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[1] In this work the Equatorial Atlantic Ocean circulation
dynamics for warm and cold composite events are analyzed.
Warm and cold typical years were composited from the
respective five warmest and the five coldest years of the
available record. Equatorial currents velocity and transport are
calculated. During a typical warm event, the circulation
decreases in the upper ocean, while during the typical cold
event there is intensification.The strengthening (weakening) of
the circulation during cold (warm) events increases (decreases)
the stress between the Equatorial Undercurrent (EUC) and the
South Equatorial Current (SEC), associated with an increase
(decrease) in entrainment of cold waters into the surface and
theirwestward transport. TheEUCshowed striking differences
between both composited events. For the cold (warm) event the
EUC shows a greater (reduced) transport and core velocity, and
a deeper (shallower) structure. INDEX TERMS: 4231
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1. Introduction

[2] With respect to sea surface temperature (SST), the
tropical Atlantic ocean displays two dominant modes of
interanual variability largely described in the literature [e.g.
Servain, 1991; Wainer et al., 2002; Servain et al., 2002]. One
represents an inter-hemispheric SST gradient signature. The
other is an equatorial mode, similar to the one associated to the
Pacific Ocean El Niño - Southern Oscillation (ENSO) phe-
nomena. This Atlantic ‘‘El Niño-like’’ mode is much weaker
than its Pacific counterpart. They are similar in the fact that
they relate the ocean’s equatorial adjustment to sudden changes
in the trade winds. With the intensification (weakening) of the
winds in the western Atlantic the equatorial ocean responds
with negative (positive) SST anomalies represented by cold
and warm events. Equatorial Kelvin waves forced by the wind
anomalies cause a perturbation of the zonal current field [Siedel
and Giese, 1999]. Thus, as the EUC and SEC are the main
equatorial currents responsible for the heat transport across the
basin, they undergo significant changes during the extreme
events and cause anomalous heat advection towards the eastern
side of the basin. In this work, 40 years of simulation data from
the National Center for Atmospheric Research -NCAR Ocean
Model (NCOM) forced by NCEP monthly mean wind stress
and fluxes are analyzed in order to understand changes in the
equatorial current system from warm to cold phases.

2. The Numerical Model

[3] The NCOM is an oceanic general circulation model
[Gent et al., 1998] that was forced with 40 years of NCEP-
reanalysis winds (1958–1997) using the bulk scheme
described in [Large et al., 1997], with non local ‘‘K profile
parameterization’’ (KPP) on vertical mixing [Large et al.,
1994] and [Gent and McWilliams, 1990] isopycnal mixing.
This is a standard primitive equation model solved in
spherical coordinates in an Arakawa B grid. The spatial
resolution is 2.4� in longitude and is variable in latitude
(1.2� at the equator trough 2.3� at medium latitudes). Forty-
five vertical levels are used.

3. The Extreme Events

[4] In order to recognize the variability of the Atlantic
equatorial mode we construct a SST index (Figure 1) based
on the ATL3 index from Zebiak [1993], composed by the
SST anomalies relative to the 1958–1997 model climatol-
ogy, in the region bounded by 5�N–5�S/20�W–10�E. This
ATL3 index was created taking into account the area of
largest near-equatorial SST variability [Carton and Huang,
1994]. Superposed on this series is the time series for the
same ATL3 index obtained from COADS-based observa-
tions [Da Silva et al., 1994]. The correlation between the two
series is approximately 0.8 with a 95 % confidence level.
[5] From this index the 5 warmest years and the 5 coldest

years were selected, represented by the highest anomalies.
The warmest years selected in this period were 1963, 1984,
1988, 1991 and 1995 and the coldest years selected were
1958, 1964, 1965, 1978 and 1983.
[6] Taking the mean of all warm events considered here, it

is noted that they usually occur in July, suggesting a strong
seasonal influence. The wind stress anomalies in the western
equatorial region (50�W-25�W/5�S-5�N) which forces
remotely the SST anomalies in the eastern side of the basin
generally show their maximum one or two months before the
maximum in the SST anomalies (figure not shown).
[7] Following the selection criterion (of years with max-

imum anomalies) described before, ocean velocities were
also composited relative to warm and cold events which
consisted of the monthly calendar average for the warmest
and coldest years of the period, respectively [Rasmusson
and Carpenter, 1982].

4. Transport changes for the EUC and SEC

[8] Figure 2 shows the averaged zonal transport for the
EUC (Figure 2a) and SEC (Figure 2b) across the Atlantic
basin for the model climatology (i.e. 40 years averaged
annual cycle) and for warm and cold composited years. The
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EUC transport was calculated using velocities greater than
20 cm/s. [Katz et al., 1981; Goriou and Reverdin, 1992].
The SEC transport was calculated between 2.5�S and 2.5�N
in the upper 50 meters only for westward velocities as
Philander and Pacanowski [1986a]. It was calculated this
way to represent the oceanic upper layer and because most
of the SEC flow is located in this layer.
[9] The differences between the EUC transport

(Figure 2a) for composited warm and cold years begin to
increase at 33�W. The transport value for the composited
warm year reaches its maximum of 4.2 Sv at 30�W. For the
composited cold year the transport is 5.2 Sv at 30�W and
increases to 5.9 Sv at 25�W. The maximum difference in
transport between events occurs at 24�W of about 1.8 Sv.
The SEC transport for the 3 cases (warm and cold compo-
sites and climatology) can be seen in Figure 2b. The
smallest transport values are on the eastern side of the basin
(2.3–3 Sv) and as the SEC flows westward these values
increase until the maximum in the west (4.1–5.7 Sv). The
highest differences between the composited warm and cold
events are at approximately 31�W of about 2 Sv.
[10] Figure 3 shows the seasonal variations of the trans-

ports at 28�W for the EUC (Figure 3a) and the SEC. (Figure

3b). The EUC transport (Figure 3a) shows lower values
from April to July and higher values starting from Septem-
ber [e.g. Stramma and Schott, 1996]. The SEC transport
(Figure 3a) shows higher values from May to August [e.g.
Philander and Pacanowski, 1986a]. It can be seen that the
EUC and SEC transports are weaker during the composited
warm year compared to the higher values obtained during
the composited cold year. The highest differences between
the events are of �3 Sv in July for the EUC and �5.5 Sv in
May for the SEC.
[11] The EUC core velocity and depth for the composited

warm and cold years and climatology is shown in Figure 4. A
seasonal cycle is seen in the climatological EUC core
velocity (Figure 4b), with smaller values from April through
June with about 25 cm/s and the larger values on October and
November with about 55 cm/s. The composited cold year
shows maximum EUC velocity (57.8 cm/s) and a minimum
core velocity (26.1 cm/s) larger than climatology while the
composited warm year shows maximum EUC velocity

Figure 1. Time series of the SST index for NCOM
simulation (black curve) and the observed DaSilva data set
[Da Silva et al., 1994] (gray curve with dots).

Figure 2. Annual mean zonal transport in Sv for (a) EUC
and (b) SEC. Dashed curve: composited cold year. Dotted
line: composited warm year. Black curve: climatology.

Figure 3. Transport (Sv) at 28�W for (a) EUC and (b)
SEC. Dashed curve: composited cold year. Dotted line:
composited warm year. Black curve: climatology.

Figure 4. (a) EUC core depth (m) and (b) core velocity (cm/
s). Dashed curve: composited cold year, Dotted line:
composited warm year. Black curve: climatology.
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(48.8 cm/s) and a minimum core velocity (17.9 cm/s) smaller
than climatology for the whole year. These model velocities
are weaker than observations. Furthermore, the observations
don’t show such a well defined seasonal cycle [Weisberg et
al., 1987]. However, the seasonal cycle of the EUC core
depth (Figure 4a) is in agreement with [Philander and
Pacanowski, 1986b], where it shows a minimum depth in
April and a maximum depth in August–September. In April,
when the EUC core is shallower (Figure 4a), the climato-
logical core depth is�49m and in August and September the
climatological core is deeper (�73 m). The EUC core is
generally between 50 m and 100 m as in [Weisberg et al.,
1987]. From April to August (Figure 4a), the EUC core for
the warm year becomes shallower than the mean reaching a
maximum difference of 9m in June. The depth of the EUC
core for the composited cold year is deeper than the mean
value throughout most of the year with maximum difference
of 6 meters in August.
[12] It should be noted that according to the results of

Large et al. [2001], the key element of this model is the
spatially variable, anisotropic horizontal viscosity. It allows
the coefficient of meridional diffusion of zonal momentum
to be a physically based small value everywhere except
near western boundaries. In the Atlantic equatorial basin
however, it appears as if the viscosity remains too large,
too far east of South America and the consequence is that
the EUC never achieves an eastward velocity more than
about half of that observed. The EUC maximum velocities
in the observations may reach 120 cm/s, while in the
NCOM these velocities are able to reach only 70 cm/s.
Nonetheless, the model resolves all the main currents in
the Atlantic Ocean, their seasonal variability and the
interanual SST variability, which are agreement with
observations and other model studies.

5. Mixed Layer

[13] The mixing processes at the equator are strongly
influenced by the shears of the mean currents. This process
can be quantified using the Richardson number (Ri),
defined as the buoyancy frequency squared divided by the
velocity shear squared. It’s computed as Ri = (ag@T/@z)/
[(@u/@z)2 + (@v/@z)2] where T, z, u and v are the respective
temperature, depth, zonal and meridional velocities from the
model, g = 9.8 m/s2 is the gravitational acceleration and a =
8.75 � 10�6 (T + 9) �C�1 [Hayes et al., 1991] is the
coefficient of thermal expansion of water. Ri measures the
competing effects of turbulence generation and stratifica-
tion. The velocity shear acts to produce vertical mixing and
the stratification acts to suppress mixing. This suggests that
the vertical mixing is most intense above the core [Weisberg
and Wang, 1997], between the EUC and the SEC, thus well
correlated with the velocities from both currents. Besides
the current shears, the temperature gradient influences the
Ri. It’s most intense in the thermocline, where the EUC core
is located, and is well influenced by the surface heating and
cooling. Therefore, Ri has a minimum above the core and a
maximum at the core, as seen in July at 28�W (Figure 5a).
The Ri values in the mixed layer are generally beneath the
critical stable value (Ri < 0.3).
[14] Figure 5b shows tan�1(Ri) at 28�W averaged over

the mixed layer (defined here as the layer above 20�C). The

upper ocean shear is related to the EUC core (Figure 4) and
with the SST: as the core speed decreases the core rises and
there is an associated increase in Ri. The warming of the
surface contributes to increase the stratification which also
increases the Ri. The highest Ri values (Ri > 1.1) are in the
fall suggesting a decreasing in the shear, and the lowest
values are from July to September (0.8 > Ri > 0.5),
suggesting an intensification in the shear. Ri values are, as
expected according to the Figures 3 and 4, smaller than the
mean in the composited warm year and greater than the
mean (from April on) for the composited cold year.

6. Conclusions

[15] In this work we used the oceanic component of the
NCAR/CCSM model to describe the upper equatorial
Atlantic circulation for extreme events years. Although the
EUC never achieves an eastward velocity more than about
half of that observed in the model, it resolves, nonetheless
all the main currents in the Atlantic Ocean, their seasonal
variability and the interanual SST variability, which are
agreement with observations and other model studies.
[16] A typical warm and a typical cold year were

constructed by the composite method. Both the EUC and
the SEC transports increased for the composited cold year
and diminished in the composited warm year relative to
climatology. The annual EUC transport decreased from 1.8
Sv at 24�W between the composited warm and cold years
and the maximum difference of 3 Sv occurred in July. For
the SEC the major difference of 5.5 Sv between the
composited warm and cold events occurred in May. The
EUC core presented a shallower structure in the compos-
ited warm year with maximum difference from the clima-
tology of 9m in June and a deeper structure in the
composited cold year with a maximum difference of 6m
in August. The core speed decreased during the compos-
ited warm year and increased during the composited cold
year. In the mean the core speed was 2.3 cm/s higher in

Figure 5. Tan�1(Ri) for averaged in the mixed layer.
Dashed curve: composited cold year. Dotted line: compos-
ited warm year. Black curve: climatology. (a) as a function
of depth and (b) as a function of time.
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the composited cold year and 7.1 cm/s lower in the
composited warm year relative to climatology.
[17] As a variation in the speed and in the transport of the

EUC and SEC is seen inside the mixed layer so is a
variation in the velocity shear, quantified by the Richardson
number (Ri) calculated relative to the model currents. The
upper ocean shear is related to the EUC core. When the core
velocity decreases it rises and there is an associated increase
in Ri.
[18] In other words, during cold events, the overall

Atlantic Ocean equatorial circulation strengthens: the
EUC, which is responsible for the transport of cold waters
from west to the east, has its maximum velocity and trans-
port increased, while its core sinks. The also intensified SEC
contributes to the increase of the upper layer mixing, which
intensifies the entrainment of cold waters to the surface and
their subsequent transport towards the center of the basin.
The consequence is an overall cooling. During warm events,
the reverse happens. The EUC velocity and transport weak-
ens with an associated rise of its core. The SEC also weakens
which decreases the upper layer mixing and accompanying
the entrainment, leading to an overall warming.
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