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ABSTRACT

Sea surface temperature in the eastern equatorial Atlantic Ocean undergoes anomalous warming events of
1°-2°C every few years. The warm anomalies reach their maximum strength in Northern Hemisphere summer,
when equatorial upwelling normally brings cold thermocline water to the surface. By compositing surface ob-
servations from a 28-year record, we are able to identify consistent features in anomalies of SST and winds.
The composites show that the SST anomalies in northern summer are confined to the eastern equatorial region,
with reduced zonal winds to the west and reduced northward trade winds to the east. Accompanying these
changes in winds are enhanced convection near the equator caused by a southward shift and intensification of
the intertropical convergence zone. Later in the year, SST south of the equator becomes elevated. As a result,
by spring of the year following the equatorial anomaly, convection in the western side of the basin is much
higher than normal.

To understand the ocean dynamics that give rise to these warm anomalies we examine a simulation of the
ocean circulation during the 1980s. The authors find that the cause of the warm event in 1984 stretches back
to the intense trade winds during the summer and fall of 1983. The unusual winds led to Ekman deepening of
the thermocline in the west on both sides of the equator. Late in 1983 the trade winds in the west relaxed,
which led to a surge of warm water eastward along the equatorial waveguide. The arrival of anomalous warm
water deepened the thermocline throughout the eastern Gulf of Guinea in early 1984 and gradually spread
southward and back into the interior basin throughout that year. Secondary factors in elevating equatorial SST
were the local advection of warm surface water from the north and a reduction of advection of cool coastal
water from the east. In contrast with 1984, the anomalous warming of 1988 seems to have been largely the
result of changes in the equatorial winds during spring of the same year. These wind anomalies are likely,
themselves, to have resulted from the increase in SST to the east. During both years anomalous deepening of
the thermocline in the east (however it was caused) prevented the normal seasonal cooling of the equatorial
waters and thus led to elevated SSTs. The eastward shift of heat also had important consequences for the coastal
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regions of southern Africa.

1. Introduction

The eastern equatorial Atlantic, like the eastern
equatorial Pacific, undergoes strong seasonal changes
in sea surface temperature (SST) in response to surface
winds and heating. The major seasonal change in both
oceans is the appearance in northern fall of cool ther-
mocline water at the surface along the equator. Super-
imposed on this annual variation in the equatorial Pa-
cific are the strong warm events of El Nifio. During El
Nifio the anomalous oceanic changes prevent the sea-
sonal appearance of cold SST. In this paper we discuss
corresponding warm events in the tropical Atlantic. In
the Atlantic, like the Pacific, these oceanic changes are
closely linked to changes in the surface winds and
heating. Thus we begin by looking for consistent fea-
tures in the wind field during years with anomalous
SST. We then explore how differing wind anomalies
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can lead to elevated anomalies of SST by using nu-
merical simulations of the ocean circulation to examine
the warm events of 1984 and 1988.

In comparison with the Pacific, interannual fluctu-
ations of variables such as SST in the Atlantic are
weaker and have a broader range of scales as has been
shown by Ward and Folland (1991) and Servain
(1991). At decadal time scales tropical Atlantic SSTs
undergo fluctuations that have patterns extending into
midlatitudes with low amplitude near the equator.
Anomaly patterns of this type have received attention
from meteorologists because they are linked to rainfall
changes over North Africa (Hastenrath and Lamb
1977; Lough 1986; Folland et al. 1986). However, at
less than decadal time scales the SST anomalies are
more closely confined to the eastern equatorial region.
This latter pattern of fluctuation seems most similar
to the warmings in the eastern Pacific, as suggested by
Zebiak (1993), so we begin by examining the time
history of eastern Atlantic SST fluctuations.

SST in the eastern equatorial Atlantic, like the east-
ern Pacific, is dominated by the seasonal cycle (Fig.



May 1994

Equatorial Anomalies

29+ SST(20W—10E)

(SST* (20W-10E)

TX' (35W—-25W)

~100 4
~10g50

FIG. 1. Time series of (a) SST, (b) SST anomaly averaged 6°S-
2°N, 20°W-~10°E, and (c) zonal pseudostress anomaly 2°S-2°N,
35°W-25°W. Each time series has been smoothed with a 3-month
running filter. SST (minus its mean value of 26.47°) and SST anomaly
are expressed in °C, and stress in cm? s™2. Warm years are those
whose anomalies exceed 0.5°C for at least one month. Since 1960
this includes 1963, 1966, 1968, 1973, 1974, 1981, 1984, 1987, and
1988 (not shown).
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1a). Temperatures reach their maximum in Northern
Hemisphere spring, when the equatorial winds are
weakest and the thermocline is deepest. During this
season the sun is directly overhead, providing maxi-
mum incident solar radiation at the equator. However,
the band of high SSTs (>27.5°C) extends well south
of the equator to 8°S. As the year progresses the trade
winds along the equator intensify as the southeast trade
winds strengthen and the northeast trade winds
weaken. The resulting zonal pressure gradient and as-
sociated uplifting thermocline leads to seasonal cooling
of SSTs. The SSTs reach their minimum first along
the eastern coast of Africa in July as a result of inten-
sified coastal upwelling and then in the central Gulf of
Guinea a month later.

Superimposed on these primarily annual variations of
SST are anomalies that frequently exceed 0.5°C (Fig.
1b). During the 28-year period since 1960 nine such
warm events have occurred. The first, in 1963, received
attention partly because of its magnitude and partly be-
cause it coincided with the EQUALANT observational
program (Katz et al. 1977; Merle 1980). The interval
between successive warm events varies widely. The decade
beginning in 1974 had few warm events relative to the
surrounding decades of the 1960s and 1980s. As in the
case of El Nifio, the warm events in the Atlantic seem
to be linked to the seasonal cycle, with the maximum
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anomaly occurring in the equatorial upwelling zone in
June and July (this is evident in the differing minimum
temperatures from year to year in Fig. 1a).

The trade winds in the central basin also have strong,
seasonal variations. The arrival along the equator of
southeast trade winds in Northern Hemisphere spring
intensifics both the westward and northward compo-
nents of the equatorial winds. The anomaly from the
seasonal trade wind (computed using a COADS anal-
ysis) shows variability on a variety of time scales (Fig.
1c). Throughout the 28-year period considered here
the westward component has gradually intensified. Su-
perimposed on this gradual intensification are shorter
term fluctuations that bear a relationship to the fluc-
tuations of SST. In most cases the onset of warmer
SSTs is associated with a relaxation of the westward
and northward components of the wind field (only the
westward component is shown). In a statistical ex-
amination of this relationship for a 16-year period be-
ginning in 1923, Servain et al. (1982) found that zonal
wind anomalies explained 36% of the SST variance
one month later. Here partly because of the presence
of a long-term trend, the percentage of variance ex-
plained is less. Like SST anomalies, the wind anomalies
are also locked to the seasonal cycle. Because of this
phase locking, it seems appropriate to examine a com-
posite of oceanic and atmospheric conditions during
the years with warm events.

2. Composite analysis

Surface wind pseudostress (U|U|) and SST have
been obtained from the COADS analysis of Woodruff
etal. (1987)at 2° X 2° resolution for the period 1960-
1987. The area we consider is limited to 10°S-20°N
because of limitations in the data coverage. Convection
is inferred from estimates of Outgoing Longwave Ra-
diation provided by the NOAA Climate Analysis Cen-
ter [its relationship to island rainfall is discussed in
Yoo and Carton (1988)]. This data, corrected for orbit
changes, is available at 2.5° X 2.5° resolution monthly
for 1974-91 (except for a nine-month gap beginning
March 1978). For each of these datasets monthly
anomalies are computed with respect to the seasonal
cycle computed from the full record. We shall com-
posite years in which the SST anomaly in the eastern
equatorial region (6°S-2°N, 20°W-~10°E) exceeds
0.5°C for more than one month. This region, which is
similar to the region defined by Zebiak (1993), is the
region of largest near-equatorial SST variability. By this
definition, eight warm events occurred prior to 1988:
1963, 1966, 1968, 1973, 1974, 1981, 1984, and 1987,
while 1988 was itself unusually warm. For the com-
posite analysis of convection, availability of the data
restricts us to using the five years, 1974, 1981, 1984,
1987, and 1988.

For this presentation the monthly composites are
averaged seasonally, using the conventional Northern
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Hemisphere season definitions, spring (MAM), sum-
mer (JJA), fall (SON), and winter (DJF). Anomalies
of vector winds are presented superimposed on anom-
alies of SST (Fig. 2a). Significance estimates for the
individual anomalies of SST and the two components
of wind stress are shown in Fig. 2b. Shaded areas in-
dicate where the anomalies are nat significant at the
95% confidence level (Bickel and Doksum 1977,
170-171).

Spring of the year in which the warm event occurs
(year Y) is characterized by stronger than normal
trade winds in the northeast and weak positive SST
anomalies in the east, generally less than 0.25°C. By
summer, when a tongue of cold surface water is nor-
mally present, a large area of abnormally warm water
has formed along the equator between 15°W-5°E,
extending well into the Southern Hemisphere. The
westward component of the trade winds to the west
of the warm anomaly is now weaker than normal.
To the east the northward component is reduced as
the result of a weaker than normal northwest African
monsoon. By fall and winter the SST anomaly has
broadened and shifted into the Southern Hemi-
sphere, raising SSTs there by typically 0.5°C. This
anomaly persists throughout spring of the following
year.

Rainfall in the tropical Atlantic varies seasonally
with the migration of the intertropical convergence
zone (ITCZ), reaching its maximum latitude in fall.
In spring it is at its minimum latitude, occasionally
extending south of the equator (Fig. 3). The composite
of OLR anomaly for the warm summers shows that
the zonal band of rain associated with the ITCZ has

expanded southward toward the warmer water. By

spring of the following year (year Y + 1) anomalous
rainfall has intensified, particularly in the northeastern
coastal region of South America.

The appearance of enhanced convection over
northern Brazil and reduced convection to the north,
in fact, seems to result from the higher than normal
SSTs in the Southern Hemisphere in the spring of year
Y + 1. The extensive literature on the relationship be-
tween southern SSTs and Brazilian rainfall is reviewed
in Hastenrath (1985). It is during this season that cli-
matological conditions are most sensitive. Southern
Hemisphere SSTs are highest, while the ITCZ is at its
farthest southward displacement. Rainfall gauge data
from the Nordeste region of Brazil show that the years
with heaviest rainfall since 1960: 1964, 1967, 1974,
and 19835, are all years following the years with anom-
alously warm equatorial SSTs (Ward and Folland
1991). Of these high rainfall years, the highest was 1985
when rainfall exceeded the normal by two standard
deviations.

3. Model results

Some guidance for interpretation of the interannual
changes described above can be obtained by examining
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the response of a numerical model of the tropical At-
lantic Ocean to observed wind forcing. Here we use a
primitive equation model originally developed by Phi-
lander and Pacanowski (1986), based on the GFDL
model physics. The model is three-dimensional, in-
cluding full advection equations for temperature and
salt, with 1° X 4° X 10 m near-surface resolution in

- the tropics, expanding somewhat toward higher lati-

tudes. The model has 27 levels in the vertical, for a
total of 300 000 model grid points. A no-slip condition
is imposed at the coasts as well as at the artificial north
and south boundaries at 30°S and 50°N. To minimize
the effects of the artificial boundaries, temperature and
salinity at higher latitudes are relaxed to their monthly
climatological values, thus minimizing coastal waves
at high latitudes. Horizontal mixing and diffusion is
parameterized by a constant coefficient of 2 X 107
cm? s™!. The coefficients of vertical mixing and dif-
fusion are Richardson number dependent, following
Pacanowski and Philander (1981).

In this study our focus is on the response to anom-
alous winds. For this reason we use a climatological
surface heating formulation. Net shortwave radiation
is assumed to have a constant value corresponding to
its cimatological average between 10°S and 10°N, then
to decrease linearly toward northern and southern
boundaries. Longwave radiation is assumed to be a
constant over the whole basin. Sensible and latent
heating are estimated from a bulk formula that depends
on the sea-air temperature difference calculated from
climatological monthly air temperature and model de-
rived SST at each grid point. For the main simulation
the model has been integrated for nine years beginning
January 1980, with initial conditions provided by a
six-year integration using climatological seasonal wind
stress. Monthly wind stress is computed from twice-
daily 1000-mb wind analyses from the European
Centre for Medium-Range Weather Forecasts (the
availability of high-frequency winds was one reason
for using the ECMWF winds rather than the COADS
winds to drive the ocean model). Changes to the
ECMWF wind analysis procedure that may introduce
spurious low-frequency changes in the winds are de-
scribed in Trenberth and Olson (1988). A full descrip-
tion of this simulation is provided in Huang (1992).
Here we focus on changes, particularly of heat content,
occurring in the ocean leading up to the warmings of
1984 and 1988, both in the model simulation, and also
as they appear in the available observations. Observed
and modeled summer SST anomalies for these two
events are shown in Fig. 4. The SST anomaly in 1984
is first evident in the observations in spring at 10°S.
Through the summer it spreads northward and
strengthens. By fall and winter much of the equatorial
Atlantic is above normal. In contrast, in 1988 the ob-
served SST anomaly did not begin to develop until late
spring. By the winter of 1988/89 tropical SST was below
normal.
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FI1G. 2. (a) Composite of anomalous SST (contours) and wind pseudostress ( vectors) for eight years with anomalously warm equatorial
SST (see Fig. 1). Seasons shown are spring (MAM), summer (JJA), fall (SON) of the warm year, and winter ( DJF) extending into the
following year. SST contour interval is 0.25°C, while stress scale is given in cm? s™2, Regions where the SST anomaly exceeds 0.75°C are
shaded. The maximum anomalous SST occurs in the Gulf of Guinea in the Northern Hemisphere during summer. During this season the
equatorial trade winds are anomalously weak in the west and the African monsoon is anomalously weak in the east. By the following winter

the Southern Hemisphere is broadly warmer, while the northeast trades are intensified. (b) Significance estimates for the composite anomalies.
Shaded areas indicate where the significance test fails at the 95% level.
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F1G. 3. (a) Summer and spring outgoing longwave radiation. Left-hand panels show climatological OLR computed from an 18-year
dataset. Righthand panels show composite OLR anomalies for the summers of the years with warm events, and the spring of the following
year. Composite is formed from the five warm events (1974, 1981, 1984, 1987, and 1988) that occurred since our record begins. Contour
interval for climatology is 10 W m™2, and the highly convective regions where OLR is below 240 W m™2 are shaded. The contour interval
for the anomalies is 2 W m™2, and negative anomalies exceeding 6 W m ™2 are shaded. (b) Significance estimates for the composite anomalies.
Shaded areas indicate where the significance test fails at the 95% level.

a. 1984

By good fortune the SEQUAL /FOCAL experiment
was conducted during 1982-84, and so the oceano-
graphic data coverage is relatively extensive in the
months prior to the 1984 warm event. It is evident
from these observations that the origin of the 1984
event extends back into 1983. Early in 1983 the north-
ern extension of the southeast trade winds in the west-
ern basin (which had been somewhat weak during the
preceding year) intensified by 0.3 dyn cm™ (Fig. 5)

as a result of changes in the winds and convection in .

the eastern Pacific. The trade wind anomaly during

this period was primarily confined to a 10° band sur-
rounding the equator; its narrow confinement led to
anomalous heat storage in the west, both on and off
the equator. On the equator, the thermocline deepened
as a result of the intensified zonal trade winds. Off the
equator, Ekman pumping caused downwelling rates of
Y3 m per day. In the west the unusual character of the
trade winds was recorded at St. Peter and Paul’s Rocks
(2°N, 29°W), where the onset of the seasonal trades
occurred a month early in 1983 and remained anom-
alously intense through the summer and fall. Late in
1983 the winds relaxed to near-normal conditions,
while in the spring of 1984 the reappearance of the
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FI1G. 4. SST and wind stress anomalies for summer 1984 and 1988. Left-hand panels show observed anomalies [ from the Reynolds (1988)
analysis], while right-hand panels show SST anomalies produced by the simulation. SST anomalies greater than 0.75°C are shaded. Winds

are given in dyn cm™2.

trade winds occurred in May, as expected climatolog-
ically (Colin and Garzoli 1987). Rainfall was enhanced
south of the equator in early 1984, indicating that the
ITCZ had shifted anomalously southward, actually
crossing the equator early in that year.

In the western basin the most continuous set of ob-
servations of subsurface temperature is provided by
expendable bathythermograph records from a ship of
opportunity transect between Brazil and Europe (Re-
verdin et al. 1991b). The depth of the 20°C isotherm
along this transect (crossing the equator at approxi-
mately 30°W) is a useful estimate of the depth of the
thermocline and also of the upper-ocean heat content.
Throughout 1983 the observed thermocline along this
transect was depressed by 5-10 m between 5°S and
5°N (Fig. 6). In January 1984 the thermocline in the
west abruptly rose, so that through much of 1984 and
1985 the thermocline was 5-10 m shallower than nor-
mal. At 0°N, 30°W a 10-m shift of the thermocline
approximately corresponds to a loss of 0.6°C averaged
over 300 m, or 4.8 X 10*J cm™2. This massive change
in heat storage in the west in early 1984 coincided with
a well-documented deepening of the thermocline (Katz
1987; Henin and Hisard 1987) and rising of sea level

(Cartwright et al. 1987; Verstraete 1992) in the eastern
basin.

In the west the simulation, likewise, shows a large
depression of the thermocline throughout 1983 and an
abrupt rise by early 1984 (Fig. 7a,b,c); heat anomalies
exceeding 6 X 10*J cm™2 are shaded. Early in the year
this buildup was most intense near the equator, while
by July the largest anomalies were displaced poleward
7° to 10°. This large heat anomaly, corresponding to
a 15 m depression of the thermocline, was maintained

Zonal stress anomaly

1980 1981 1982 1983 1984 1985 1986 1987 1988 1989

FIG. 5. Anomalous zonal wind stress in the equatorial Atlantic
Ocean, 2°S, 2°N, averaged into three bands: (a) west (40°-25°W,
bold), (b) central (25°-10°W, thin), and (¢) east (10°W-5°E, dot-

ted). Units are dyn cm ™2,
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FIG. 6. 20°C-isotherm depth anomaly in the western tropical Atlantic during 1980-1988 [ from
objective analysis of ship of opportunity XBTs reported in Reverdin (1991b)]. Anomalies are
computed with respect to the 9-year seasonal cycle. Depth anomalies are given in meters, positive
downward. The transect runs southwest to northeast, crossing the equator at 30°W. Note the 10-
m reduction in depth of the 20°C isotherm in early 1984 and less so in late 1987. The uncertainty
associated with observed anomalies spanning many degrees of latitude may be less than 2 m (2%

of the mean depth).

throughout the fall by the anomalously strong trade
winds.

The relative importance of the two hemispheres in
storing heat in the western basin is strongly affected by
the geometry of South America and the consequent
reduction of the dimension of the western Atlantic
Ocean south of the equator, where the wind anomalies
are largest (Fig. 5). It is also a function of the wind
analysis used. It is interesting to compare these results
with those we obtained when we repeated the simu-
lation using the Servain and Legler ( 1986) winds. With
the Servain and Legler winds, the buildup of heat in
the Northern Hemisphere proceeded similarly to that
shown in Fig. 7, while south of the equator the simu-
lation had a much weaker heat anomaly and led even-
tually to a weaker SST anomaly in the summer of 1984.

The reduction of wind speeds of early 1984 no longer
maintained excess heat storage in the west. Yet the

amount of excess heat stored there was too great to be
lost through surface fluxes (this would require an in-

" crease of heat flux of nearly 400 Wm™2 to account for

the rate at which heat was observed to leave). The real
fate of this excess heat is apparent when we examine
the changes that occur along the equator in the sim-
ulation (Fig. 8). Along the equator the trade winds
weaken twice, first briefly in late July between 30° and
20°W and then again in August and September, and
then weaken for an extended period beginning in No-
vember.

As a result of the weakening in July a pulse of heat
anomaly is generated that crosses the basin in some-
what over a month. This pulse arrives in the Gulf of
Guinea in mid-September and lasts until October, giv-
ing the pulse a total duration of one month and a speed
of 60 cm s~'. In linear equatorial ocean dynamics the
most efficient way to move heat eastward along the
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FIG. 7. Anomalous vector wind stress and heat content for 1983-84: (a) summer 1983, (b) winter 1983/84, (c) spring 1984, and (d) fall

1984. Stress is given in dynes cm™

, while the contour interval of heat content is 2 X 10* J cm™2. Shaded regions exceed 6 X 10%J cm™2.

Note the shift of heat from west to east with time following the relaxation of the trade winds in the west.

equator is in the form of an equatorial Kelvin wave
(see, e.g., McCreary 1976). However, the eastward
speed of the July pulse is a factor of 4 slower than
expected for a freely propagating first baroclinic Kelvin
wave. Examination of the vertical structure of the pulse
shows that it has shorter vertical scales than expected
for a first baroclinic wave (the spatial and temporal
variations in stratification make an exact identification
of vertical mode difficult).

However, the major transfer of heat from the western
to eastern basin does not begin to occur in the simu-
lation until November-December, when the winds
west of 20°W reduce their strength by a third and are
maintained in this reduced state throughout 1984 (Figs.
5 and 8). In response to this relaxation, a rapid surge
of heat moves toward the east, leveling the depth of
the thermocline along the equator within the month
of December 1983. In the Gulf of Guinea the heat
anomaly beginning in January exceeds 60 000 J cm™2,
with a constant transport of anomalous heat into the
Gulf throughout the first few months of 1984. This
anomalous eastward heat transport exceeds 2 X 10°
Jem™'s7! and results from a weaker than normal
westward current along the equator, as well as the
deepening thermocline.

The first appearance of the simulated warm anomaly
in early 1984 is accompanied by a weakening of the
equatorial trade winds most strongly to the west of the
region of warmer than normal SST. This relaxation
seems to result from enhanced convergence over the
warm water to the east. The relaxation has three effects
on the ocean: 1) it reduces local upwelling of cold water,
2) it reduces westward advection of cold water, and 3)
it reduces the zonal pressure gradient. The first two
effects are local, while the third has its greatest impor-
tance to the east of the wind anomaly by deepening
the thermocline.

By February 1984, the simulated thermocline in the
east is at its maximum depth, more than 15 m deeper
than normal in the zone of maximum temperature
anomaly (4°S-2°N, 15°W-5°E). The deepened ther-
mocline means that upwelling cannot effectively cool
the surface. As a result, the SST becomes gradually
warmer than its climatological value. This effect is par-
ticularly pronounced in the summer when the ther-
mocline is shallowest and SST is at its climatological
minimum. Thus while the maximum anomaly of heat
appeared in the Gulf of Guinea in February 1984, the
maximum anomaly of SST does not appear until mid-
summer (Fig. 4). A similar delay between the maxi-
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FiG. 8. Longitude-time sections along the equator of (left) anomalous zonal wind stress, and
(right) anomalous upper-ocean heat content, for the period June 1983 to July 1984. The contour
interval for wind stress is 0.1 dyn cm™2, and for heat content is 2 X 10* J cm™2. Heat anomalies

exceeding 6 X 104 J cm™2 are shaded.

mum displacement of the thermocline and the ap-
pearance of maximum SST anomaly was observed at
4°W (Houghton and Colin 1986).

Three experiments were carried out to examine the
importance of preconditioning the ocean during 1983
on the development of the warm event in 1984. The
first and second experiments examine the contribution
of the oceanic state prior to June 1983 to the formation
of the warm anomaly the following year. In the first
experiment the simulation was restarted from the
model’s June climatology but was forced by observed
winds beginning June 1983. Even though this experi-
ment begins with no anomalous heat storage, by spring
1984 the heat anomaly in the Gulf of Guinea is three-
fourths of the heat anomaly in the simulation (cf. Fig.
7c and Fig. 9a). Thus only one-quarter of the heat
anomaly observed in the gulf in the spring resulted

. from winds before the second half of 1984. In the sec-
ond experiment the simulation was again restarted on
15 June 1983, here using the 15 June 1983 simulation
of the ocean state as initial conditions, but now relaxing

the winds to their seasonal climatology. In this exper-
iment the ocean undergoes an abrupt transition in the
summer of 1983, exporting heat to the Gulf of Guinea
early and weakly. By the spring of 1984 there is only
a weak temperature anomaly in the Gulf (Fig. 9b). In
the third experiment the simulation was restarted six
months later, on 15 January 1984, but like the first
experiment, with initial conditions provided by the
simulation climatology (Fig. 9¢). Here as expected,
the heat content anomaly in the following spring was
weak and as a result only a mild SST anomaly devel-
oped. .

The primary mechanism leading to anomalous SST
during 1984 as well as 1988 in the eastern equatorial
Atlantic is the reduction of heat flux out of the base of
the mixed layer. In comparison with climatological
conditions, the simulated thermocline in the region of
the cold tongue remains anomalously deep throughout
spring and summer in both years (Fig. 10a). This
deepening reduces the rate at which cold subthermo-
cline water is brought into the surface layer and thus
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Spring, 1984 (Expt. 2)

Spring, 1984 (Expt. 1)
7

is responsible for the gradual increase of anomalous
SST following the anomalous deepening of the ther-
mocline in this region. Time series of anomalous SST
and 20°C isotherm depth, shown in Fig. 10b, indicates
that there is a negative correlation between these vari-
ables, with anomalous depressions of the thermocline
preceding surface warming by a month or two. The
spatial distribution of the correlation between these two
variables is given in Fig. 10c. The correlation has its
largest negative value in the region where anomalous
SST variability is greatest, reaching a maximum mag-
nitude of —0.75. However, in the southern central At-
lantic and in some regions north of the equator, un-
usually warm SST is associated with a shallow 20°C
isotherm depth. This relationship is mainly the result
of multiyear time scale changes in oceanic variables,
resulting from multiyear time scale changes in the wind
field.

As indicated in Fig. 10c, there are large areas where
changes in SST and thermocline depth are poorly cor-
related. In these regions zonal and meridional conver-
gence of heat must also play an important role. In the
summer of 1984 the simulated southward transport in
the mixed layer north of the equator intensified (Fig.
10a). This anomalous transport carried warm near-
coastal water into the equatorial zone. In addition to
increasing meridional heat transport, this mass con-

FI1G. 9. Seasonally averaged heat content anomaly for three
experiments examining the importance of preconditioning the
ocean in 1983 on the resulting spring 1984 warm anomaly.
(a) Initial conditions provided by the model January clima-
tology, winds beginning January 1983. (b) Initial conditions
provided by June 1983 simulation, with climatological winds
with climatological winds imposed after this date. (c) Initial
conditions provided by the model simulation in January 1984,
with climatological winds imposed after this date. By the fol-
lowing March the anomaly no longer exists on the equator.

vergence in the meridional direction, which was due
to local changes in the wind field, had the effect of
further depressing the thermocline. In contrast, in 1988
the equatorial winds had a northward anomaly, leading
to northward surface currents at the equator.

Changes in zonal heat transport also occur. The
simulated increase in SST progressing eastward from
5°W to the coast normally varies from 0°C in January
to —3°C in August. In 1984 this gradient was reduced
to between 0° and 2.5°C. At the same time, the west-
ward current was reduced. Both of these anomalies
have the effect of reducing the normal cooling effect
of westward transport of upwelled coastal water into
the equatorial zone.

Throughout the spring of 1984 the excess heat pres-
ent in the Gulf of Guinea in the simulation surges
poleward symmetrically in the two hemispheres,
northward along the coast of northwest Africa and
southward along Angola, becoming more coastally
trapped with latitude. Observations from sea-level re-
cords along the southern coast of Africa show elevated
sea level as far south as Walvis Bay (23°S, where the
anomaly exceeded 5 cm) and beyond (Brundrit et al.
1987). Surface water was observed to be carrying warm,
high-salinity, tropical water anomalously southward,
so that at 50 m, anomalies of 2°C and 0.2 psu were
observed off central Namibia. This had the effect of
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FIG. 10. Conditions in the eastern Atlantic, averaged 15°W-5°E. (a) Summer temperature and velocity (v, w) with depth and latitude.
Temperature contour interval is 2.5°C. Velocity is given in cm s™' (v) and 10™* c¢m s™' (w). (b) Anomalous SST (bold ) and 20°C isotherm
depth (thin dashed) variations in the eastern equatorial Atlantic (also averaged meridionally 6°S-2°N). SST is given in units of 1°C. Depth
is given in units of 5 m. Periods of anomalously warm (cold) SSTs in 1984 and 1988 are preceded by anomalous deepening (shallowing)
of the thermocline. (¢) Correlation between anomalous SST and 20°C isotherm depth variations in the eastern tropical Atlantic. Regions
where the variance of anomalous SST is less than 0.5(°C)? are shaded.
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suppressing Benguela upwelling of cool water, despite
stronger than normal upwelling-favorable winds
(Shannon et al. 1986). An examination of the simu-
lation in February 1984 shows the rapid southward
extension of the warm tropical water with coastal tem-
perature anomalies at 45 m depth in excess of 5°C and
salinity anomalies exceeding 0.1 psu (Fig. 11). Anom-
alous currents of 20 cm s~ are the geostrophic result
of these changes in heat distribution and cause an
anomalous “south equatorial countercurrent” (SECC)
in the Gulf of Guinea, which, however, is not dynam-
ically similar to the north equatorial countercurrent
(NECC). By fall the temperature anomalies near the
coast were reduced to 3°C, with current anomalies less
than Scms™!.

Since the incident heat anomaly is symmetric about
the equator, the heat anomalies that move poleward
in the two hemispheres are also initially of equal
strength. However, after leaving the equator the heat
anomaly moving eastward and then northward out of
the gulf weakens, so that the largest remaining heat
anomaly is south of the equator (Fig. 7d). An inter-
esting dynamical question arises as to why the southern
heat anomaly persists while the northern anomaly
weakens. Possible causes of this include effects of the
differences in the mean flow between the two hemi-
spheres. Chang and Philander (1989) point out that
the presence of the eastward NECC in the Northern
Hemisphere reduces the westward component of group
velocity for equatorial waves, causing the anomalies to
remain trapped near the coast, while the westward flow
of the SEC in the Southern Hemisphere enhances
westward propagation. For this reason anomalies may
be expected to extend much farther into the ocean in
the Southern Hemisphere. Local processes such as sur-
face cooling and Ekman pumping (strong off northwest
Africa), and coastal geometry may also play important
roles.

More so than the temperature field, changes in cur-
rents from year-to-year have been difficult to estimate
based on observations and have led to some confusion
about the mechanism by which excess heat was brought
into the Gulf of Guinea in 1984, Henin and Hisard
(1987) and Hisard and Henin ( 1987) suggested from
direct instantaneous measurements and geostrophic
calculations that the NECC was unusually well devel-
oped in 1984. This led Henin and Hisard to suggest
that the NECC provided anomalous eastward transport
of heat and thus was directly responsible for the 1984
warming. However, geostrophic calculations by Re-
verdin et al. (1991a) using VOS XBT records and Katz
(1993) using Inverted Echo Sounder time series show
that the transport by the NECC was actually signifi-
cantly weaker than normal in 1984. The cause of these
apparently contradictory observations is unclear. An
alternative (Southern Ocean ) explanation was put for-
ward by Philander ( 1986), who proposed that “an un-
usual eastward current south of the equator’” was re-
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FIG. 11. Simulated anomalous temperature, salinity, and currents
at 45-m depth in the southern Gulf of Guinea. (a) February 1984;
(b) February 1988. Contour interval is 1°C. Velocities are given in
cm s~!, Regions where the anomalous salinity exceeds 0.1 psu are
shaded. :

sponsible for the anomalous eastward transport. Nei-
ther of these explanations is consistent with the results
from this simulation. Here the simulated NECC vol-
ume and heat transports are lower than normal during
1984. The near-surface currents more than a few de-
grees south of the equator gradually slow down
throughout the 1980s, as the southeast trade winds
weaken, without any sudden changes in 1984. Only
the anomalous tropical of heat eastward along the
equator by equatorial waves can explain the deepening
of the thermocline in the Gulf of Guinea in 1984,

b. 1988

Throughout 1985-86 the equatorial winds were
weaker than normal, returning to near-normal values
during 1987, while the northeast trades were somewhat
more intense than normal. South of the equator the
winds continued to weaken throughout this period.
Observed movements of the thermocline in the west
reflected these changes in the wind field. During most
of 1985-86 the thermocline was observed to be 5-10
m shallower than normal except north of 5°N (Fig.
6). This meridional anomaly of thermocline depth re-
duced the seasonal south-to-north pressure gradient.
Consistent with this, Katz’s (1992 ) examination of In-
verted Echo Sounder records shows reduced NECC
transport throughout 1984-86 at 38°W, with the min-
imum occurring in 1986. The simulated NECC trans-
port is also reduced but not as strongly as observed.
Along the equator in the east, SST was observed to
reach its minimum in 1986, with the most negative
anomaly of 1°C developing late in that year.

By spring of 1987 the northeast trade winds north
of 5°N had weakened significantly. This weakening,
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and the resulting Ekman convergence, led to a deep-
ening of the thermocline in the west between the equa-
tor and 5°N throughout that season in both the ob-
servations and the simulation. The deepening of the
thermocline near the equator also had an effect on the
currents farther north by increasing the equatorward
pressure gradient and thus strengthening the NECC
(Katz 1992). In contrast with 1983, in 1987 only about
half as .much anomalous heat was observed in the
western transect (Fig. 6). Analysis of Geosat altimeter
observations for this period (Carton and Katz 1990)
also suggest modestly higher sea level in late 1987 in
the western Atlantic where elevated sea level is well
correlated with a depressed thermocline.

Throughout summer and fall of 1987 the northeast
trades strengthened to the north and then generally
weakened throughout the basin by 30%. This relaxation
preceded an eastward shift of anomalous heat (Fig.
12). If the wind had returned to climatological con-
ditions in mid-1987, the 1988 warming would not have
occurred. However, the warming of SSTs along the
equator through the fall of 1987, and winter and spring
of 1988, was accompanied by a dramatic weakening
of the equatorial trade winds to the west. This weak-
ening was similar to that of 1983 but was stronger and
lasted much longer. As a result, the heat anomaly grew

Summer, 1987
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continuously from October 1987 through January
1988, and then remained in the central basin for the
remainder of the year (Fig. 12). In both 1984 and 1988
the largest anomalies of heat were located east of 20°W,
while the strongest wind anomalies occurred to the west
of this longitude (cf. Figs. 8 and 13).

By May 1988, a season in which the equatorial winds
normally intensify, the trade winds in the western
tropical region had nearly collapsed, with stresses less
than 0.1 dynes cm™2. The heat anomaly in the east
had increased to levels similar to 1984, leaving negative
heat anomalies in the west as a result of the weakened
trade winds. In the east the thermocline remained de-
pressed by 10 m through the first half of 1988. As in
1984, the depression of the thermocline reduced the
vertical flux of heat out of the layer of active mixing,
allowing SST to rise (Fig. 10). As in the case of 1984,
the major part of the heat content anomaly moved
southward in fall, with only a small fraction progressing
northward (Fig. 12d).

4. Discussion

The eastern tropical Atlantic is characterized by
events with anomalously warm SSTs. These events oc-
cur in varying strengths every few years. The timing of

Winter, 1987-8

FIG. 12. The same as Fig. 6 except for the periods of (a) summer 1987, (b) winter 1987/88, and (c¢) spring 1988 and fall 1988.
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the warm events is linked to the seasonal cycle, so that
the maximum anomaly occurs during the normally
cold northern summer—-fall. By winter a broad weak
warm anomaly appears south of the equator and grad-
ually spreads westward during the first half of the year
following the warm event. The warm SST anomalies
are accompanied by changes in the surface winds.
These changes frequently include a weakening of the
northeast trade winds early in the year and a relaxation
of the southeast trade winds along the equator in the
spring to the west of the region where the anomalously
warm SST develop. The relaxation of the trade winds
in midbasin has profound effects on the equatorial
thermocline. In 1984 and 1988 the relaxation contrib-
uted to a deepening of the thermocline in the eastern
basin by 10 m. This deepening reduced the vertical
flux of heat out of the near-surface layer, leading to a
strengthening of the SST anomaly. The similarities be-
tween these changes and the changes associated with
El Nifio in the Pacific are striking.

Yet an examination of convection in the atmosphere
shows that there are significant differences between the
Atlantic and Pacific. In contrast to the eastern Pacific,

the eastern equatorial Atlantic has strong seasonal
convection. Anomalies of convection during warm
events are primarily associated with a southward shift
and intensification of the intertropical convergence
zone, in contrast to the eastward shift with time ob-
served in the Pacific. The likely reason for these dif-
ferences is the extra geographic control over the posi-
tion of convective zones in the Atlantic because of the
presence of the African and South American conti-
nents. Other reasons may be the smaller amplitude and
shorter duration of the fluctuations of SST in the At-
lantic.

A second difference between events in the Atlantic
and Pacific has to do with the relative influence of the
global circulation. It is accepted that El Nifio is the
result of unstable interactions between the Pacific
Ocean and its overlying atmosphere. It seems that the
initial cause of many of the warm events in the Atlantic
may be traced back to changes in the large-scale wind
field that do not have their origin in the Atlantic. Our
analysis of the origin of the 1984 event suggests the
major cause of anomalous warming was the ocean’s
response to a change in the wind field in the western
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basin. The 1984 event, unlike 1988, was preceded by
a massive buildup of anomalous heat in the western
Atlantic. The relaxation of the trade winds in the west-
ern basin in late 1983 was followed by a surge of this
heat into the Gulif of Guinea. In this case the Atlantic
Ocean is acting to some extent as a passive guide
through which heat is shifted from west to east in re-
sponse to changes in the wind field. A mechanism sim-
ilar to this was originally suggested by Moore et al.
- (1978) to explain the seasonal cycle of tropical Atlantic
SST. In 1988 the great increase in heat content occurred
in midbasin in the spring. The cause of this increase
was a relaxation of the equatorial trade winds just to
the west of the heat anomaly. This relaxation reduced
the seasonal upwelling and weakened the zonal pressure
gradient, further amplifying the heat anomaly.

Like their Pacific counterpart, warm events in the
tropical Atlantic have broad climate effects. We have
shown that rainfall increases along the northern Gulf
of Guinea during the normally dry summer months.
On the western side of the basin, along the northeast
coast of South America, seasonal rainfall normally oc-
curs in spring. In the spring of the year after a warm
event, this rainfall is enhanced, contributing to the
floods that plague the Nordeste region of Brazil. The
eastward shift of heat along the equatorial waveguide,
which is mainly responsible for the elevated SSTs in
the simulation, also causes a variety of changes along
the southern coast of Africa. These include a reversal
of the normally equatorward Benguela Current, and a
southward intrusion of warm, saline tropical water.
Observations confirm the appearance of these anom-
alous physical changes during years with warm events
(Mazeika 1968; Shannon et al. 1986; Brundrit et al.
1987). The resulting effects on the fish and bird pop-
ulations are profound (Crawford et al. 1990).

Several factors make interannual variability of the
tropical Atlantic more complex than that of the tropical
Pacific. Perhaps the most important is that the Atlantic
appears to support a wider variety of phenomena, in-
cluding modes of variability that are not confined to
the tropics. The position of continents and the geom-
etry of their coastlines add complexity. Yet the obser-
vational network in the equatorial Atlantic is currently
very limited. The results presented here suggest that
continued progress in understanding the dynamics of
variability in the tropical Atlantic will require a much
expanded observational network.
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