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ABSTRACT

Extreme warm episodes in the southeast Atlantic Ocean, known as Benguela Nifios, have devastating envi-
ronmental impacts and have been shown to be remotely forced. To place these extreme events into perspective,
the investigation is here extended to minor warm events as well as to cold episodes. To this end, different sets
of observations have been combined with outputs from a numerical simulation of the tropical Atlantic for the
period 1982-99. It is shown that both warm and cold surface events develop regularly in the same specific
region along the coast of Angola and Namibia. Some cold events compete in magnitude with major warm
episodes. Local sea—air heat flux exchanges do not seem to precondition the sea surface in the Angola—Benguela
region prior to the arrival of an event. Most warm and cold episodes are large-scale events despite their limited
surface signature. They appear to be generated by wind anomalies in the western and central equatorial Atlantic
in the same way as Benguela Nifios. Seasonal fluctuations of the depth and shape of the tropical thermocline
seem partly to control the way subsurface anomalies eventually impact the surface. During austral summer,
surface anomalies create an identifiable pool centered near 15°S, whereas in winter they show an elongated
pattern along the coast stretching toward the equator. Local upwelling or downwelling favorable wind regimes,
as well as local net heat fluxes, may modulate the surface expression of events.

1. Introduction

Benguela Nifos are intermittent, acute, extremewarm
events near the border between the southward-flowing
Angola Current and the Benguela upwelling system off
southwestern Africa (Shannon et al. 1986). These anom-
alously warm events have dramatic effects on the fish-
eries and the climate of the region. They tend to induce
significant rainfall anomalies (Rouault et a. 2003) and
can drastically modify fish distribution and abundance
(Boyer et al. 2001). The collapse of the Namibian sar-
dine stock after 1974 followed a protracted warm event
during 1972—74, the effect of which was aggravated by
overfishing (Boyer and Hampton 2001). More recently,
the 1995 event had a drastic impact on the whole eco-
system with a 4°-5° southward shift of the sardine pop-
ulation, associated with high mortality and poor re-
cruitment of the major pelagic fish species (Boyer and
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Hampton 2001). In essence, Benguela Nifios express
themselves as abnormally and persistent high sea sur-
face temperatures (SST) along the coast of Angola and
Namibia.

According to many authors the equatorial interannual
variability pattern in the Atlantic is similar to the ENSO
phenomenon in the Pacific, but is weaker and not self-
sustained (Sutton et al. 2000; Chang et al. 2000; Servain
et al. 1999; Zebiak 1993). Benguela Nifios occurred in
1934, 1949, 1963, 1984 (Shannon et al. 1986) and more
recently in 1995 (Gammelsred et al. 1998). Such epi-
sodes are less frequent and less intense than their Pacific
counterparts, and they tend to devel op south of the equa-
tor. To explain the origin of climate anomalies in the
eastern tropical Atlantic, Hirst and Hastenrath (1983)
suggested a causality chain of atmospheric—oceanic
anomalies across the basin. Rather than being locally
forced by wind anomalies, equatorial warm anomalies
could be linked to a relaxation of zonal wind stress in
the western equatorial Atlantic, as shown by Delecluse
et al. (1994) in a study of the 1984 event based on a
simulation of the tropical Atlantic Ocean. Florenchie et
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al. (2003) demonstrate that the 1984 and 1995 Benguela
Nifios originated as temperature anomalies on the trop-
ical/equatorial thermocline, propagated zonally from
there, turned south on reaching the west African coast-
line, and outcrop only on reaching a specific area, called
the Angola—Benguela frontal zone (Meeuwis and Lu-
tjeharms 1990). In this paper, we extend the Florenchie
et al. (2003) study by using a combination of an ocean
general circulation model and satellite-derived obser-
vations of sea surface temperature, sea surface height
(SSH), wind stress, and surface heat flux to further in-
vestigate the propagation mechanism of BenguelaNifios
in more detail, and also by considering cold events as
well as other warm events in the southeast Atlantic.

Picaut (1985) suggested that eastern tropical oceans
are primarily governed by remote wind stress effects
through equatorial wave dynamics. Anomalies in the
trade winds may trigger Kelvin waves that subsequently
propagate eastward along the equator, inducing a deep-
ening or a lifting of the thermocline. At the surface,
Kelvin waves may be detected by their sea level sig-
nature and their phase speed, of the order of 2 m s*.
Thus, it is possible that equatorial Kelvin waves may
play arole in the evolution of Benguela Nifios. In this
study, we explore the development and propagation of
anomalies across the equatorial Atlantic Ocean and their
ability to create a variety of sea surface temperature
anomalies on the southeastern side of the basin, that is,
the shelf region off Angola and Namibia.

There are also links between ENSO and the equatorial
and tropical North Atlantic via atmospheric teleconnec-
tions (Delecluse et al. 1994). In a modeling study, Sar-
avanan and Chang (2000) have described a surface wind
stress signal over the western equatorial Atlantic as-
sociated with ENSO. Latif and Barnett (1995) found
that the dominant response in the Atlantic to ENSO is
a lowering of SST in the equatorial area. The obser-
vational analyses of Enfield and Mayer (1997) suggest
that the mean easterly winds are intensified in the west-
ern equatorial Atlantic in response to Pacific warm
events but that coherent local changes in SST are less
obvious. However, in the upwelling zone of f West Africa
(10°—24°N), a coherent ENSO signal in winds and SST
was found by Roy and Reason (2001). Curtis and Has-
tenrath (1995) concluded that warm eventsin the Pacific
induce only a modest warming in the western tropical
Atlantic whereas Ruiz-Barradas et al. (2000) and Zebiak
(1993) found no significant impact of ENSO on the
Atlantic Nifios (equatorial Atlantic Ocean variability).
In the South Atlantic, composite maps of SST and wind
anomalies derived for 14 strong events during the past
century (Reason et al. 2000) suggest that warm (cool)
anomalies evolve in certain large areas of the subtrop-
ical/midlatitude southeast Atlantic during the transition
and peak phases of El Nifio (La Nifia) in association
with stronger (weaker) trade winds. Taken together, this
previous work suggests that there is an ENSO impact
in the eastern Atlantic but the exact relationship between
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this signal and other modes such as Benguela Nifios and
cold events remains to be clarified.

Other minor warm (1986, 1988) and cold events
(1969, 1982/83) in the southeast Atlantic have been
partly documented (Carton and Huang 1994; Walker
1987; Boyd et al. 1987). It appears from the various
studies cited earlier that the distinction between Ben-
guela Niflos and other warm events is not always clear
and that a quantitative definition of warm or cold events
is still missing. This study intends to clarify the differ-
ences between Benguela Nifios and other warm events
and to provide a description of cold events as well.

To investigate the origin and the vertical structure of
each episode, various sets of observations (sea surface
temperature, sealevel and wind anomalies, surface heat
flux anomalies) are used together with Océan Parallélisé
(OPA) ocean general circulation model simulations
(Madec et al. 1999) of the tropical Atlantic Ocean. All
warm and cold events that occurred in the southeast
Atlantic from 1982 to 1999 are described and analyzed
with a special attention given to the major ones. An
additional motivation for this work is to assess the pos-
sibility of forecasting such events, particularly the ex-
treme cases, on an operational basis. Hence this inves-
tigation addresses the following questions:

» what are the spatial and temporal scales of warm and
cold events in the southeast Atlantic?

» what are the underlying mechanisms driving the var-
ious events?

* how do Benguela Nifos differ from other warm
events?

* are these warm and cold events predictable?

In section 2, sea surface temperature dataare analyzed
to assess the location, frequency, duration, and spatial
coverage of the surface manifestation of various warm
and cold events occurring in the eastern Atlantic. In
sections 3 and 4 observed sealevel and wind anomalies
recorded during various events are described. Section 5
deals with sea—air heat flux exchanges. In section 6,
model outputs are compared to observations and studied
at different depths to understand the origin of the dif-
ferent anomalies and their vertical structures.

2. Observations over the last 20 yr from sea
surface temperature

a. Sandard deviation of SST and SST anomalies

Monthly maps of optimal interpolated sea surface
temperature (OI-SST) with a horizontal resolution of 1°
are analyzed from November 1981 to December 2000.
OI-SST data are a blend of satellite and in situ obser-
vations (Reynolds and Smith 1994). Optimal interpo-
lated sea surface temperature anomalies (OI-SSTA) are
extracted from OI-SST data by calculating a monthly
climatology from 1982 to 1999, the period also covered
by the model simulations. Then standard deviation
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Fic. 1. Standard deviation of OI-SST anomalies over the South Atlantic Ocean (°C).

(STD) is used to depict the main areas of OI-SSTA
interannual variability over the tropical South Atlantic
basin.

High levels of SSTA standard deviation concentrate
in the eastern Atlantic, spreading roughly from the equa-
tor to 20°S and from 5°E to the African coast (Fig. 1).
This area corresponds also to the area with the largest
seasonal signal amplitude (not shown) athough the
range of interannual variability remains smaller com-
pared to the seasonal one, as already noted by Servain
and Arnault (1995). A local maximum of variability
appears in a specific area between 10° and 20°S and
from 8°E to the continent, hereafter to be called the
ABA (Angola—Benguela area). The ABA includes the
Angola—Benguela frontal zone (ABFZ), where warm
water from the equator flows poleward along the coast
in the Angola Current and meets the much cooler water
from the northwestward Benguela Current (Shannon et
al. 1987; Meeuwis and Lutjeharms 1990). The front
represents a transition zone between the more tropical
ecosystem in the north and the upwelling-driven eco-
system in the south and its average latitude is about
15°S (Lass et a. 2000). Meridional movements of the
front could be responsible for the strong SST anomalies
in the ABA region. During Benguela Nifios, it tends to
be displaced southward following an intrusion of warm
and saline water of equatorial origin as far as 25°S
(Mohrholz et a. 2001; Shannon et al. 1986).

The interannual variability appears to show season-
ality with a pronounced maximum in March/April lim-
ited to the ABA and in phase with late summer warming.
In June/Jduly, variability levels are much lower while
their spatial coverage increases and spreads equator-
ward. Typically, the amplitude of SST anomalies reach-
es a minimum in the ABA in September/October with

values close to zero. Conversely, interannual variability
is found to be higher during austral winter north of the
ABA in the eastern equatorial Atlantic Ocean, asalready
shown by Carton and Huang (1994) in their study based
on a 28-yr record.

b. ldentification of various warm and cold events

Time series of OI-SST and OI-SSTA, averaged over
the ABA area (19.5°-10.5°S and 8.5°—15.5°E), form an
index that we use to assess the periodicity, magnitude,
and duration of anomalies over the 1982—-2000 period.
During this period, the 1984 and 1995 Benguela Nifios
were the most intense warm episodes over the ABA
while pronounced cool events occurred in 1982, 1983,
and 1997 (Fig. 2). SST anomalies were large during
these events, exceeding 3°C (e.g., 1982, 1984) and 5°C
(1995) in certain areas. The 1984 and 1995 Benguela
Nifios occurred in phase with late summer (March/
April), thereby inducing very high SST magnitudes in
the ABA.

Shannon et al. (1986) and Walker (1987) suggested
that Benguela Nifios have a periodicity of about 10 yr.
The low-frequency components embedded in the OI-
SSTA signal were investigated using the continuous
wavel et transform of Torrence and Compo (1998). This
analysis showed that the main component has a period
of 18 months with maximum amplitude from 1982 to
1986 and from 1994 to 1997; both periods include at
least one cold event and a Benguela Nifio. This corre-
sponds to an amplitude modulation of the 18 months
period of about 12 yr, but Fig. 2 reveals that significant
warm and cold episodes developed at various times dur-
ing the period of study with a succession of warm peaks
after 1997.
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Fic. 2. Time series of OI-SSTA averaged over the ABA (°C).

By considering only spatially averaged anomaliesin
the ABA exceeding 1°C, one can identify a series of
warm events (including the two Benguela Nifios) in
1984, 1986, 1991, 1995, 1996, 1997/98, and 1999 and
five cold events in 1982, 1983, 1986/87, 1991/92, and
1997. The 1982, 1983, and 1997 negative anomalies are
similar in magnitude to the positive ones observed in
1984. Many events reach a maximum of intensity in
March/April (1984, 1986, 1995, 1996, 1997, and 1999)
following the seasonality in the interannual variability
mentioned earlier. Nevertheless, other events reached a
maximum between May and July (1982, 1983, second
peak of 1984, 1991, and 1998) or later in the year (1997/
98). The duration of the eventsvariesfrom afew months
(1986, 1991, 1995, 1996, 1997/98, 1998, and 1999) to
6 months or more (1982, 1983, 1984, 1986/87, 1991/
92, and 1997). On average, cold episodes at the surface
seem to last longer than their warm counterparts.

Figure 3 depicts atime series of OI-SST climatology
averaged over the ABA (gray) and superimposed with
OI-SST (black). This figure emphasizes the importance
of the season; warm events developing in phase with
late summer (March—April) will induce very high SST
in the ABA as observed in 1984 and 1995 and to a
certain extent in 1986, 1996, and 1999. By contrast, the
short 1991 warm event reached its peak in May and
SSTsremained below the climatol ogical mean of March/
April. The cold 1997 event stands out as the coolest in
terms of magnitude of absolute SST during summer.

Although simple, the following argument might help
to understand why not all warm events have a strong
impact on biota and climate. First, intense warm events
occurring during summer may elevate temperature
above the viabletemperature range of marine organisms.
Secondly, the second half of summer (January—April)
tends to be the season of maximum rainfall over north-
ern Namibiaand southern Angola. Southeastern Atlantic
SSTs influence the atmospheric moisture and stability
in the region (Hirst and Hastenrath 1983). As a result,
anomalous episodes reaching maturity in March/April
are likely to have an impact on rainfal; cold eventsin
phase with summer (like the 1997 one) may induce dry
seasons while warm events may be associated with wet-
ter rainy seasons. Rouault et a. (2003) have examined
atmospheric moisture fluxes over the region during four
recent warm events and suggested that the relation of
these fluxes to the mean atmospheric transport and the
location of the warm SST anomaly may also play a key
role. In general, each event (warm or cold) appears to
have a specific impact on regional fisheries and rainfall,
whose magnitude depends on a combination of different
factors: surface coverage, intensity, duration, and period
of maximum intensity during the year.

Spatial coverage of the anomalies shows a seasonal
trend that could be linked to the seasonal fluctuation of
the thermocline. For example, they tend to be limited
to the ABA in March/April showing an intense and
specific pattern at that time but tend to extend farther
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Fic. 3. Time series of OI-SST (black) and OI-SST climatology (gray) averaged over the ABA (°C).
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north in winter. Figure 4 illustrates two typical patterns
encountered in June 1982 and in April 1999. The main
upwelling period north of 25°S extends from about
March to November peaking around August (Shannon
et al. 1986). Since Ekman suction implies an elevation
of the thermocline toward the surface along the coast,
SSTs here may become more sensitive to additional ver-
tical shifts of the thermocline, for instance, under the
action of upwelling coastal trapped waves. By contrast,
permanent upwelling in the eastern Pacific makes sub-
surface temperature anomaliesvisible at the surface near
the equator. In an observational study, Shannon et al.
(1987) found the thermocline lying off Angolaat adepth
of around 25 m and extending southward to the Angola—
Benguelafront around 16°S where it seemed to outcrop.
North of 16°S, vertical stratification is more intense dur-
ing summer with a marked thermocline while in the
frontal area, horizontal stratification is weaker during
winter (Shannon et al. 1987, their Fig. 7). As a result,
coastal temperature anomalies associated with thermo-
cline shifts in summer might remain below the surface
north of the front but reach it as they approach the front,
thereby creating an intense anomaly pool.

3. TOPEX/Poseidon sea level anomalies versus Ol -
SSTA

Satellite TOPEX/Poseidon sea level (SL) measure-
ments used here cover the period from 1992 to 2000
with a 5-day temporal resolution and a 1° spatial res-
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FiG. 4. Surface expressions of OI-SSTA in Jun 1982 and in Apr 1999 (°C).

olution. Shannon et al. (1986) have indicated that Ben-
guela Nifos are characterized by a rise of sea level of
several centimeters. Monthly TOPEX/Poseidon sealev-
el anomalies (SLA) have been computed over the South
Atlantic from October 1992 to January 2001 to identify
the signature of each event in terms of sealevel anom-
aly.

SLA and OI-SSTA variability present asimilar spatial
pattern with high values concentrated along the African
coast in the eastern basin (Fig. 5). However the highest
level of SLA variability occurs in an area north of the
ABA roughly between the equator and 5°S. SLA vari-
ability along the coast also shows a seasonal trend with
high values from January to April and a maximum in
March centered near 3°S (not shown). Sea level anom-
alies seem to propagate along the coast from March to
April. The location of maxima near the equator suggests
that equatorial wave-type disturbances are responsible.

To consider the evolution of the events, Fig. 6 shows
sealevel (right) and sea surface temperature (left) anom-
alies along the African coast from the equator to 30°S
versus time. All warm (cold) episodes over the 1992—
2000 period tend to be associated with positive (nega-
tive) sealevel anomalies spreading along the coast from
the equator to as far south as about 20°S. The 1995 and
1996 warm events show positive anomalies with re-
spective local maxima of 12 and 10 cm, while the 1997
cold event shows strong negative anomalies with alocal
minimum of —11 cm. We can also distinguish the series
of positive peaks in 1997/98, 1998, and 1999 corre-
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sponding to the three warm episodes. Equatorial sea of these plots suggest a poleward propagation rate of
level anomalies tend to propagate southward along the between 0.5 and 1 m s~*. Such an estimate agrees with
coast as can be seen in Fig. 6b, especialy during the the poleward propagations observed in the eastern Pa-
1997 and the 1999 events. Calculations from the slope cific by Enfield and Allen (1980) or simulated (Clarke
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Fic. 7. () Time series of SLA (black) and OI-SSTA (gray) averaged, respectively, on the T/P box and the
ABA. (b) Time series of SLA (black) and OI-SSTA (gray) averaged on the T/P box (units are cm and °C).

and Van Gorder 1994). A coastal trapped wave prop-
agation process is consistent with the spreading of
anomalies from the equator southward. However, dis-
crepancies between theoretical phase speeds and the
slower observed ones may occur because the theory
does not take into account coastal shelf and slope bottom
topography or bottom friction (Clarke and Van Gorder
1994; Pizarro et al. 2001).

In Fig. 7a, we have superimposed time series of Ol-
SSTA (gray) and SLA (black) averaged, respectively,
over the ABA and over a limited equatorial area here-
after called the TOPEX/Poseidon (T/P) box (2.5°S-
2.5°N, 5.5°-10.5°E). In Fig. 7b, both time series are
averaged over the T/P box. In Fig. 7a, the two time
series are correlated with a maximum coefficient of 0.67
with a 1-month lag in favor of the T/P signal, thus
supporting an equatorial origin of most episodes over
this period. The OI-SSTA signal in Fig. 7bisvery weak
because the events tend to propagate along the ther-
mocline and the surface expression is weak along the
equator; however, the events can be easily recognized
via the sea level anomalies. In January 1995, sea level
positive anomalies can be observed propagating east-
ward along the equator from about 40°W to the African
coast with an average speed of 150 km day—*, in good
agreement with the theoretical phase speed of Kelvin
waves (2 m s—*). To determine the remote or local forc-
ing generating these sea level anomalies (and subse-
quently the SST anomalies over the ABA), we have
used European Remote-Sensing Satellite-1 (ERS-1) and
-2 (ERS-2) satellite wind speed observations over the
period 1992—-2000.

4. ERS wind speed anomalies versus T/P SLA and
OI-SSTA

ERS-1 and ERS-2 zonal and meridional monthly wind
speed anomalies (WSA) available on a 1° spatial grid
have been analyzed over the period 1991-2000. By con-
trast with sea level or SST, seasonal and interannual
zonal wind variability show opposite spatial patterns
with low values in the eastern equatorial Atlantic and
high levelswest of 20°W (not shown). Zonal WSA have
been averaged respectively over different areas and
compared to sea level anomalies averaged on the T/P
box. The best correlation between the two signals is
obtained when zonal WSA are averaged on an areasouth
of the equator (between 5.5°S and 0.5°N) in the western
central basin from 29.5° to 19.5°W with a maximum
correlation of 0.60 and a lag shorter than 1 month for
the wind (Fig. 8a). The two signals are no longer cor-
related when zonal WSA are averaged in the eastern
equatorial basin or north of the equator (not shown).
Figure 8b reproduces similar time series between the
WSA averaged in the south-central equatorial basin and
the OI-SSTA averaged over the ABA. Maximum cor-
relation is now 0.55 with a 1-month lag in favor of the
wind.

Figure 8a suggests that the eastern equatorial Atlantic
isdirectly influenced by remote zonal wind stress anom-
alies through equatorial wave dynamics (there is less
than a 1-month lag between the two signals). As noted
by Picaut (1985), equatorial oceans tend to respond
clearly and coherently to wind fluctuations as seems to
be the case here. Anomaliesin the trades in the western
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to central equatorial basin excite eastward-propagating
Kelvin waves that depress or lift the thermocline all the
way to the African coast and create subsurface tem-
perature anomalies. On reaching the African coast,
coastal trapped waves are generated which propagate
southward and induce SSTA in the ABA, where the
thermocline reaches the surface. As mentioned earlier,
the shape and depth of the thermocline as well as the
local wind regime may modify the surface expression
of the anomalies. Figure 8b tends to confirm such a
scenario. The 1995, 1996, and 1997/98 warm events
could be associated with adiminution of westward zonal
winds (positive anomalies) through downwelling equa-
torial waves while the 1997 cold event could be a re-
sponse to an increase of trade winds over the same large
area via upwelling equatorial waves. Zona and merid-
ional wind anomalies in the eastern equatorial Atlantic
and/or north of the equator show much weaker corre-
lation with SSTA or SLA over the ABA and the eastern
equatorial area.

We also note that the response in terms of SSTA in
the ABA to the remote wind forcing is not linear. For
example, the weak 1996 warm event is associated with
stronger sea level and zonal wind anomalies along the
equator than the 1995 warm and 1997 cold events. This
observation poses challenges for forecasting the strength
of the events. SST anomalies in the ABA appear to be
potentially predictable but factors like local wind re-
gimes, heat flux anomalies, coupling between the at-
mosphere and the ocean with subsequent positive or

negative feedbacks may play a key role in controlling
the evolution of each event.

5. Ocean—atmosphere flux exchanges

In this section, we consider whether the anomalies
described here may have been contributed to by local
air—sea heat flux exchanges as well as by ocean dynam-
ical processes. To address this aspect, we have carried
out an analysis of sea surface heat fluxes from the Na-
tional Centers for Environmental Prediction—National
Center for Atmospheric Research (NCEP-NCAR) 40-
year Reanalysis (Kalnay et a. 1996) over the South
Atlantic Ocean. Net heat flux anomalies have been com-
puted over the period 1980—2000. First, the correlation
between OI-SST anomalies averaged over the ABA and
net heat flux anomalies has been calculated at each point
over the entire basin. It shows that the correl ation reach-
es a maximum over the ABA, with a maximum value
of about 0.68 and a lag of about 1 month in favor of
SST anomalies. It is worth noting that most of the in-
terannual variability of the net surface heat flux occurs
in an area well to the northwest of the ABA. The latent
heat flux isthe main contributor to the surface heat flux
variability over the tropical southeast Atlantic Ocean.
However, it appears that anomalies in the net heat flux
over thisareaare weakly correlated with SST anomalies
over the ABA, with values below 0.35. Figure 9 illus-
trates the time series of SST and net surface heat flux
anomalies averaged over the ABA. Positive anomalies
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Fic. 9. Time series of NCEP net heat flux (gray) and OI-SST (black) anomalies averaged over the ABA (units
are W m~—2 and °C).

of the flux correspond to a net heat loss for the ocean.
The comparison between the two signals reveals that
net surface heat flux anomalies do not precondition the
sea surface in the ABA. It shows that during all warm
events, the ocean loses heat. Maximum flux anomalies
of about 60 W m~2 occurred during the 1984, 1995, and
1998 major events. Likewise, during cold events, the
flux anomalies are opposite, with maximum values of
heat gain into the ocean of between 20 and 40 W m~2.
On a seasonal basis, the ocean heat gain is maximum
from October to December with a net heat flux of about
90 W m~2 and reaches a minimum value of about 20
W m~2in June over the ABA. In March/April, the mean
net heat flux is about 70 W m~-2 toward the ocean.
Hence, warm and cold events induce strong heat anom-
alies in comparison to the annual cycle. In conclusion,
local net heat flux seems to have a rather passive role,
acting as a thermostat to regulate cold and warm events
at the surface, mainly via latent heat flux anomalies.

6. Model simulation—1979-99

In order to investigate the vertical and horizontal
structures of the temperature anomalies below the sur-
face, we have studied outputs from a tropical ocean
model, the OPA version 8 OGCM developed at Labor-
atoire d’ Océanographie Dynamique et de Climatologie
(LODYC; Madec et a. 1999). This version of OPA
solves the primitive eguations assuming the Boussinesq
and hydrostatic approximations, the incompressibility
hypothesis and the use of a rigid-lid boundary at the
sea surface. Simulations were performed at LODYC
with the Three Tropical Ocean Configuration (TOTEM)
in which the grid has arelatively high resolution (0.33°
maximum near the equator in the zonal and meridional
directions) covering the oceans between 45°S and 45°N.
The vertical grid has 30 levels and a resolution of 10
m from the surface to 150 m, which decreases signifi-
cantly after 600 m. There is no restoring term in tem-
perature and salinity between 20°S and 20°N. Outside
of this belt, a linear restoring term is applied towards
the monthly mean temperature and the seasonal salinity
fields of Levitus (1982).

This restoring term is applied only under the mixing
layer with a time constant decreasing from 250 days at
20° to 30 days along the northern and southern bound-
aries of the domain. The Brunt-Vaisala frequency is
used to compute the turbulent kinetic energy (TKE;
Blanke and Delecluse 1993), which determines the ver-
tical mixing coefficients. In this simulation, the fresh-
water flux is introduced as a pseudosalt flux. It is pre-
scribed as a boundary condition on vertical diffusion
flux of salinity. To avoid unrealistic temperature drift
induced by the heat forcing biases and model deficien-
cies, arelaxation of SSTs of thefirst layer at 5 m toward
observed SSTsis added to the European Centre for Me-
dium-Range Weather Forecasts (ECMWF) heat flux. A
complete description of this model is available in Maes
et a. (1998).

The model is forced by daily wind stress, net surface
solar radiation, net surface heat flux, and net freshwater
flux (evaporation minus precipitation). Except for the
net freshwater flux, these fields are taken from the
ECMWF Re-Analysis (1979-91), (ERA-15; Gilson et
al. 1999). Comparisons of the ERA-15 precipitation
with different climatologies led to the choice of Climate
Prediction Center (CPC) Merged Analysis of Precipi-
tation (CMAP) precipitation (Xie and Arkin 1998) for
the freshwater flux boundary condition (Masson et al.
2002). Evaporation, linked to the latent heat flux, is
taken from ERA-15. From 1992, ERS wind stress data
are used instead of ERA-15 and from 1994 heat forcing
fluxes and the evaporation are extracted from ECMWF
analyses.

We have used the monthly model outputs to study
temperature anomalies over the period 1979-99 at dif-
ferent depths in the upper ocean (5, 25, 45, 75, and 100
m). A climatology has been calculated over the 1982—
99 period to match the climatology of the OI-SST ob-
servations. Then the model SST anomalies have been
extracted, detrended, and compared to OI-SST anom-
alies. It is important to emphasize than the model SST
fields are influenced via a relaxation term toward ob-
served SST in the air—sea heat budget equation. Hence
it is expected that the model near-surface temperatures
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Fic. 10. Standard deviation of (left) OI-SSTA and (right) model SSTA (°C).

will be in rather good agreement with Reynolds SST
data.

a. Comparison between model monthly SSTA and
OI-SSTA

Figure 10 shows standard deviations of model tem-
perature anomalies at 5-m depth and OI-SSTA for the
period November 1981-December 1999. The area of
highest model SSTA variability corresponds to the one
obtained from OI-SSTA (roughly from 20° to 10°S and
8°E to the coast). However, we note that variability lev-
els are underestimated by the model with a mean ratio
of 0.81 over the ABA. Monthly model SSTAs havethen
been spatially averaged on the ABA to build time series
for the period 1979-99. A comparison with observa-
tionsin Fig. 11 confirms the generally lower amplitudes

MODEL SSTA (B) - OI-SSTA (G) - ABA
T T T T T

of anomaliesin the model simulation. According to De-
lecluse et al. (1994), externally forced wind stressanom-
alies are important for initiating the interannual vari-
ability in the tropical Atlantic but this ocean model is
ableto develop arelatively large coupled response. Cou-
pled atmosphere—ocean feedbacks are missing in this
simulation and this absence might explain the lower
SSTA variability in the model. We also note that in Fig.
11 the simulation is more realistic from 1993 to 1999,
that is, when the model is forced by ERS-1 and ERS-2
winds. The error standard deviation between the two
signals is 0.43, instead of 0.57 when ECMWF winds
are used. Hence wind stress products may also explain
the relative discrepancy of variability levels betweenthe
model and the observed SSTs.

Nonetheless, the 1982, 1983, 1984, 1991, 1995, 1997,
and 1997/98 events are captured by the model and the

3 T T 1 T T

2+ i
A m //\ Tl
2+ J
_3 ] | ] | | 1 1 1 |

1982 1984 1986 1988 1990 1992 1994 1996 1998

Fic. 11. Time series of model SSTA (black) and OI-SSTA (gray) over the ABA (°C).
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amplitudes of the 1997 and 1997/98 events are realistic.
The amplitude of the 1995 episode is significantly un-
derestimated and the duration of the simulated 1984
event is less than the observed one. As a consequence,
a lag of about 1 month appears between the real and
simulated 1984 peaks. The 1986, 1996, 1998, and 1999
events are not reproduced or show too weak values in
the model. In the rest of the paper, we focus on the
seven eventsthat are well simulated by the model (1982,
1983, 1984, 1991, 1995, 1997, and 1997/98) with spe-
cial emphasis on the two Benguela Nifios of 1984 and
1995.

Comparison of model monthly SSTA with the OI-
SSTA shows that the model reproduces the spatial dis-
tribution of the various anomalous patterns along the
coast quite well. Figure 12 depicts the mature phase of

three extreme events (1984 and 1995 warm events and
1997 cold event). We show anomalies averaged over
March and April to take into account the lag between
the simulated and observed 1984 and 1995 peaks. As
aready mentioned, the 1984 and 1995 model events
underestimate the observed amplitude (note that the
temperature bar is different for each model plot). These
three events reach their mature phase in March/April
and April.

b. Model anomalies at different depths in the ABA

Figure 13 represents the spatial coverage of the
monthly simulated anomalies at 25-, 45-, 75-, and
100-m depths in March/April when the 1995 Benguela
Nifio reached its maximum of intensity at the surface.
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While little difference is observed between the 5- and erage to the depth of the 45-m level aong the African
the 25-m levels, the 45- and 75-m levels show rather coast, between the equator and 12°S. Hence subsurface
different anomaly patterns. The 100-m level shows a temperatures below that depth will be less constrained
similar pattern to the 75-m level, but weaker in mag- by the surface boundary condition. That might partly
nitude. The model mixed layer seems to extend on av-  explain the difference observed between the surfacelay-



2330 JOURNAL OF CLIMATE VOLUME 17

AN

MODELTFMPERATUBEANOMAL@S:AT45M(FQMSOE5§—G)-ATSMKABA—B)

0~ \/

2+

1 1 1
1993 1994 1995 1996

1 1 1
1997 1998 1999 2000

Fic. 14. Time series of model temperature anomalies at 5- and at 45-m depth layers, respectively, averaged over
the ABA (black) and over an area from the equator to 4°S and from 0° to 5°E (gray) (°C).

ers and the deeper layers. Figure 14 shows two time
series of model temperature anomalies at 5 and at 45
m, respectively, averaged over the ABA and over an
area from the equator to 4°S and from 0° to 5°E. The
maximum correlation between the signals from 1993 to
1999 is 0.69 with a 1-month lag; the signal at 45 m
leads the signal at 5 m. This result indicates the con-
sistency of anomalies between the two layers despite
different spatial patterns.

Subsurface anomalies appear to affect a much larger
area spreading roughly from the equator in the open
ocean to slightly north of the ABA aong the coast with
magnitudes at least as large as the surface ones (Fig.
13). At the 100-m level, the signature of both eventsis
still visible with a spatial coverage similar to the 45-
and 75-m levels, but with much lower intensity. A sim-
ilar analysisis applied to other simulated episodes; they
all present quite regular patterns spreading southward
from the equator at various depths. However, we note
that in 1982, 1983, and 1991 maximum anomalies are
observed in the 25-m layer while maximum anomalies
occur at the 75-m level in 1984, 1995, 1997, and 1997/
98. The first group of events peaked mainly from May
to July while the other group was in phase with late
summer (March/April). Once again the seasonal varia-
tion in the depth of the thermocline might explain the
different expression of events. Modulation by local
winds also remains a possibility, despite their weakness
near the coast. Hence all episodes turn out to be large-
scale events although their surface expression might be
limited.

c. Origin of model anomalies

To determine the origin of simulated events and to
track the anomalies across the tropical Atlantic below
the surface, we have summed the monthly anomalies
between the five layers for the entire domain. This pro-
cedure allows usto follow the evolution and propagation
of various events whatever their depth and location.
Figure 15 shows the temperature anomalies in 1995
from December to March, that is, from their first ap-
pearance in the deeper layers until they eventually reach

the ABA in the 5-m layer. It confirms the equatorial
origin of the 1995 event: we note the development of
subsurface warm anomalies along the equator in De-
cember (Fig. 15a), roughly 1 or 2 months before they
start to outcrop in the Angola—Benguela area (Fig. 15¢).
The anomalies spread eastward to Africa below the sur-
face and then propagate poleward along the coast in the
ABA. The 1984 warm event shows a very similar evo-
[ution.

Anomalies created in the west-central basin spread to
the African coast in 15-30 days (i.e., with a propagation
rate of 1.5 to 2 m s *). The period of these waves (2
months) makesit difficult to distinguish the eastern lead-
ing ““edge’” of the wave since anomalies occupy almost
half of the basin while they develop. Picaut and Bus-
alacchi (2001) have given a typical phase speed of the
order of 1 m s, while Katz (1997) has suggested 2
m s~*. Delecluse et al. (1994) have shown that an ob-
served speed of 2 m s~*isclose to the theoretical phase
speed in the Atlantic. All these characteristics suggest
that the underlying mechanisms driving the major warm
events along the coast of Angola and Namibia might
correspond to equatorial and coastal trapped down-
welling waves. Anomalies become evident at the sea
surface only when and where the thermocline breaks
the surface. In summer, the thermocline of the eastern
tropical Atlantic Ocean only outcrops in the ABA and
is part of the Angola—Benguela front. When the front
is moved southward/northward under the action of an
incoming downwelling/upwelling coastal wave, awarm/
cold pool is produced at the surface. In both cases,
anomalies seem to increase as they propagate eastward,;
the thermocline indeed shows a stronger vertical gra-
dient in the eastern basin compared to the central and
western parts. As a result, vertical shifts induce higher
subsurface temperature anomalies near Africa.

Figure 16 depicts temperature anomaly standard de-
viation between the surface and the 100-m layer over
the period of study. It allows a visualization of the way
anomalies propagate below the surface along the coast.
The depth of higher variability corresponds to the mean
depth of the model thermocline and shows the path fol-
lowed by the temperature anomalies. Because of the
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Fic. 17. Vertical section of model warm and cold temperature anomalies along the coast in (top) Mar 1995 and
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strong thermal gradients associated with the thermo-
cline, vertical and horizontal shifts of isothermsinduce
strong temperature anomalies visible at the surface in
the ABFZ. As aresult, the surface location of the anom-
alies will be related to the location of the ABFZ and
their amplitude and spatial coverage will be partly mod-
ulated by the width of the front.

The other simulated events have also been analyzed
using the same method of summing the anomalies be-
tween all layers. In all cases, warm and cold events
appear to occupy a large area spreading roughly from
the equator to the ABA in the eastern Atlantic Ocean.
However, development and propagation of anomalies
along the equator are not always as manifest as for the
1984 and 1995 events. In April 1982, we note the ap-
pearance of a cold anomaly pool at the 5- and 25-m
depths in the ABA that might be related to local fa-
vorable upwelling winds. Then in June and July 1982,
strong cold anomalies developed at depth along the
equator and propagated eastward and then poleward
along the coast to meet the ones that evolved in April.
Hence this cold event could be both the result of local
upwelling and wave propagation. During the 1983 cold
event, anomalies start to develop along the equator in
January and spread eastward in a similar way to the
1984 and 1995 events. Analyses of the 1991, 1997, and
1997/98 episodes also indicate an equatorial origin (not
necessarily at the same longitude) with subsequent east-

ward and southward propagations. Kostianoy and Lu-
tjeharms (1999) have demonstrated that the location and
the intensity of the Angola—Benguelafront isinfluenced
directly by the wind stress patterns over the South At-
lantic. Although these warm and cold episodes arethere-
fore not caused by regional atmospheric disturbances
over the ABA, local wind fluctuations may modify their
expression at the surface as well as their impact.

Figure 17 provides two examples of warm and cold
tongues spreading from the equator southward and even-
tually outcropping near 15°S in March 1995 (Fig. 17a)
and March 1997 (Fig. 17b). It shows that the propa-
gation process and the mechanism driving both events
are very much the same. The various analyses presented
earlier lead us to suggest that the mechanism driving
Benguela Nifios could apply to any events remotely
forced in the western and central equatorial Atlantic. A
few of these are the intense events with a potential im-
pact on rainfall and biota (Benguela Nifios) whereas
others are minor warm episodes with a weaker impact
on the environment. Conversely, extreme cold events
that arise from strengthening of the trade winds could
be referred to as Benguela Nifias.

7. Discussion and conclusions

A combination of various observational and model
analyses at different depths suggests that, despite their
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limited surface expression, warm and cold episodes
along the coast of Angolaand Namibiaarein fact large-
scale events spreading from the equator at different
depths with a duration of several months.

The strong correlation between SST anomaliesin the
ABA and interannual zonal wind anomalies south of the
equator over the western and central Atlantic basin sug-
gests a mechanism based on equatorial and coastal
trapped waves to explain the equatorial origin of most
episodes. Local sea—air heat flux exchanges do not seem
to precondition the sea surface in the Angola—Benguela
region prior to the arrival of an event. SST anomalies
become visible at the surface 1 to 2 months after the
appearance of subsurface temperature anomalies at the
thermocline depth. Such anomalies can be attributed to
vertical shifts of the thermocline under the action of
propagating equatorial Kelvin waves initially triggered
by zonal wind variations. These waves are deviated
poleward on approaching the African continent and tem-
perature anomalies become more or less visible at the
surface as a function of various factors like the strength
of the event, the depth of the thermocline or the up-
welling- or downwelling-favorable winds. Temperature
anomalies start interacting with the atmosphere when
and where the thermocline outcrops along the coast.
Seasonal variations of the thermocline depth and shape
also modulate the surface expression of the anomaly
pool.

In March—April, strong SST anomalies are associated
with an intense and limited pattern along the coast be-
tween 10° and 20°S while they tend to be spread from
the equator southward in winter. Some cold events
(which could be called Benguela Nifias) are comparable
in magnitude to major warm events and their potential
impact on the biota and climate needsto beinvestigated.

Despite the relatively rare occurrence of Benguela
Nifios and Nifias, warm and cold SST anomalies tend
to develop regularly off Angola and Namibia. Monthly
standard deviations reveal seasonality with a maximum
of surface temperature variability in March/April and a
minimum in September/October. Major warm eventsin
phase with late summer are likely to give rise to Ben-
guela Nifios since they induce extremely high sea tem-
peratures that affect the ecosystem. By interacting with
the atmosphere via moisture fluxes, high SSTs may re-
inforce the rainfall season of southwestern Africa with
sudden flooding and devastating consequences.

Sea level anomalies in the eastern equatorial basin
show a strong correlation with the southern SSTA sig-
nal. The remote forcing of the SST anomalies highlights
the possibility of being able to forecast future extreme
events via real-time sea level and wind observations or
predictive models. The development of equatorial sub-
surface anomalies could also be detected in advance
thanks to local measurements such as the ones per-
formed by the Pilot Research Moored Array in the Trop-
ical Atlantic (PIRATA) array (Servain et al. 1998).
However, the nonlinear response of SST anomalies in
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the ABA to the remote wind forcing emphasizes the
need for further work to understand the way different
mechanisms seem to control the development of each
individual event in the tropical Atlantic basin.
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