciated with anomalies of the trade winds over the trop-
ical Atlantic, which also are asymmetric relative to the
equator. Figure 2 also suggests that the pattern with
north—south asymmetries of anomalous SST and stress
is the most dominant mode of variability of the atmo-
sphere—ocean system over the tropical Atlantic on in-
terannual and longer timescales. The EOF results men-
tioned above are discussed in detail by Nobre (1993).

4. Composite analysis

We have utilized a simple compositing technique to
study the time evolution of atmospheric and oceanic
conditions over the tropical Atlantic. We have used the
time series of the coefficients associated with the first
eigenmode of SST anomalies shown in Fig. 3 as the
basis to select the years for compositing. Also plotted
in Fig. 3b is a rainfall index for the northern Nordeste
region (C. A. Nobre 1995, personal communication).
The compositing based on EOF amplitude is an appro-
priate procedure because it represents the entire pattern
of anomalies. However, if the compositing were done
using meridional SST gradients (Hastenrath and Greis-
char 1993), the outcome would be the same (not
shown). This is so because the largest gradients tend
to coincide with the occurrence of SST anomalies that
are asymmetric relative to the equator.

The composite fields are calculated for the years in
which the amplitude of the first EOF was either positive
or negative, corresponding to the phase of the dipole
pattern shown in Fig. 3 during MAM. So, each dataset
is sorted into two subsets: one with the years in which
the northern tropical Atlantic was colder than the mean,
the southern tropical Atlantic warmer (called COLD
cases: 1965, 1971, 1972, 1973, 1974, 1975, 1976,
1977, 1984, 1985, and 1986); the other with the years
in which the SST anomaly pattern was reversed (called
WARM cases: 1966, 1969, 1970, 1978, 1979, 1980,
1981, 1982, 1983, and 1987). Thus, the words COLD
and WARM refer to SST anomalies in the northern
tropical Atlantic. The time series of OLR, uppet-tro-
pospheric winds, and rainfall over the Atlantic start in
June 1974; SLP ends in December 1985; and rainfall
over South America ends in December 1984.

The COLD composites minus WARM composites
(referred to as COLD — WARM) differences are pre-
sented throughout the text in order to emphasize the
contrasts between COLD and WARM composites. Fur-
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thermore, since each COLD and WARM composite
anomalous patterns are nearly the same in magnitude
but opposite in sign, the COLD — WARM patterns
shown in the following figures represent the average
anomalous conditions for COLD composites, with
magnitudes approximately doubled.

A remarkable aspect of Fig. 3b is the persistence of
COLD SST pattern for seven years (1971 through
1977). For each of these seven years, rainfall over the
northern Nordeste was above normal with the excep-
tion of 1972 and 1976, which were El Nifio years. Al-
though the length of data period is not adequate to make
a definitive statement, it appears that there are decadal-
scale variations of tropical Atlantic SST and northern
Nordeste rainfall, which are only temporarily inter-
rupted by El Nifio. Mechanisms for the occurrence of
such decadal-scale variations await explanation.

The statistical significance of the difference between
COLD and WARM composites is done using the for-
mula on Eq. (1) below, where it is assumed that the
normalized difference on the right-hand side of the
equation has a Student-t distribution of probabilities
with (n, + n, — 2) degrees of freedom:

¢ <x>c _ <x>w nc”w(nc + n, — 2)
(et —2) & )
ol Vn.S: + n,S% ne + 1y,

(1)

where (x) indicates the composite value of variable x;
S is the standard deviation of (x); n is the number of
cases used to compute (x); and the subscripts ¢ and w
refer to the COLD and WARM composites. Anomalies
are accepted as statistically significant at the level of
significance « (that is, the composite fields are statis-
tically different from each other) if the right-hand side
of Eq. (1) is greater than #, ¢, +.,—2),- The statistical sig-
nificance of the composite differences are shown by
shadings as indicated in the figures captions.

a. Sea surface temperature

Figure 4 shows the COLD — WARM composites of
SST for DJF and MAM. During DJF (Fig. 4a), nega-
tive SST anomalies appear over the northeast Atlantic
off the African coast; positive anomalies over the cen-
tral South Atlantic. It is interesting to observe the ap-
parent westward expansion of the anomalous SST over
the northern tropical Atlantic from DJF to MAM (Fig.
4b). Though weaker, a similar westward expansion is
also apparent over the southern tropical Atlantic in this
figure (Markham and McLain 1977). The meridional
gradient of anomalous SST is most intense during
MAM, mainly because of the large SST anomalies over
the northern tropical Atlantic. Also, it is worth men-
tioning that the interhemispherically asymmetric dipole
pattern of SST anomalies during MAM (Fig. 4b) re-
sembles the departure of seasonal (MAM) mean SST
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FiG. 4. COLD — WARM composite SST during (a) DJF and (b)
MAM. Contour interval is 0.2°C. Negative contours are dashed.
Shaded areas indicate anomalies statistically different from zero (¢
test) at 95% (heavy shade), 99% (medium shade), and 99.9% (light
shade) significance levels.

from its annual mean over the tropical Atlantic (figure
not shown). It indicates that SST interannual variabil-
ity is modulated by the annual cycle of SST over the
tropical Atlantic.

b. Wind stress

The COLD — WARM 7 composite fields for DJF
and MAM are shown in Fig. 5. During DJF (Fig. 5a),
7% anomalies are generally small; largest anomalies ap-
pear over the northeast, southeast, and equatorial At-
lantic. Taken together with the anomalous SST com-
posite shown in Fig. 4a and the EOF results shown in
Fig. 2, the 77 anomalies over the northeast and south-
east Atlantic during DJF are consistent with a possible
forcing role of atmospheric circulation anomalies on
the surface temperature of the ocean. Stronger north-
erlies enhance and weaker southerlies weaken upwell-
ing of cold waters off the African coast, respectively,
to the north and south of the equator.

During MAM (Fig. 5b), 7¥ anomalies are stronger
than during DJF, and the largest anomalies occur over
the western equatorial Atlantic. The statistical signifi-
cance of the composite fields are greater than 95% over
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the whole equatorial Atlantic, and significance reaches
99.9% at 5°N over western Atlantic. Coincidentally,
MAM is the time when the meridional gradient of
anomalous SST is strongest (Fig. 4b), so anomalous
7% are directed toward the warmer waters and are
strongest during MAM. It suggests that during MAM
the wind stress anomalies are a response to the lower
boundary forcing imposed by the meridional gradient
of anomalous SST. Thus, Figs. 4 and 5 indicate the
possibility of an interplay between atmospheric circu-
lation anomalies and oceanic surface temperature.
Modulations of the trade winds would force the distri-
bution of anomalous SST during DJF, and then the at-
mospheric circulation would be forced by the meridi-
onal gradient of anomalous SST established during
MAM, thus dislocating the intertropical convergence
zone toward the anomalously warmer waters.

Figure 6 shows the COLD — WARM composite 7%
during DJF (Fig. 6a) and MAM (Fig. 6b). The 7*
anomalies are maximum during DJF, when they pres-
ent a large-scale dipolelike configuration with negative
anomalies to the north of the equator and positive
anomalies to the south of the equator. During MAM,
the 7% dipole pattern is weaker and more narrowly con-
fined to the equatorial region. The maximum of 7%
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FIG. 5. As in Fig. 4 but for COLD — WARM composite 77 during
(a) DJF and (b) MAM. Contour interval is 0.05 dyn cm™2.
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FiG. 6. As in Fig. 4 but for COLD — WARM composite 7% during
(a) DJF and (b) MAM. Contour interval is 0.05 dyn cm™2.

composite anomalies during DJF contrasts with the
SST and 7> composites discussed above, which present
the largest departures during MAM. Nevertheless, the
statistical significance of 7* composite differences
shown in Fig. 6 is generally small. '

The composite COLD — WARM wind stress fields
for DJF and MAM are plotted in vectorial form in Fig,.
7. The strong off-equatorial anomalies during DJF
(Fig. 7a) and the strong cross-equatorial anomalies
during MAM (Fig. 7b) are noteworthy. Furthermore,
the MAM COLD — WARM composite shown in Fig.
7b is similar to MAM seasonal anomaly (departure
from the annual mean) pattern of wind stress (figure
not shown), indicating that interannual variability of
surface wind stress over the equatorial Atlantic is phase
locked with the annual cycle.

¢. Longitude—time cross sections

Figure 8 shows longitude—time cross sections of
SLP (averaged over 30°~40°N) and 7%, 77, and SST
(averaged over 10°-~20°N) monthly COL.LD — WARM
composites over the Atlantic. The largest anomalous
7% (Fig. 8b) and 77 (Fig. 8c) between 10°N and 20°N
occur mostly from January through March and are con-
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current with strong SLP anomalies farther north (Fig.
8a). Also, Fig. 8 reveals that while SLP presents a sin-
gle maximum during February, 7* (and to some extent
also 7¥) has two maxima, one during January (at
35°W) and another during March (at 40°-45°W).
These composites suggest the consistency between the
pressure and wind fields.

Nevertheless, the strongest SLP and 7% anomalies
happen at approximately 40°W; the largest 7> anoma-
lies occur closer to the African coast between 20° and
35°W. This is consistent with an increased SLP over
the North Atlantic and an associated increase of the
atmospheric anticyclonic circulation. In addition,
anomalous SSTs are maximum aiong the African coast
during March and extend westward from January
through April (Fig. 8d). The composite 7° and SST
longitude—time cross sections shown in Fig. 8 suggest
the possibility of anomalous SSTs being locally in-
duced by anomalous wind-driven upwelling off the Af-
rican coast. Stronger 77 generate Ekman drift currents
at right angles to the wind, resulting in divergence in
the surface layer of the ocean and stronger upwelling
near the African shore. Similarly, the relaxation of 7*
locally generates warmer SSTs off the coast of Africa.
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Fic. 7. COLD — WARM composite surface wind stress during (a)
DJF, (b) MAM; the vector at the lower right corner of the figure

represents 0.3 dyn cm™2,
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Fic. 8. COLD — WARM composite longitude—time cross sections over the tropical Atlantic of (a) SLP
averaged over 30°~40°N, contour interval is 1 hPa, values greater than 2 hPa are shaded; (b) 7¥ and (c) 7
averaged over 10°~20°N, contour interval is 0.05 dyn cm™2, values less than ~0.1 are shaded; and (d) SST
averaged over 10°-20°N, contour interval is 0.2°C., values less than —0.8 are shaded. Negative contours are
dashed. Time ranges from November of the preceding years to June of the years chosen for compositing.

The apparent speed at which the composite anomalous
SSTs expand westward from the African coast is ap-
proximately 10° per month (i.e., 0.4 ms™'), as esti-
mated from the slope of the —0.8°C isotherm from Jan-
uary to March in Fig. 8d.

Such westward expansion cannot be explained either
by forced baroclinic Rossby waves or advection by
wind-driven ocean currents. Winds that blow along a
north—south oriented eastern shore can generate west-
ward propagating Rossby waves (Anderson and Gill
1975; McCreary 1977; Philander and Yoon 1982). The
wind-driven alongshore currents spread farther west-
ward at lower latitudes (Carton and Philander 1984),
where Rossby waves have higher phase speed. The

fastest phase speed of a baroclinic Rossby wave (the
first mode) at 15°N is approximately 0.1 ms™'.
Therefore, Rossby waves alone would not explain the
observed westward expansion of the composite SST
anomalies. If horizontal advection were the main
mechanism, then warmer SST (associated with the
weakening of the northeast trade winds) would not
expand as far from the source region as the colder
SST (associated with strengthening of the northeast
trade winds). However, since both COLD and
WARM composite anomalous SST do extend west-
ward from the coast of Africa at about the same speed,
it is not likely that advection plays a major role in this
process.
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Another possibility is the effect of wind-driven Ek-
man pumping over northern tropical Atlantic on the
anomalous SST patterns locally. Carton and Philander
(1984) suggested that for seasonal time scales, the curl
of the wind is the dominant mechanism influencing the
variability of currents in the interior part of the basin.
Figure 9 shows January—March (JFM) time-averaged
curl of the COLD — WARM composite wind stress.
The positive anomalies between 5°N and 20°N generate
horizontal divergence on the surface layer of the ocean
and upwelling. Therefore, Fig. 9 suggests there would
be upwelling over the central northern Atlantic between
10° and 20°N during Janvary—March. However, the
strongest SST anomalies over that area are observed
during March—April. Thus, we speculate the apparent
westward expansion of anomalous SST over the north-
ern tropical Atlantic may be a consequence of the com-
bined effects of upwelling and direct atmospheric forc-
ing. The deeper the thermocline, the longer it would

. take for upwelled waters to affect SST. Since the ther-
mocline is deeper in the western Atlantic than in the
eastern Atlantic (Philander 1990), SST anomalies
would take longer to appear over the western than the
eastern tropical Atlantic.

Another important aspect of the COLD and WARM
composites of 7%, 7, and SLP over the northern trop-
ical Aflantic is that they differ from the climatology
only during JFM. This can be seen clearly in Fig. 10,
which shows the time evolution of the area-averaged
COLD composites, WARM composites, and climatol-
ogy over the northern tropical Atlantic. SLP (Fig. 10a)
and wind stress (Figs. 10b,c) composites differ from
the climatology during JFM starting abruptly in Janu-
ary, whereas SST (Fig. 10d) composites differ from
the climatology only after February. A Monte Carlo
technique was used to assess the statistical significance
of the departures from the climatology shown in Fig.
10. One hundred composites with ten years chosen at
random were calculated for each month from Septem-
ber to August. The standard deviation among the ran-
dom composites were computed. The differences
COLD — WARM for SLP during January and February
represent approximately 2.3 standard deviations of the
random SLP composites, 7* and 77 differences from
January to March are between 3.0 and 4.0 standard de-
viations, while SST differences during March and April
are greater than 6.0 standard deviations of the respec-
tive random composites.

The results shown in Fig. 10 suggest that the
COLD and WARM composites over northern Atlan-
tic (between 10° and 40°N) are distinct, with anom-
alies of opposite sign, during only a few months pre-
ceding the MAM season. On the other hand, COLD
and WARM SST composites over the tropical Atlan-
tic and 77 composites over the equatorial Atlantic
(figure not shown) present distinct patterns from
February to June.
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FIG. 9. COLD — WARM composite surface wind stress curl during
January—February—March. Units are 10~® dyn cm™>. Negative con-
tours are dashed.

d. Intertropical convergence zone

The differences of ITCZ positions for the years in
which the anomalous SST dipole patterns show the
COLD phase or the WARM phase during MAM have
dramatic implications for the rainfall distribution over
northern Nordeste. The rainy season over northern
Nordeste is centered in March, coinciding with the pe-
riod of climatological southernmost displacement of
the ITCZ (Hastenrath and Heller 1977). Figure 11
shows a latitude—time cross section of confluence axis
(r? = 0) as a measure of the ITCZ position at longitude
30°W for the COLD and WARM composites and for
the climatology. The months used in the stratification
process are MAM. From September through January
there is practically no difference among the ITCZ po-
sitions for each of the composites and the climatology.
After January, however, the ITCZ remains north of its
climatological positions for the WARM composites
and south for the COLD composites. The maximum
displacement, either to the north (for the WARM com-
posites) or to the south (for the COLD composites),
occurs in April. Coincidentally, the meridional gradient
of composite anomalous SSTs is maximum between
March and May (Fig. 4b). Also, the ITCZ reaches the
southernmost latitudes during March for the WARM
composites and for the climatology, while for the
COLD composite the ITCZ remains south of the equa-
tor until April. As a consequence, rainfall to the south
of the equator is more abundant during the COLD com-
posites because of the extended period for which the
ITCZ remains to the south of its normal position or-
ganizing deep cumulus convection.

e. Rainfall

The contrast described above is further illustrated in
Fig. 12, which shows the area-averaged WARM and
COLD composite anomalous monthly precipitation
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over the northern Nordeste, eastern Amazon, and
southern Nordeste areas (see map in Fig. 1) from Sep-
tember through August. The main differences between
the WARM and COLD composites for the northern
Nordeste (Fig. 12a) and eastern Amazon (Fig. 12b)
are the intensity and duration of the rainy season over
those areas. For the WARM cases (dark bars), precip-
itation is less abundant than the mean, and the maxi-
mum rainfall coincides with the climatological maxi-
mum rainfall (during March) over both Nordeste and
eastern Amazon. For the COLD cases (open bars), the
maximum rainfall occurs in April and the rainfall vol-

ume during and after the rainy season is larger than for
the WARM case. This suggests that a wetter than nor-
mal year over the northern Nordeste and eastern Am-
azon is an outcome of both an increased rate of precip-
itation during the rainy season and an extended dura-
tion of the period of rain. This is consistent with the
observed positions of the ITCZ for the WARM and
COLD composites shown in Fig. 11. The similarities
between the temporal distribution of rainfall over the
northern Nordeste and eastern Amazon discussed
above suggest that the precipitation anomalies affecting
Nordeste are part of a large-scale phenomenon encom-
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FiG. 11. The meridional displacement of the ITCZ (i.e., the position
where 77 = 0) at longitude 30°W over the tropical Atlantic for the
WARM composites (short-dashed line), COLD composites (long-
dashed line), and the climatology (continuous line). Time ranges from

June of the preceding years to September of the years chosen for
compositing.

passing the whole region covering the northern Nord-
este and eastern Amazon.

The area average of composite rainfall over the
southern Nordeste (Fig. 12c) shows wet years associ-
ated with the COLD composites and dry years associ-
ated with WARM composites. Also, dry years are char-
acterized by the absence of the climatological maxi-
mum rainfall during DJF. Maximum rainfall occurs in
January for the wet years, whereas two secondary max-
ima occur in November and March during dry years.
A large fraction of the total rainfall over southern Nord-
este, which falls mostly during December and January,
is due to the penetration of baroclinic frontal systems
from higher latitudes of the Southern Hemisphere
(Kousky 1979). It is possible that middle latitude at-
mospheric dynamics, as well as the planetary-scale at-
mospheric anomalies induced by ENSO over the trop-
ical Pacific (Bjerknes 1969; Ropelewski and Halpert
1987), play an important role in the rainfall distribution
over southern Nordeste.

Figure 13 shows the spatial distribution of COLD
— WARM composites during DJF (Fig. 13a) and
MAM (Fig. 13b). The out of phase rainfall distribution
over southern Nordeste during DJF and northern Nord-
este during MAM is apparent. During MAM of the
years in which northern tropical Atlantic is colder than
normal and southern tropical Atlantic is warmer than
normal, the band of maximum rainfall associated with
the ITCZ is displaced southward, resulting in the pat-
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tern in Fig. 13b. The westward extension of positive
anomalies into the Amazon region is noteworthy. The
northward shift of the ITCZ is associated with the years
in which SST anomalies show the reverse phase (Has-
tenrath and Heller 1977, Moura and Shukla 1981).
However, during DJF (Fig. 13a) there is also a pattern
of anomalous rain, which is asymmetric about the equa-
tor and has its centers farther north and south from the
equator.

The large-scale pattern of rainfall anomalies over
northern South America is illustrated better when both
the WARM and COLD composite rainfall anomalies
are plotted separately for each station (Fig. 14). The
symbols plotted in Fig. 14 represent five classes of
composite rainfall anomalies normalized by the local
standard deviation. During DJF, the COLD composite
(Fig. 14a) shows negative anomalies throughout the
southern Nordeste and positive anomalies over the cen-
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FiG. 12. Monthly composite rainfall over (a) northern Nordeste,
(b) eastern Amazon, and (c) Southern Nordeste (see localization map
in Fig. 1) for the WARM composites (dark bars) and COLD com-
posites (open bars). Time ranges from September of the preceding
years to August of the years chosen for compositing. Annual total
rainfall (mm) for each area is indicated in the upper left corner of
each panel.
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FiG. 13. Same as in Fig. 4 but for COLD — WARM composite
rainfall over the tropical Atlantic and northern South America during
(a) DJF and (b) MAM. Contour interval is 1 mm day .

tral and northern Amazon region. The WARM com-
posite relative to DJF (Fig. 14c) shows an anomalous
rainfall pattern that is nearly the reverse of the COLD
composite for the same period (Fig. 14a). During
MAM, the COLD composite (Fig. 14b) shows positive
rainfall anomalies over the Amazon and northern Nord-
este; the WARM composite (Fig. 14d) shows a reverse
pattern, with negative anomalies over the Amazon and
northern Nordeste. Thus, Fig. 13 and Fig. 14 indicate
clearly that the precipitation anomalies that affect
north-northeastern Brazil during the years in which
anomalous SST dipole patterns are present in the At-
lantic are part of a large-scale anomalous rainfall pat-
tern. Also, the composite rainfall anomalies over south-
ern Nordeste during DJF have opposite sign as those
over the northern Nordeste and eastern Amazon during
MAM. This result is particularly relevant since DJF
encompasses the rainy season over southern Nordeste;
MAM over northern Nordeste.

[ Teleconnections

It is of interest to investigate whether or not remotely
forced atmospheric disturbances might be contributing
to explain the interannual climate variability over the
tropical Atlantic. Figure 15 shows SLP and the 200-
hPa zonal wind composite COLD — WARM differ-
ences during JFM. Teleconnection patterns between the
Pacific and the North Atlantic are suggested in Fig. 15.
The strong SLP anomalies over the northern Pacific and
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Atlantic basins (Fig. 15a), both of them statistically
significant at the 95% level, are consistent with the sig-
nature of the Pacific—North America (PNA) telecon-
nection pattern at the surface (Horel and Wallace
1981). Since the center over the southeastern United
States projects partially into the northern Atlantic sub-
tropical ridge, ENSO warm events could favor lower
SLP over the North Atlantic (and the cold phase of
ENSO would favor higher SLP). The pattern of these
composites remains unchanged even if we eliminated
the strong ENSO of 1982-83.

On the other hand, results of previous works show
that SLP over the South Atlantic is negatively corre-
lated with the Southern Oscillation (Hastenrath et al.
1987; Aceituno 1988; Chu 1991; Hameed et al. 1993)
(e.g., the warm phase of ENSO would be associated
with an increase of SLP over the South Atlantic).
Therefore, it is plausible to conjecture that out-of-phase
SLP anomaly patterns over the northern and southern
Atlantic may be induced, in part, by global-scale anom-
alous circulation patterns associated with ENSO.

The 200-hPa COLD — WARM composite zonal
wind for JFM (Fig. 15b) shows a pattern over the cen-
tral Pacific and equatorial Atlantic that resembles the
pattern observed during the cold phase of ENSO
(Kousky and Kayano 1994). Also, the circulation pat-
tern in Fig. 15b indicates the existence of an upper-
tropospheric trough over the southern Nordeste, which
causes subsidence and inhibits the development of deep
cumulus clouds. Teleconnections from the equatorial
Pacific into higher latitudes of the Southern and
Northern Hemispheres are also suggested in Fig. 15b.
The baroclinic vertical structure of the anomalous wind
composites over the equatorial Pacific and Atlantic, as
well as the equivalent barotropic structure over North
Pacific and North Atlantic, is shown in the height—lat-
itude cross sections of the COLD — WARM composite
zonal wind during JFM (Fig. 16). The teleconnection
patterns suggested in Figs. 15 and 16 (Hoskins and
Karoly 1981) are an indication of the possible role of
Tropics—extratropics interactions in affecting atmo-
spheric circulation over the Atlantic, which in turn
modulates SST anomalous patterns over the tropical
Atlantic.

It is to be noted that the composite patterns in Figs.
15 and 16, based solely on the hemispherically asym-
metric dipole pattern of anomalous SST over the trop-
ical Atlantic, show distinctive ENSO characteristics
over the Pacific and the Atlantic as discussed above.
However, it remains to be reconciled that there is mark-
edly low frequency variability over the tropical Atlantic
that cannot be accounted for by ENSO variability.

g. Outgoing longwave radiation

A further indication of the role of ENSO on the in-

terannual variability of the atmosphere over the tropical
Atlantic is given by the COLD — WARM OLR com-
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F1G. 15. As in Fig. 4 but for JFM COLD — WARM composite (a) SLP, contour interval is 1 hPa,
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and (b) 200-hPa zonal wind, contour interval is 3 m s™'.

posites shown in Fig. 17. During the September—No-
vember (SON) composite (Fig. 17a) there is increased
convection over Indonesia and reduced convection
over the date line; the south Pacific convergence zone
(SPCZ) is displaced westward. During DJF (Fig. 17b),
positive OLR anomalies (reduced convection) over the
central equatorial Pacific expand eastward; a dipole
pattern over the tropical Atlantic depicts positive anom-
alies over the southwest tropical Atlantic and negative
anomnalies over the northeast. During MAM (Fig. 17¢),
positive OLR anomalies expand farther eastward across
the equatorial Pacific; the ITCZ over the Atlantic is
displaced southward. The time evolution of the anom-
alous OLR pattern over the Pacific, as inferred from
Fig. 17, resembles anomalous OLR patterns associated
with the cold phase of ENSO. Over the Atlantic, the
asymmetric anomalous OLR patterns about the equator
during DJF and MAM are consistent with the anoma-
lous rainfall patterns shown in Fig. 13. Furthermore,
there is an apparent relationship between OLR and SST
anomalies over the tropical Atlantic. During DIJF,
higher rainfall and convection (i.e., decreased OLR)
occurs over the northern tropical Atlantic, perhaps fur-

ther reducing the incoming radiation to the ocean sur-
face and further cooling the ocean surface. We do not
know quantitatively how important this effect is in
changing SST.

5. Conclusions

EOF analyses were used to identify objectively the
dominant modes of sea surface temperature and wind
stress interannual variability over the tropical Atlantic.
The EOF results shown in the present study suggest
that interannual variability of SST and surface wind
stress over the tropical Atlantic is dominated by a pat-
tern asymmetric relative to the equator. In agreement
with previous works, weaker trade winds are associated
with warmer SST and stronger trade winds with cooler
SST. The leading eigenvectors of both the zonal com-
ponent of the wind stress anomalies during DJF and
SST anomalies during MAM present patterns that are
also asymmetric relative to the equator. These are the
seasons when the time variance of wind stress and SST
are maximum over the northern tropical Atlantic. The
leading eigenvector of the meridional component of the
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wind stress anomalies shows maximum amplitude over
the western equatorial Atlantic during MAM and points
from the hemisphere of cooler SST to the warmer SST.
Furthermore, the time variance explained by the EOFs
over the northern tropical Atlantic is twice as much as
over the southern tropical Atlantic.

SST anomalies form off the African coast as a result
of anomalous wind stresses along the coast during Jan-
uary and extend westward during the following two to
three months. This westward expansion of anomalous
SST are most noticeable over the northern tropical At-
lantic. The largest SST anomalies in the interior of the
basin occur during March—April. We speculate that
cooling (warming) near the coast is related to local
upwelling (donwelling) (Nykjer and Van Camp
1994), whereas cooling (warming) in the interior is
caused mainly by evaporation due to stronger (weaker)
trade winds. The apparent westward expansion of the
composite anomalous SST would then be explained by
the combined effects of upwelling and evaporation.

The results of the composite analyses suggest that
variations in the strength of the trade winds appear as
a primary forcing for the thermal changes in the upper
ocean over the tropical Atlantic, resulting in the anom-
alous SST dipole patterns. On the other hand, the me-
ridional component of the wind appears to be in re-
sponse to the anomalous meridional gradients of SST
over the equatorial Atlantic. It is suggested that atmo-
spheric circulation anomalies over off-equatorial trop-
ical Atlantic first force the formation of anomalous SST
meridional gradient, which in turn forces the ITCZ to
be displaced toward warmer waters, thus affecting the
rainfall distribution over the equatorial Atlantic and ad-
joining land areas. It is shown that precipitation anom-
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alies linked to anomalous displacements of the ITCZ
are basinwide, extending over the northern Nordeste
and eastern Amazonia. Therefore, the known droughts
over the Nordeste are part of continental-scale precip-
itation anomalies.

This work has brought further observational evi-
dence that in addition to a northward shift of the ITCZ
during MAM of the years in which the meridional gra-
dient of anomalous SST is directed north (and south-
ward in the years in which the meridional gradient of
anomalous SST points to the south), the principal rea-
son for the rainfall deficiency (excess) over the north-
ern Nordeste and eastern Amazonia is the early (latter)
withdrawal of the ITCZ toward the Northern Hemi-
sphere. The northward displacement of the ITCZ over
the western Atlantic starts in March when the northern
tropical Atlantic is warmer than normal; however,
when the southern tropical Atlantic is warmer than nor-
mal, the ITCZ begins to move northward during April.
Accordingly, composite rainfall over the northern
Nordeste and eastern Amazon show the largest differ-
ences between wet and dry years in April.

Also, it is suggested that the atmospheric telecon-
nection pattern associated with ENSO over the equa-
torial Pacific influences the formation of meridional
gradient of anomalous SST over the equatorial Atlan-
tic. Previous literature has shown evidence of an
ENSO-related east—west anomalous circulation cell
between the equatorial eastern Pacific and the equato-
rial and South Atlantic. This paper brings evidence that
teleconnection patterns propagating from the equatorial
Pacific into higher latitudes of the Northern Hemi-
sphere (e.g., the PNA pattern) induce SLP anomalies
of the opposite sign over the northern tropical Atlantic.
Once SLP anomalies of opposite sign are set over the
northern and southern Atlantic, then hemispherically
asymmetric trade winds and SST anomalies follow, as
suggested from the composite analyses in this paper.

Though composite SST and wind stress anomalies
over the northern tropical Atlantic shown in this paper
are twice as large as those over the southern tropical
Atlantic, there is a tendency for the composite anom-
alous SST and wind stress over the southern and north-
ern tropical Atlantic to be out of phase, characterizing
what is referred to in the literature as the dipole pattern
of anomalous SST. This asymmetry was also apparent
in the EOF analyses done in this study.

Composite SLP and both surface wind stress and tro-
pospheric winds over the North Atlantic are strongly
locked to the annual cycle. They depart from the cli-
matology only during JFM. SST composites over the
tropical Atlantic and meridional component of the wind
stress over the equatorial Atlantic differ from the cli-
matology from February through June. However,
anomalous patterns of upper-level winds and OLR over
the equatorial belt can be detected as early as Sep-
tember.
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This study suggests that the anomalous rainfall pat-
terns that affect north-northeastern Brazil are the result
of a sequence of phenomena that evolve during several
months and encompass both the Pacific and the Atlantic
Oceans. The ideas presented here can be readily tested
using coupled ocean—atmosphere models.
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