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Zusammenfassung

Zwischenjahrliche Schwankungen der Meeresoberflichentemperatur (SST) der
tropischen Ozeane sind aufgrund ihres engen Zusammenhanges mit der Nieder-
schlagsvariabilitat angrenzender Landregionen von besonderer Bedeutung. Fiir
den Gstlichen tropischen Atlantik sind zwei wiederkehrende, El Nino-ahnliche
Phanomene beschrieben worden, eines zentriert im aquatorialen Bereich als
Teil des zonales Modus und eines vor Angola, welches als Benguela Nino be-
zeichnet wird. Von beiden Ereignissen wird angenommen, dass sie nicht lokal,
sondern durch eine Relaxation der Passatwinde im westlichen aquatorialen
Atlantik erzeugt werden. Obwohl fiir beide ein dhnlicher Entstehungsmecha-
nismus vermutet wird, sind Atlantik und Benguela Ninos bis vor kurzem als
getrennte Ereignisse betrachtet worden.

In dieser Arbeit wird die Verbindung zwischen Benguela und aquatorialen At-
lantik Ninos sowohl mit Beobachtungsdaten als auch mit Ozeanmodellsimula-
tionen untersucht. Es wird gezeigt, dass sie in einem solchen Ausmafl korreliert
sind, dass sie besser gemeinsam als ein Atlantik Nino bezeichnet werden sollten.
Verbliiffenderweise, kontraintuitiv in Anbetracht des Fernantriebs, treten die
SST Anomalien vor Angola ein bis drei Monate vor denen im Bereich der Kalt-
wasserzunge auf. Es wird gezeigt, dass dieses Verhalten durch Unterschiede
in der Tiefe der Temperatursprungschicht sowie in der Saisonabhéangigkeit der
zwischenjahrlichen SST Schwankungen verursacht wird. Wahrend die Kopp-
lung zwischen Oberflache und darunter liegender Schicht im Bereich der Kalt-
wasserzunge im Juni/Juli, zur Zeit der flachsten Temperatursprungschicht,
am grofiten ist, erscheinen SST Anomalien vor Angola eher an die Jahreszeit
gebunden, in der die Angola Benguela Front ihre stidlichste Position erreicht
und die zwischenjahrliche Variabilitat der Starke der dquatorialen und nach-
folgenden Kiistenkelvinwelle am hohsten ist. Dies ist zwischen Februar und
April der Fall.

Sensitivitatsexperimente mit kiinstlichen Storungen in der Antriebskonfigura-
tion bestéatigen die Wichtigkeit des Fernantriebs vom Aquator fiir SST Schwan-
kungen vor Angola. Zudem demonstieren sie die fithrende Rolle der Wind-
schubspannung in der Erzeugung von oberflichennahen Temperaturanoma-
lien im Ostlichen tropischen Atlantik. Weiterhin wird gezeigt, dass diese mit
Schwankungen in der Starke der subtropischen Antizyklone verbunden sind.
Auch die aquatorialen Stromungen reagieren auf Passatwindédnderungen und
tragen so zu SST Anomalien im Bereich der Kaltwasserzunge bei. Es wird
gezeigt, dass Variabilitat in der Starke der siidlichen subtropischen Zelle die
SST im 0Ostlichen tropischen Atlantik auf dekadischer Zeitskala schwach bein-
fluft.

Schwankungen der Meeresoberflachentemperatur im tropischen Atlantik wer-
den nicht nur von Prozessen innerhalb des Atlantiks bestimmt, sondern sind
auch vom tropischen Pazifik beeinflufit. Neuere Studien legen nahe, dass um-



gekehrt auch Variabilitat im Atlantik einen Einfluss auf ENSO hat. Wech-
selwirkungen zwischen SST Schwankungen im tropischen Atlantik und Pazifik
werden im letzten Teil der Arbeit unter Einbeziehung von Experimenten mit
einem Modell mittlerer Komplexitéit diskutiert. Die Ergebnisse lassen darauf
schlieflen, dass warme (kalte) Anomalien im Ostlichen Pazifik die Entwicklung
von kalten (warmen) Ereignissen im Atlantik begiinstigen, wéhrend warme
Ereignisse im Atlantik mit darauf folgenden kalten Episoden im Pazifik ver-
bunden zu sein scheinen.



Abstract

Interannual sea surface temperature (SST) variations of the tropical oceans
are of particular interest due to their close relation to rainfall variability over
adjacent land regions. For the eastern tropical Atlantic two recurring El Nino-
like phenomena with high interannual SST anomalies have been described,
one centered in the equatorial region as part of the Atlantic zonal mode and
one off Angola referred to as Benguela Nino. Both events are supposed to be
generated not locally but by a relaxation of the trade winds in the western
equatorial Atlantic. Despite their similar assumed forcing mechanisms, until
recently Atlantic and Benguela Ninos have been viewed as separate events.

In this thesis the connection between Benguela and equatorial Atlantic Nifos
is investigated with observational data sets as well as ocean model simulations.
The study shows that they are correlated to such an extent that they should
rather be viewed as one Atlantic Nino. An intriguing feature, counterintuitive
in view of the remote forcing mechanism, is that SST anomalies off Angola pre-
cede those in the cold tongue region by one to three months. This behaviour is
shown to be caused by differences in thermocline depths and in the seasonality
of interannual SST variability in the two regions. While the subsurface-surface
coupling in the cold tongue region reaches its maximum in June/July when
the thermocline is shallowest, SST anomalies off Angola appear rather to be
phase-locked to the season in which the Angola Benguela Front is at its south-
ernmost position and the interannual variability in the strength of equatorial
and subsequent coastal Kelvin waves is highest in February-March-April.

Sensitivity experiments with artificial perturbations in the forcing configu-
ration confirm the importance of remote forcing from the equator for SST
variability off Angola. They also demonstrate the leading role of wind stress,
in particular the Southeasterly Trades, in the generation of near surface tem-
perature anomalies in the eastern Tropical Atlantic which are further shown
to be linked to variations in the strength of the South Atlantic Anticyclone.
The Trade Wind variations also affect the equatorial current system and thus
also contribute to SST anomalies in the cold tongue region. Variability in the
strength of the southern subtropical cell is shown to have a weak influence on
eastern tropical Atlantic SST on decadal time scales.

SST variations in the Tropical Atlantic are not only determined by processes
within the Atlantic but appear to be influenced remotely from the Tropical
Pacific; recent studies indicate that variability in the Tropical Atlantic might
have an impact on ENSO as well. Interactions between SST variations in the
Tropical Atlantic and Pacific are discussed in the last part of the thesis taking
into account sensitivity experiments with an intermediate complexity model.
The results suggest that warm (cold) anomalies in the eastern Tropical Pacific
favors the developement of Atlantic cold (warm) events while warm events in
the Atlantic appear to be linked to subsequent cold events in the Pacific.
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1 Introduction

Before beginning a hunt, it is wise to ask someone what you are looking for
before you begin looking for it.

(Pooh’s Little Instruction Book, inspired by A. A. Milne)

1.1 Scientific background

The tropical oceans are of major importance for the climate system. In the
Tropics, interactions between ocean and atmosphere are strong and the diver-
gence of the poleward oceanic heat transport is at its maximum causing the
tropical regions to play a critical role in the global heat budget (Chang et al.,
2006b). Tropical sea surface temperature (SST) anomalies are closely linked
to rainfall variability over adjacent land regions. In the Atlantic, interannual
rainfall variability over northeast Brazil and the Sahel region is associated
with equatorial SST anomalies (e.g. Moura and Shukla, 1981; Giannini et al.,
2003; Xie and Carton, 2004; Chang et al., 2006b). SST variability in the
southeastern Tropics off Angola plays an important role in interannual rainfall
variations over southern and coastal West Africa (Rouault et al., 2003; Reason
and Rouault, 2006) and affects the marine ecosystem along the western African
coast (e.g. Binet et al., 2001).

The focus of this study is on interannual variations of SST in the eastern
equatorial and southeastern Tropical Atlantic ocean, represented respectively
by the “Atlantic 3” region (Atl3: 3°S to 3°N, 20°W to 0°W, defined by Zebiak,
1993) and the “Angola Benguela area” (ABA: 20°S to 10°S, 8°E to 15°E, de-
fined by Florenchie et al., 2003). Both areas are indicated as lightblue boxes in
Fig. 1.1, which provides a schematic representation of the region. While Tropi-
cal Pacific variability is clearly dominated by the interannual El Nino-Southern
Oscillation (ENSO) phenomenon, the Tropical Atlantic exhibits variability of
comparable magnitude on various spatial and temporal scales, both intrinsic
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to the basin and remotely forced.

Seasonal cycle

In the eastern equatorial Atlantic SST variability is dominated by the sea-
sonal cycle. As described in Xie and Carton (2004) temperatures are highest
in boreal spring, when the ITCZ reaches its southernmost position and the
equatorial trade winds are weakest. With the onset of the West African Mon-
soon the southeasterly winds intensify in May and the I'TCZ moves northward.
This easterly accelaration leads to intensified evaporation, upwelling and, via
the associated zonal pressure gradient, a shoaling of the thermocline. The
shallow thermocline results in lower temperatures of upwelled subsurface wa-
ters. Thus, the eastern equatorial SST reaches its minimum in boreal summer,
corresponding to a “cold tongue” that is present from June to September. As

60°W 40°W 20°W 0° 20°E

Figure 1.1: Mean SST (from monthly NOAA SST observations, color) and
NCEP wind stress (vectors) for 1982 to 2007 combined with a schematic rep-
resentation of some circulation features and area definitions that are of im-
portance for the present study: the atmospheric South Atlantic Anticyclone
(SAA), the North Brazil current (NBC), Equatorial Undercurrent (EUC), An-
gola current (AC) and Benguela current (BC) as well as the mean position of
the Angola Benguela Frontal Zone (ABFZ) and the Atlantic 3 region (Atl3)
and Angola Benguela area (ABA).
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a result of the cross-equatorial southerlies that induce upwelling south and
downwelling north of the equator (first near the coast and subsequently —
due to Rossby waves and advection — over the eastern basin, Philander and
Pacanowski, 1981), the cold tongue is located slightly south of the equator
(Xie, 1998; Okumura and Xie, 2004).

Tropical Atlantic Variability

Regarding interannual to decadal time scales it is common to describe Tropical
Atlantic climate variability in terms of two coupled ocean-atmosphere modes
(e.g. Servain, 1991; Ruiz-Barradas et al., 2000), namely a meridional or gradi-
ent mode, and a zonal or equatorial mode, which is also termed Atlantic Nino
because of its similarity to the Pacific El Nifio phenomenon (Merle, 1980).
They are shown in Fig. 1.2 as the second and first Empirical Orthogonal
Function (EOF) of monthly SST data. The two phenomena together are re-
ferred to as Tropical Atlantic variability (TAV) and tightly phase-locked to the
seasonal cycle.

The meridional mode represents an interhemispheric, cross-equatorial SST gra-
dient on decadal time scales that is most pronounced in boreal spring when
the equatorial Atlantic is uniformly warm (Ruiz-Barradas et al., 2000). It
is sometimes referred to as a dipole mode but northern and southern SST
anomalies have been shown to vary indepedently of each other (Mehta, 1998,;
Dommenget and Latif , 2000, 2002). Carton et al. (1996) showed that wind-
induced latent heat flux changes play a major role for the off-equatorial SST
anomalies. Based on these results, Chang et al. (1997) proposed a positive
ocean-atmosphere feedback mechanism involving primarily the thermodynamic
feedback between surface heat flux and SST. This positive Wind-Evaporation-
SST (WES) feedback (introduced originally by Xie and Philander, 1994, to
explain the northward displacement of the ITCZ in the eastern Pacific) links
anomalous trade winds, wind-induced changes in surface evaporation and SST
anomalies in the following way: A change in the cross-equatorial SST gradi-
ent sets up an anomalous atmospheric pressure gradient through hydrostatic
adjustment of the atmospheric boundary layer. The resulting anomalous cross-
equatorial flow that (near the equator) is directed down the pressure gradient,
i.e. towards the warm SST anomaly, is (away from the equator) deflected by
the Coriolis force in such a way that it increases the wind speed in the hemi-
sphere with the negative SST anomaly leading to more evaporation and thus
further cooling while it decelerates the trades in the warmer than usual hemi-
sphere which reduces the surface evaporation, thereby increasing the positive
SST anomaly (Xie and Carton, 2004; Chang et al., 2006b). Through the as-
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Figure 1.2: First (a) and second (b) EOF of monthly NOAA SST observations
for 1982 to 2007 that explain 23% and 16% of the variance, respectively

sociated migration of the ITCZ the cross-equatorial SST gradient is related to
rainfall anomalies over Northeast Brazil (e.g. Moura and Shukla, 1981; Chiang
et al., 2002), whether or not a thermodynamical feedback exists (Sutton et al.,
2000).

The zonal mode, that will be the focus of the present study, is most prominent
on interannual time scales. While the meridional mode, as described above,
is governed by thermodynamic processes at the sea surface, the zonal mode
is dominated by ocean dynamics. The dynamical processes are similar to the
Bjerknes mechanism (Bjerknes, 1969) in the Tropical Pacific in which an east-
ern equatorial warming causes a relaxation of the trade winds to the west of
the SST anomaly leading to reduced upwelling and a deepening of the thermo-
cline in the east which results in further warming. As shown by Keenlyside and
Latif (2007) all three elements of the positive feedback exist in the Atlantic
although weaker than in the Pacific: (1) forcing of surface winds in the west by
SST anomalies in the east, (2) forcing of heat content anomalies in the east by
winds to the west via variations in thermocline depth and (3) forcing of SST
anomalies in the east by heat content anomalies through vertical advection of
anomalous subsurface temperatures. Accordingly, the so called Atlantic Nino
that occurs mainly in the cold tongue region, is generated by wind anomalies
in the western part of the basin and associated with a vertical displacement
of the thermocline. It is phase-locked to boreal summer when the trade winds
are at their maximum and the thermocline is shallow (Keenlyside and Latif,
2007). Okumura and Xie (2006) found another period of high interannual
SST anomalies in November and December in phase with a second seasonal
intensification of easterly winds associated with a SST minimum in the central
equatorial Atlantic. During an interannual warm phase, the trade winds in
the western equatorial Atlantic are weaker than usual and the thermocline in
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the east is anomalously deep (Zebiak, 1993; Carton and Huang, 1994; Carton
et al., 1996).

Benguela Ninos

Another El Nino-like phenomenon with high temperature anomalies in the
eastern Tropical Atlantic is known as Benguela Nino (Shannon et al., 1986).
The strongest Benguela Ninos that received a lot of attention because of their
impact on local fisheries and rainfall over the region occured in 1934, 1949,
1963, 1984 (Shannon et al., 1986) and 1995 (Gammelsrod et al., 1998). Con-
versely, extreme cold events as in 1982/83 and 1997 are referred to as Benguela
Ninas (Florenchie et al., 2004). Smaller warm and cold events occur frequently,
e.g. in 1896 and 1998 (warm) and 1991/92 (cold). Benguela Nifios take place
in austral fall off Angola in the frontal zone around 15°S where the warm and
saline southward flowing Angola Current meets the cooler northwestward flow-
ing Benguela Current (e.g. Shannon and Nelson, 1996, schematically shown
in Fig. 1.1). The Angola Current is fed by eastward equatorial zonal cur-
rents, namely the Equatorial Undercurrent (EUC), the South Equatorial Un-
dercurrent (SEUC) and the South Equatorial Countercurrent (SECC), via the
Gabon-Congo Undercurrent (Peterson and Stramma, 1991) and it forms the
eastern side of the cyclonic Angola Gyre (Stramma and Schott, 1999). The
Benguela Current, on the other hand, forms the eastern limb of the anticyclonic
South Atlantic subtropical gyre (Peterson and Stramma, 1991). Starting at
the Cape of Good Hope it flows northward until it moves offshore off Liideritz
where the major part of the current bends towards the northwest. Part of
it, however, continues along the coast and joins the Angola Current at the
ABFZ (Wedepohl et al., 2000). Benguela Ninos, too, are supposed to be forced
remotely from the equator by a relaxation of the trade winds in the western
equatorial Atlantic. Subsurface temperature anomalies associated with the
Kelvin waves excited by the wind relaxation progress in the thermocline and
then outcrop in the Angola Benguela area as SST anomalies (Florenchie et al.,
2003, 2004; Rouault et al., 2007). The contribution of local forcing to the
generation of Benguela Ninos is under discussion. While previous studies indi-
cate that coastal winds have even been more upwelling favourable during the
strongest Benguela Nino events (Shannon et al., 1986; Florenchie et al., 2004;
Rouault et al., 2007), recent studies by Polo et al. (2008b) and Richter et al.
(2010) suggest that local wind stress forcing might be important as well. As
indicated by Fig. 1.3 that schematically summarizes the forcing mechanisms
suggested for equatorial Atlantic as well as Benguela Ninos, interannual SST
variability in the two regions is likely to be connected. Although there are
some studies mentioning that warm events in the two regions might be linked,
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little attention has been given to that issue so far.

Subtropical-Tropical Cells

Another potential oceanic remote - forcing mechanism that has been proposed
to contribute to the modulation of eastern equatorial SST is the change in
the transport of the subtropical - tropical cells (STCs) (Kleeman et al., 1999).
STCs are wind-driven shallow meridional overturning cells first described by
McCreary and Lu (1994) that connect the subtropical subduction regions of
both hemispheres to the eastern equatorial upwelling regimes by equatorward
thermocline and poleward surface flows (Schott et al., 2004). For the Pa-
cific, it has been shown from both models and observations that wind-driven
changes in the STC strength have an impact on equatorial SST via the supply
of cold subtropical waters to the equatorial upwelling system (Nonaka et al.,
2002; McPhaden and Zhang, 2002; Capotondi et al., 2005). For the Atlantic
the connection is less clear, most likely due to the pronounced asymmetry of
the cells that is caused by the interaction with the northward flowing warm-
water branch of the meridional overturning circulation (Fratantoni et al., 2000;
Jochum and Malanotte-Rizzoli, 2001). There are, however, studies indicating
that STC signals might contribute to decadal equatorial SST variations in the
Atlantic as well (Krdger et al., 2005).

Equatorial Undercurrent

Along the equator, water subducted in the subtropics is transported in the
Equatorial Undercurrent (EUC) as the equatorial branch of the STCs. The

SST anomaly
in eastern
eq. Atlantic: ?
Atlantic Nino
t SST anomaly
wind change Kelvin vertical shifts subsurface in ABA
in western | = wave | = lin thermocine |~ temperature |=| where thermocline
eq. Atlantic anomaly outcrops:
Benguela Nino

Figure 1.3: Schematic representation of the mechanism suggested for the gen-
eration of Atlantic and Benguela Ninos
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EUC, indicated by a blue arrow in Fig. 1.1, is an eastward flowing zonal cur-
rent centered on the equator around the depth of the thermocline, driven by
the wind-induced zonal pressure gradient (McCreary, 1981; McPhaden, 1981).
It shoals on its way to the east and feeds the equatorial upwelling (Hazeleger
and de Vries, 2003), thereby impacting eastern equatorial SST. On interannual
time scales, Hormann and Brandt (2007) found boreal summer variations of
near-surface temperatures in the cold tongue region to be anticorrelated with
thermocline EUC transport anomalies.

Interaction between Tropical Atlantic and Pacific

SST variability in the Tropical Atlantic is not only determined by processes
within the Atlantic, but is also influenced remotely from interannual variations
in the Tropical Pacific, i.e. the El Nino - Southern Oscillation (ENSO): Enfield
and Mayer (1997) showed that Tropical Pacific SST anomalies modulate the
Atlantic northeasterly trade winds leading to a warming of the northern Trop-
ical Atlantic 4 - 5 months after an El Nino event. Also, Latif and Grotzner
(2000) found that ENSO events in the Pacific change the Atlantic trade winds.
They suggested that this modulation of the Atlantic zonal surface winds to-
gether with local coupled feedbacks results in a modulation of western and
eastern Atlantic heat content, which might contribute to induce the Atlantic
zonal mode. According to Sutton et al. (2000) there are two mechanisms by
which ENSO may influence the Tropical Atlantic region: first via changes of
the Walker and Hadley circulation and second via Rossby wave like distur-
bances propagating through the extratropics (related to Pacific North Ameri-
can teleconnection pattern). Colberg et al. (2004) suggest that ENSO induced
anomalies might also play an important role for upper ocean temperature vari-
ations in the Southern Atlantic Ocean and thus Benguela Ninos by altering
the net surface heat flux, the meridional Ekman heat transport and Ekman
pumping. In spite of the many studies addressing that issue, the importance
of ENSO forcing for Tropical Atlantic variability is still controversial. There
is no robust response in eastern equatorial Atlantic temperatures to El Nino
events. While e.g. Latif and Grétzner (2000) find warm conditions 6 months
after an El Nino in the in their cross-spectral analysis, composite analysis by
Huang et al. (2004) indicate that El Nino events lead to cold SST anomalies in
the Tropical Atlantic. Harmonic analysis of composite ENSO response in SST
shows Tropical Atlantic cold anomalies in the first half of an ENSO cycle and
warming in the second phase (Nicholson, 1997). Consistent with the disagree-
ment between the different studies, the in-phase correlation between Nino3
and Atl3 SST anomalies is very low. Chang et al. (2006a) suggested that the
inconsistent relationship between Pacific El Ninos and Atlantic Ninos might be
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due to destructive interference between the tropospheric-temperature-induced
warming (Chiang and Sobel, 2002; Chiang and Lintner, 2005) and Bjerknes
type ocean dynamics induced by the change in trade winds. Recent studies
by, e.g., Jansen et al. (2009) and Rodriguez-Fonseca et al. (2009) propose that
not only Tropical Pacific variability influences the Tropical Atlantic, but that
variabilty in the Tropical Atlantic has an impact on ENSO as well.

1.2 Objectives

The major goal of the present study is to investigate the relationship between
Equatorial Atlantic and Benguela Ninos in a combined analysis of observa-
tional data and a set of simulations utilizing a global ocean model. Despite
their similar assumed forcing mechanisms (as described in the previous sec-
tion and shown schematically in Fig. 1.3) and the fact that representations
of the zonal mode show a SST maximum not only in the cold tongue region,
but also off Angola (e.g. Ruiz-Barradas et al., 2000, Fig. 1.2a), until recently
Atlantic and Benguela Ninos have been viewed as separate events and have
been addressed in separate studies. In recent years, however, a few studies in-
dicated that Benguela and Atlantic Ninos are physically connected and should
rather be viewed as parts of the same mode. Reason and Rouault (2006)
suggested that the interannual SST variability of the ABA and the eastern
equatorial Atlantic are strongly related. Hu and Huang (2007) considered the
SST variability in the cold tongue and off Angola as two centers of the south-
ern Tropical Atlantic (STA) pattern (Huang et al., 2004) and described the
connection between SST anomalies in the two regions as one dynamical air-
sea coupled mode. Rouault et al. (2009) noted that some Atlantic Ninos were
preceded by Benguela Ninos and also Polo et al. (2008b) found a connection
between warming off Angola and at the equator. They describe the Atlantic
Nino mode to extend from the western African coast to the equatorial region.
In this study, it will be examined to which extent and by which mechanisms
equatorial Atlantic and Benguela Ninos are linked and whether they are part
of the same eastern Tropical Atlantic Nino. For a systematic analysis of the
sequence of events in the eastern Tropical Atlantic correlation /regression ana-
lysis is used as well as a composite analysis of warm Benguela years.

Interestingly and seemingly inconsistent with the forcing mechanism proposed
by Florenchie et al. (2003, 2004) there are suggestions in all the studies men-
tioned above that warming in the equatorial Atlantic tends to lag warming
off Angola by one season; Rouault et al. (2009) pointed out that so far there
is no satisfactory explanation for this relationship. The air-sea coupled mode
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described by Hu and Huang (2007) is initiated at the Angolan coast between
March and May and peaks at the equator in June to August, and the equato-
rial SST mode discussed by Polo et al. (2008b) begins in the Angola Benguela
region as well. Thus, a special focus of this thesis is to understand the cause of
the time-lag between SST anomalies off Angola and in the eastern equatorial
Atlantic. The interpretation of the observational analysis is aided by a series
of model experiments studying the oceanic response to atmospheric variability
utilizing a comprehensive forcing data set recently developed for Co-ordinated
Ocean-ice Reference Experiments (“CORE”, Large, 2007; Griffies et al., 2009).
Specific perturbation experiments allow to revisit the forcing mechanism for
Benguela Ninos with respect to the relative roles of local upwelling and remote
forcing from the equator in order to find an explanation for the (direction of
the) time lag between warm events in the Angola Benguela area and in the
cold tongue region.

Regarding the influence of local versus remote wind stress forcing on SST vari-
ability, the role of the South Atlantic Anticyclone (SAA) will be brought into
the focus of attention. The SAA is the dominant wind system over the South
Atlantic Ocean and consists of the midlatitude westerlies, equatorward winds
along the west coast of Southern Africa and the Southeasterly Trade Winds
(Fig. 1.1). The question arises whether temperature anomalies off Angola and
in the cold tongue region might both be linked to variations of this large-scale
atmospheric circulation.

Complementary to the analysis of Atlantic and Benguela Ninos, further factors
that impact SST variability in the eastern Tropical Atlantic on interannual to
decadal time scales will be briefly discussed in the latter part of the study.
As interannual to decadal EUC variability is tied to variations in wind stress
(Kroger et al., 2005; Hittl and Bdéning, 2006), the wind changes that induce
Atlantic and Benguela Ninos might lead to EUC transport variations as well
and thus contribute to the SST anomalies in the cold tongue region. Along
these lines Gdes and Wainer (2003) showed the EUC to be stronger in cold
event years and weaker in warm event years. Their results will be revisited
using the ORCA ocean model simulations. Regarding the potential influence
of the subtropical - tropical cells, a special configuration of the Kiel Climate
Model will be used to isolate the effect of off-equatorial wind forcing.

With respect to the interaction between interannual variability in the Tropi-
cal Pacific and Atlantic ocean, perturbation experiments from an intermediate
complexity model are analyzed in order to address the question whether the
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conditions in one of the tropical oceans favour the developement of a sub-
sequent warm or cold event in the other one. The main focus lies on the
dynamical response of eastern equatorial Atlantic SST to remote ENSO forc-
ing and its seasonal dependency, while the impacts that Atlantic Ninos might
have on the Tropical Pacific are only touched on.

This thesis is organized as follows: In Chapter 2 the models and observational
data used in this study are described. In Chapter 3 the ability of the ocean
model to capture major aspects of the mean circulation and seasonal cycle in
the Tropical Atlantic is discussed before turning to an analysis of the interan-
nual variability in Chapter 4 which is divided in seven subsections: Section 4.1
elucidates the link between Benguela and Equatorial Atlantic Ninos; Section
4.2 focusses on the forcing mechanism of Benguela Ninos; Section 4.3 discusses
the time lag between warm events in the Angola Benguela area and in the cold
tongue region; Sections 4.4, 4.5 and 4.6 examine the roles of the South At-
lantic Anticyclone, the Equatorial Undercurrent and the subtropical-tropical
cells; and section 4.7 summarizes the main results. Chapter 5 focusses on
the interaction with interannual variability in the Tropical Pacific. Chapter 6
provides the conclusions and a discussion of their implications.
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2 Models and data sets

Never trust anything that can think for itself if you can’t see where it keeps its
brain.

(Joanne K. Rowling, Harry Potter and the chamber of secrets)

In order to address the questions that were raised in the introduction, observa-
tional data sets as well as output from three different types of numerical models
are analyzed. First and foremost a global ocean model is used to investigate
the spatio-temporal sequence of events in the ocean. Regarding the potential
influence of the subtropical cells on equatorial SST coupled model simulations
are additionally looked at. For idealized experiments with respect to the issue
of Atlantic-Pacific interaction an ocean model of intermediate complexity is
used. It can either be run as an ocean only model or coupled to a statistical
atmosphere. The models and observations used in this study are described in
the following sections.

2.1 Ocean model

The model mainly used in this study is the global ocean-sea ice model NEMO-
ORCAO05 with 0.5° horizontal resolution forced by a prescribed interannually
varying atmosphere spanning the period 1958-2000. The model configuration
(referred to as ORCAOQ5) is based on the “Nucleus for European Modelling of
the Ocean” (NEMO, Madec, 2008) numerical framework, implemented by the
European DRAKKAR collaboration (DRAKKAR Group, 2007). The ocean
model is coupled to the dynamic-thermodynamic sea ice model LIM2 (Fichefet
and Morales-Marqueda, 1997).
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2.1.1 Configuration

The model is based on the primitive equations (Bryan, 1969) that are solved
on an Arakawa-C grid (Arakawa and Lamb, 1977) in which the tracer point is
located in the middle of the grid box and the velocity components are stag-
gered in space such that the zonal (meridional, vertical) component falls on
the interface between tracer grid boxes in the zonal (meridional, vertical) di-
rection. In the configuration used here, the nominal grid size is 0.5° with a
horizontal resolution of 0.5° in longitude and values in the range between 0.5°
at the equator to 0.1° close to the poles in latitude. To overcome the north pole
singularity, ORCA utilises a tripolar grid with two northern poles situated on
North America and Eurasia (Madec and Imbard, 1996). In the vertical, the
water column is divided into 46 geopotential levels of variable thickness with
20 levels in the top 500m and a resolution of 6m at the surface. The thickness
of the upper-most layer can vary due to the implementation of an implicit free
surface in a volume conserving formulation. Bottom topography and coastlines
are derived from ETOPOS5 (1988) and interpolated on the model grid. Topo-
graphic slopes are represented by a partial step formulation (Adcroft et al.,
1997), which improves the representation of bottom-near flow in regions with
steep and narrow topography (Barnier et al., 2006). Regarding the temporal
resolution, a time step of 2400s is used.

2.1.2 Physics

ORCAO05 does not resolve mesoscale eddies but the effect of eddies is parame-
terized using a GM scheme (Gent and McWilliams, 1990) with coefficients de-
pending on the internal Rossby Radius, effectively rendering a non-eddying so-
lution. Vertical mixing is achieved using the Turbulent Kinetic Energy (TKE)
scheme of Blanke and Delecluse (1993). Mixing coefficients, computed from
a characteristic turbulent velocity and a mixing length scale, are high above
the thermocline and low in stratified regions. Lateral mixing of tracers is ori-
ented along isopycnals and MUSCL (Monoton Upstream-Centered Scheme for
Conservation Laws, Hourdin and Armengaud, 1999) is used as the tracer ad-
vection scheme. The momentum advection scheme is conserving both energy
and enstrophy (EEN scheme, an adaption of Arakawa and Hsu, 1990), and
viscosity is parameterized by a biharmonic scheme. Free-slip is used as the
boundary condition at the coastlines, i.e. there is no lateral friction. At the
bottom linear friction is used.
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2.1.3 Atmospheric surface forcing

In ocean-only model experiments an atmospheric forcing at the sea surface has
to be prescribed. Here momentum, heat and freshwater fluxes are implemented
according to the protocol suggested for Co-ordinated Ocean-ice Reference Ex-
periments (“CORE” Griffies et al., 2009), Version 1, utilising the bulk forcing
methodology for global ocean-ice models developed by Large and Yeager (2004)
and Large (2007). It is based on NCEP/NCAR reanalysis products for the at-
mospheric state during 1958 — 2004, merged with various observational (e.g.,
satellite) products for radiation, precipation and continental run-off fields, and
adjusted to provide a globally balanced diurnal to decadal forcing ensemble
(Large, 2007). For the experiments analyzed in this study, daily data for in-
coming shortwave and outgoing longwave radiation, specific humidity and and
wind (uq9, v10) as well as monthly precipitation and runoff-data are used.

The model integrations were initialized with the annual mean temperature and
salinity distributions of the Levitus climatology (Levitus et al., 1998) for low
and mid-latitudes, and from the data set of the Polar Hydrographic Center
(PHC 2.1) for high latitudes (Steele et al., 2001).

In order to avoid drifting of water mass properties, a relaxation of sea surface
salinity towards initial conditions is applied. For all experiments used here
the restoring is rather weak with a time scale of 180 days. In the polar re-
gion, salinity and temperature restoring is three-dimensional in all experiment
besides FRESH, which uses a strong surface salinity restoring there. No fur-
ther temperature restoring is used, but the bulk formulation for the turbulent
heat flux causes an implicit damping of SST towards the prescribed surface air
temperature values. Prescribed surface specific humidity acts as a strong New-
tonian cooling towards air temperature variability as well. Thus, SST ceases
to be a fully prognostic variable. This problem will be addressed by addition-
ally analyzing temperature variations below the mixed layer (temperature in
40m depth) where the direct influence of the thermal boundary condition is
small. As shown in more detail in Libbecke et al. (2008), the impact of wind-
driven circulation changes on the near-surface temperature (NST) variability
is reflected in the temperature response below the mixed layer.
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2.1.4 Experiments

Several experiments are considered in this study. All of them are (partly) inter-
annually forced and build on a climatological spin-up of 20 years. The reference
experiment REF (as introduced in Biastoch et al., 2008) is a hindcast of the
period 1958 — 2000 investigating the oceanic response to interannual CORE
forcing. In order to explore dynamical causes of the ocean variability, pertur-
bation experiments (as described in Libbecke et al., 2008) are analyzed. They
use the same initial conditions and span the same integration period as REF,
but are subject to different, artificial changes in the forcing set-up. In WIND,
an experiment designed to examine the relative importance of changes in the
wind-driven circulation, the interannual variability is restricted to the momen-
tum fluxes (wind stress) only, while the thermohaline fluxes are based on a
climatological, repeated annual cycle. In EQ, an experiment aiming at identi-
fying the contribution from equatorial forcing, the interannual forcing variabil-
ity (both thermohaline and momentum fluxes) is restricted to the equatorial
band of 3°S to 3°N, whereas poleward of 7°N/S the forcing is climatological.
There is a smooth transition from 3° to 7° latitude so that the interannual
forced band covers the major part of the equatorial wave guide. Case NO EQ
uses the opposite forcing configuration, i.e., interannual forcing poleward of 7°
latitude. From FRESH, an experiment with effectively increased fresh water
input in high northern latitudes (Lorbacher et al., 2010), the response of the
subtropical cells to a weakened meridional overturning stream function can be

studied. An overview over the experiments that are used in this study is given
in Table 2.1.

Experiment internal name interannually varying forcing

REF KAB042 full

WIND KAB047 for momentum fluxes only

EQ KJL001 only between 3°N and 3°S (transition until
7°N/S)

NO EQ KSH003 only outside 7°N/S (transition until
3°N/S)

FRESH KAB110 full, additional fresh water input in high

northern latitudes

Table 2.1: Overview over the different NEMO-ORCAO05 experiments
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2.2 Coupled ocean-atmosphere model

In order to account for ocean-atmosphere feedbacks and to allow SST to evolve
less constraint by the boundary conditions of prescribed forcing variability, out-
put from special configurations of the coupled ocean-atmosphere Kiel Climate
Model (KCM) is also analyzed. The KCM simulations are used here to in-
vestigate the possible connection between subtropical cell variability and SST,
and the Tropical Pacific’s response to remote Atlantic Nino forcing. A detailed
model descripton can be found in Park et al. (2009).

The Kiel climate model consists of the NEMO-ORCA2 ocean model, which is
a coarse resolution version of NEMO-ORCAOQ5 described above, and ECHAMb
(European Centre for Medium-Range Weather Forecasts (ECMWF) Hamburg
atmospheric general circulation model version 5, Roeckner et al., 2003) as the

atmospheric component. They are coupled once per day via the Ocean At-
mosphere Sea Ice Soil Version 3 (OASIS3 Valcke et al., 2006). The horizontal

AGCM ECHAMS5

‘ Solar heat flux
°] Non-solar heat flux
| Non-solar heat flux derivative

Sea surface temperature 1
Sea ice temperature
Sea ice fraction

Sea ice thickness

Coupler

; | P-E (including runoff, calving)
S thick
eSS OASIS3  lowran
and zonal surface velocitie Meridional-
and zonal wind stresses
NEMO
OGCM OPA9

Figure 2.1: Components of the Kiel Climate Model (adopted from Park et al.,
2009)
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resolution is T31 (which equates to about 3.75° by 3.75°) for the atmospheric
component and 2° for the ocean component. Near the equator the latitudinal
resolution of the ocean model increases to 0.5°. In the vertical, ECHAMS5 has
19 vertical levels and extends up to 10hPa, and ORCAZ2 has 31 depth levels. A
schematic of the model components and the exchange parameters is provided
by Fig. 2.1. No flux correction is used in the standard configuration.

As almost all of the current state-of-the-art coupled general circulation models
(CGCMs), the standard KCM simulations exhibits a strong warm SST bias
in the eastern tropical Atlantic ocean (Davey et al., 2002; Wahl et al., 2009).
The deviations from observed SST peak in boreal summer and even lead to a
reversed SST gradient along the equator. Due to the strong bias, the Atlantic
zonal mode is basically absent from coupled models (Deser et al., 2006). Thus,
the conclusions that can be drawn from standard coupled model simulations
regarding Tropical Atlantic variability are rather limited.

Instead, output from two modified runs (provided by Sebastian Wahl and
described in detail in Wahl et al., 2009) is used in this study:

1. FLX: A common approach to overcome model biases and to prevent
model drift is to correct the fluxes that are exchanged between the dif-
ferent components of the coupled model. FLX is such a flux corrected
run. A flux correction climatology is calculated from a run with restoring
towards climatological SST and then applied on a daily basis between
40°S and 40N°. Poleward of 40° the flux corrections are linearly reduced
towards zero. As shown in Wahl (2009), the flux corrections at the
surface, which effectively remove the errors in the mean seasonal cycle
of SST in the Tropics, significantly reduce the subsurface temperature
bias compared to the reference case in all seasons. Also, this run shows a
seasonality of the interannual SST variability in agreement with observa-
tions with Atlantic Ninos peaking in boreal summer and Pacific El Nino
and La Nina events taking place in boreal winter.

2. WIND4: In the sensitivity experiment WIND4 climatological wind
stress is prescribed between 4°S and 4°N in the tropical Atlantic, while
the ocean-atmosphere coupling is active everywhere else. This set-up al-
lows to study the impact of off-equatorial wind variations on equatorial
variability.
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2.3 Intermediate complexity ocean-atmosphere model

As a third model, an ocean model of intermediate complexity (IOM) devel-
oped by Keenlyside (2001) and applied in studies by Keenlyside and Kleeman
(2002), Zhang et al. (2005) and Ding et al. (2009) is used in a version provided
by Stéphane Raynaud (pers. comm.). It can either be run as a forced ocean
model or coupled to a statistical atmosphere (in this case referred to as Inter-
mediate Coupled Model, ICM). It is simple enough to isolate certain effects
and make artificial changes, but sophisticated enough to agree to a certain ex-
tent with observations and results from real GCMs. The model domain covers
the subtropical-tropical Atlantic and Pacific from 30°S to 30°N with a hori-
zontal resolution of 2° zonally, and in the meridional direction 0.5° within 10°
about the equator to 3° close to the boundaries. Realistic coastlines are taken
into account, but no bottom topography. The IOM is derived from equations
describing wind-induced dynamical pertubations about a resting background
state. Its dynamical part consists of linear and nonlinear components. The
dominant linear component is based on the model of McCreary (1981) with
the extension of horizontally varying background stratification. It solves the
equations of motion in terms of 10 baroclinic modes plus two surface layers
that are governed by Ekman dynamics, representing the effects of the higher
baroclinic modes from 11 to 30. The nonlinear component is a simplified model
of the residual nonlinear momentum equation that is applied within the two
surface layers. SST variability in the IOM is derived from a SST anomaly
model coupled to the dynamical component. It is driven by ocean horizon-
tal advection and vertical advection associated with (prescribed) mean and
(simulated) anomalous currents. The heat flux is parameterized by thermal
damping based on latent heat being controlled by anomalous SST. Thus SST
anomalies are damped towards zero, i.e. SST is damped towards the climatol-
ogy. A detailed descripton of the IOM is given in Keenlyside (2001).

2.4 Observational data sets

Monthly maps of the NOAA Optimum Interpolation Sea Surface Temperature
(SST) data are used, provided by NOAA/OAR/ESRL PSD, Boulder, Col-
orado, USA, with a spatial resolution of 1°. These data sets consist of a blend
of satellite and in-situ observations (Reynolds et al., 2002) and span the pe-
riod from December 1981 to present. Here, data for the period January 1982
to December 2007 are analyzed and, to be consistent with the model, from
January 1982 to December 2000, whenever observational data are compared
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to model results. For comparison, data from the Tropical Rainfall Measuring
Mission (TRMM) Microwave Imager (TMI) are used. This satellite is able to
see through clouds and the SST product has a higher horizontal resolution of
0.25°. The data are available for the comparatively short period from 1999 to
present. TMI data are produced by Remote Sensing Systems and sponsored
by the NASA Earth Science MEASURES DISCOVER Project. Data are avail-

able at www.remss.com.

Observations of sea surface height (SSH) produced and distributed by AVISO
(www.aviso.oceanobs.com) are used for the period January 1993 until Decem-
ber 2006. Sea Level Pressure (SLP) data are taken from the CDC (Climate
Diagnostics Center) derived NCEP reanalysis product (Kalney et al., 1996) for
the period January 1982 to December 2007. Monthly data with a horizontal
resolution of 2.5° are used.



19

3 Mean circulation and seasonal cycle

All water has a perfect memory and is forever trying to get back to where it
was.
(Toni Morrison, The Site of Memory)

Before discussing the interannual to decadal variability, it is useful to look
at the salient features of the mean subtropical-tropical circulation and the
seasonal cycle, as both play an important role in the Tropical Atlantic vari-
ability. It is also examined how well they are captured by the NEMO-ORCAO05
ocean model. The representation of the equatorial current system and of the
subtropical-tropical cells (STCs) is particularly relevant, as both potentially
influence SST in the eastern equatorial Atlantic.

3.1 Mean circulation

In a zonally-integrated sense, the upper-ocean circulation in the Tropical At-
lantic can be described as a superposition of the northward warm-water branch
of the large-scale meridional overturning circulation (MOC, Ganachaud and
Wunsch, 2001) and the shallow wind-driven subtropical-tropical overturning
cells (STCs; McCreary and Lu, 1994; Malanotte-Rizzoli et al., 2000; Schott
et al., 2004). The STCs involve equatorward geostrophic transport of water
in the main thermocline, its upwelling at the equator, and return to the sub-
tropics in the surface Ekman layer. The cool water from the subtropics that
reaches the equator is required to maintain the tropical thermocline. Accord-
ing to the model study by Liu et al. (1994) there exist three different pathways
water masses subducted in the subtropics can take. First, waters subducted in
the western part of the subduction region recirculate in the subtropical gyre
and do not reach the equator. Water parcels which take the second path move
to the Equatorial Undercurrent (EUC) via the western boundary currents. In
the Atlantic these would be the Guiana Undercurrent in the northern hemi-
sphere (Schott et al., 1998) and the North Brazil (Under)current (NBC) in the
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Figure 3.1: Mean Atlantic meridional overturning stream function from REF
as a function of depth (upper panel) and as a function of potential density oy
(lower panel)

southern hemisphere. Finally, there is an exchange window in the interior of
the ocean through which water subducted in the eastern subtropics enter the
Tropics in a zigzag pattern. Inui et al. (2002) showed that the existence of
such an interior exchange window in models is dependent on the wind forcing.

Figure 3.1 shows the mean Atlantic meridional overturning stream function
from REF, both as a function of depth and of potential density from 30°S
to 30°N for the upper 500m and oy = 22.5kg/m? to 27.0kg/m?3, respectively.
Shallow tropical cells (TCs) that are associated with downwelling driven by
the latitudinal decrease of the poleward Ekman transport (Schott et al., 2004)
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exist in both hemispheres confined to 5° around the equator in the depth-
integrated stream function. As shown by Hazeleger et al. (2001), they are not
associated with diapycnal transports and thus are considerably weakened if
the overturning is considered in density coordinates.

In the Southern Hemisphere a closed subtropical cell exists in the upper 200m
with maximum meridional transports of about 6 Sv. The equatorward flow
spans the og-range of about 24.2kg/m? to 25.8kg/m?. In contrast, there is
no connection between suptropical subduction and equatorial upwelling in the
Northern Hemisphere, i.e. no mean northern STC, but a strong recircula-
tion cell centered around 13°N. There are, however, periods in which a closed
northern STC can be found in the model, (i.e. in the mid-80s), indicating
that northern subtropical water might contribute to the equatorial upwelling
from time to time. In a sensitivity experiment with effective additional fresh
water input in high northern latitudes (FRESH) and an accordingly decreas-
ing MOC strength a closed northern STC connected to the equator is found.
This is in agreement with the results by Fratantoni et al. (2000) who found
the asymmetry of the Atlantic STCs (in contrast to the Pacific where the cells
are more symmetric) to be caused by the overlying northward flowing warm
water path of the MOC that was mentioned above. In their model the EUC
was fed symmetrically from both hemispheres when forced with winds only,
while the southern source clearly dominated when the MOC was taken into
account. Also Jochum and Malanotte-Rizzoli (2001) showed that the north-
ward return flow of the MOC inhibits the connection between the northern
subtropical gyre and the Tropics. Consistent with that, Snowden and Moli-
nari (2003) note that there is no observational evidence that water from the
northern subtropics reaches the equator. Zhang et al. (2003), however, found
one third of the total equatorward STC layer transport to originate from the
northern hemisphere. They estimated a pycnocline transport of 15Sv across
6°S and 10°N associated with the STC from hydrographic data. Of these, 5 Sv
originates in the north, with 3 Sv from the western boundary and 2 Sv taking a
zigzag pathway through the interior. In the Southern Hemisphere the interior
pathway (4Sv) is more direct. The remaining 6Sv reach the equator via the
NBC. The NBC pathway including the recirculation north of the equator is
indicated schematically in Fig. 1.1.

The North Brazil (Under)current is the most important pathway for subtro-
pical waters to supply the EUC. In Figure 3.2 a section of the meridional
velocity at 5°S from REF shows the strong NBC directly along the coast. In
agreement with observations (e.g. Schott et al., 1998, 2002, 2005), the NBC
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Figure 3.2: Mean meridional velocity (in m/s) and isopycnals (in kg/m?) as a
function of depth (in m) at 5°S from REF (1958 to 2000)

core with a maximum velocity of 80cm/s is located in 150 to 200m depth and
within the density range of o = 24.5kg/m? to 26.8kg/m3. Its mean transport
calculated between these density surfaces amounts to 10.7 Sv in REF, slightly
lower than the observational value of 13.4 4+ 2.7Sv estimated by Schott et al.
(2002) from shipboard profiles. The isopycnals that span the NBC core are
usually selected to divide the surface water layer (o < 24.5kg/m?) from the
thermocline layer (24.5kg/m? < o < 26.8kg/m?) that supplies the equatorial
branch of the STCs, i.e. mainly the EUC (e.g. Schott et al., 1998).

For an examination of the zonal current system, Fig. 3.3 provides sections of
the mean zonal velocity, both meridional at 23°W and zonal along the equa-
tor. The general picture is consistent with observations (Brandt et al., 2006;
Hormann and Brandt, 2007) showing the EUC centered around the equator,
two branches of the westward South Equatorial Current (SEC) as well as the
castward North Equatorial Countercurrent (NECC). There are weak eastward
velocities around 4-5°S incidating the existence of the South Equatorial Un-
dercurrent (SEUC) which is not simulated well by the model at this resolution.
The EUC spans the density range of o = 23.5kg/m? to 26.5kg/m?® with a max-
imum eastward velocity of about 70 cm/s in the western part of the basin. Its
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Figure 3.3: Mean zonal velocity (in m/s) and isopycnals (in kg/m?) as a
function of depth (in m) at 23°W (upper panel) and along the Equator (lower
panel) from REF (1958 to 2000)

core slightly shoals from about 90m near the western boundary to 70m in the
east. The mean transport of the EUC from REF, calculated by integration of
all eastward velocities in the density range of the mean core (23.5 < o < 26.5)
between 3°N and 3°S for 1961 to 2000, is about 16Sv at 35°W and 15Sv at
23°W. To compare with observations the transport was also calculated over
the upper 300m resulting in 23Sv at 35°W and 19Sv at 23°W. These values are
somewhat higher than the observations by Schott et al. (2003); Brandt et al.
(2006) and Hormann and Brandt (2007) of about 20Sv at 35°W and 14Sv
at 23°W but show a similar reduction in transport towards the east. If, as
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common in observational studies, only velocities within the thermocline layer
(24.5kg/m> < o < 26.8kg/m?) are taken into account, the transport values
are lower (14Sv at 35°W, 13Sv at 23°W) and closer to observations (14Sv at
35°W, 11Sv at 23°W).

One can conclude that ORCAO05 provides a realistic simulation in key measures
of the Tropical Atlantic mean circulation. The model captures the basic struc-
ture of the subtropical-tropical overturning cells and the current field. The
NBC as well as the major zonal currents are present and display transport
values close to observations. The main weakness lies in the absence of the
off-equatorial undercurrents (NEUC and SEUC), probably due to insufficient
resolution. Apart from this deficiency, ORCAO05 simulations appear to be well
suited to investigate upper ocean Tropical Atlantic variability.

3.2 Seasonal cycle

As interannual Tropical Atlantic variability is phase-locked to the dominating
seasonal cycle (Xie and Carton, 2004), seasonal variations will play an impor-
tant role in the discussion of interannual SST anomalies in the next section.
Here, the seasonal cycles of SST, SSH and EUC transport are thus briefly
introduced and some of the difficulties in obtaining a robust seasonal signal
from both models and observations are touched on.
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Figure 3.4: Mean seasonal cycle of SST anomalies (in °C) averaged over (left)
Atl3 region and (right) Angola Benguela area from NOAA observations (blue)
and REF (black, green)
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3.2.1 SST

SST in the Atl3 region and the Angola Benguela area (ABA; both regions
indicated by lightblue boxes in Fig. 1.1) display an annual cycle — shown in
Fig. 3.4 from both the model and observations — with highest temperatures
in austral fall and minimum values in late austral winter. While the seasonal
cycle in the eastern equatorial Atlantic is represented well by the model, the
simulated maximum and minimum lag the observed ones by one month in the
ABA. As mentioned in section 2.1.3 model SST is damped towards prescribed
atmospheric temperatures by the bulk formulation of the surface heat flux.
Thus the correspondence between observed and simulated seasonal variations
basically reflects the ability of the CORE forcing to realistically represent
the seasonal cycle in the region. Amplitudes are slightly higher in the ABA
reaching +3° compared to about +2° in the Atl3 region. As described in the
introduction the annual cycle at the equator can be explained by continental
monsoon forcing and air-sea interaction. Along the African coast the late
austral winter minimum is thought to result from intensified coastal upwelling
(Xie and Carton, 2004).

3.2.2 SSH

The seasonal cycle of equatorial Atlantic observed sea surface height (SSH)
from altimeter data has been described by Schouten et al. (2005) as a cycle of
consecutive Kelvin and Rossby waves. Eastward propagating equatorial waves
(free and forced) are obvious both in the climatology of observed monthly SSH
and the depth of the 23°C isotherm (as a measure of the thermocline depth)

T T T T
15°wW 5°W

Figure 3.5: Mean seasonal cycle of (left) observed monthly SSH anomalies (in
cm) for 1993 to 2006 and (right) anomalies of the depth of the 23°C isotherm
(in m) from REF along the equator and southward along the African coast
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from REF as shown in Fig. 3.5 in a Hovmoeller diagram along the equator and
continuing southward along the African coast. Two downwelling Kelvin waves
occur in February-March and in October-November. After encountering the
coast the February-March SSH maximum as well as the boreal summer SSH
minimum propagate poleward along the African coast (Schouten et al., 2005;
Polo et al., 2008a) while a coastal propagation is less clear for the October-
November maximum. As analyzed in detail in a recent study by Ding et al.
(2009) both Kelvin and Rossby waves contribute to the seasonal SSH signal
at the equator, but the Kelvin waves dominate leading to eastward propaga-
tion. As illustrated by Fig. 3.5 seasonal variations in thermocline depth and
SSH display annual cycles in the western and semiannual cycles in the eastern
equatorial Atlantic. Ding et al. (2009) showed that the boreal spring down-
welling Kelvin wave consists of both annual and semiannual components that
occur in phase of each other. Although the semiannual cycle in zonal winds
is much weaker than the annual cycle the semiannual component in SSH is
shown to be quite strong. Both components are partly forced directly by the
wind and partly by reflection processes with the latter being more important
for the semiannual component. As a result about 25% of the boreal spring
Kelvin wave can be attributed to wave reflection.

3.2.3 EUC

Seasonal current variability along the equator is dominated by two processes:
local wind forcing and the propagation and reflection of equatorial waves ( Phi-
lander and Pacanowski, 1986). As a result, the seasonal cycle of the Atlantic
EUC transport is not constant throughout the basin but depends on the lon-
gitude. In addition, longitudinal differences might also be due to instability
wave variability and further modulated by local processes like wind-induced
upwelling variability in the eastern part of the basin and the annual cycle of
inflow from the NBC in the west (Huttl, 2006).

There is a large range of variability between different observational snap shots
as shown by Hormann and Brandt (2007). Also models differ considerably
(e.g. Hiittl, 2006), probably due to the fact that small differences in the state
of Rossby and reflected waves in a certain longitude can result in very differ-
ent EUC strength. Thus the seasonality of the EUC transport is still afflicted
with uncertainties. There is, however, general agreement that the seasonal
cycle reveals two maxima, one in boreal summer/fall and the other in boreal
winter /spring (e.g. Philander and Pacanowski, 1986; Hazeleger et al., 2003;
Hiittl and Béning, 2006). The boreal summer/fall maximum is understood
as a near-equilibrium response to the equatorial easterly trades in the central
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and western equatorial Atlantic (Philander and Pacanowski, 1986). Fig. 3.6
shows the seasonal cycle of the EUC transport at 35°W and 23°W from REF
calculated for the different density and depth ranges, respectively, for which
the mean transport was given in section 3.1. At 35°W the differences are quite
large but for all three EUC definitions the seasonal cycle shows maximum val-
ues in May and August/September and minimum values in July and Decem-
ber/January. At 23°W the transport is clearly highest in August/September
and lowest in May/June. The shape of the seasonal variations at both longi-
tudes are in agreement with the results by Hormann and Brandt (2007).

Since the EUC feeds the equatorial upwelling (e.g. Hazeleger and de Vries,

2003) its transport variability has a direct impact on eastern equatorial SST.
Besides this w’ ‘;—f mechanism that changes SST via the anomalous strong up-
welling of water with a rather constant temperature, eastern equatorial SST
is also effected by subsurface temperature anomalies (corresponding to a shal-
lower or deeper thermocline) reaching the surface with the mean upwelling
(w%’). While interannual eastern Atlantic SST variability and a possible influ-
ence of EUC transport variations will be discussed in section 4.5, a connection
on seasonal time scales is suggested by Fig. 3.7 showing the seasonal cycles of
the thermocline EUC transport and Atl3 SST. They are clearly anti-correlated
at -0.96 indicating a strong relationship between EUC transport and surface
temperatures in the equatorial upwelling region on the annual time scale. It
is, however, not clear which of the mechanisms mentioned above dominates.
The high correspondence could be either due to an enhanced transport of cold

water from the subtropics in boreal summer contributing to the seasonal cool-
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Figure 3.6: Mean seasonal cycle of EUC transport anomalies (in Sv) at
35°W (left panel) and 23°W (right panel) from REF calculated for differ-
ent density/depth ranges: o = 23.5 — 26.5kg/m® (“EUC core”, black),
o =245 —26.8kg/m?* (“thermocline layer”, blue) and z = 0 — 300m (green)
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ing in the eastern equatorial Atlantic or both EUC transport and SST could
rather reflect the seasonal variation of the zonal wind stress. Local wind vari-
ations would both increase the EUC transport and enhance local upwelling,
leading to cooler SST. The latter interpretation is supported by the fact that
the seasonal cycle of the zonal wind stress in the central equatorial Atlantic
(30°W to 10°W and 3°S to 3°N) is correlated well with the ones of Atl3 SST
(r =0.93) and thermocline EUC transport (r = —0.84) as shown in Fig. 3.7.

SERO N

J F M A M J J A S 0 N D

Figure 3.7: Seasonal cycle of thermocline layer EUC transport at 23°W (black)
and Atl3 SST (red) from REF (curves are correlated at r = —0.96) as well as
seasonal cycle of NCEP zonal wind stress averaged over 30°W to 10°W and
3°S to 3°N (green)
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4 Interannual variability

But time went on, as it will, and the seasons changed.
(Ann Brashares, The last summer)

The seasonal cycle that dominates SST in the Tropical Atlantic is modulated
by year-to-year variations that are of particular importance with respect to
rainfall anomalies over the adjacent land masses. In this chapter mechanisms
governing the interannual variability of southeastern Tropical Atlantic SST
are investigated with ocean model simulations, as well as observational data
sets. The main focus is on the recurring events with high SST anomalies off
Southwest Africa - the so called Benguela Ninos - and their connection to the
Atlantic zonal mode.

4.1 Link between Benguela Ninos and Equatorial At-
lantic Ninos

The analysis begins with a comparison between observational SST data and
model output for the two regions of interest here: Monthly SST time series
from which the mean seasonal cycle was subtracted — in the following referred
to as interannual anomalies — from the reference experiment of ORCA05 and
NOAA Optimum Interpolation data for the ABA and the Atl3 region are shown
in Fig. 4.1. Since the NOAA OI SST product is suspected of involving issues
with clouds, which can be problematic off the coast of Angola and Namibia
where clouds are present frequently they were compared with data from the
Tropical Rainfall Measuring Mission (TRMM) Microwave Imager (TMI) that
is able to see through clouds and has a higher horizontal resolution of 0.25°.
For the overlapping period of 1999 to 2007, NOAA and TMI SST anomalies
averaged over the ABA are correlated well at 0.86 and the agreement is es-
pecially good for the maximum/minimum values. The model captures most
of the observed interannual SST variability including, e.g., the Benguela and
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Figure 4.1: Time series of (a) interannual SST (solid lines) and NST (temper-
ature at 40m depth, dashed) anomalies (in °C) averaged over ABA from REF
(green) and observed NOAA SST anomalies (blue); (b) interannual SST (solid
lines) and NST (temperature at 40m depth, dashed) anomalies averaged over
Atl3 from REF (black) and observed NOAA SST anomalies (blue); horizontal
lines indicate standard deviation times (-)0.7, used for the definition of Nino
and Nina events in this study

Atlantic Nino of 1984 and the Benguela Nina of 1997. The variability in the
ABA is, however, underestimated by the model. The standard deviation of
the interannual SST anomalies averaged over the ABA region is 0.78 °C in
the NOAA observations but only 0.51 °C in the reference experiment. This is
apparent for example in 1995 where the observed amplitude is not simulated
well, as it was also the case in the model simulation analyzed by Florenchie
et al. (2004) forced with ECMWF re-analysis wind stress. Since the interan-
nual SST variability in the ABA is higher in a model simulation with increased
horizontal resolution of 0.25° its underestimation in ORCA05 might be related
to the representation of coastal upwelling. For the Atl3 region observed (0.50
°C) and simulated (0.47 °C) standard deviations agree very well. Correlations
between interannual SST anomalies from the model and observations are 0.83
(ABA) and 0.84 (Atl3), respectively. As discussed in section 2.1.3, one has
to be cautious to use SST as a diagnostic of remote forcing mechanisms in
an ocean-only model where the ocean surface temperature is damped toward
the given atmospheric temperature. Thus NST (temperature below the mixed
layer, in 40m depth) will be used in addition to SST to explore the cause of
temperature anomalies in the ABA in the next section. As demonstrated in
Fig. 4.1 it captures a large fraction of the SST variability, but is below the
immediate influence of the local constraint imposed by the thermal boundary
condition. Correlations between SST and NST are 0.83 (ABA) and 0.80 (Atl3).
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Figure 4.2: Mean annual cycle (crosses) of SST (left axis; in °C) and standard
deviation (dots) of interannual SST anomalies (right axis; in °C) in ABA
(green) and Atl3 (black) from (a) NOAA observations and (b) from REF;

please note the different scales used

The pronounced interannual variability in both the ABA and the Atl3 region
displays anomalies that in some cases even reach the magnitude of the dom-
inant annual cycle, as shown in Fig. 4.2 for observations as well as from the
model simulation. As noted already in section 3.2.1, the seasonal cycle is very
similar for both regions with SST reaching its maximum in March/April and
its minimum in August/September. In addition to the seasonal cycle in SST,
Fig. 4.2 shows the seasonal variations of interannual SST variability depicted
here as the standard deviation of the interannual SST time series for different
calendar months. It is striking that in both model and observational data,
interannual variability peaks in the cold season in the eastern equatorial At-
lantic, while the maximum occurs as an amplification of the seasonal cycle in
the ABA. This different phase-locking to the seasonal cycle will be discussed
later.

In the literature, there is no agreed criterion for classifying Benguela or Equa-
torial Atlantic Ninos and Ninas, respectively. Here, Benguela (Equatorial At-
lantic) Nino and Nina events are defined as periods in which SST anomalies
averaged over the ABA (Atl3 region) exceed the standard deviation of the
time series multiplied by (-)0.7 for at least 3 months in a row. The threshold is
indicated by horizontal lines in Fig 4.1. It is obvious that there are Nino and
Nina conditions that co-occur in both regions, e.g. warm events in 1984, 1988,
1991 and 1995 and cold events in 1982, 1983, 1992 and 1997. As shown by the

STD of ia SST Variability (0)
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Figure 4.3: Cross correlation between Atl3 and ABA interannual variability
of the depth of the 23 °C isotherme (magenta) and SST from REF (red) and
NOAA obs (blue) for the time period of 1982 to 2000

cross correlation function, interannual SST variability in Atl3 and ABA are
correlated with a value of about 0.7 in both the model and observations (Fig.
4.3). The correlation is highest when the ABA region leads by 1 month indi-
cating that warming in the ABA occurs prior to a warm event at the equator.
This behaviour is consistent with the findings of Reason and Rouault (2006),
Hu and Huang (2007), Polo et al. (2008b) and Rouault et al. (2009), but rather
surprising in view of the remote forcing generation mechanism suggested by
Florenchie et al. (2003, 2004) that was described in Chapter 1. In order to find
out why the warming off Angola leads the one at the equator the generation
mechanism for SST anomalies in the ABA will be the focus of the next section.
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4.2 Forcing of Benguela Ninos

In this section model simulations with special focus on the perturbation exper-
iments are used to elucidate the forcing of SST variations in the ABA. For the
developement of Benguela Ninos there are basically two scenarios discussed in
the literature. Florenchie et al. (2003, 2004) propose a mechanism based on
Kelvin wave propagation from the western equatorial Atlantic, shown schemat-
ically in Fig. 1.3. In contrast Polo et al. (2008b) suggest that SST anomalies
off Angola are due to upwelling anomalies caused by local winds and then
might reach the cold tongue region via westward Rossby wave propagation.

If equatorial (and subsequent coastal) Kelvin waves were important for the gen-
eration of SST anomalies off Angola, subsurface anomalies should be closely
related to anomalies in SST. The connection between the depth of the 23°C
isotherm (z23) as a proxy of the thermocline depth (following Florenchie et al.,
2003) and SST is investigated in Fig. 4.4. Correlations between interannual
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Figure 4.4: (a) Correlation between interannual anomalies of SST and depth
of 23 °C isotherm (z23) from REF; boxes indicate ABA and Atl3 region; (b)
and (c) Timeseries of smoothed interannual SST (in °C, black, left axes) and
z23 (in m, red, right axes) anomalies averaged over Atl3 region (b) and ABA
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Figure 4.5: Interannual NST anomalies for 1958-2000: (a) Correlation between
REF and EQ; (b) Ratio between standard deviation from REF and EQ; (c)
Correlation between REF and WIND; (d) Ratio between standard deviation
from REF and WIND

anomalies of z23 and SST are highest in the cold tongue region but good cor-
respondence is also found along the southern African coast and particularly
in the ABA (Fig. 4.4a). Time series of interannually smoothed SST and 223
anomalies (Fig. 4.4b, ¢) are correlated at 0.91 (ABA) and 0.77 (Atl3) for zero
lag. The correlation in the Atl3 region goes up to 0.80 for variations in z23
leading SST anomalies by one month. The results indicate that ABA and Atl3
SST anomalies are tied to thermocline variations, and hence could be remotely
forced.

There are two aspects of the forcing that are of particular interest here. The
first one concerns the relative importance of remote forcing from the equatorial
region and the second one deals with the role of dynamical vs. thermodynami-
cal forcing for interannual NST variability in the ABA. To address these points
the two perturbation experiments EQ (with interannually varying forcing con-
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fined to an equatorial band) and WIND (with interannually varying forcing
restricted to momentum fluxes while thermohaline fluxes are based on a cli-
matological annual cycle) are analyzed. As discussed in the previous section
the analysis below will focus on NST rather than SST.

The correlation between interannual NST anomalies from EQ and REF as
well as the ratio between their standard deviations are shown in Fig. 4.5a, b.
Values are naturally highest in the equatorial band where EQ is forced inter-
annually, but beyond that there is a tongue of high correspondance reaching
from the equator southward into the ABA. Especially in the ratio of the stan-
dard deviations, the southward extension along the coast is clearly visible. The
correlation between time series of NST anomalies from REF and EQ averaged
over the ABA is 0.52. This indicates that a significant part of the interannual
NST variability in the Benguela region in REF is of equatorial origin, i.e. re-
motely forced, which is consistent with the mechanism proposed by Florenchie
et al. (2003, 2004).

The correlation map between interannual NST anomalies from REF and WIND
(Fig. 4.5c) shows high correlations in the whole eastern equatorial Atlantic,
especially in the cold tongue region, and along the African coast demonstrat-
ing that NST wvariability in these areas is nearly completely attributable to
wind stress variations. This is supported by the ratio between the standard
deviation of interannual NST anomalies from REF and WIND (Fig. 4.5d)
showing that eastern tropical NST variability in WIND is almost as high as
in REF. Time series of NST anomalies from REF and WIND averaged over
the ABA are correlated at 0.79. This is consistent with Carton et al. (1996)
finding that on interannual time scales eastern equatorial SST variability is
driven by wind stress variations. The higher correlations between REF and
WIND than between REF and EQ indicate that in addition to the remote
forcing also local wind variations are in general important for the ABA SST
variability, as suggested by Richter et al. (2010).

The composite difference in SST, z23 and wind stress from REF between years
with Benguela warm events taking place in March-April-May (MAM warm
event years, defined as years in which an interannual ABA SST anomaly ex-
ceeds 0.7xStd in MAM and peaks in one of these months: 1963, 1974, 1984,
1986, 1988 and 1995) and the climatological mean for different calendar months
(Fig. 4.6) shows that especially the southeasterly trade winds in the central
equatorial Atlantic are weakened in the months prior to a Benguela warming.
The Benguela SST anomaly peaks in April, followed by a warming in the east-
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ern equatorial Atlantic that reaches its maximum in June, in agreement with
the cross correlation between ABA and Atl3 SST anomalies (Fig. 4.3) and the
seasonality of the interannual variability (Fig. 4.2). In contrast to the clear
relaxation of the trades, there is no significant wind stress change directly at
the African coast, indicating that remote forcing is more important than local
upwelling anomalies for the generation of warm events. Consistent with the
idea of Kelvin waves being responsible for temperature anomalies off Angola
and the correlation map between z23 and SST shown in Fig. 4.4, there is a
thermocline signal in the ABA when the SST anomaly shows up.

In total, the perturbation experiments in combination with the composite ana-
lysis and the close relationship between subsurface and SST anomalies confirm
the results by Florenchie et al. (2003, 2004) and Rouault et al. (2007) that
warm events off Angola are remotely forced from the equator via Kelvin wave
propagation. While local winds play an important role for the general SST
variability of the region they are not responsible for the generation of strong
warm events.
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Figure 4.6: Composite difference in SST (°C, color), z23 (m, contour lines) and
wind stress (N/m?, vectors) from REF between years with MAM Benguela
warm events (years in which interannual ABA SST anomaly exceeds 0.7 x
Std in MAM and peaks in one of these months) and climatological mean for
different calendar months; only values significant at the 95% level are shown
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4.3 Cause of the direction of the time lag between the
warming in the ABA and in the eastern equatorial
Atlantic

As shown in the previous section, Benguela Ninos appear to be primarily forced
remotely from the equator via Kelvin wave propagation. Thus one might ex-
pect a warming (cooling) to take place first at the equator and then at the
African coast. So why does the warm events in the ABA occur prior to those
at the equator (Atl3 region)?

Three possibilities are considered in order to explain the lead-lag relationship
in the occurence of SST anomalies off Angola and in the eastern equatorial
Atlantic. First the difference in mean thermocline depth will be investigated,
followed by a discussion of the importance of the seasonality. Last, the role of
an atmospheric feedback that was suggested by Hu and Huang (2007) will be
touched on.

4.3.1 Mean thermocline depth

Since subsurface temperature anomalies associated with the Kelvin waves
propagate along the thermocline the time it takes for them to affect the tem-
perature at the surface depends on the depth of the thermocline. Fig. 4.7
shows a map of the mean depth of the 23°C isotherm (z23) as a measure of the
thermocline. In the ABA the thermocline is very shallow - with a box average
of 30m - which allows for a close coupling between subsurface anomalies and
SST variations. In the Atl3 region, however, the mean thermocline is 63m
deep, so that subsurface anomalies must be lifted — by upwelling and vertical
mixing — to affect SST (cf. “upwelling pathway” described in Zelle et al., 2004,
for the eastern Tropical Pacific). Following the estimate by Zelle et al. (2004)
(their equation 2), the difference in mean thermocline depth alone would cause
a time lag of about two weeks in the response between subsurface temperature
anomalies and SST between the two regions. The mean thermocline depth
might, however, be of limited significance since the thermocline depth in the
southeastern Tropical Atlantic as well as SSH and SST wvariability exhibits
pronounced seasonality.
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Figure 4.7: Mean depth of the 23 °C isotherm in REF (1958 — 2000)

4.3.2 Seasonality

Concerning the seasonality of the interannual SST variability (Fig. 4.2) the
lag between Benguela and equatorial Atlantic Ninos appears to be reflected
by the lag between the seasons of highest interannual variations. While SST
variability in the ABA is highest in March and April, it peaks in June/July
in the Atl3 region. Thus to understand the lag between warm (cold) events
off Angola and in the eastern equatorial Atlantic it is necessary to understand
the different phase relationship of the events to the seasonal cycle. When
compared to the seasonal cycle in SST, it is striking that while interannual
warm events at the equator take place during the cold season (cf. e.g. Carton
and Huang, 1994), Benguela warm events occur mainly as an amplification of
the seasonal cycle. Figure 4.2 shows that both in observations and the model
simulation, interannual SST variability in the ABA is highest in March/April
when the climatological SST is at its maximum. It is interesting to note that
in the Pacific the ENSO warming at the Peruvian coast also occurs as an am-
plification of the regular seasonal cycle, while the largest SST anomalies in the
eastern equatorial Pacific take place during the cold season (Xie, 1995).

For the Atl3 region, the period of high SST anomalies is consistent with the
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Figure 4.8: Seasonality of the correlation between interannual anomalies of
SST and z23 in the Atl3 region from REF as a measure of subsurface - surface
coupling

season of the shallowest thermocline (e.g. Xie and Carton, 2004). Keenlyside
and Latif (2007) showed that a coupling between subsurface and surface in
the eastern Tropical Atlantic is strongest in austral winter as a result of both
a shallow thermocline and a peak in upwelling. This is illustrated by the cor-
relation between interannual anomalies of SST and z23 from the Atl3 region
as a function of calender months which peaks in JJA (Fig. 4.8). The phase
locking of the subsurface-surface coupling in the eastern equatorial Atlantic
to austral winter, in combination with the year-round shallow thermocline in
the ABA, renders the possibility that subsurface temperature anomalies arrive
first in the Atl3 region but are visible at the surface only later, after they
outcropped in the ABA. This idea is supported by the fact that, in contrast to
the cross correlation function for SST anomalies, the one for the depth of the
thermocline is shifted towards ” Atl3 leading” (Fig. 4.3). Consistent with this
Hormann and Brandt (2009) found that equatorial Kelvin waves in austral fall
precondition the upper layer stratification and thereby significantly influence
the strength of the cold tongue in austral winter, while the direct influence of
equatorial Kelvin waves on cold tongue SST in austral fall is small.
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In contrast to the eastern equatorial Atlantic, a seasonal shallowing of the
thermocline is obviously not required as a precondition for the occurence of
Benguela warm events. In the months of highest SST variance in the ABA the
thermocline is actually deepest. This relation might be due to the fact that
only in austral fall the thermocline is deep enough for Kelvin wave signals to
propagate down the coast all the way to the ABA while the thermocline out-
crops north of the ABA in austral winter. The period of highest interannual
SST variability in the ABA thus appears to be phase locked to the seasonal mi-
gration of the Angola Benguela Front (ABF). As described by Shannon et al.
(1987) and Meeuwis and Lutjeharms (1990), the ABF is located furthest to
the south in January to March and furthest to the north in July to Septem-
ber. In agreement with that the seasonal cycle of the latitude in which SST
equals 23°C from NOAA observations (Fig. 4.9 a) shows the southernmost
position in March and the northernmost postion in August. Consistent with
the northward shift of the ABF from austral fall to winter, the maximum of
interannual SST variability along the west African coast migrates northward,
peaking in April in the ABA but in May/June closer to the equator (Fig. 4.9
b). This indicates that even if Kelvin waves were propagating along the coast
all year long they might outcrop in the ABA only in austral fall and thus not
influence SST in the other seasons.

Seasonality may not only be due to local variations in the mean state, but
also due to remotely forced Kelvin waves, which are known to be subject to
interannual variations. As described in section 3.2.2 the climatology of ob-
served SSH in the equatorial Atlantic reveals two downwelling Kelvin waves,
one in February-March and one in October-November. After encountering the
African coast the February-March SSH maximum propagates poleward as far
as 22°S (Schouten et al., 2005; Polo et al., 2008a) while a coastal propaga-
tion is not as clear for the October-November maximum. Following Polo et al.
(2008a) the coastal signal propagation will be referred to as coastal Kelvin wave
although it might be mixed with a shelf wave signal. Similar to the climatol-
ogy by Schouten et al. (2005), Fig. 4.10a shows the seasonal cycle of observed
SSH along the equator and continuing southward along the African coast. A
manifestation of the two downwelling Kelvin waves is clearly visible, both trav-
elling down the coast with the maximum of the February-March wave reaching
the ABA in March-April. An interannual variation in the annual February-
March-April (FMA) Kelvin wave would thus result in a concentration of SST
variability in the Angola Benguela area in these months. Accordingly, the
seasonal cycle of the standard deviation of interannual SSH anomalies (Fig.
4.10b) shows variations in February-March in the eastern equatorial Atlantic
connected to strong variability off the African coast all the way southward
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to the ABA where the maximum variability occurs in April. Enhanced in-
terannual SSH variations along the equator also occur in austral winter and
some minor variations close to the eastern boundary in austral spring, but the
only continuous signal from the equatorial Atlantic to the ABA takes place in
February-March-April. The signal is weakened if also the years 2000 to 2007
are taken into account. The strong variability in austral fall is in agreement
with the description of the interannual SSH variability given by Schouten et al.
(2005) who reported that the strength of the February-March Kelvin wave is
subject to strong interannual variations in contrast to the October-November
wave. We conclude that the combination of the FMA Kelvin wave propagating
down the coast as a coastal Kelvin wave, the high interannual variability of this
wave, and the southernmost position of the ABF at that season allowing the
Kelvin wave to reach the ABA and impact SST there, is behind the maximum
in interannual SST variations off Angola in March and April. Consistent with
this explanation Rouault et al. (2007) argue that the Benguela Nino in 2001
was forced by a SSH anomaly that occured as an amplification of the seasonal
cycle in SSH.

Since equatorial Kelvin waves are forced by wind stress variations on the equa-
tor it is puzzling that there is no peak in the interannual variability of the
equatorial winds in late austral summer (not shown). There may, however, be
large atmospheric stochastic variability at that time of the year related to the
weak mean wind stress due to the ITCZ being closest to the equator. Accord-
ing to results by Ding et al. (2009), variations of the FMA Kelvin wave signal
might actually be related to the weaker semiannual component of the wind
field. In view of the semiannual cycle of the zonal winds being comparatively
weak the cause for interannual variability of the FMA Kelvin wave is difficult
to assess.
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to 15°S) equals 23°C (b) standard deviation of interannual SST anomalies (in
°C) along West African coast from NOAA observations (1982 to 2007)
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4.3.3 Coupled ocean-atmosphere mode

Another potentially important aspect in the relation between the ABA and
Atl3 SST anomalies is the feedback of the coupled ocean-atmosphere system
discussed by Hu and Huang (2007). A local SST anomaly occuring in the
ABA may have an impact on the atmosphere that then in turn leads to SST
changes at the equator by changing the local upwelling of cold water or the
zonal pressure gradient (Carton and Huang, 1994). Hu and Huang (2007) de-
scribed the connection between SST anomalies along the Angolan coast and
near the equator in austral winter as a dynamical air-sea coupled mode. They
suggest that coastal warming in austral fall induces a wind convergence over
the basin that causes westerly wind anomalies in the southern tropical and
equatorial Atlantic. The equatorial warming is then intensified by local posi-
tive Bjerknes and Ekman feedbacks. This idea is not pursued further here. In
a correlation map between April ABA SST and wind stress fields for different
calender months, however, equatorial westerly wind anomalies that are associ-
ated with ABA SST anomalies occur prior to a Benguela warming (Fig. 4.11),
not supporting the idea of wind changes forced by ABA SST. Nevertheless,
there are also wind anomalies occuring after the warm event, suggesting that
the wind stress at the equator might respond to a Benguela warming.

In summary we conclude that two factors contribute to the direction of the
lag between Benguela and Equatorial Atlantic Ninos: the difference in ther-
mocline depths in the two regions, and a different phase locking of the interan-
nual SST variability to the seasonal cycle. In the eastern equatorial Atlantic
SST variability is highest in austral winter when subsurface-surface coupling
is strong due to the shallow thermocline and maximum upwelling. Off Angola
the seasonality of the interannual SST variability is determined by the seasonal
migration of the ABF and the seasonal variations in coastal wave variability.
The ABF reaches its southernmost position in austral fall allowing the annual
Kelvin wave that takes place in February-March to reach the ABA and impact
the SST. Furthermore, consistent with the peak in interannual SST variabil-
ity, the strength of this wave displays high interannual variability. As a result
Benguela Ninos tend to peak in March-April-May while Equatorial Atlantic
warm events reach their maximum a few months later in June-July.

Together with the high correlation between interannual SST variability in the
ABA and the cold tongue region (Fig. 4.3) and the remote forcing mechanism,
the explanation of the order of events in terms of a lagged response in the Atl3
region suggests that Benguela and Equatorial Atlantic warm events are part
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of one phenomenon (cf. Hu and Huang, 2007) and can be traced back to the
same forcing event. Towards this end the question of the connection between
eastern tropical SST anomalies and variations of the large-scale atmospheric
circulation is the focus of the next section.
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4.4 Role of the South Atlantic Anticyclone

Near surface temperature anomalies in the eastern Tropical Atlantic have been
shown to be mainly driven by wind stress variations (Fig. 4.5¢ and d, e.g. Car-
ton et al., 1996). In order to elucidate what triggers the joint eastern Tropical
Atlantic Ninos, we will have a closer look at the wind stress. A long-term mean
of NCEP wind stress over the southern (sub)tropical Atlantic is shown in Fig.
1.1. The tropical region is dominated by the Southeastern Trade Winds. To-
gether with the midlatitude westerlies and the equatorward winds along the
west coast of Southern Africa they form the South Atlantic Anticyclone (SAA)
that is indicated by a black ellipse in Fig. 1.1.

Since the interannual SST variability in the Angola Benguela area peaks in
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Figure 4.11: Correlation between a time series of April SST averaged over the
ABA and a field of February wind stress (the x and y component of the vectors
are correlation with zonal and meridional wind stress, respectively) from REF
for the time period 1958 — 2000
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Figure 4.12: First EOF of the total Sea Level Pressure (SLP) variance for 1982
to 2007 austral summer (DJF) from the NCEP reanalysis product

April (Fig. 4.2), it is instructive to examine the relation between April SST
averaged over the ABA and the wind field in the preceding months. The cor-
relation map between April ABA SST and February wind stress (Fig. 4.11)
clearly shows a weakening not only of the trade winds (as described in Flo-
renchie et al., 2004) but of the whole South Atlantic Anticyclone prior to
the the Benguela warming. Variations in the strength of the subtropical high
are one possibility to alter the southeasterly trade winds (the other would be
variations in the intertropical convergence zone (ITCZ)). They can therefore
directly influence the equatorial Atlantic (Robertson et al., 2003). The variabil-
ity of the SAA actually turns out to be the first EOF (shown in Fig. 4.12). Tt
explains 56% of the austral summer (DJF) Sea Level Pressure (SLP) variance
for the period 1982 to 2007 and over the South Atlantic basin (40°S to 0°S,
50°W to 15°E). This mode is significantly correlated with the March/April
SST in the ABA at »r = —0.57. A possible connection between changes in the
subtropical high and SST anomalies in the southeastern Tropical Atlantic has
been discussed by Hu and Huang (2007). They found the evolution of SLP
patterns to be consistent with the ones of SST and wind stress. Also, in a
anomaly coupled GCM study, Bates (2008) found a weakening of the subtro-
pical high affecting SST along the Angolan coast.
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Figure 4.13: Monthly stratified cross correlation between interannual anoma-
lies for 1982 to 2007 of SAA index (SLP averaged over 40°S to 20°S and 30°W
to 10°W) and a) NOAA ABA SST (correlations greater than 0.36 are signifi-
cant at the 95% level); b) NOAA Atl3 SST (correlations greater than 0.43 are
significant at the 95% level); months on lower axis indicate the month for SST

In order to examine the connection between the South Atlantic Anticyclone
and SST variability in the ABA and Atl3 region in more detail, a simple in-
dex for the strength of the SAA is defined by averaging SLP over 40°S to
20°S and 30°W to 10°W. This index is then decomposed into indices for every
month of the year and correlated with interannual anomalies of observed ABA
and Atl3 SST for different calendar months. The resulting monthly stratified
cross correlation functions are shown in Fig. 4.13. The one for the ABA (Fig.
4.13a) shows a good correlation of about 0.65 in March with SLP leading by
one month. There is a band of high correlation indicating that the strength of
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Figure 4.14: Time series of interannual anomalies of February SAA index (SLP
averaged over 40°S to 20°S and 30°W to 10°W in millibars, inverted, black)
and March ABA SST (in °C, red) from observations; correlation between time
series is -0.65

the SAA in February is linked to ABA SST variability in the following austral
fall (especially March and April). This connection is confirmed by time series
of February SLP anomalies and March ABA SST anomalies (Fig. 4.14) that
clearly show positive SLP anomalies in Benguela Nina years (e.g. 1997) and
negative SLP anomalies for years with Benguela Nino events (e.g. 1984). Also
the SST variability in the eastern equatorial Atlantic is linked to variations in
the strength of the SAA. The monthly stratified cross correlation between in-
terannual anomalies of Atl3 SST and the SAA index (Fig. 4.13b) show highest
correlation of about 0.6 in May and August with SLP leading by two and five
months, respectively. A diagonal band of negative correlations, reminiscent of
the one seen for the ABA, reaches from March to August.

To conclude, the austral fall/winter SST variability in the eastern Tropical
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Atlantic appears to be influenced by variations in the strength of the South
Atlantic Anticyclone in the preceding late austral summer. The restriction
of the SAA influence to February and March is reflected in the correlation
between the SAA index and zonal wind anomalies in the western and central
equatorial Atlantic being high only in these months (not shown).
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4.5 Connection to EUC variability

The wind stress variations whose role have been discussed in the last sections,
in particular the relaxation of the trade winds in the western equatorial At-
lantic, do not only excite Kelvin waves but also have a direct impact on the
zonal currents. These may also affect the SST in the eastern equatorial At-
lantic by transporting more or less cold water eastwards.

In a composite analysis from 40 years of NCOM model data, Gdes and Wainer
(2003) showed that SEC and EUC are strengthened in equatorial Atlantic cold
event years and weakened in warm event years. Using output from the high
resolution Atlantic ocean model FLAME, Hormann and Brandt (2007) also
found that interannual boreal summer variations of near-surface temperatures
in the cold tongue region are anticorrelated with thermocline EUC transport
anomalies.

In agreement with their results, composite analysis of Benguela Nino and Nina
phases from REF show that the zonal currents are weakened during warm
phases and strengthened during cold phases, consistent with the change in
wind stress (not shown). Time series of interannual anomalies in thermocline
EUC transport at 23°W and Atl3 SST (Fig. 4.15) confirm that a high EUC
transport is related to colder surface temperatures in the eastern equatorial
Atlantic on interannual time scales. The time series are anti-correlated at -0.61.
As discussed in section 3.2.3 with respect to the seasonal cycle, the connection
may not only be due to the advection of more or less cold water within the EUC
supplying the upwelling, but also related to changes in subsurface temperatures
(remotely driven) and local winds that will both influence SST as well as the
EUC transport. A thorough budget analysis would be necessary to distinguish
between the different terms, in particular w’ % versus u‘;‘% but is beyond the
scope of this study.
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4.6 Impact of the subtropical-tropical cells

While interannual SST and NST variability in the eastern equatorial Atlantic
is predominantly driven by equatorial forcing, on decadal time scales forcing
from outside the equatorial band has an impact as well.

This is illustrated by time series of Atl3 SST and NST anomalies smoothed
both interannually and decadally (Fig. 4.16). Comparison between NST vari-
ability from sensitivity experiments forced climatologically outside (inside) the
equatorial region (EQ and NO EQ) shows that on interannual time scales the
variability from REF can be mainly simulated by EQ. On decadal time scales,
however, a significant part of the REF variations is due to off-equatorial forc-
ing. The ratio between the standard deviation of Atl3 NST variability between
the experiments EQ and NOEQ changes from about 67:33% on interannual
time scales to 53:47% on decadal time scales.

Part of this off-equatorial influence on decadal NST variability is likely to be
connected to changes in the subtropical-tropical cells (STCs, Snowden and
Molinari, 2003; Schott et al., 2004) that have already been described in the
introduction and in chapter 3.1. For the Pacific there is evidence from both
models and observations that low-frequency changes in STC transport con-
tribute to the modulation of SST in the eastern equatorial region (Kleeman
et al., 1999; Nonaka et al., 2002; McPhaden and Zhang, 2002). For the Atlantic
this connection is less clear. There are, however, studies indicating that also in
the Atlantic STC variability might affect equatorial SST. Krdger et al. (2005)
used ocean model sensitivity experiments to study decadal variations in the
STC strength, which exhibited different phases in the Northern and Southern
Hemisphere. The variability of both hemispheres had a time-lagged influence
on equatorial SST, but due to different mechanisms. While the spin-up and
spin-down of the cell (v'T'—mechanism, Kleeman et al., 1999) dominated for
the northern hemisphere, both v'T— and 9T’— mechanism (Gu and Philan-
der, 1997) appeared to play a role for the southern STC (see also Lazar et al.,
2001). Rabe et al. (2008) analyzed the output of the GECCO assimilation
model and found a cycle involving the STC on pentadal and longer timescales
that is initiated by increased wind stress at 10°S-N, followed by an enhanced
EUC transport at 23°W and an increased STC layer convergence at 10°S-N
about a year later.

In the ORCA ocean-only model no clear connection between eastern equatorial
SST anomalies and STC variations could be found, neither on interannual nor
longer time scales. In view of decadal SST variability in the Tropical Atlantic
being small in general — the standard deviation of 1870 to 2006 HADISST
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variability decadally filtered with a 119 point Hanning filter amounts to values
of about 0.15K — it might be masked by the damping towards prescribed atmo-
spheric temperatures in forced ocean model simulations. Thus a special simu-
lation from the coupled Kiel Climate Model (KCM) is used here to investigate
the connection between STC strength and eastern equatorial SST variability.
In the so called WIND4 experiment the wind stress derived from the atmo-
spheric model is replaced by climatological wind forcing between 4°S and 4°N
in the Atlantic. This configuration allows to look specifically at the impact
of off-equatorial wind variations on equatorial variability since all wind-driven
interannual and decadal variability must stem from poleward of 4° latitude.
The mean overturning stream function from WIND4 (not shown) displays a
structure similar to the one from the ocean-only model (Fig. 3.1). There is a
closed southern STC with a maximum meridional transport of 5 Sv at about
12°S and a strong recirculation cell of about 15 Sv in the northern subtropics
that is not connected to the equator. Time series of the strength of the cells are
derived from the transport maxima between 8° and 15° and the upper 500m
at each time step (following Lohmann and Latif , 2005). Significant correlation
between Atl3 SST variations and STC strength is found only for the southern
cell on decadal time scales (Fig. 4.17) but neither for the northern cell nor
the total cell strength. Decadal anomalies of the southern STC strength and
Atl3 SST are anti-correlated at » = —0.54, and the correlation coefficient is
significant at the 90% level. The cross correlation function is shifted towards
a leading southern STC with identical correlation values for zero lag and for
STC leading by 1 year. This indicates that variations in the strength of the
southern STC might indeed have some influence on SST in the equatorial At-
lantic upwelling regions. However, the impact appears to be quite weak and
usually masked by local processes.



56 4 INTERANNUAL VARIABILITY

080 Ll b

0.80 —

0.40 —

0.00 —

—-0.20 — '

—0.40 —

—0.60 —

1960 1965 1970 1975 1980 1985 1990 1995 2000

0.20 — b

0.10 —

-0.10 —|

] — ggT REF

——— NST NOEQ |

B2 o e e e B e e B e s

1960 1965 1970 1975 1980 1985 1990 1995 2000
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Figure 4.17: Decadal anomalies of southern STC strength (in Sv, green) and
At13 SST (in K, blue) from KCM WIND4; correlation between detrended time
series is r = —0.54
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4.7 Summary

In this chapter the eastern Tropical Atlantic SST variability, with special focus
on the connection between Benguela and Equatorial Atlantic Ninos, has been
investigated in a combined analysis of observational data sets and ocean model
simulations.

The analysis confirms indications from previous studies which suggested that
interannual SST variability in the Angola Benguela area and in the eastern
equatorial Atlantic are linked. More specifically, warm (cold) events in the
ABA in austral fall appear to be closely related to warm (cold) events in the
eastern equatorial Atlantic in austral winter. Thus surface warming (cooling)
off Angola tends to lead warming (cooling) at the equator by one to three
months. As a main result, the direction of the lag is shown to be caused
by the difference in thermocline depths between the two regions and a dif-
ferent phase-locking of the interannual SST variations to the seasonal cycle.
While the subsurface-surface coupling in the cold tongue region can only be
effective in June/July when the thermocline is shallowest, SST anomalies off
Angola reach their maximum when the forcing effect due to Kelvin waves is
strongest; they are therefore phase-locked to the season in which the Angola
Benguela Front is at its southernmost position and the interannual variability
in the strength of equatorial and subsequent coastal Kelvin waves is highest in
February-March-April.

The specific role of different aspects of the atmospheric forcing was addressed
by sensitivity experiments with artificial perturbations in the forcing set-up.
They showed that near surface temperature variability in both regions can
be understood as a dynamic response to atmospheric wind stress anomalies.
Further analysis revealed that the temperature fluctuations are linked to vari-
ations in the strength of the South Atlantic Anticyclone that includes both the
equatorward winds along the African coast and the southeastern trade winds.
The literature is divided on the question whether SST anomalies off Angola
are driven mainly by variations in local winds (Polo et al., 2008b; Richter
et al., 2010) or are remotely forced from the equator via Kelvin wave propa-
gation (e.g. Florenchie et al., 2003, 2004; Rouault et al., 2007). Results from a
perturbation experiment aiming at identifying the relative contributions from
equatorial vs. off-equatorial atmospheric forcing and from the composite ana-
lysis of Benguela Nino years support the latter idea: Subsurface temperature
anomalies propagating to the ABA from the equator appear to be of major
importance for the generation of Benguela warm events, while local upwelling
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variations play a minor role.

As additional influences on eastern equatorial Atlantic SST the Equatorial
Undercurrent and the Subtropical Cells were briefly discussed. In agreement
with previous studies in the ORCA model the EUC is weaker during warm and
stronger during cold phases. On decadal time scales the southern STC might
have a weak impact on the cold tongue as well. Results from a KCM sensitiv-
ity experiment that allows to look specifically at the impact of off-equatorial
wind variations on equatorial variability shows positive STC strength anoma-
lies leading low surface temperatures.
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5 Interaction with the tropical Pacific

Whatever there 1s, there is always more. Whatever is happening, something
else is going on, too.
(Susan Sontag, At the same time)

From a global perspective, climate variations on interannual time scales are
dominated by the El Nino-Southern Oscillation (ENSO) phenomenon in the
Tropical Pacific. ENSO is supposed to have an impact on Tropical Atlantic
variability by driving atmospheric circulation changes (e.g. Hastenrath et al.,
1987; Klein et al., 1999; Sutton et al., 2000; Chiang et al., 2000; Huang, 2004)
that manifest themselves for instance in changes of the Atlantic trade winds
(Latif and Barnett, 1995; Enfield and Mayer, 1997; Latif and Grétzner, 2000;
Miinnich and Neelin, 2005). However, correlations between Nino3 (150°W to
90°W, 5°S to 5°N) and Atl3 SST anomalies are very low and the interaction
between interannual SST variability in the Tropical Pacific and Atlantic is still
a controversial issue. The cross correlation function between Nino3d and Atl3
SST is shown in Fig. 5.1 from both model and observational data. For Nino3
leading, the values do not exceed r = 0.15. It is interesting to note that the
highest correlation values occur for the Atlantic leading the Pacific by 6 to
12 months (cf. also Keenlyside and Latif, 2007), which would correspond to
anomalous cold SST in the eastern Tropical Atlantic in the summer prior to
El Nino and vice versa. In agreement with this, a number of recent studies
suggest that conditions in the Tropical Atlantic might affect SST variability
and thus ENSO in the Tropical Pacific as well (Wang, 2006; Jansen et al.,
2009; Rodriguez-Fonseca et al., 2009; Losada et al., 2009).

In this chapter, first the role remote forcing from the Tropical Pacific might
play for the Atlantic zonal mode will be discussed before turning to the poten-
tial influence from the Tropical Atlantic on ENSO in the Pacific. While the
cross correlation function suggests that the latter is the dominant effect (Fig.
5.1), the former has potentially stronger implications for predictability. It has
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Figure 5.1: Cross correlation between interannual SST anomalies averaged
over Nino3 and Atl3 regions from ORCAO05-REF model simulation (blue) and
COADS observations (red); positive lag corresponds to Nino3 index leading

thus received more attention in the past and will also be the one discussed in
more detail here.

5.1 Tropical Pacific influence on the Tropical Atlantic

For the Tropical Pacific influence on the Tropical Atlantic a robust response in
SST is predominantly found in the northern Tropical Atlantic (NTA, Enfield
and Mayer, 1997; Huang et al., 2002; Alexander and Scott, 2002). Analyzing
output from a regionally coupled model, Huang et al. (2002) found that weak-
ened northeasterly Atlantic Trades in an El Nino winter lead to warmer NTA
SST in the following spring, while variability in the southern Tropical Atlantic
(STA) was determined mainly by interactions within the Atlantic. In contrast,
Colberg et al. (2004) showed that ENSO induced anomalies play an important
role for upper ocean temperature variations in the southern Atlantic ocean by
altering the net surface heat flux, the meridional Ekman heat transport and
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Ekman pumping. A connection between ENSO and the Tropical South At-
lantic was also suggested by Hu and Huang (2007) who noted that cold SST
anomalies prevail in the eastern Tropical Pacific during the devolement of a
STA warm phase. In contrast, results of composite analysis indicate that warm
Nino3 SST are followed by a warming of the entire Tropical Atlantic, apart
from a weak cooling in the eastern equatorial Atlantic (Lohmann and Latif,
2007). According to a study by Chang et al. (2006a) the inconsistent relation-
ship between Pacific El Ninos and Atlantic Ninos can be explained by destruc-
tive interference between atmospheric and oceanic processes in the equatorial
Atlantic in response to El Nino. While the tropospheric-temperature-induced
warming (Chiang and Sobel, 2002; Chiang and Lintner, 2005) favors a bas-
inwide temperature increase, the Bjerknes feedback induced by the change in
Trade Winds produces a cooling signal in the eastern equatorial Atlantic (Latif
and Barnett, 1995). In order to improve the predictability of warm events in
the Tropical Atlantic, it is necessary to better understand the destructive in-
terference between the dynamical and the thermodynamical responses. Here,
the focus will be on the dynamical part, in particular addressing the questions
of how eastern equatorial Atlantic SST responds to the Trade Winds changes
associated with ENSO and whether this relation is dependent on the season
and the forcing period.

5.1.1 Dynamical response to ENSO forcing

To investigate the dynamical response of the Tropical Atlantic to interannual
variations in the Tropical Pacific, the wind anomaly over the Tropical Atlantic
that is associated with ENSO is used to force an ocean model of intermediate
complexity (IOM, described in section 2.3). The output of these model runs
is analyzed with respect to SST anomalies in the eastern equatorial Atlantic.
Then, the IOM is weakly coupled to a statistical atmosphere over the Atlantic
and the response to an added ENSO-like wind anomaly is studied.

In hindcast simulations forced with NCEP wind stress the IOM captures the
most important features of the tropical circulation in the Atlantic and Pacific
including the position and strength of surface currents and the EUC as well as
the seasonal cycle of SSH (Keenlyside and Kleeman, 2002; Ding et al., 2009).
Here it is used to isolate the effect of wind stress forcing associated with ENSO
on the Tropical Atlantic.
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The wind stress forcing used for the perturbation experiment is calculated as
follows:

Tforcing — X TENSO COS(W t) (51)

in which 7gngo is the Tropical Atlantic wind stress pattern associated with
ENSO. It is derived from regressing Nino3 SST anomalies against zonal and
meridional wind stress from NCEP over the Tropical Atlantic. The regression
patterns (Fig. 5.2) basically show a strengthening of the southeasterly Trade
Winds, particularly over the western Atlantic, while the northeasterly Trade
Winds are reduced. The regression is performed for zero lag but the wind stress
response is very similar for the months following (Fang, 2005). The scaling
factor «v is chosen to result in Tfopcing values equal in magnitude to that of the
composite difference of Atlantic wind stress for El Nino minus La Nina phases.
With an o of 1 x 1075 the amplitude of the ENSO associated zonal wind stress
anomaly is about 6 x 1073 N/m? in the central Tropical Atlantic, which is in the
order of 20% of the seasonal cycle and in the order of the interannual variability
in that region. Experiments are performed for different forcing frequencies w
and for the wind stress anomaly peaking in different calendar months. All sim-
ulations used here were run for 13 years of which the last 10 years are analyzed.

Simulations performed with the ENSO associated wind stress forcing show
thermocline and SST variability with periods corresponding to the forcing vari-
ations. The response in SST from a run with a forcing period of 4 years and
wind stress anomalies peaking in December is shown in Fig. 5.3. As illustrated
by the standard deviation, the largest SST anomalies of about 0.3°C occur in
the southeastern Tropics (Fig. 5.3, left panel), which corresponds to the region
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Figure 5.2: Regression of Nino3 SSTA against (a) 7, and (b) 7,
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where the zonal mode manifests itself (e.g. Kushnir et al., 2006). A time series
of SST anomalies averaged over the cold tongue region (defined as 6°S to 2°N
and 20°W to 5°E, following Hormann and Brandt, 2007) and central Tropical
Atlantic zonal wind stress anomalies (Fig. 5.3, right panel) reveals that east-
erly (westerly) wind anomalies are accompanied by cold (warm) water. The
SST variations reach their maximum and minimum values about one month
after the peak in wind stress. The fast adjustment of the ocean to the wind
anomalies is consistent with equatorial Kelvin waves crossing the equatorial
Atlantic in about a month. Variations in the depth of the 20°C isotherm, a
measure of the thermocline and thus upper ocean heat content, appear to be
in balance with the wind stress forcing (not shown). This is in agreement with
Katz et al. (1995) who showed from the first 2 years of TOPEX/POSEIDON
data that there is a quasi-stationary linear relationship between the basin-wide,
averaged zonal wind stress and the zonal pressure gradient in the equatorial
Atlantic. The thermocline and SST responses are consistent with Bjerknes-
type dynamics and indicate that wind anomalies triggered by ENSO might
contribute to the interannual SST variability in the southeastern Atlantic.
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Figure 5.3: SST response from IOM experiment with forcing period p = 4 years
and wind stress anomaly peaking in December: a) Standard deviation of SST
anomaly in °C; b) time series of SST averaged over the cold tongue region (6°S
to 2N and 20° W to 5°E, in °C, red) and tauz averaged over S to N and
35° W to 15°W (in %, black)

5.1.2 Seasonality of the response

For a Bjerknes type response to the Trade Wind changes associated with
ENSO, the strength of the SST response in the cold tongue region is dependent
on the depth of the thermocline and thus on the season (Keenlyside and Latif,
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2007). The strongest subsurface-surface coupling in the model occurs in June,
as illustrated by the correlation between anomalies of SST and the depth of
the 20°C isotherm from an IOM run forced with NCEP wind stress (Fig. 5.4).

Atl3 z20 vs. SST in ICM run forced with NCEP anomalies
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Figure 5.4: Seasonality of the correlation between interannual anomalies of
SST and 220 in the Atl3 region from NCEP forced ICM run as a measure of
subsurface - surface coupling

To address the role of seasonality, twelve IOM experiments with the ENSO
associated wind stress anomaly peaking in the different calendar months are
analyzed. They all have a forcing period of 4 years. Consistent with the
season of strongest subsurface-surface coupling (Fig. 5.4), the strongest SST
response in the cold tongue region occurs in the runs in which the wind stress
anomaly peaks in boreal summer (Fig. 5.5). The differences between the
experiments are, however, quite small with maximum SST anomalies ranging
between 0.304°C for the run in which the wind stress anomaly peaks in January
and 0.332°C for the run with the wind stress anomaly peaking in June.

While Figure 5.5 shows that wind stress anomalies in June give rise to the
highest cold tongue SST anomalies, it does not provide any information about
the lag between the wind stress forcing and the SST response, i.e. in which
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Figure 5.5: Mazximum SST anomaly in cold tongue region in °C from IOM
experiments with ENSO associated wind stress anomalies peaking in different
calendar months (indicated on z-axis)

month the SST anomaly reaches its maximum. The experiment discussed in
the previous section indicated that there is a lag of about one month between
the maximum in the wind stress forcing in the western equatorial Atlantic and
the SST response in the eastern equatorial Atlantic. In Fig. 5.6 the values of
the maximum SST anomaly in the cold tongue region are displayed not only as
a function of the month in which the ENSO associated wind stress anomalies
peak (as in Fig. 5.5), but also as a function of calendar month in which the
SST anomaly occurs. It shows that the SST response is in general lagging the
wind stress but also that the lag is seasonally dependent. Most experiments
reveal a lag of one month, but lags of up to three months are found for the
runs in which the wind stress anomaly peaks in boreal spring.

While a lag of about one month is consistent with the time equatorial Kelvin
waves need to cross the basin, the longer time lags seen for the spring runs
likely result from two key factors. First, subsurface temperature anomalies in
spring need longer to reach the surface in the cold tongue region than in sum-
mer, because of the deeper thermocline and weaker upwelling, following the
arguments in chapter 4.3. Second, a stronger response in the summer months
to the (albeit weaker) wind anomaly at that time could create the impression
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Figure 5.6: Maximum SST anomaly in cold tongue region in °C (color) for
different months (indicated on y-axis) from IOM experiments with ENSO as-
sociated wind stress anomalies peaking in different calendar months (indicated
on T-axis)

of a longer lag between wind forcing peaking in spring and the SST response.
Since the wind anomaly forcing is applied using a cosine function, the wind
forcing in the months directly before and after the peak is only slightly lower
than the maximum. This implies that if the SST response to a certain wind
stress anomaly is much higher in month A than in month (A — 2), the maxi-
mum SST response to a wind forcing peaking in month (A — 2) might seem to
occur at a greater lag although the response occurs instantaneously (or within
one month) to the slightly weaker wind forcing in month A. The cold tongue
SST response per unit wind stress change as a function of calendar months is
shown in Fig. 5.7 for the individual experiments with the wind stress anoma-
lies peaking in the different months as well as the ensemble mean. The impact
of a wind stress anomaly on SST in the eastern equatorial Atlantic is clearly
highest in JJA and lowest in FMA, in agreement with the seasonality of the
subsurface-surface coupling (Fig. 5.4). The spread of the curves is quite small



5.1 TROPICAL PACIFIC INFLUENCE ON THE TROPICAL ATLANTIC 69

1.12

1.08

1.06

1.04

1.02

0.98

SST response to ENSO associated wind stress anomaly (C/(10e-3 N/m2))

0.96

J F M A M J J A S (0] N D
[Calendar Months]

Figure 5.7: Cold tongue SST response to ENSO associated wind stress anomaly
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compared to the seasonal amplitude, indicating that the response in °C per %

is almost independent of the actual value of the wind stress anomaly. The dif-
ference between boreal spring and summer months in combination with the
response being rather linear could contribute to the larger lags seen for the
runs with wind stress anomalies peaking in spring (Fig. 5.6). The high SST
anomalies in June and July in the runs in that the wind stress forcing peaks in
March, April and May could thus be understood as a combination of a lagged
response to the spring wind stress peak and a faster but stronger response to
the slightly weaker summer wind stress forcing.

To conclude, the perturbation experiments forced with ENSO associated wind
stress anomalies show a response reminiscent of the Atlantic zonal mode with
equatorial thermocline changes and SST anomalies in the southeastern trop-
ical region. The response is very fast (about one month), consistent with
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Kelvin wave propagation speed, but shows a seasonal dependency. In agree-
ment with the season of the shallowest thermocline and the correspondingly
strong subsurface-surface coupling, the largest response occurs for wind anoma-
lies peaking in boreal summer while smaller SST anomalies and longer lags (up
to three months) are found for winds peaking in boreal spring.

5.1.3 Coupled response: Remote forcing by ENSO as a method to
sustain the zonal mode

As shown in the previous section, wind anomalies over the Atlantic that are
associated with ENSO in the Pacific can induce zonal mode like SST varia-
tions in the eastern Tropical Atlantic. According to the study by Zebiak (1993)
the Atlantic zonal mode is strongly damped and not self-sustained. ENSO is
thought to be one of the external forces sustaining the oscillation (e.g., Latif
and Barnett, 1995), another is the North Atlantic Oscillation NAO via its
influence on the meridional mode. The role of ENSO in exciting SST variabil-
ity in the eastern equatorial Atlantic is studied using the IOM coupled to a
statistical atmosphere (in the following referred to as ICM) in order to allow
for feedbacks between ocean and atmosphere to take place. The statistical
atmospheric model is based on a joint Singular Value Decomposition (SVD)
analysis of SST and surface winds. Wind stress anomalies are calculated from
SST anomalies at each time step.

ICM runs are performed with a low coupling strength of 1.2, i.e. a very weak
coupling between oceanic and atmospheric components. A time series of Atl3
SST anomalies from such a run does not show any oscillations at all. If,
however, an ENSO associated wind anomaly as described in the last section
(Eq. 5.1) is added to the wind stress derived from the atmospheric model,
SST in the Tropical Atlantic displays variability with period and amplitude
depending on the forcing frequency. The strongest response is obtained with a
forcing period of 2.5 years, as demonstrated by the standard deviation of the
Atl3 SST anomalies as a function of forcing period (Fig. 5.8). In this case SST
anomalies of O(0.8°C) occur in the cold tongue region. Thus the experiments
support the idea that external forcing associated with Pacific ENSO can excite
SST variability in the equatorial Atlantic ocean and may therefore contribute
to the developement of warm and cold events in the eastern Tropical Atlantic.
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Figure 5.8: Coupled response to the periodic wind forcing as a function of
forcing period

5.1.4 Summary

In this chapter the connection between Pacific ENSO and the Atlantic zonal
mode has been investigated with focus on the Tropical Atlantic’s dynamical
response to remote ENSO forcing. In summary, El Nino conditions in the
Tropical Pacific affect Tropical Atlantic winds by reducing the Northeasterly
Trades and enhancing the Southeasterly Trade Winds. Here, the response to
such ENSO related wind anomalies was studied using an ocean model of inter-
mediate complexity, both stand alone and coupled to a statistical atmosphere.
In weakly coupled experiments, added wind anomalies associated with ENSO
are shown to induce eastern equatorial Atlantic SST variations, supporting the
idea that ENSO is an important factor in sustaining the Atlantic zonal mode.
The response to the Trade Wind changes seen in both the ocean-only and
the coupled perturbation experiments is consistent with Bjerknes dynamics,
i.e. stronger Southeasterly Trades result in a shallower equatorial thermo-
cline and a subsequent cooling in the cold tongue region. The strength of the
SST anomalies as well as the time-lag between peak wind and SST anomalies
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is dependent on the season. Highest anomalies occur in boreal summer, in
agreement with the subsurface-surface coupling being strongest at that sea-
son. Longest lags are found for wind stress anomalies peaking in boreal spring
when the eastern equatorial thermocline is deepest.

Compared to previous studies (e.g., Huang et al., 2004; Hu and Huang, 2007)
the lags between SST variations in the Tropical Pacific and the Atlantic cold
tongue SST response found here are rather short. This might be due to the
fact that the seasonality in the subsurface-surface coupling in the IOM is not
as pronounced as in observations and other models. While, e.g., the correla-
tion values between anomalies in thermocline depth and SST range between
0.35 and 0.9 in NEMO-ORCAO05 (Fig. 4.8), they are above 0.65 throughout
the entire year in the IOM with values in December almost reaching the sum-
mer maximum (Fig. 5.4). Thus, in the real world, the lags introduced by the
dependency on thermocline depth and upwelling strength can be expected to
be larger.

5.2 Tropical Atlantic influence on the Tropical Pacific

As shown at the beginning of this chapter, the cross correlation function be-
tween Nino3 and Atl3 SST anomalies from both model and observational
data shows highest values (—0.34) when the Atlantic leads the Pacific by 6-12
months, rather than when it lags. This indicates that Atlantic forcing of the
Tropical Pacific might be as strong as or possibly even stronger than the ENSO
influence on the Atlantic zonal mode.

There are a number of recent studies addressing this issue. Wang (2006) put
forward a mechanism in which an inter-basin SST gradient between the equa-
torial Atlantic and Pacific induces zonal wind anomalies over equatorial South
America and some areas of both ocean basins. The zonal wind anomalies
then act as a bridge linking the Tropical Atlantic and Pacific and reinforce
the inter-basin SST gradient through an anomalous Walker circulation in the
Pacific and ocean dynamics in the Atlantic. Jansen et al. (2009) used a con-
ceptual model based on the delayed oscillator model by Burgers et al. (2005)
to analyze the effect of Atlantic variability on ENSO predictions. They find
that a feedback from the Atlantic on ENSO appears to exist, and that taking
the Atlantic into account slightly improves the retrospective forecast skill of
the conceptual model. Rodriguez-Fonseca et al. (2009) found summer Atlantic
Ninos act to strengthen the Walker circulation, which favors the develope-
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ment of a Pacific La Nina event in the following-winter and vice versa. Along
the same lines Losada et al. (2009) showed that for a warm phase of the At-
lantic equatorial mode the associated southward displacement of the ITCZ
with rising motion over equatorial Atlantic leads to subsidence over the rest of
the tropics favouring La Nina conditions in the Tropical Pacific. Partial cou-
pled GCM experiments in which Atlantic SST is prescribed from observations,
but elsewhere the model is fully coupled, confirm the mechanism proposed by
Rodriguez-Fonseca et al. (2009) (Hui Ding, pers. comm.).

A thorough analysis of the interaction between the Atlantic zonal mode and
ENSO in the Pacific is beyond the scope of this study and will be addressed in
future work. It should, however, be mentioned that results from a composite
analysis of NOAA SST and NCEP wind stress for years with Atlantic Ninos
peaking in JJA (Fig. 5.9) are consistent with the studies cited above. It shows
eastward wind anomalies in the western Tropical Pacific and a strong cooling
signal in the eastern part of the basin in the (boreal) fall and winter following
the peak phase of the eastern Tropical Atlantic warm events. First results from
a flux corrected run of the Kiel Climate Model (described in section 2.2) also
support the idea that an eastern Tropical Atlantic warm event during boreal
summer favors the development of a Pacific La Nina event in the following
winter. Composite differences between Atlantic Nino and Nina phases show
no clear SST signal at zero lag but an overall cooling in the Tropical Pacific
when the Pacific lags the Atlantic by half a year (not shown).
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1999, 2007) and the climatological mean (1982 to 2007)
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6 Conclusions and Discussion

Enough research will tend to support your conclusions.
(Arthur Bloch)

The main goal of this work was to better understand the connection between
Equatorial Atlantic and Benguela Ninos with special focus on their tempo-
ral relationship. Eastern Tropical Atlantic SST variability in this study has
been investigated in a combined analysis of observational data sets and ocean
model experiments. In a hindcast simulation with interannual CORE forcing,
the global NEMO-ORCAO05 ocean model has been shown to capture the basic
features of the mean circulation in the Tropical Atlantic ocean and its seasonal
variations as well as most of the interannual SST variability in the region.

Eastern Tropical Atlantic Nino

The main findings regarding interannual SST variability in the eastern Tropical
Atlantic are:

e Benguela and Atlantic Ninos are linked:
Interannual SST variability in the Angola Benguela area and the eastern
equatorial Atlantic is shown to be well correlated at r=0.7. Also com-
posite analysis of Benguela warm events peaking in May-April-May show
eastern equatorial SST anomalies to be associated with the Benguela
warming.

e Benguela Nifios are mainly driven by remote forcing from the equator:
The relative roles of local wind anomalies (Polo et al., 2008b; Richter
et al., 2010) versus remote forcing from the equator via Kelvin wave
propagation (Florenchie et al., 2003, 2004; Rouault et al., 2007) for the
generation of Benguela Ninos is still a controversial issue. Here, the idea
that warm events off Angola are generated by a wind stress relaxation in
the western equatorial Atlantic inducing Kelvin waves that then propa-
gate to the Angola Benguela area is supported by:



76 6 CONCLUSIONS AND DISCUSSION

— a close correspondence between thermocline depth and SST anoma-
lies in the eastern equatorial Atlantic and southward along the West
African coast

— perturbation experiments with artificial changes in the forcing set-
up that demonstrate that eastern equatorial near surface temper-
ature (NST) variability is governed by wind stress variations and
that a significant part of ABA NST variations is of equatorial origin

— a composite analysis of Benguela Nino years showing a weakening of
the southeasterly trades but no significant wind stress change along
the Angolan coast prior to the warming

e Warming off Angola occurs prior to warming at the equator. This is
mainly due to different linkages to the seasonal cycle:
The cross correlation function between Atl3 and ABA interannual SST
variability is shifted towards ABA leading. Also composite analysis
shows SST anomalies at the equator following those off Angola. This
behaviour, which seems to be counterintuitive in view of the forcing
mechanism discussed above, can be explained by the deeper thermocline
at the equator in combination with the interannual SST variations being
phase-locked to the seasonal cycle in different ways. At the equator, SST
variations are strongest in June/July when the subsurface-surface cou-
pling in the cold tongue region reaches its maximum due to the seasonal
shallowing of the thermocline. SST anomalies off Angola appear to be
phase-locked to the season in which the forcing effect due to Kelvin waves
is strongest, i.e. to February-March-April when the Angola Benguela
Front is at its southernmost position and the interannual variability in
the strength of equatorial and subsequent coastal Kelvin waves is highest.

e Near surface temperature anomalies in the eastern Tropical Atlantic are
linked to variations in the strength of the South Atlantic Anticyclone:
A correlation between a time series of April ABA SST and February wind
stress fields shows a weakening of the whole South Atlantic Anticyclone
(SAA) prior to the Benguela warming. The connection is confirmed
by the monthly stratified cross correlation function between interannual
ABA and Atl3 SST anomalies and a sea level pressure index representing
the SAA. It shows that austral fall/winter SST variability in the eastern
Tropical Atlantic is related to variations in the strength of the South
Atlantic Anticyclone in the preceding late austral summer.

In summary, the results shown here provide a new interpretation of the Atlantic
zonal mode in terms of a combination of Benguela and Atlantic Ninos and of-
fer new possibilities, e.g. with respect to predictability of eastern Tropical
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Figure 6.1: Schematic representation of the mechanism suggested for the gen-
eration of Atlantic and Benguela Ninos as shown in the Introduction (Fig. 1.3)
with findings from this study added in red

Atlantic warm events that will be discussed below. Even though local condi-
tions might influence whether an event passes the threshold to be considered as
a Benguela or Atlantic Nino on its own, warm events that occur concurrently
in the two regions should be summarized under the term “Eastern Tropical
Atlantic Nino”. Such an eastern Tropical Atlantic warm event starts with a
weakening of the southeasterly Trades that are part of the South Atlantic an-
ticyclone. The relaxation of the Trade Winds excites equatorial Kelvin waves
in the western equatorial Atlantic that propagate towards the east deflecting
the thermocline. The associated subsurface temperature anomalies reach the
Atl3 region on their way eastward but the thermocline is too deep for them
to excite a temperature response at the surface. Thus they first outcrop as
SST anomalies in the ABA in March/April. In June, as a result of the sea-

time
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sonal shallowing of the thermocline, the subsurface-surface coupling in the
cold tongue region intensifies, eventually giving rise to SST anomalies there.
Additionally, the weakening of the zonal currents, in particular the Equato-
rial Undercurrent, in response to a trade wind relaxation may contribute to a
warming in the cold tongue region. Fig. 6.1 provides a summarizing schematic.

Role of the South Atlantic Anticyclone

The study suggests that variations in the strength of the South Atlantic anticy-
clone play an important role for the developement of eastern Tropical Atlantic
Ninos. This is consistent with Venegas et al. (1997) and Sterl and Hazeleger
(2003) who found the variability in the strength of the SAA accompanied
by SST fluctuations to be the leading mode of observed coupled variability
in the South Atlantic. The presence of a large-scale atmospheric precursor
bears potential ramifications for the predictability of eastern equatorial At-
lantic SST variability, which is of particular interest since so far no significant
predictability has been demostrated. There are currently two ideas for the
origin of potential predictability of eastern equatorial Atlantic SST. One is the
recharge-oscillator mechanism in which mean equatorial ocean heat content
provides a memory (Zebiak, 1993; Jansen et al., 2009; Ding et al., 2010). The
other one is based on the delayed ocean response to wind stress forcing in the
western part of the basin. Marin et al. (2009) as well as Hormann and Brandt
(2009) compared observations from 2005, a year with extreme cold SST anoma-
lies in the cold tongue with the warm years 2002 and 2006, respectively. They
found the warm event to be associated with relaxed equatorial easterlies in the
west while the cold event occured in conjunction with intensified winds in the
western Atlantic. This suggests that wind variability in the western equato-
rial Atlantic in spring preconditions the subsurface conditions in the eastern
part of the basin. As an oceanic response to wind variations equatorial Kelvin
waves adjust the thermocline and thus set the stage for warm and cold events
in the cold tongue region in austral winter. The present demonstration of a
connection between the strength of the South Atlantic Anticyclone in austral
summer and eastern Tropical Atlantic SST anomalies in the subsequent fall
and winter bears the potential to improve the predictability of eastern Tropical
Atlantic Nino events. It suggests that the large-scale SLP field could serve as
a simple, and well observed diagnostic for detecting early stages of anomalies
developing in the eastern Tropical Atlantic system.
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Limitations of the model configuration and outlook

Although the NEMO-ORCAO05 model provides a reasonable realistic simula-
tion of the eastern Tropical Atlantic and is a valuable tool to gain insight in
the mechanisms governing the SST variability, in particular due to the specific
perturbation experiments, there are some caveats one should be aware of: One
shortcoming of the configuration used here concerns the rather coarse resolu-
tion. A horizontal resolution of 0.5° is not fine enough to resolve the current
structure of the equatorial Atlantic in detail. Thus, in this configuration, it is
not possible to study the impact that the off-equatorial undercurrents might
have on eastern tropical SST, nor can the role of eddy variability (i.e., tropi-
cal instability waves and vortices) be examined. The representation of coastal
upwelling is also limited by resolution, which might explain the underestima-
tion of the interannual SST variability off Angola in the current model setup.
Models with higher horizontal resolution need to be analyzed to address these
issues. Running these models is, however, computational expensive, which
limits the number of perturbation experiments that can be performed. As an
intermediate step, there are new approaches to nest certain regions with very
high resolution (O(°)) into a coarser resolution global base model. First ex-

10
periments show promising results and will be used for future analysis.

A specific question that might be addressed with a model better capable of
simulating coastal upwelling is the representation of the 1995 Benguela Nino.
Although this was a particularly strong event in the observations, models with
different forcing fail to simulate its amplitude. In the NEMO-ORCAO05 run
analyzed in this study, the warming seems to be more surface-intensified com-
pared to other Benguela Nino years. Consistent with that, Richter et al. (2010)
found no Kelvin wave propagation from the equator to the ABA for this event
in the AVISO SSH data. There is also no anomaly in the strength of the
South Atlantic anticyclone observed in February 1995. The 1995 Benguela
Nino might thus be more related to local upwelling or even heat flux anoma-
lies resulting from local wind changes than other Benguela warm events. In
addition to higher-resolution models, more local observations would be helpful
to understand the different factors contributing to SST anomalies off Angola.

Another limitation of all ocean-only models is related to the need to prescribe
the evolution of the atmospheric state in the formulation of a surface bound-
ary condition for temperature. For the computation of the turbulent heat flux
in terms of a bulk formula, surface air temperature and wind speed have to
be prescribed. As already discussed in chapter 2.1.3 and 4.1, SST therefore
effectively ceases to be a prognostic model variable and potentially important
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air-sea feedbacks are eliminated. In order to account for these feedbacks and to
allow SST to evolve more freely, coupled ocean-atmosphere models need to be
analyzed. Unfortunately, standard CGCMs have major problems in the Trop-
ical Atlantic. Most CGCMs display huge warm biases in the eastern Tropical
Atlantic and, as a result, do not realistically simulate interannual variability
of the region. Coupled models with reduced warm biases in the eastern Tropi-
cal Atlantic and the ability to simulate Eastern Tropical Atlantic Nino events
would be necessary to address, e.g., the question of an atmospheric feedback
from the Benguela region onto the equatorial Atlantic that was touched on in
section 4.3.3.

Influence of the Subtropical Cells

In this study, a specific coupled model experiment with prescribed climato-
logical wind forcing in a band around the equator has been used to examine
the role of the subtropical-tropical cells (STCs) for SST variations in the cold
tongue region. Variations in the strength of the STCs have been proposed to
modulate SST in the eastern equatorial upwelling regions remotely from the
subtropics (Kleeman et al., 1999). Results from a KCM sensitivity experiment
that allows to look specifically at the impact of off-equatorial wind variations
on equatorial variability indicate that fluctuations in the strength of the south-
ern STC has an impact on eastern Tropical Atlantic SST on decadal time scales
with negative SST anomalies being preceded by anomalous strong transport
of the southern cell. The SST anomalies are, however, only of magnitude
0(0.2K) indicating that the effect of off-equatorial wind-induced variations on
decadal time scales is rather weak, especially in comparison to the interannual
variability.

Tropical Atlantic - Pacific Interaction

As discussed in the last part of this thesis, the Tropical Atlantic is not a
closed system but interacts with the Tropical Pacific via atmospheric telecon-
nection processes on interannual time scales. Although numerous studies have
addressed the Tropical Atlantic’s response to remote ENSO forcing, there is
still no consensus on the connection between El Nino in the Pacific and the
Atlantic zonal mode. According to a study by Chang et al. (2006a) the incon-
sistent relationship between Pacific El Ninos and Atlantic Ninos might be due
to destructive interference between the atmospheric and the oceanic response,
i.e. the tropospheric-temperature-induced warming (Chiang and Sobel, 2002;
Chiang and Lintner, 2005) and Bjerknes type ocean dynamics induced by
the change in Trade Winds (Latif and Barnett, 1995). The analysis here fo-
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cussed on the latter, i.e. the eastern equatorial Atlantic SST response to the
Trade Winds changes associated with ENSO and its dependency on season-
ality. Perturbation experiments performed with an intermediate complexity
model support the idea that ENSO is an important factor in sustaining the
Atlantic zonal mode and that Atlantic Trade Wind changes associated with
ENSO can initiate a Bjerknes type response and thus modulate SST variations
in the southeastern Tropical Atlantic. Pacific El Nino conditions enhance the
Southeasterly Trades in the Atlantic which leads to a cooling in the cold tongue
region while cold SST in the eastern Tropical Pacific reduces the easterly wind
stress and thus favors an eastern equatorial Atlantic warming. Experiments
in which the wind stress forcing peaks in different calendar months show that
the strength of the SST anomalies as well as the time they lag the peak wind
anomaly is dependent on the season. Consistent with the subsurface-surface
coupling being strongest in boreal summer, highest SST anomalies are found in
JJA. The lags range between one and three months with longest lags occuring
for wind stress anomalies peaking in boreal spring when the eastern equatorial
thermocline is deepest.

Recent studies indicate that the influence of Tropical Atlantic SST variability
on the Tropical Pacific might be important as well. This aspect has only been
touched on in the present study, but first results suggest a cooling signal in the
Tropical Pacific in the winter following an equatorial Atlantic warm event. In
future work, sensitivity experiments with the intermediate complexity model
could contribute to the understanding of this issue.
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