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Abstract

Multidecadal changes in tropical Atlantic interannual sea surface temperature (SST)
variability are investigated in this thesis during the satellite era, i.e. from the late 1970s
to present-day, and in future projections. In particular, two El Nifo-like phenomena
driving high interannual SST variability in the eastern tropical Atlantic have been exam-
ined, namely: (1) the Atlantic Nifios centered in the eastern equatorial Atlantic (ATL3,
20°W-0°; 3°S-3°N) and (2) the Benguela Nifos developing in the Angola-Benguela
area (ABA, 8°E-16°E; 20°S-10°S). The interannual SST variability in these two re-
gions is important as both climate modes impact the climate of the surrounding coun-
tries. Furthermore, Benguela Nifios have been shown to affect the marine ecosystems
in the ABA.

Over the satellite era, multidecadal changes in interannual SST variability in the
ATL3 region and in the ABA have been analyzed using observational data and reanal-
ysis products. In the ATL3 region, the May-June-July interannual SST variability has
weakened by 31% from 0.68 £ 0.09°C during 1982-1999 to 0.47 £ 0.05°C in 2000-
2017. Relative to 1982-1999, during 2000-2017 all three components of the Bjerknes
feedback decreased and the net heat flux damping, mainly through the latent heat flux
damping, increased. Hence, both dynamical and thermodynamical processes are pro-
posed to have contributed to weakened the ATL3 interannual SST variability. In the
ABA it is shown that relative to 1982-1999, during 2000-2017 the March-April-May in-
terannual SST variability has reduced by 30.5% from 1.08 £ 0.13°C to 0.75 £+ 0.11°C.
Compared to the pre-2000 period, during the post-2000 period the remote forcing had
less influence on ABA SSTs. This is caused by smaller equatorial zonal wind variability
reducing the equatorial Kelvin wave activity and thus weakening the ABA interannual
SST variability. Due to the reduced equatorial forcing, the relative importance of the

local forcing for the ABA interannual SST variability increased during 2000-2017.



Lastly, future projections of the ATL3 and ABA interannual SST variability under
high CO, emission scenarios were assessed using the 5™ and 6™ phases of the Coupled
Model Intercomparison Project (CMIP) models as well as the global coupled model
Flexible Ocean and Climate Infrastructure (FOCI) with enhanced oceanic resolution
over the tropical Atlantic. In the ATL3 region relative to 1950-1999, 80% of 40 CMIP5
and CMIP6 models agree on a reduction of the interannual SST in 2050-2099. The
ATL3-averaged interannual SST variability change in CMIP5 and CMIP6 models can
to a large part (61%) be related to the reduced thermocline feedback. In addition, it
is shown that models with less SST bias tend to predict a stronger reduction of the
ATL3 interannual SST variability. At last, the FOCI model, which is able to simulate
a more realistic interannual SST variability in the ABA than the CMIP5 and CMIP6
models, is used to investigate future projections of the interannual SST variability in
the ABA. As for the ATL3 region, in the ABA relative to 1970-1999, during 2070-
2099 the interannual SST variability during the FOCI model peak season, May-June-
July, decreases by about 24%. The reduction of the interannual SST and temperature
variability in the ABA appears as a consequence of a smaller temperature response to
thermocline depth variations. The weaker thermocline feedback is found to co-locate

with the regions where the thermocline deepens the most.
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Zusammenfassung

In dieser Arbeit werden multi-dekadische Anderungen der zwischenjihrlichen Vari-
abilitit der Meeresoberflachentemperatur (SST) im tropischen Atlantik sowohl wihrend
des Satelliten-Zeitalters (seit Ende der 1970er Jahren bis heute) als auch in Zukunfts-
Projektionen, untersucht. Insbesondere, zwei El-Nifio dhnliche Phinomene, welche
starke zwischenjdhrliche SST-Variabilitidt im Ostlichen tropischen Atlantik verursachen,
werden analysiert: (1) der Atlantische Nifio im Ostlichen, dquatorialen Atlantik (ATL3,
20°W-0°; 3°S-3°N) und (2) der Benguela Nifio, welcher in der Angola-Benguela-Region
entsteht (ABA, 8°E-16°E; 20°S-10°S). Zwischenjdhrliche SST-Variabilitdt in diesen
beiden Regionen ist von groBer Bedeutung, da beide Klima-Moden das Klima der
umliegenden Linder beeinflussen. Es wurde aulerdem nachgewiesen, dass Benguela
Nifios einen Einfluss auf marine Okosysteme in der ABA-Region haben.

Wihrend des Satelliten-Zeitalters wurden multi-dekadische Anderungen der zwis-
chenjdhrlichen SST-Variabilitiat sowohl in der ATL3-Region als auch in der ABA-Region
anhand von Beobachtungs- und Reanalyse-Daten analysiert. Es zeigt sich, dass sich
die zwischenjdhrliche SST-Variabilitat der Monate Mai bis Juli um 31% von 0.68 +
0.09°C zwischen 1982-1999 auf 0.47 £ 0.05°C zwischen 2000-2017 verringert hat.
Im Vergleich zu der Zeitspanne von 1982 bis 1999 haben sich zwischen 2000 und 2017
alle drei Komponenten des Bjerknes-Feedbacks abgeschwicht, wihrend sich die Netto-
Wirmefluss-Dampfung hauptsédchlich durch latente Wiarmefluss-Dampfung verstirkt
hat. Daher wird angenommen, dass sowohl dynamische als auch thermodynamische
Prozesse zu der Abschwichung der zwischenjihrlichen SST-Variabilitét in der ATL3-
Region beigetragen haben. Es wird weiter fiir die ABA-Region gezeigt, dass sich rel-
ativ zu der Zeitspanne zwischen 1982 und 1999 die zwischenjihrliche SST-Variabilitit
der Monate Mérz bis Mai zwischen 2000 und 2017 um 30.5% von 1.08 + 0.13°C
auf 0.75 £ 0.11°C abgeschwicht hat. Verglichen zu der Zeitspanne vor 2000, hatten
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nicht-lokale Prozesse wihrend der Zeitspanne nach 2000 einen geringeren Einfluss auf
die Meeresoberflaichentemperaturen in der ABA-Region. Dies wird auf eine geringere
Variabilitit der zonalen Wind-Variabilitit entlang des Aquators zuriickgefiihrt, wodurch
die Aktivitdt dquatorialer Kelvin-Wellen reduziert und folglich eine Abschwichung
der zwischenjdhrlichen SST-Variabilitit in der ABA-Region entsteht. Durch die Ab-
schwichung des dquatorialen Antriebmechanismus hat sich die relative Bedeutung der
lokalen Prozesse in Bezug auf die zwischenjdhrliche SST-Variabilitit in der ABA-
Region zwischen 2000 und 2017 verstarkt.

Zuletzt wurden Zukunftsprojektionen der zwischenjihrlichen SST-Variabilitit in
der ATL3- und in der ABA-Region in hohen CO;-Emissions-Szenarien sowohl an-
hand der fiinften und sechsten Phase des ”Coupled Model Intercomparison Projects”
(CMIP) als auch des gekoppelten, globalen Modells “Flexible Ocean and Climate In-
frastructure” (FOCI), mit besonders hoch-aufgelostem tropischen Atlantik, analysiert.
Fiir die ATL3-Region zeigt sich, dass im Vergleich zu 1950-1999 80% der 40 CMIP5-
und CMIP6-Modelle eine Reduktion der zwischenjdhrlichen SST-Variabilitidt zwischen
2050-2099 vorhersagen. Die gemittelte Anderung der zwischenjihrlichen SST-Variabilitiit
in der ATL3-Region in den CMIP5- und CMIP6-Modellen kann zu einem Grofteil
(61%) der Abschwichung des Thermoklinen-Feedbacks zugeschrieben werden. Zusitzlich
wird gezeigt, dass Modelle mit einem geringeren SST-Bias dazu tendieren eine stirkere
Reduktion der zwischenjihrlichen SST-Variabilitidt in der ATL3-Region vorherzusagen.
SchlieBlich werden mithilfe des FOCI-Modells, welches im Gegensatz zu den CMIP5-
und CMIP6-Modellen eine realistischere, zwischenjihrliche SST-Variabilitét in der ABA-
Region aufweist, die Zukunftsprojektionen der zwischenjidhrlichen SST-Variabilitét in
der ABA-Region analysiert. Ahnlich zu der ATL3-Region zeigt sich fiir die ABA-
Region, dass sich relativ zu der Zeitspanne zwischen 1970 und 1999 die zwischenjéhrliche
SST-Variabilitidt zwischen 2070 und 2099 wihrend der stirksten Jahreszeit im FOCI-
Modell von Mai bis Juli um 24% abschwicht. Diese Abschwichung der zwischenjdhrlichen
SST-Variabilitit in der ABA-Region scheint die Folge einer schwicheren Temperatur-
Reaktion auf Variationen der Thermoklinen-Tiefe zu sein. Es zeigt sich, dass in Regio-
nen mit schwicherem Thermoklinen-Feedback auch die stirksten Anderungen in der

Thermoklinen-Tiefe vorzufinden sind.
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Chapter 1

Introduction

Tropical oceans are a key component of the climate system. Tropical regions, re-
ceive much of the solar radiation throughout the year. Thus, these regions are consider-
ably warmer than the mid- and high latitudes. The excess of heat stored in the tropics
drives the atmospheric and oceanic circulations that in turn help to distribute this heat to
higher latitudes (Behera, 2021). In addition, the high sea surface temperature (SST) in
the tropical oceans allows for strong interaction between the ocean and the atmosphere
by deep atmospheric convection.

The tropical Pacific Ocean has received a lot of attention throughout the years be-
cause of the predominance of the El Nifio/Southern Oscillation (ENSO), the strongest
interannual climate variation (Philander, 1990). ENSO can impact the climate world-
wide and further lead to dramatic socio-economic impacts. While ENSO contribution to
interannual climate variability is the largest globally, it is not the only contributor. The
contribution of the tropical Indian and Atlantic oceans has also been noted (Zebiak,
1993), and the latter is the focus of this study. Indeed, relatively strong interannual vari-
ations of SST, phase-locked to the seasonal cycle, occur in the tropical Atlantic. These
large deviations of the SST from the climatological mean seasonal cycle have socio-
economic repercussions (Hirst and Hastenrath, 1983). In fact, these SST anomalies can
influence the regional climate as well as the marine ecosystems and fisheries. The trop-
ical Atlantic mean-state and its seasonal cycle are introduced in sections 1.1 and 1.2,
respectively. The tropical Atlantic SST variability is presented in section 1.3, with a
particular focus on the interannual SST variability. Finally, the motivations, objectives

and the outline of this thesis are drawn in section 1.4.



1.1 Tropical Atlantic mean-state

The equatorial Atlantic depicts a zonal temperature gradient, with warm waters
located in the west and cool waters in the east (Figure 1.1a, shadings). Deep atmo-
spheric convection and heavy rainfall occur in the western Atlantic over the warm wa-
ters, whereas there is net atmospheric subsidence over the colder waters in the eastern
equatorial Atlantic. Rising motions in the western part and descending motions of the
air masses in the eastern part establish an east-west atmospheric circulation called the
Walker circulation (Figure 1.1b). In the annual mean, the maximum SSTs are located
north of the equator (Figure 1.1a, shadings), setting the mean position of the Intertrop-
ical Convergence Zone (ITCZ, Figure 1.1a, indicated by mean precipitation contours).
The ITCZ position to the north of the equator leads to cross-equatorial southeasterly
winds over the equatorial Atlantic (Figure 1.1a). Surface wind induces a force on the
ocean called the wind stress, which generates together with the Coriolis force a pole-
ward Ekman transport on both sides of the equator. The divergence of the water masses
results in an equatorial upwelling of cold subsurface waters. The upwelling of cold
subsurface water helps to maintain the cross-equatorial SST gradient. In addition, the
Walker circulation drives a westward transport of warm waters to the western equatorial
Atlantic. As a result, the equatorial Atlantic isotherms are tilted up from west to east,
with the thermocline located approximately at 130 m depth in the western part com-
pared to approximately 60 m depth in the eastern part (Figure 1.1c). North and south
of the equator, the complex equatorial Atlantic current system features an alternation of
westward and eastward currents (Brandt et al., 2008). Below the surface currents, at the
thermocline level, there are several eastward flowing subsurface currents that feed into
the Angola Current (AC in Figure 1.1a), namely: the Equatorial Undercurrent (EUC),
the South Equatorial Undercurrent (SEUC) and the South Equatorial Counter Current
(SECC) (Peterson and Stramma, 1991; Rouault et al., 2007; Siegfried et al., 2019). The
AC transports warm tropical waters with a mean southward transport at 11°S of 0.32 +
0.046 Sv (1 Sv =10% m3s~!) as estimated by Kopte et al. (2017) using moored velocity
time series. Off South Africa and Namibia, the Benguela Current is flowing northwest-
ward (BC in Figure 1.1a). The BC is the eastern boundary current of the South Atlantic
subtropical gyre (Peterson and Stramma, 1991). The mean northward transport of the

BC estimated by Majumder and Schmid (2018) in the upper 800 m between the conti-
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nental shelf of Africa and 3°E amounts to 23 =3 Svat31°S and 11 4 3 Sv at 28°S. The
AC and the BC meet at the Angola-Benguela front (ABF) at around 16°S (Veitch et al.,
2006) where a strong meridional SST gradient can be observed (ABF in Figure 1.1a).
In the southeastern tropical Atlantic Ocean and at the eastern flank of the South
Atlantic Anticyclone (SAA, Figure 1.1a), which has its centre approximately at 8°W
and 30°S (Reboita et al., 2019), the Benguela upwelling system (BUS) is located. The
BUS is among the four major eastern boundary upwelling systems (EBUS), which are
the most productive marine ecosystems in the world ocean (Bakun et al., 2015). The
BUS shares with the other EBUS many characteristics, as for instance, a strong connec-
tion to the subtropical highs driving equatorward, upwelling favourable winds. Indeed,
strong coastal southerly winds driven by the SAA prevail in the southeastern tropical
Atlantic Ocean. These winds lead to the upwelling of cold nutrient rich subsurface wa-
ter (Figure 1.1a) due to the offshore Ekman transport of surface waters at the eastern
boundary. In addition, the cyclonic wind stress curl present near the coast drives an
upward nutrient supply by Ekman suction. As a result, the BUS yields a high primary
production favouring the growth of small pelagic fishes leading to an important pelagic
fish stock (Chavez and Messié, 2009). The BUS also displays some unique features as
it is surrounded by warm tropical water and by warm water coming from the Agulhas at
its northern and southern boundaries, respectively. An additional remarkable feature of
the BUS, is the presence of the AC (Kopte et al., 2017), flowing against the prevailing

southerly winds.
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Figure 1.1: (a) Mean ERAS winds (arrows, m-s~!), SST (shadings, °C) and precip-
itation (contours, mm-day~!) for the period 1982-2019. In purple five currents are
schematized from north to south: The Equatorial Undercurrent (EUC), the South Equa-
torial Undercurrent (SEUC), the South Equatorial Counter Current (SECC), the Angola
Current (AC) and the Benguela Current (BC). The green line indicates the mean posi-
tion of the Angola Benguela front (ABF) around 16°S. The circled red arrows depict
the mean position of the South Atlantic Anticyclone (SAA). (b) Zonal ERA-interim
streamfunction representing the Walker circulation computed for the time periods 1982-
2017 between 3°S and 3°N. Grey bold lines at the bottom indicate South America and
Africa. (c) Top 200 m temperature section between 3°S and 3°N from ORA-S4. The

23°C isotherm is denoted by the thick black line.
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1.2 Tropical Atlantic seasonal cycle

Both the equatorial Atlantic and the southeastern tropical Atlantic Ocean are char-
acterized by pronounced seasonal cycles. In March-April-May (MAM) warm SSTs are
located close to the equator (shadings in Figures 1.2a and 1.3a) setting the ITCZ at its
southernmost position, over the equator (Figure 1.2a, contours). Due to the equato-
rial position of the ITCZ, the equatorial trade winds are at their weakest (Figures 1.2a
and 1.3a) and the thermocline is at its deepest in the east (Figure 1.2¢). The intensifica-
tion of the equatorial trade winds from MAM to JJA (Figure 1.3a), due to the seasonal
migration of the ITCZ and westward extension and intensification of the SAA (Reboita
etal., 2019), drives a steepening of the thermocline (Figures 1.2¢ and 1.2d), an enhance-
ment of the upwelling and vertical mixing. Hence, starting in April, the eastern equa-
torial Atlantic (ATL3, 20°W-0°; 3°S-3°N) SSTs decrease until August (Figures 1.2a
and 1.2b). For instance, between 20°W and 0°W from MAM to JJA the temperature
drops by ~ 4°C (Figures 1.2a, 1.2b, 1.3a and 1.3b). The cooling observed in June-July-
August (JJA) extending from the west African coast to the ATL3 region is referred to as
the equatorial cold tongue (Figures 1.2b and 1.3a, shadings). In the western equatorial
Atlantic, the seasonal adjustment of the ocean to the surface wind stress forcing re-
sults in a cycle of consecutive westward propagating Rossby and eastward propagating
Kelvin waves (Figure 1.3a; Polo et al. (2008)). Yet, in the eastern equatorial Atlantic
and along the southwest African coast a semiannual cycle is observed in the sea level
anomalies (SLA, contours, Figures 1.3a and 1.3b). Ding et al. (2009) while investi-
gating the dynamics of the seasonal cycle of the sea surface height (SSH) using ocean
models, revealed that the semiannual cycle in SSH occurs because the semiannual cycle
in surface winds resonantly excites the second baroclinic mode’s basin mode.

The southwest African coast depicts two distinct regions, north and south of the
ABF (Figure 1.3b). North of the ABF, between the equator and 15°S, a pronounced
seasonal cycle is observed (Figure 1.3b) with warmest SSTs in February-March-April
(FMA) and coolest SSTs in July-August-September (JAS). Throughout the year the
southerly, upwelling favourable winds depict only little changes and remain relatively
weak. Therefore, these winds cannot explain the strong cooling (~ 4°C) observed
from FMA (~ 27°C) to JAS (~ 23°C). The seasonal cycle of the SLA in the eastern

equatorial Atlantic and along the southwest African coast (contours in Figures 1.3a
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Figure 1.2: Mean ERAS SST (shadings, °C), wind (arrows, m-s~!) and precipitation
(contours, mm-day_l) in (a) MAM and in (b) JJA. Top 200 m temperature section
between 3°S and 3°N from ORA-S4 in (¢c) MAM and in (d) JJA. The thick black line
denotes the 23°C isotherm depth.

and 1.3b) follows a semiannual harmonic corresponding to the semiannual propagation
of equatorial Kelvin waves (EKWs) along the equator that, when reaching the West
African coast, transfer a part of their energy into poleward propagating coastally trapped
waves (CTWs, Clarke (1983)). The seasonal variations of SSTs north of the ABF are
dynamically driven via the propagation of EKWs and subsequent CTWs, which are

associated with the upward and downward movements of the thermocline (Ostrowski
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Figure 1.3: (a) Equatorial Atlantic SST (shadings, °C), winds (arrows, m-s~!) and SLA
(contours, m) averaged between 3°S and 3°N and plotted in function of the calendar
month and longitude. (b) Southwest African SST (shading), winds (arrows) and SLA
(contours) averaged on a 2° band and plotted as a function of the calendar month and

latitude.

et al., 2009; Rouault, 2012). A downwelling (upwelling) CTW will drive a downward
(upward) movement of the thermocline which can be observed in sea level anomaly
data by elevated (lowered) sea level. South of the ABF from 17°S to 30°S relatively
cool SSTs are observed throughout the year with coolest SSTs (around 14°C) found in
JAS. In this region, the SST seasonal cycle is dominated by the alongshore, upwelling

favourable winds.

1.3 Tropical Atlantic variability

The tropical Atlantic depicts SST variability on various spatial and temporal scales.
At decadal to multidecadal time scales, the North Atlantic SSTs depicts a 65-80-year
cycle with a range of 0.4°C (Enfield et al., 2001), referred to as the Atlantic multidecadal

oscillation (AMO, Kerr (2000)), and nowadays referred to as the Atlantic multidecadal
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Figure 1.4: AMV index. The AMYV index calculated from the Kaplan SST dataset
(Kaplan et al., 1998) using the Enfield et al. (2001) methodology. This time series can

be found at https://psl.noaa.gov/data/timeseries/AM0O/.

variability (AMYV, Figure 1.4). The AMV is the leading mode of internal multidecadal
SST variability in the Atlantic Ocean (Knight et al., 2006; Martin-Rey et al., 2018).

A positive phase of the AMV is characterized by anomalously warm (cool) SSTs
in the North Atlantic (south of the equator). The AMV has far reaching impacts as it
can modulate the northeastern Brazilian and Sahelian rainfall (Knight et al., 2006) as
well as the European summer climate (Sutton and Hodson, 2003). Martin-Rey et al.
(2018) showed that the interannual tropical Atlantic variability differs depending on the
AMV phases. They indicated that during a negative phase of AMYV, the amplitude of
the Atlantic Nifio (this mode will be described in details in the following) increases up
to 150% with respect to the positive phase of AMV. According to Martin-Rey et al.
(2018), the increased equatorial Atlantic interannual SST variability during a negative
phase of AMV is related to a shallower mean equatorial thermocline which results from
an enhanced Azores high pressure system. The shallower mean thermocline would
increase the effect of the Bjerknes feedback.

On interannual to decadal time scales, the tropical Atlantic is characterized by
mainly two distinct patterns of SST variability (Sutton et al., 2000) displayed by the
Empirical orthogonal Function (EOF) analysis (shadings in Figure 1.5): (i) the Atlantic
meridional mode (AMM, Figure 1.5a) explaining 18.9% of the variance and (ii) the
Atlantic zonal mode (AZM) or Atlantic Nifio (Figure 1.5b), explaining 26.7% of the
variance. Both climate modes are seasonally phase-locked and thus result in a year-to-

year modulation of the seasonal cycle.


https://psl.noaa.gov/data/timeseries/AMO/

a) Atlantic Meridional Mode b) Atlantic Nifio

T ﬂ;fiﬁ %
>0°N *‘;\0 ¢

20°N

20°S

0.0

Figure 1.5: Second (a) and first (b) EOF of monthly ERAS SST anomalies computed for
the period 1980-2019 over the tropical Atlantic (40°W-20°E; 30°S-30°N). Each mode
explains 18.9% and 26.7% of the variance, respectively. Black contours denote the

standard deviation of the SST anomalies (°C) for the period 1980-2019.

The AMM has an interhemispheric pattern (Figure 1.5a) and is characterized by in-
terannual and decadal anomalous meridional SST gradient between the tropical North
and South Atlantic (Nobre and Shukla, 1996). The fluctuation of the meridional SST
gradient modulates the seasonal migration of the ITCZ (Amaya et al., 2017), which in
turn impacts regional rainfalls over northeast Brazil and the Sahel of Africa (Folland et
al., 1986). For instance, anomalously warm (cold) SSTs in the tropical North Atlantic
relative to the South Atlantic are associated with anomalous southerly (northerly) sur-
face winds and northward (southward) displacement of the ITCZ (Foltz et al., 2012).
The AMM generally occurs in boreal spring when the ITCZ is close to the equator.
This mode is mainly driven by a positive thermodynamic air-sea feedback, the so-called
Wind-Evaporation-SST (WES) feedback (Xie and Philander, 1994). During a positive
phase of the AMM, positive (negative) SST anomalies are observed north (south) of
the equator. The pressure anomalies induced by the anomalous meridional SST gradi-
ent drive cross-equatorial winds. Superimposed to the easterly trade winds, these wind
anomalies increase (decrease) the wind speed south (north) of the equator, leading to

intensified (reduced) evaporative cooling which acts to amplify the initial meridional



SST gradient (Xie, 2009).

The first mode of interannual SST variability in the tropical Atlantic is the zonal
mode or Atlantic Nifio (Figure 1.5b). The spatial pattern of the Atlantic Nifio (shadings
in Figure 1.5b and the standard deviation of the SSTa (contours in Figure 1.5b) re-
veal two centres of high interannual SST variability: (1) the eastern equatorial Atlantic
(ATL3, 20°W-0°; 3°S-3°N, defined by Zebiak (1993)) and (2) the Angola-Benguela
area (ABA, 8°E-14°E; 20°S-10°S, defined by Florenchie et al. (2003)). The climate
modes driving interannual SST variability in these two regions are called the Atlantic
Nifios (Merle, 1980) and the Benguela Nifios (Shannon et al., 1986), respectively. As
these modes are strongly correlated, they could also be viewed as one single mode
(Liibbecke et al., 2010, 2018; Illig et al., 2020). Yet, in the context of this study, At-

lantic Nifios and Benguela Nifios are introduced in the following separate sections.

1.3.1 Atlantic Ninos/Ninas

Atlantic Nifios, and its cool phase Atlantic Nifias (Merle, 1980), are extreme warm
and cold events occurring typically in boreal summer every few years in the eastern
equatorial Atlantic. The centre of action of the Atlantic Nifios is located at the posi-
tion of the equatorial cold tongue in the ATL3 region (Figure 1.5b, black box; Zebiak
(1993)). These events are characterized by SSTs deviating up to 1.5°C from the cli-
matological mean as shown by the ATL3-averaged SST anomalies (Figure 1.6a). For
instance, the ATL3 SST during the warm (cold) event of 1995 (2005) is shown in Fig-
ure 1.6b. It highlights that largest deviations of SST from the climatological mean
seasonal cycle occur in boreal summer. This is confirmed by the seasonal cycle of the
standard deviation of the SSTa (Figure 1.6¢), which depicts a clear peak of variability in
May-June-July (MJJ) with maximum of 0.67°C in June. A secondary peak (> 0.45°C)
of interannual SST variability is observed in November-December (Figure 1.6¢) and

referred to as the Atlantic Nifno II (Okumura and Xie, 2006).

Typical Atlantic Nifo event

A typical Atlantic Nifo event starts in March with weak positive SST anomalies on
the equator and along the Angolan and Namibian coasts (Figure 1.7). SST anomalies

along the southwest African coast are indicative of a Benguela Nifio, and this climate
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Figure 1.6: (a) Time series of ERAS SST anomalies averaged over the ATL3 region.
SST anomalies were computed by removing the climatological monthly mean seasonal
cycle calculated over the period 1980-2019. Prior to computation of the SST anoma-
lies the data was linearly detrended. + ¢ denotes one standard (0.46°C) of the SST
anomalies evaluated over the period 1980-2019. (b) Red (blue) line shows the ATL3-
averaged SST warm (cold) event of 1995 (2005). The thick black line denotes the mean
ATL3 seasonal cycle over the period 1980-2019. (c) ATL3-averaged mean seasonal
cycle (black) and seasonal cycle of the standard deviation of the SST anomalies (red)

over the period 1980-2019.

mode is described in the next section. Simultaneously, northwesterly wind and precip-
itation anomalies can be observed in the western equatorial Atlantic. In April, wind
and precipitation anomalies continue to grow and peak in May. SST anomalies peak a
month later in June (> 1°C) and start decaying in July and August. Figure 1.7 shows a
clear east-west distribution with reduced surface trade winds and maximum precipita-

tion anomalies in the west and strongest SST anomalies (> 0.4°C) in the east.

Generation mechanisms

Both dynamical and thermodynamical mechanisms play crucial roles in the gener-

ation and evolution of Atlantic Nifio and Nifia events. The underlying dynamical pro-
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Figure 1.7: OI SST anomalies (shading, °C), ERA-interim surface wind anomalies
(vectors; reference 1 m-s~!) and total precipitation (contour lines, interval 3 mm-day ')
composited on positive AZM events (1988, 1991, 1995, 1996, 1999, 2008). This figure

is taken from Richter et al. (2017).

cesses of the Atlantic Nifio are to some extent similar to those observed during ENSO
in the Pacific Ocean (Servain et al., 1982; Zebiak, 1993; Keenlyside and Latif, 2007;
Dippe et al., 2018; Liibbecke and McPhaden, 2013, 2017) as in both basins the Bjerknes
feedback (Bjerknes, 1969) plays an important role. The Bjerknes feedback is a coupled
air-sea feedback involving SSTs, winds and thermocline depth. Keenlyside and Latif
(2007), using observational data, investigated the three components of the Bjerknes
feedback which are: (1) the impact of SST anomalies in the east on western equato-
rial wind stress; (2) the thermocline slope response to western equatorial Atlantic wind
anomalies; and (3) the local response of SST anomalies to thermocline depth variations.
It is noteworthy that in the Pacific Ocean interactions of the Bjerknes feedback driving

ENSO with the seasonal cycle occur, but do not dominate the SST variability. In con-
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trast, in the tropical Atlantic, the Bjerknes feedback is seasonally active (Richter et al.,
2017; Dippe et al., 2018). Furthermore, in comparison to ENSO, the SST variability is
weaker and the extreme events are of shorter duration in the equatorial Atlantic (about 3
months for the Atlantic Nifio and 9-12 months for El Nifio). In addition, Liibbecke and
McPhaden (2017) showed that while ENSO is asymmetric for warm and cold events in
terms of amplitude, duration and localisation, the Atlantic Nifio is symmetric, with cold
events being the mirror images of the warm events.

Thermodynamical processes are also important for the Atlantic Nifios. By compar-
ing Global Climate Models (GCM) coupled to a slab ocean, i.e. without ocean dynam-
ics, and fully coupled GCMs, Nnamchi et al. (2015) showed that thermodynamical pro-
cesses could explain a large fraction of the amplitude of the Atlantic Nifio events. While
Nnamchi et al. (2015) argued that the thermodynamical feedbacks constitute the main
source of Atlantic Nifio variability, Jouanno et al. (2017) showed that ocean dynamics
control a large fraction of the equatorial Atlantic SST variability, and that thermody-
namical processes in the tropical Atlantic mainly act to dampen the SST anomalies.
Hence, the relative importance of thermodynamical and dynamical processes for the
generation of Atlantic Nifos is still under debate. However, both processes are impor-
tant for the evolution of these extreme events.

Richter et al. (2013) indicated that some equatorial Atlantic warm events developed
despite easterly wind anomalies in the preceding months. These “non-canonical” events
cannot be explained by the Bjerknes feedback which should generate cooling under
such conditions. Instead, they suggested based on model simulations that non-canonical
events are resulting from the meridional advection of temperature anomalies from north
of the equator by the mean circulation. While investigating the non-canonical cold event
of 2009, Foltz and McPhaden (2010) and later Burmeister et al. (2016) highlighted the
important contribution of the reflection of Rossby waves into EKWs at the western
boundary to the onset of non-canonical events. Lastly, Brandt et al. (2011b) revealed
that the vertically alternating zonal currents, i.e. the equatorial Atlantic deep jets, which
are independent from the atmospheric forcing, propagate their energy upwards and thus

affect SST, wind and rainfall in the tropical Atlantic.
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Atlantic Nino/Niiia impacts

Atlantic Nifios/Nifias have an influence on the climate of the surrounding countries,
but can also have extratropical impacts, however, not discussed here in detail. Interan-
nual SST variability in the eastern equatorial Atlantic has an influence on the rainfall
over the Gulf of Guinea and neighbouring coastal regions (Brandt et al., 201 1a; Cani-
aux et al., 2011). The West African Monsoon (WAM) starting in boreal summer and
developing over the Guinea coast and Sahel, is influenced by the equatorial Atlantic
SST variability. For instance, the Atlantic Nifio would reduce (increase) the rainfall
over the Sahel (Gulf of Guinea) (Cabos et al., 2019; Liibbecke et al., 2018). In addition,
Nobre and Shukla (1996) showed that equatorial Atlantic interannual SST variability
may delay the northward migration of the ITCZ and, hence, impact the rainfall over the
Northeast South American region. In addition, Chenillat et al. (2021) showed that At-
lantic Nifios affect to a large extend the interannual concentration of chlorophyll-a, with
an Atlantic Nifna (Nifio) event associated to high (low) concentrations of chlorophyll-a
in the eastern equatorial Atlantic. Accordingly, the implications of such a chlorophyll-a
concentration interannual variability driven by Atlantic Nifios for the marine ecosys-

tems requires more research.

1.3.2 Benguela Ninos/Ninas

Every few years, SSTs off the coast of Angola and Namibia can deviate up to 2°C
from the climatological mean (Figure 1.8a). These extreme warm (cold) events are
called the Benguela Nifios (Nifias) (Shannon et al., 1986). They occur generally in
boreal spring and can last from a few months to half a year (Imbol Koungue et al.,

2019).
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Figure 1.8: (a) Time series of SST anomalies averaged over the ABA. SST anomalies
were computed by removing the climatological monthly mean seasonal cycle calculated
over the period 1980-2019. Prior to computation of the SST anomalies the data was
linearly detrended. -0 denotes one standard (0.69°C) of the SST anomalies evaluated
over the period 1980-2019. (b) Red (blue) line shows the ABA-averaged SST during the
warm (cold) event in 1984 (1997). The thick black line denotes the mean ABA seasonal
cycle over the period 1980-2019. (c) ABA-averaged mean seasonal cycle (black) and
seasonal cycle of the standard deviation of the SST anomalies (red) over the period

1980-2019.

This is consistent with the ABA-averaged SST during the warm and cold events of
1984 and 1997 (Figure 1.8b), which reveals largest SST deviation from the climato-
logical mean seasonal cycle in boreal spring (MAM). The SST variability in the ABA
is phase-locked to the seasonal cycle (Figure 1.8c) with largest SST variability occur-
ring in MAM, with a maximum of 1.02°C in April, one month after the warmest SSTs.
Hence, the Benguela Nifios/Nifias can be seen as a year-to-year modulation of the sea-

sonal cycle.
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Typical Benguela Nifio event

Using the 10 m depth temperature and surface wind stress anomalies from an ocean
general circulation model (OGCM) and a composite of four selected warm events, Im-
bol Koungue et al. (2019) described the typical evolution of a Benguela Nifio. Three
months prior to the event peak (Figure 1.9a), no significant temperature anomalies are
found along the southwest African coast, and northeasterly wind anomalies are found
north of the equator. Two months before the event (Figure 1.9b) the first signs of anoma-
lously warm waters (~ 0.5°C) can be observed along the Angolan and Namibian coast
and alongshore wind anomalies remain relatively weak. One month before the peak of
the event (Figure 1.9¢), a basin-wide weakening of the SAA can be observed, consistent
with Liibbecke et al. (2010) and Richter et al. (2010), and with westerly wind anomalies
in the western and central equatorial Atlantic as well as alongshore wind anomalies in
the southeastern tropical Atlantic. In addition, temperature anomalies exceed 1°C from
5°S to 20°S along the west African coast. During the peak of the event, the Benguela
Nifio signature is fully developed, with ocean temperature anomalies larger than 2°C
between 10°S and 20°S where the wind stress anomalies converge (Figure 1.9d). One
month after the peak of the event (Figure 1.9¢), a similar pattern to during the peak
of the event is observed, but at lower amplitude. Two months after the peak of the
event (Figure 1.9f), weak temperature anomalies are observed off Angola and Namibia
and alongshore winds reinforce. We note that the warm temperature anomalies spread
northwestward towards the equatorial cold tongue region, suggesting the onset of an At-
lantic Nifio. This is consistent with Liibbecke et al. (2010) who suggested that Benguela
Nifios tend to lead Atlantic Nifios by a few months. They proposed that the lag between
the Benguela and Atlantic Nifios is caused by the difference in thermocline depths be-
tween the two regions and to a different phase-locking of the interannual SST variabil-
ity and seasonal cycle. Illig et al. (2020) further investigated the lag between Atlantic
Ninos and Benguela Nifios using different Tropical Atlantic Ocean model experiments.
They revealed that only coastal wind stress anomalies along the coast of Angola and
Namibia are responsible for the lag between Atlantic and Benguela Nifios. Hu and
Huang (2007) suggested that the SST anomalies along the West African coast and near
the equator are physically connected. They proposed that the coastal warming (cooling)

may induce wind convergence (divergence) over the basin, which can cause prevailing
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Figure 1.9: Composite maps of detrended 10m temperature anomalies (T10, shading in
°C) and surface wind stress (arrows in N-m~2) computed from four selected Benguela
Nifos (1976/1977, 1984, 1995 and 2001) and averaged during (a) December—January
(three months before peak), (b) January—February (two months before the peak), (c)
February—March (one month before the peak), (d) March—April (peak), (e) April-May
(one month after the peak), and (f) May—June (two months after the peak). The shaded
areas (detrended anomalies of T10) represent the 90% statistically significant areas.

This figure is taken from Imbol Koungue et al. (2019).

westerly (easterly) anomalies in the southern tropical and equatorial Atlantic. These
wind anomalies could then participate to the onset of an Atlantic Nifio. These stud-
ies highlight the strong connection between the Atlantic Nifios and Benguela Nifios.
Yet, unlike Atlantic Nifios/Nifias, Benguela Ninos/Nifias show some asymmetry. Im-
bol Koungue et al. (2019) showed that Benguela Nifias tend to last longer and cover a

larger area than Benguela Nifios.

Generation mechanisms

The two main generation mechanisms of the Benguela Nifios/Nifias have been shown
to be (1) the remote equatorial forcing and (2) the local forcing. First, the remote equa-
torial forcing portrays the strong relation between the EKW activity and the interannual

variability along the coast of Angola and Namibia. This forcing is associated with

17



the eastward propagating upwelling (downwelling) EKW triggered by the intensifica-
tion (relaxation) of the trade winds in the western or central equatorial Atlantic (Illig
et al., 2004). When reaching the west African coast, a fraction of the EKW energy is
transferred into poleward propagating CTW (Polo et al., 2008) reaching the BUS (~
30°S, Bachelery et al. (2020)). While propagating southward, the CTWs trigger verti-
cal displacements of the thermocline which can affect the local stratification, alongshore
currents and biogeochemical conditions (Bachelery et al., 2016b,a; Rouault, 2012; Im-
bol Koungue et al., 2017). For instance, the propagation of a downwelling (upwelling)
CTW along the west African coast deepens (shoals) the thermocline and can be ob-
served in altimetry by an increase (decrease) of the sea level. In an ocean modelling
study, Bachelery et al. (2020) showed that over the period 1958-2008, that remote forc-
ing from the equatorial Atlantic explains around 50% (70%) of the SST (SLA) interan-
nual variability in the ABA. Second, a study by Richter et al. (2010), using observations
and GCM simulations, showed the important role played by the local alongshore wind
in the generation of the Benguela Nifios. They revealed that SST anomalies in the ABA
are preceded by westerly wind anomalies on the equator and northerly wind anomalies
along the southwest African coast. These wind anomalies are related to a basin-wide
weakening of the SAA (Liibbecke et al., 2010). In addition, alongshore wind anomalies
may also trigger CTW at the eastern boundary and fluctuations of the coastal currents
(Junker et al., 2017). While investigating the origins and developments of the Benguela
Nifios and Nifias, Florenchie et al. (2004) and Rouault et al. (2007) analysed the po-
tential role of surface heat fluxes during extreme events. They found that during an
extreme event, large latent heat flux anomalies could be observed acting to dampen the
SST anomalies. An atypical warm event occurred in 2016 off Angola and Namibia and
was investigated by Liibbecke et al. (2019). Unlike classical Benguela Nifios, this event
was short, peaked early in the year and was not predominantly forced by the remote
equatorial forcing. Instead, this event was a combination of local processes involving
reduction of alongshore winds and local upwelling, anomalous heat fluxes, freshwater
input and advection. The relative importance of the remote and local forcing is still

under debate and might change on decadal to multi-decadal timescales.
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Benguela Nifio/Nifha impacts

The BUS is characterized by high primary production favouring rich and diverse
marine ecosystems. Benguela Nifios have dramatical impacts on the local marine ecosys-
tems and fisheries (Gammelsrgd et al., 1998; Binet et al., 2001). Bachelery et al.
(2016a) revealed that the equatorial remote forcing through CTW propagations ex-
plains more than 85% of coastal interannual nitrate and oxygen fluctuations off An-
gola and Namibia, using a coupled physical/biogeochemical model. Hirst and Hasten-
rath (1983) and Nicholson and Entekhabi (1987) established the impact of anomalously
warm SSTs along the Benguela coast on coastal rainfall from near the equator to ap-
proximately 25°S. Building on the previous studies, Rouault et al. (2003) confirmed
that during warmest SSTs (FMA), warm SST anomalies in the southeastern tropical
Atlantic can amplify local atmospheric instability, evaporation and rainfall. They indi-
cated the anomalous strong rainfall during a Benguela Nifio might extend to southern
Africa if the large-scale circulation is favourable. Koseki and Imbol Koungue (2021)
investigated the response of the atmosphere to cold events using reanalysis data and a
high-resolution atmospheric model. They found that rainfall in western Angola during

Benguela Niifias is reduced significantly.

1.3.3 Interbasin interaction between the tropical Atlantic and Pa-
cific

The tropical Atlantic interannual variability may also be influenced remotely by
ENSO. The interaction between ENSO and Atlantic Nifios is complex (Cai et al., 2019;
Liibbecke et al., 2018) as both modes of variability may interact with each other. The
connection between the two modes is directed both from the Pacific to the Atlantic and
from the Atlantic to the Pacific. The first connection, from the Pacific to the Atlantic is
of particular interest here as it may influence the tropical Atlantic interannual SST vari-
ability. Latif and Grotzner (2000) over the period 1903-1994, showed that the equatorial
Atlantic exhibited a delayed response to ENSO with the equatorial Pacific SST anoma-
lies leading by 6 months those of the equatorial Atlantic. They found that an ENSO
event could induce zonal wind anomalies in the western equatorial Atlantic. These

zonal wind anomalies generate subsurface anomalies propagating eastward which may
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contribute to the development of an Atlantic Nifio event. In line with Latif and Grotzner
(2000), Delecluse et al. (1994) showed that the 1984 Atlantic Nifio was partially initi-
ated by zonal wind anomalies related to the major 1982-1983 El Nifio event. Chang
et al. (2006) found that ENSO has two competing impacts on the equatorial Atlantic,
hence the net response of the equatorial Atlantic to ENSO can be occasionally weak.
Liibbecke and McPhaden (2012), using observational and GCM data, found a robust re-
sponse of the tropical Atlantic winds to ENSO, with weakened (strengthened) northeast
(southeast) trade winds north (along and south) of the equator. However, they argue that
the relationship between SST anomalies in the eastern equatorial Pacific and Atlantic
is inconsistent, as in some years El Nifio events were followed by warm and in other
years by cold SST anomalies. Liibbecke and McPhaden (2012) could partially attribute
the inconsistency of the relationship to a delayed negative feedback occurring in years
with warm or neutral response in the eastern equatorial Atlantic. In boreal spring of
these years, the northeast trades weaken and the north tropical Atlantic SSTs warm,
setting up a meridional SST gradient. This leads to negative wind stress curl anomaly
to the north of the equator that generates downwelling Rossby waves. The reflection of
these waves at the western boundary can eventually lead to a warming in the equatorial
Atlantic cold tongue region in boreal summer. The Pacific — Atlantic relationship is
subject to modulation by the background mean-state. Martin-Rey et al. (2014), using
observational data, showed that the AMV modulates the connection between ENSO
and the Atlantic Nifio modes. They found that the link between the two basins is strong
during the negative phase of the AMV. The impact of ENSO on the ABA interannual
SST variability has not been investigated. However, as ENSO can impact the eastern
equatorial Atlantic variability, and given that Atlantic Nifios and Benguela Nifios are

strongly correlated, it is likely that it may also influence the Benguela Nifios.

1.3.4 Atlantic Ninos and Benguela Ninos in global coupled climate

models

Coupled GCMs are key tools to explore and understand climate change impacts on
tropical Atlantic variability. However, the representation of the tropical Atlantic mean-
state by GCMs suffer from severe biases. As described in section 1.1, the equatorial

Atlantic has a pronounced zonal gradient with warmer water in the west and cooler
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water in the east. Yet in coupled GCMs, due to a strong warm bias in the eastern equa-
torial Atlantic, this zonal gradient is generally too weak, or even often reversed (Davey
et al., 2002). In addition, coupled GCMs tend to have an ITCZ too south in the annual
mean, a westerly bias in the equatorial surface winds, resulting in a struggle to repre-
sent the equatorial cold tongue in boreal summer (Richter and Xie, 2008). Richter and
Tokinaga (2020) showed that relative to the Coupled model Intercomparison Project
Phase 5 (CMIPS), the new generation of GCMs, CMIP6, shows on average only little
improvements. Yet, a few models show now small biases. Using CMIP5 and CMIP6
models, Imbol Nkwinkwa et al. (2021) showed that high atmospheric resolution plays
some role in substantially reducing the warm bias in the eastern equatorial Atlantic. De-
spite the strong biases in the equatorial Atlantic, many GCMs produce almost realistic
Atlantic Nifios, although the simulated SST variability is generally too weak and peaks
one month later than observed (Richter et al., 2014). Deppenmeier et al. (2016) showed
that the Bjerknes feedback is active in the CMIP5 models and that the first component,
the impact of SST anomalies in eastern equatorial Atlantic on western equatorial At-
lantic wind stress, is relatively well captured in the majority of the models. However,
the third component, the thermocline depth variations impact on the SST which is the
most important for the eastern tropical Atlantic according to Liibbecke and McPhaden
(2013), is generally too weak in CMIPS5 models. The southeastern tropical Atlantic
also features strong biases, with warm SST biases, often exceeding 5°C, and strong
surface wind biases (Richter, 2015). The interannual SST variability in the ABA is
underestimated by the CMIP6 GCMs and occurs three months later than the observed
peak of variability in April (Richter and Tokinaga, 2020). This poor representation
of the Benguela Nifios in GCMs leads to only few studies using them in this region.
HarlaB3 et al. (2018) revealed that increasing the atmosphere model resolution, and par-
ticularly its vertical resolution, enables to simulate realistic interannual SST variability
in the eastern equatorial Atlantic with the same ocean model resolution. However, in
the southeastern tropical Atlantic, the relatively coarse atmospheric resolution in GCMs
is likely responsible for unrealistic alongshore wind variability contributing to the bad

representation of the SST variability (Small et al., 2015; Kurian et al., 2021).
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1.4 Motivations, Objectives and outline

1.4.1 Motivations and objectives

Over the years, the tropical Atlantic variability has been intensively examined (Liibbecke
et al., 2018; Cabos et al., 2019; Richter and Tokinaga, 2021). The underlying mecha-
nisms and potential impacts of the Atlantic Nifios/Nifias (Zebiak, 1993; Keenlyside and
Latif, 2007; Deppenmeier et al., 2016; Jouanno et al., 2017; Liibbecke et al., 2018;
Dippe et al., 2018) and Benguela Nifios/Nifias (Shannon et al., 1986; Florenchie et
al., 2003, 2004; Rouault et al., 2003, 2007, 2018; Bachelery et al., 2016b,a, 2020; Im-
bol Koungue et al., 2017, 2019; Imbol Koungue and Brandt, 2021; Liibbecke et al.,
2019) have been investigated in detail. Yet, the characteristics changes of the Atlantic
Nifios and Benguela Nifios with the tropical Atlantic mean-state over the past decades
as well as their projections under global warming has still not been investigated much.
Tokinaga and Xie (2011), using a suite of bias-corrected observations, found a weak-
ening of the equatorial Atlantic cold tongue intensity over the period 1950-2009. This
reduction of SST variability in the eastern equatorial Atlantic was attributed to increased
SSTs in the eastern equatorial Atlantic along with a weakening of easterly winds and
to a deepening of the thermocline (Tokinaga and Xie, 2011). Servain et al. (2014)
also found a substantial warming (> 1°C) over the time period from 1964-2012 in the
eastern tropical ocean. Yet, in contrast with Tokinaga and Xie (2011), they observed
strengthened trade winds. Hence, the main motivation of this study is to further inves-
tigate the relationship between the tropical Atlantic mean-state and the Atlantic Nifios
and Benguela Nifios under past, present and future conditions. To do so, this thesis will

address the following research questions:

* How did the interannual SST variability in the eastern equatorial Atlantic
change over the satellite era? What are the mechanisms driving this change?

Is this change related to mean-state changes?

* How did the interannual SST variability in the southeastern tropical Atlantic
change over the satellite era? What are the origins of this interannual SST
variability change? Is this change in interannual SST variability related to

mean-state changes?
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* How is global warming influencing the Atlantic Nifio? What are the future

changes in interannual SST variability in the eastern equatorial Atlantic?

* How does the interannual SST variability change in the southeastern trop-
ical Atlantic under a global warming scenario? What are the mean-state

changes?

1.4.2 Outline

To address those questions, interannual SST variability changes as well as tropical
Atlantic mean-state changes in the tropical Atlantic Ocean are examined over the satel-
lite era and in future projections. Time series of the ATL3-averaged (Figure 1.6a) and
ABA-averaged (Figure 1.8a) SST anomalies reveal that fewer Atlantic and Benguela
Ninos/Nifias occurred during the period 2000-2017 relative to the period 1982-1999,
respectively. Therefore, in Chapter 2, the change in interannual SST variability in the
eastern equatorial Atlantic is examined. To do so, the different components of the
Bjerknes feedback as well as the thermal damping are estimated for the two periods and
discussed. In addition, their potential link to mean-state changes occurring during these
periods are discussed. Chapter 3 focuses on the changes in interannual SST variability
in the southeastern tropical Atlantic Ocean during the satellite era. Both the remote
equatorial forcing and the local forcing, the main drivers of interannual SST variabil-
ity in this region, are assessed. The potential relationship between the interannual SST
variability changes in the ABA and the mean-state changes are also discussed. Chap-
ter 4 focuses on the future interannual SST variability changes in the eastern equatorial
Atlantic. CMIP5 and CMIP6 models are used in order to investigates these changes.
In Chapter 5, using a global coupled model with regionally enhanced ocean model res-
olution in the tropical Atlantic, the future changes in interannual SST variability off
the Angolan and Namibian coasts are investigated. Chapter 6 summarizes the answers
to the research question raised in the previous section along with a discussion and the

perspectives of this work.
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Chapter 2

Weakened SST variability in the

tropical Atlantic Ocean

While ENSO showed some multidecadal changes in interannual SST variability
around the year 2000 (Hu et al., 2013; McPhaden, 2012; Liibbecke and McPhaden,
2014), such multidecadal changes in interannual SST variability in the eastern equato-
rial Atlantic has not been investigated much yet. Only Tokinaga and Xie (2011) indi-
cated that, over the period 1950-2009, the equatorial Atlantic cold tongue weakened.
Here in Chapter 2, we examined observational data and reanalysis products in order
to assess the interannual SST variability change that occurred in the tropical Atlantic

around the year 2000.

~
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Abstract

A prominent weakening in equatorial Atlantic sea surface temperature (SST) vari-
ability, occurring around the year 2000, is investigated by means of observations, re-
analysis products and the linear recharge oscillator (ReOsc) model. Compared to the
time period 1982-1999, during 2000-2017 the May-June-July SST variability in the
eastern equatorial Atlantic has decreased by more than 30%. Coupled air-sea feed-
backs, namely the positive Bjerknes feedback and the negative net heat flux damping
are important drivers for the equatorial Atlantic interannual SST variability. We find that
the Bjerknes feedback weakened after 2000 while the net heat flux damping increased.
The weakening of the Bjerknes feedback does not appear to be fully explainable by
changes in the mean state of the tropical Atlantic. The increased net heat flux damping
is related to an enhanced response of the latent heat flux to the SST anomalies (SSTa).
Strengthened trade winds as well as warmer SST's are suggested to increase the air-sea
specific humidity difference and hence, enhancing the latent heat flux response to SSTa.
A combined effect of those two processes is proposed to be responsible for the weak-
ened SST variability in the eastern equatorial Atlantic. The ReOsc model supports the
link between reduced SST variability, weaker Bjerknes feedback and stronger net heat

flux damping.

2.1 Introduction

The equatorial Atlantic Ocean is characterized by interannual variations of sea sur-
face temperature (SST), which can have significant impacts on the climate over the ad-
jacent landmasses (Hirst and Hastenrath, 1983; Folland et al., 1986; Nobre and Shukla,
1996). The dominant mode of tropical Atlantic interannual SST variability, which has
its center of action in the equatorial cold tongue region, is referred to as the Atlantic
Nino or Atlantic zonal mode because of its east-west orientation (see Liibbecke et al.
(2018) for a review). The underlying dynamics of the Atlantic Nifio are to some extent
similar to those observed during El Nifio/Southern Oscillation (ENSO) in the Pacific
Ocean (Servain et al., 1982; Zebiak, 1993; Keenlyside and Latif, 2007). They involve a
coupling of SST anomalies (SSTa), zonal wind stress and ocean heat content anomalies

as described by the Bjerknes feedback (Bjerknes, 1969). The Atlantic Nifio exhibits
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a clear seasonal phase locking with largest SSTa occurring in boreal summer (Richter
et al., 2017) and a secondary maximum peaking in November-December referred to
as Atlantic Nifio II by Okumura and Xie (2006). While the Atlantic Nifio shares many
characteristics with ENSO, it is more damped (Zebiak, 1993; Liibbecke and McPhaden,
2013), and the events are of shorter duration than for the Pacific counterpart. Compared
to ENSO, each of the three Bjerknes feedback components, i.e (1) the zonal wind re-
sponse to eastern equatorial SSTa, (2) the thermocline slope response to western equato-
rial wind anomalies and (3) the local response of SSTa to thermocline depth anomalies,
explains less variance in the tropical Atlantic (Keenlyside and Latif, 2007), allowing
other processes to play an important role as well. Nnamchi et al. (2015) showed that
thermodynamic forcing by stochastic atmospheric perturbations can explain a signif-
icant amount of the observed SST variability in the equatorial Atlantic. Yet, recent
studies assessing the relative importance of dynamic versus thermodynamic processes
conclude that the dynamic and in particular the Bjerknes feedback is a main driver for
the Atlantic zonal mode (Jouanno et al., 2017; Dippe et al., 2019).

Some studies have addressed multidecadal change of SST variability both in the
equatorial Pacific (Hu et al., 2013; Liibbecke et al., 2014; Guan and McPhaden, 2016;
Xuetal.,2019; Hu et al., 2017) and in the equatorial Atlantic (Tokinaga and Xie, 2011).
While Tokinaga and Xie (2011) investigated trends in Atlantic cold tongue variability
over the time period 1950-2009, several studies have discussed a shift in equatorial Pa-
cific variability that occurred around the year 2000 and is clearly visible in many ENSO
characteristics. This shift has been explained by changes in the equatorial thermocline
tilt along with a strengthening of the trade winds, which has hampered the eastward
migration of warm water along the equatorial Pacific and hence reduced ENSO ampli-
tude (Hu et al., 2013). A more recent study from Xu et al. (2019), also investigating the
weakening of ENSO amplitude since the late 1990s, put it in the context of the transi-
tion from the Aleutian Low mode to the North Pacific Oscillation in the atmosphere that
is responsible for a westward extension of negative sea level pressure anomalies. This
shift is proposed to have weakened the atmospheric responses to the zonal equatorial

SSTa, and hence ENSO amplitude.
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Figure 2.1: Difference of ORA-S4 standard deviation of SST (°C) anomalies between
2000-2017 and 1982-1999. Three regions used in the following are indicated by boxes:
the Atlantic 3 region (Atl3; 3°S-3°N, 20°W-0°) in green, the western Atlantic re-
gion (WAtl, 3°S-3°N, 40°W-20°) in red and the Equatorial Atlantic region (EqAtl,
5°S-5°N, 50°W-20°E) in blue. Dots represent where standard deviation of the SSTa
of the two periods are significantly different at the 95%-level according to the Welch’s

t-test.

In the present study, we want to investigate a shift in SST variability in the eastern
equatorial Atlantic that has occurred around the year 2000. The paper is structured as
follows: The data and methods used are described in section 2.2. In section 2.3, the
shift in interannual SST variability and mean state changes are investigated. Summary

and discussion are presented in section 2.4.

28



2.2 Data and methods

2.2.1 Data

Ocean variables wind and precipitation datasets

Nine reanalysis and observational datasets with monthly resolution are used for SST
over the time period 1982-2017. The analyzed datasets are: the Hadley Centre Sea Ice
and Sea Surface Temperature dataset version 1.1 (HadI-SST 1.1, Rayner (2003)), which
is an EOF-based reconstruction, available at 1° by 1° horizontal resolution and span-
ning the period 1870/01-2018/12; The Ocean Reanalysis System version 4 (ORA-S4,
Balmaseda et al. (2013)) from the European Centre for Medium-range Weather Fore-
cast (ECMWEF) available at 1° by 1° horizontal resolution for the time period 1958/01
to 2017/12; the Optimum Interpolation SST Analysis Version 2 (OI-SST, Reynolds
et al. (2007)) available at 1° by 1° horizontal resolution for the time period 1981/12
to 2019/05; the Climate Forecast System Reanalysis Version 1 and 2 (CFSR, Saha et
al. (2014) available at 2.5° by 2.5° horizontal resolution for the time period 1979/01
to 2019/08; The ECMWF Re-Analysis 5 (ERAS) product (Hersbach, Hans and Dee,
2016) available at 0.5° by 0.5° horizontal resolution for the time period 1979/01 to
2019/06; The ECMWF Re-Analysis (ERA)-interim product (Dee et al., 2011) avail-
able at 0.5° by 0.5° horizontal resolution for the time period 1979/01-2018/12; the
Woods Hole Oceanographic Institution Objectively Analyzed air sea Fluxes (OAflux;
Yu, Lisan and Jin, Xiangze and Weller (2008)) and National Centers for Environmen-
tal Prediction/National center for Atmospheric Research (NCEP/NCAR) Reanalysis 1
(NCEP-R1, Kalnay et al. (1996)) and NCEP/DOE Reanalysis 2 (NCEP-R2, Kanamitsu
et al. (2002)) available at 2.5° by 2.5° horizontal resolution spanning the time periods
from 1979/01 to 2018/12 for OAflux and NCEP-R2 and from 1948/01 to 2019/05 for
NCEP-R1.

Ocean subsurface temperature data to calculate the depth of the 23°C isotherm as a
proxy for thermocline depth (Liibbecke and McPhaden, 2013) is taken from the ORA-
S4 reanalysis dataset. Wind speed and wind stress data spanning the time period 1982-
2017 are taken from ERA-interim, ERAS, CFSR, NCEP-R1, and NCEP-R2. Monthly
precipitation data is taken from the Global Precipitation Climatology Project version

2.3 (GPCP, Adler et al. (2018)), which is a blend of satellite and station data, available
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at 2.5° by 2.5° horizontal resolution for the time period 1979/01-2019/04.

Reanalysis datasets are known to have large biases in the tropical regions (Kumar
and Hu, 2012) and particularly in the tropical Atlantic Ocean (Huang et al., 2007).
These biases may have an impact on the ocean-atmosphere feedbacks and overshadow
the changes between the two periods. However, the use of several datasets allows us to

assess the robustness of our results.

Heat flux products

Six monthly heat flux products are used for the time period 1982-2017: OAflux,
ERA-interim, NCEP-R1 and NCEP-R2, ERAS, and CFSR. Heat fluxes are estimated
and based on the use of bulk formulas and thus require the knowledge of several vari-
ables such as the wind speed, specific air and surface humidity, air and surface tem-
peratures. Significant differences can exist between the different heat flux products
(Bentamy et al., 2017). We therefore use six different products to assess the robust-
ness of our results. The net heat flux (Qnet) can be decomposed into the sum of four

components:

Qnet = st + Qlw + Qsh + th (2- 1)

where Q,, is the shortwave radiation flux, Q;,, is the long-wave radiation flux, and Qg
and Qy;, are the turbulent sensible and the latent heat flux, respectively. The latent heat

flux can be estimated with the bulk formula (Bentamy et al., 2003):
O =LxX Pair X Cg X (Qs - Qa) X Us (2.2)

L =4186.8 x (597.31 — 0.5625Ty) (2.3)

L is the latent heat of vaporization with a typical value of 2.5 x 10° J/kg, Q, is the

near-surface air specific humidity, Uy is the 10 m wind speed and p,;, is the air density.

d
Ce = 10 3aexp[b(Uyo +¢)] + oo+l (2.4)
10

The Dalton number, Cg is a function of the wind speed and ranges between 0.0015 and

0.0011 for wind speeds between 2 and 20 m.s~ L. With a =—0.146785, b= —0.292400,
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c= —2.206 and d= 1.6112292. Q, the saturated surface humidity, has been estimated

using the formula:
5 es

Os 2.5)

B gps —es
where es = TA x 108+C/Ts with a = —4.928, b = 23.55, and c= —2937.

2.2.2 Methods

In order to investigate the reasons behind the weakened SST variability in the eastern
equatorial Atlantic since the year 2000, the strength of the Bjerknes feedback and the net
heat flux damping, are estimated for the time period 1982/01 to 1999/12 and 2000/01
to 2017/12. First, the Bjerknes feedback is estimated via linear regression analysis
of (1) western equatorial Atlantic (WAtl) zonal wind stress anomalies (3°S—3°N and
40°W-20°, Figure 2.1) upon Atl3-averaged SSTa (3°S—3°N and 20°W-0°, Figure 2.1),
(2) Equatorial thermocline slope anomalies upon WALl zonal wind stress anomalies and
(3) SSTa upon thermocline depth anomalies pointwise in the Atl3 region. The equatorial
thermocline slope is computed as the difference between the mean Atl3 23°C isotherm
depth (Z,3) and WALl Z,3. Second, the net heat flux damping is estimated via the
linear regression of net heat flux anomalies upon SSTa in the Atl3 region. Prior to
the regressions the linear trend has been removed from all datasets. All analyses are
based on monthly-mean anomalies computed by subtracting the climatological monthly
mean seasonal cycle calculated separately for each dataset and time period. Equally
long periods relative to 2000 are chosen, but taking a longer pre-2000 period does no
fundamentally change the results (See Table 2.1).

To support the interpretation of the results the linear recharge oscillator model from
Burgers et al. (2005) (hereafter referred to as ReOsc model) is used, which describes the
oscillatory behavior of the equatorial Atlantic variability by the interaction of eastern

equatorial Atlantic SST and equatorial mean upper ocean heat content:

dT
— =anT+aph+er (2.6)
dt
dh
E =aynT +ayh+¢g, 2.7)

where T is the Atl3 SSTa and h is the mean thermocline depth anomalies averaged
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over the Equatorial Atlantic region (5°S-5°N, 50°W-20°E, EqAtl, Figure 2.1). The
parameters aj| and ap; represent the damping (or growth rate) of T and h, respectively.
ajp and ap; are the coupling of T to h and h to T, respectively. The tendency equation
of T and h are forced by the stochastic noise of T and h, €7 and ¢, evaluated as the
standard deviation of the residual of the linear regression fit, which can be interpreted as
a random noise forcing. It is noted that in this framework, the stochastic forcing terms
may contain also nonlinear contributions which still are dependent on the prognostic
variables T and h. As this study is focusing on the oceanic and atmospheric processes
contributing to the weakened SST variability, the coefficient a; is further decomposed

into its oceanic and atmospheric part (Frauen and Dommenget, 2010):

ail = aio+aia (2.8)
C
ajia = apACrr + % (2.9)
a1 lwind S~~~
a|1HF

where C:r is the wind stress (Bjerknes) feedback estimated by the linear regression
of zonal wind stress in the WALl box (Figure 2.1) onto T. Cy7 is the heat flux feedback
evaluated as the linear regression of the net atmospheric flux upon T in the Atl3 region.
A and v are the positive coupling parameter and the ocean mixed layer depth, which
are assumed to be constant and amount to 2100 m3>.N—! and 79 K.m2.W—!.month !,
respectively. ajjp is the residual of a;; when ajj4 is estimated as in Eq. 2.9, it is
expected to be driven by oceanic feedbacks such as the dynamical damping from mean
ocean currents and the zonal advective feedback, Ekman feedback and the thermocline
feedback as infered from oceanic contributions in the Bjerknes Stability Index analysis
(Jin et al., 2006).

Finally, following the approach of Bayr et al. (2014) we compute the zonal stream-

function:

rod
v = 27ra/ up 2P (2.10)
0o g

where up is the divergent component of the zonal wind, a the radius of the earth, p the
pressure and g the gravity constant. The zonal wind is averaged between 3°N and 3°S

and integrated from the top of the atmosphere to surface.
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2.3 Results

2.3.1 Observed changes in interannual variability

Interannual SST variability in the eastern equatorial Atlantic featured a strong change
in magnitude around the year 2000 (Figures 2.1, 2.2a). The averaged May-June-July
(MJJ) SST standard deviation in the Atl3 region (3°S — 3°N, 20°W — 0°, Figure 2.1)
during 1982-1999 was 0.68 + 0.09 K as derived from the ensemble mean of the nine
SST products (Table 2.1), whereas the variability decreased by 31% to 0.47 £+ 0.05 K
during 2000-2017. In contrast, the averaged November-December-January (NDJ) SST
standard deviation in the Atl3 region shows only small changes from 0.45 + 0.03 K dur-
ing 1982-1999 to 0.41 £ 0.03 K during 2000-2017. The seasonal evolution of the SST
standard deviation along the equator during 1982-1999 depicts a distinct yearly maxi-
mum in boreal summer (Figure 2.2b), which is consistent with the seasonally shoaling
thermocline depth and maximum surface—subsurface coupling (Keenlyside and Latif,
2007; HarlaB3 et al., 2015). In November-December (ND), there is a secondary maxi-
mum of SST variability, consistent with the findings of Okumura and Xie (2006). The
strengthening easterly winds in ND raise the thermocline in the Gulf of Guinea, which
reactivates the Bjerknes feedback during this short period. After 2000, the same sea-
sonal pattern of SST variability is observed but with overall reduced variability (Fig-
ure 2.2c¢). Figure 2.2d depicts a maximum of zonal wind variability in April-May-June
(AM)J) in the western equatorial Atlantic basin, as measured by the standard deviation
of the zonal wind speed anomalies. During 1982-1999, the AMJ WALl zonal wind speed
variability, derived as the ensemble mean of the wind products, amounts to 0.89 + 0.11
m.s~!, whereas in 2000-2017 the variability decreased to a value of 0.76 4= 0.09 m.s~!.
The reduction of the AMJ WALl wind variability is consistent among the datasets, only
NCEP-R1 and NCEP-R2 show a smaller reduction.
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Figure 2.2: (a) Time series of OI-SST anomalies averaged over the Atl3 region
(3°S-3°N, 20°W-0°) during 1982-1999 (red) and 2000-2017 (blue). (b, c¢) Standard
deviation of OI-SSTa along the equator and averaged between 3°S and 3°N for the pe-
riod 1982-1999 and 2000-2017, respectively. (d, e) Standard deviation of ERA-interim
zonal wind speed anomalies along the equator averaged between 3°S and 3°N for the

period 1982-1999 and 2000-2017, respectively.
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Table 2.1: Standard deviation of MJJ (NDJ) SST anomalies averaged over the Atl3
region during 1982-1999 and 2000-2017. The reduction is relative to the first period.

EM is the ensemble mean of the SST products.

Product 1960-1999 1982-1999 2000-2017  Reduction (%)
OI-SST - 0.76 (0.49) 0.54 (0.47) 29 (4.1)
ORA-S4 0.67 (0.50) 0.73 (0.47) 0.52 (0.42) 29 (10.6)
HadI-SST 0.66 (0.50) 0.50 (0.46) 0.34 (0.35) 31(22.2)
CFSR - 0.59 (0.43) 0.45 (0.41) 24 (4.6)
ERAS - 0.72 (0.51) 0.47 (0.42) 35(17.6)
ERA-interim - 0.67 (0.44) 0.48 (0.39) 28 (11.3)
OAflux - 0.65 (0.42) 0.45 (0.38) 32(9.5)
NCEP-R1 0.67 (0.55) 0.77 (0.42) 0.48 (0.42) 38 (6.6)
NCEP-R2 - 0.76 (0.45) 0.48 (0.42) 37 (6.6)
EM 0.67 £0.005 0.68+0.09 047+ 0.05 31
(0.52 £ 0.02) (0.45 +0.03) (0.41 +0.03) 9

Table 2.2: Standard deviation of AMJ zonal wind speed anomalies at 10 meters aver-
aged over the WAl region during 1982-1999 and 2000-2017. The reduction is relative

to the first period. EM is the ensemble mean of the wind products.

Wind product | 1982-1999  2000-2017 Reduction (%)
ERA-interim 1.04 0.74 28.8
ERAS 0.98 0.78 204
CFSR 0.71 0.61 14.1
NCEP-R1 0.84 0.82 2.0
NCEP-R2 0.87 0.87 0.0
EM 0.89 + 0.11 0.76 & 0.09 15

2.3.2 Weakened Bjerknes feedback

The Atlantic Nifio mode is in part determined by ENSO-like dynamics (Servain
et al., 1982; Keenlyside and Latif, 2007; Deppenmeier et al., 2016; Liibbecke and
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McPhaden, 2017), in particular by the Bjerknes feedback which can be decomposed
into its three components: (1) the zonal wind response to eastern equatorial SSTa, (2)
the thermocline slope response to western equatorial wind anomalies and (3) the lo-
cal response of SSTa to thermocline depth anomalies. In order to understand the pro-
nounced weakening in the SST variability in MJJ after the year 2000 we first calculate
the individual components of the Bjerknes feedback separately for the two time periods
1982-1999 and 2000-2017. As the Bjerknes feedback is strongly seasonal, the three
components of the Bjerknes feedback are first estimated as a function of the calendar
month (Figure 2.3) and then averaged for the relevant seasons (Figure 2.4) via linear re-
gression for the two time periods. The first component is peaking in AMJ (Figure 2.3a)
while the second and third components are peaking in MJJ. From Figures 2.2 and 2.3
we decide to focus on MJJ and NDJ when the Bjerknes feedback and interannual SST
variability are the highest.
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Figure 2.3: Bjerknes feedback components as a function of the calendar months for
the period 1982-1999 (red) and 2000-2017 (blue). (a) Zonal wind response to eastern
equatorial SST changes. (b) Thermocline slope response to western equatorial surface
wind anomalies. (c) Local response of SSTa to thermocline depth anomalies. Crosses
indicate that the regressions are significant at the 95%-level according to the Student’s

t-test. Dotted lines depict the error bars of the regressions.

First, the western zonal wind stress response to eastern equatorial Atlantic SSTa
is investigated (Figures 2.4a and 2.4d). Relative to the time period 1982-1999, after
2000 the zonal wind stress response to Atl3 SSTa has weakened by 21% in MJJ and
by 24.5% in NDJ. The second component (Figures 2.4b and 2.4e), i.e. the thermocline

slope response to western equatorial zonal wind stress anomalies which is driven by
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the eastward propagation of equatorial Kelvin waves, has also weakened. Compared
to 1982-1999, after 2000 the second component has reduced by 30.2% in MJJ and by
32.7% in NDIJ (Figures 2.4b and 2.4e). The third component, i.e. the local response
of SSTa to changes in thermocline depth has not experienced any significant change.
We note the smaller amount of variance accounted for by the three components since
2000, suggesting that the Bjerknes feedback has become a less important driver of SST
variability in the equatorial Atlantic. The same linear regression analysis has also been
performed using different products and months. We find that while the regressions
are sensitive to the chosen period, the overall general result, i.e. a weakening of the

Bjerknes feedback strength, remains the same.

2.3.3 Net heat flux damping

Thermodynamical processes are also known to play an important role in the equa-
torial Atlantic variability. While their damping effect has been long recognized (e.g.
Frankignoul et al. (2002)), they have also been suggested to contribute to the onset of
Atlantic Nino events (Nnamchi et al., 2015). The ocean and the atmosphere are coupled
through heat fluxes. The turbulent heat exchange, i.e the latent and sensible heat fluxes,
allow the ocean to release the heat absorbed from solar radiation. This heat release is
responsible for damping the SSTa and hence reducing its variability. The net heat flux
damping is the dominant negative feedback in the equatorial Atlantic (Liibbecke and
McPhaden, 2013). It is estimated via linear regression of net heat flux anomalies upon
SSTa. We use six different heat flux products to get a sense of the uncertainty. Relative
to 1982-1999, in 2000-2017 we observe a stronger MJJ net heat flux damping (Ta-
ble 2.3) with an increase from -16.52 + 4.59 W.m2.K~! t0-23.96 & 5.92 W.m 2.K"!
and from -8.93 + 7.44 W.m 2K ! to -14.57 & 8.07 W.am 2.K~! in NDJ as derived
from the ensemble mean of the heat flux products.

We decompose the net heat flux into its different components and look separately
at the response of each component to the SSTa. The latent heat flux response to SSTa
is found to be the most important component with an increase from -13.70 £+ 2.85
W.m 2K ! t0 -20.85 + 4.67 Wm 2K in MJJ and from -8.14 £ 1.91 W.m 2.K™!
to-11.30 4 1.96 W.m~2.K~! in NDJ. The sensible heat flux damping has also increased

but is smaller in total numbers (not shown). The stronger net heat flux damping due to
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Figure 2.4: Bjerknes feedback components for the equatorial Atlantic for 1982-1999
(upper row) and for 2000-2017 (lower row). (a, d) Linear regression of MJJ Atl3 SST
upon MJJ western equatorial Atlantic zonal wind stress anomalies (WAtl, brown) and
of November-December-January (NDJ) Atl3 SST upon NDJ Watl wind stress anoma-
lies (dark blue). Linear regression of MJJ (NDJ) WAtl wind anomalies upon MJJ (NDJ)
equatorial thermocline slope anomalies (brown and dark blue: b and e, respectively).
Linear regression of MJJ (NDJ) Atl3 Z23 anomalies upon MJJ (NDJ) SST anomalies
(brown and dark blue: c and f, respectively). Regressions are significant at 95% accord-
ing to the Student’s t-test. S is the slope of the regression line and R? is the correlation

coefficient squared.
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Table 2.3: MJJ Atl3 net heat flux damping (latent heat flux damping) during the periods
1982-1999 and 2000-2017. EM is the ensemble mean of the heat flux products.

Product 1982-1999 2000-2017
MJJ NDJ MJJ NDJ

CFSR -13.43 (-16.17)  1.45(-8.21) | -16.02 (-17.75)  -2.01 (-8.18)
ERAS -18.24 (-15.98) -14.1 (-11.03) | -24.15 (-21.42)  -13.76 (-8.95)
ERA-interim | -16.95 (-12.61) -16.21 (-6.38) | -23.15 (-17.35) -22.44 (-12.24)
OAflux -10.43 (-11.84)  -9.34 (-8.78) | -19.08 (-17.88) -23.30 (-12.66)
NCEP-R1 -14.96 (-8.86)  -16.1 (-9.27) | -26.68 (-19.89)  -19.61 (-13.1)
NCEP-R2 | -25.12 (-16.76) 0.7 (-5.18) -34.69 (-30.79)  -6.29 (-12.67)
EM -16.52 + 459 -893+7.44 | -23.96 592 -14.57 £ 8.07
(-13.70 + 2.85) (-8.14 =1.91) | (-20.85 £ 4.67) (-11.30 £ 1.96)

the latent heat flux is consistent among the datasets (Table 2.3).

Table 2.4: MJJ near-surface specific humidity difference response to Atl3 SST changes
for the periods 1982-1999 and 2000-2017. EM is the ensemble mean of the heat flux

products.
Product  1982-1999  2000-2017
CFSR 0.50 0.56
ERAS 0.82 0.93
ERA-INT - -
OAflux 0.59 0.71
NCEP-R1 0.70 0.76
NCEP-R2 0.59 0.82
EM 0.64 £ 0.11 0.76 £ 0.12

Lloyd et al. (2011) argued that the latent heat flux damping in the equatorial Pa-
cific is mainly driven by near-surface specific humidity difference whereas the winds
play only a secondary role. Calculating both the response of the Atl3 zonal wind and
the Atl3 near-surface specific humidity difference to Atl3 SSTa, we find that only the

latter showed a significant change when comparing the two time periods (Table 2.4),
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consistent with the findings by Lloyd et al. (2011) for the Pacific.

Relative to 1982-1999, in 2000-2017 the MJJ Atl3 near-surface specific humidity
difference response to SSTa increased (Table 2.4) from 0.64 + 0.11 gkg='.K~! t0 0.76
4+ 0.12 g.kg~'.K~!. This suggest that the increase in latent heat flux damping is mainly

driven by the increased response of the near-surface specific humidity.

2.3.4 Mean state changes

Contemporaneously with the reduced SST variability, the tropical Atlantic mean
state has also undergone changes over the past decades. We here investigate the mean
state changes to see whether the changes in the Bjerknes feedback and heat flux damp-
ing can be related to them.

We observe a sustained positive trend in the SST averaged over the tropical Atlantic
basin (20°S-30°N, 60°W-15°E) since 1982 (Figure 2.5a). However, the MJJ SST dif-
ference (Figure 2.5b) between 1982-1999 and 2000-2017 mainly depicts a significant
warming of about 0.3°C north of the equator but no significant change in the eastern
equatorial Atlantic. Figure 2.5¢ shows the March-April-May (MAM) wind speed dif-
ference superimposed on the precipitation difference between the two periods as well
as the 5 and 10 mm-day~! precipitation contours as a proxy for the position of the
Intertropical convergence zone (ITCZ). Relative to 1982-1999, in 2000-2017 more pre-
cipitation is observed over the western African coast and the north-eastern part of Brazil
as well as north of the equator pointing to a northward shift of the ITCZ position.
The shift of the ITCZ might explain the reduced WAtl wind variability (Zebiak, 1986;
Richter et al., 2017). Regarding the winds, a minor intensification of the easterlies is
noted over the eastern equatorial Atlantic, which is consistent with a slight shoaling of
the thermocline along the equator (Figure 2.5d). The changes in precipitation and wind
are not significant and therefore not further discussed. A cooling of 0.3°C of the MJJ
ocean temperature from 30°W to 10°E below the thermocline is observed which acts to
sharpen the vertical gradient of ocean temperature along the thermocline (Figure 2.5d).
Compared to 1982-1999, since 2000 a stronger MJJ net heat flux is observed in the
eastern equatorial Atlantic and lower in the western equatorial Atlantic. Although the
eastern part of the basin receives more heat no significant warming is observed in MJJ.

We hypothesize that the increased easterlies may have enhanced the upwelling along
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the equator and balance the heat surplus. Changes in the Walker circulation are rep-
resented by the zonal streamfunction (see Section 2.2.2 and eq. (2.10)) in Figure 2.6.
Compared to 1982-1999, since 2000 a strengthening and a minor westward shift of the
rising branch of the Walker circulation is observed, so that it is situated slightly more
over land (Figure 2.6). This can also explain the reduced zonal wind variability in the
western equatorial Atlantic and weakened Bjerknes feedback by a similar mechanism
that was found in the Pacific: A strengthened and more westward Walker circulation
weakens the wind-SST feedback and Bjerknes feedback as this hooks the rising branch
of the Walker Circulation over land and therefore hampers the ocean-atmosphere cou-
pling (Bayr et al., 2018, 2019). For the equatorial Pacific, Li et al. (2019) observed
a profound shift of the Walker circulation when comparing the periods 1979-1999 and
2000-2017. This westward shift resulted in a significant change of the equatorial Pacific
climate variability.

The aforementioned changes in the mean state are hardly significant and can likely
not fully explain the weakening of the Bjerknes feedback. Hu et al. (2013), carrying
out experiments with the Zebiak-Cane model in the tropical Pacific, found a nonlinear
response of ENSO amplitudes to thermocline slope. They found that a too large thermo-
cline slope would hinder warm water zonal migration which is unfavourable for ENSO
growth. In our case, however, the larger thermocline tilt as well as the increased zonal
winds explain too little variance to account for the 31% reduction of the SST variability.

We conclude that the weakening of the Bjerknes feedback fits to the changes of the
background mean state and the reduced zonal wind response to SST anomalies as well
as the decreased response of the ocean thermocline slope to wind stress anomalies and
thus likely contributed to the reduced SST variability after 2000. We also note here that
the enhanced sensitivity of the near-surface humidity difference to SSTa and slightly
stronger trade winds along with warmer SSTs may have played a role in enhancing the

net heat flux damping through the turbulent heat fluxes.

2.3.5 Verification using the simplest recharge oscillator

The linear recharge oscillator (ReOsc) from Burgers et al. (2005) (see section 2.2)
is a tool to diagnose ENSO-like dynamics and used here to corroborate the link be-

tween reduced SST variability, weakened Bjerknes feedback and stronger net heat flux
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Figure 2.5: (a) Time series of OI-SST averaged over the tropical Atlantic basin
(20°S-30°N, 60°W-15°E; gray) the 10 year running mean of SST (black) and the lin-
ear trend of SST (blue). Difference between 2000-2017 minus 1982-1999 of (b) MJJ
HadI-SST, (c) MAM GPCP precipitation (shading) and ERA-Interim wind speed (shad-
ing) as well as the 5 and 10 mm.day~! precipitation contours as a proxy for the ITCZ
position in 1982-1999 (red) and 2000-2017 (blue), (d) MJJ ORA-S4 subsurface tem-
perature superimposed by the 23°C isotherm depth as a proxy for thermocline depth
during 1982-1999 (red) and 2000-2017 (blue). (e) MJJ ERA-interim net heat flux. Dots
indicate that the means are significantly different at 95%-level according to the Welch’s

t-test.
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Figure 2.6: (a, b) Zonal ERA-interim streamfunctions representing the Walker circu-
lation computed for the time periods 1982-1999 and 2000-2017, respectively. (c) Ver-
tically integrated zonal streamfunction. Green bold lines at the bottom indicate South

America and Africa.

damping during 2000-2017.

Multiple studies have shown that the simple ReOsc model is able to reproduce fun-
damental aspects of ENSO in the tropical Pacific (Wengel et al., 2018; Vijayeta and
Dommenget, 2018) and also the Bjerknes feedback and delayed negative feedback in
the tropical Atlantic (Jansen et al., 2009) with the advantage to allow for a decompo-
sition of the ocean and atmosphere contributions to the SST variability. The ReOsc
model, however, has limitations, as it does not consider, for example, nonlinearities.
Although the equatorial Atlantic variability is overestimated, mainly because of the ab-
sence of nonlinearities, the ReOsc model produces a weakening of 50% of the MJJ SST
variability from 0.93 during 1982-1999 to 0.46 during 2000-2017 which overestimates
but fits to the 31% reduction found with the observations and reanalysis. We consider
the tendency equation of Atl3 SSTa (T in eq. (2.6)) and its different components are
computed for the two time periods and summarized in Table 2.5.

Consistent with the above results, the ReOsc model displays a stronger damping of
T, which changes from -0.27 month~! to -0.46 month~—! from 1982-1999 to 2000-2017.
Further, the term ap,, representing the coupling of SSTa to the thermocline depth, has
experienced a strong reduction, from 0.057 K.m~!.month~! t0 0.011 K.m™~!.month~!,
noting that the coupling terms are of minor importance for the strength of SST vari-

ability as shown for the Pacific (Wengel et al., 2018). Regarding the stochastic noise
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Table 2.5: ReOsc model components of the tendency equation for the MJJ Atl3 SSTa
(T) during 1982-1999 and 2000-2017. ORA-S4 was used for T and h, ERA-interim for

the wind stress and OAflux for the net heat flux.

Period ayp (1/month) ajr (K/m/month) é&p (K/month)
1982-1999 -0.271 0.0574 0.501
2000-2017 -0.456 0.0105 0.385

forcing of T, £7, a significant decrease is noted from 0.50 K.month~! during 1982-1999
to 0.39 K.month~! during 2000-2017. This reduction of the stochastic noise forcing
is important as Wengel et al. (2018) showed for the Pacific that it can control ENSO
amplitude.

In order to disentangle the dynamics behind the stronger damping of T, and using
the methodology of Vijayeta and Dommenget (2018) and Dommenget and Vijayeta
(2019) that has been applied to the Pacific, the growth rate a;; is further decomposed
into its oceanic (ajp) and atmospheric (a14) part (see eq. (2.8) for more details on the
separation method).

Table 2.6 summarizes the results of the decomposition. During 1982-1999, the
dominant growth rate factor amounting to 1.421 month ™! is aj,;,g Which is composed
of the coupling of SSTa to local thermocline depth and of the zonal wind to SSTa
(eq. (2.9)). The negative feedback, ajiyr, which represents the thermal damping, is
rather weak -0.196 month~!. The combined atmospheric feedback ajj4 on T is pos-
itive and amounts to 1.224 month~!. In contrast, during 2000-2017, a much weaker
atmospheric growth rate is observed with a value of -0.246 month™!.

This strong reduction is the result of two changes: first, a reduction in aj 1y,j,g com-
ponent, 0.204 month~! which is due to a combination of the weakened zonal wind
response to SSTa (C;r) and reduced SST-thermocline coupling (a;2). The weakened
zonal wind sensitivity to SSTa might be related to the slight northward shift of the ITCZ
(Figure 2.5¢) while the reduced SST-thermocline coupling may be the result of the en-
hanced vertical gradient of ocean temperature (Figure 2.5d). Second, the stronger ther-
mal damping which has changed from -9.612 W.m~2.K~!during 1982-1999 to -22.03
W.m 2K! during 2000-2017. The a;;p term becomes less negative from 1982-1999

to 2000-2017, which indicates weaker damping from oceanic processes such as mean
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Table 2.6: ReOsc model components of the tendency equation for the Atl3 MJJ SSTa
(T) during 1982-1999 and 2000-2017, in which the growth rate of T, a;;, has been
decomposed into its atmospheric and oceanic part. ORA-S4 was used for T and h,
ERA-interim for the wind stress and OAflux for the net heat flux. The units are month ™!

for the a components, W.m 2K~ ! for C rr and N.m 2K~ ! for Cq7.

Period ajlo ana  aiHr  AQwind  Crr Crr
1982-1999 | -1.495 1.224 -0.196 1.421 -9.612 0.012
2000-2017 | -0.210 -0.246 -0.450 0.204 -22.03 0.009

currents and would lead to an increase in SST variability. However, this effect is over-
compensated by the changes of the atmospheric damping. We therefore conclude that
atmospheric processes are dominant in driving the variability weakening during these

time periods.

2.4 Summary and Discussion

Observational and reanalysis data as well as the linear recharge oscillator model,
ReOsc, were used to investigate the multidecadal reduction in interannual MJJ SST
variability in the equatorial Atlantic which has considerably weakened from 1982-1999
to 2000-2017. Understanding Equatorial Atlantic SST variability is of great important
as it influences climate over the African and American continents and contribute to
the variability in the Pacific and Indian Oceans (Liibbecke et al., 2018). The major
feedbacks determining the MJJ SST anomalies (SSTa) in the equatorial Atlantic have
been estimated to obtain insight into the dynamics underlying the reduction in equatorial
Atlantic interannual SST variability. First, we analyzed the positive Bjerknes feedback.
The western equatorial Atlantic zonal wind stress response to eastern equatorial Atlantic
SSTa has reduced during the latter period, and this reduction might be at least partly
linked to the slight northward shift of the ITCZ position observed when comparing the
mean boreal spring situations of 1982-1999 and 2000-2017. A northward shift of the
mean deep convection could lead to a reduced wind sensitivity to SSTa (Zebiak, 1986;
Richter et al., 2017). Similarly, the thermocline response to western zonal wind stress

anomalies has weakened during boreal summer. The surface-subsurface coupling did
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not exhibit a significant change.

Overall, the Bjerknes feedback weakened but the weakening cannot be fully at-
tributed to the mean state changes which are rather weak. We did not find significant
changes in the mean thermocline depth and zonal wind as found by Hu et al. (2013) for
the Pacific, where a stronger thermocline tilt consistent with stronger trade winds and
enhanced Walker circulation was observed after the year 2000 explaining the weak-
ened variability on the equatorial Pacific Ocean. A cooling of the subsurface ocean
temperature is found between 30°W and 10°E which enhances the vertical gradient of
temperature and may help to reduce the surface-subsurface coupling. The mean tropical
Atlantic MJJ SST underwent a significant warming of 0.2-0.3 K north of the equator
but not much on the equator.

Second, we analyzed the net heat flux damping, the dominant negative feedback on
SSTa over the equatorial Atlantic (Liibbecke and McPhaden, 2013). The net heat flux
damping has strongly increased during 2000-2017, which is mostly due to the stronger
latent heat flux response to SSTa and found to be the result of a larger response of the
air-surface specific humidity difference response to SSTa.

The linear recharge oscillator (ReOsc) allowed us to linearly decompose the ocean
and atmosphere contributions to the SST variability. The results of the ReOsc show
that the weakened SST variability in the eastern equatorial Atlantic is mainly due to a
stronger atmosphere damping after 2000. Changes in oceanic damping are overcom-
pensated by atmospheric processes. Besides, the MJJ stochastic forcing of the SSTa
has also reduced since 2000, which might influence the amplitude of the Atlantic zonal
mode as Wengel et al. (2018) showed that the stochastic forcing has an impact on ENSO
amplitude. However, studying the link between the stochastic forcing and the SST vari-
ability in the equatorial Atlantic would need further research. The possibility to decom-
pose the stochastic forcing into a state-dependent and state-independent part is noted
(Levine et al., 2016), which is however beyond the scope of this paper.

Tokinaga and Xie (2011) studied the weakening of the equatorial Atlantic cold
tongue during 1950-2009. Using the 20°C isotherm for the thermocline depth, they
found a deepening trend of the thermocline along with a relaxation of the equatorial
trade winds in the eastern Atlantic and a basin-wide warming with a local maximum

in the cold tongue region. They concluded that these mean state changes together with
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enhanced atmospheric convection were responsible for the reduced SST variability in
the equatorial Atlantic. As shown by Castafio-Tierno et al. (2018), the use of the 20°C
isotherm as a proxy for thermocline depth might impact the assessment of the air-sea
coupling as the 20°C isotherm is too deep and therefore less sensitive to changes in
surface temperatures and winds. Our study shows no significant change in the trade
winds, during the analysis period, or at least no weakening, which is consistent with the
findings of Servain et al. (2014). The different wind trends found in different studies,
depending on the exact region, time period and wind product, highlights the multi-
decadal variability as well as the uncertainty of wind datasets. It is known that reanal-
ysis datasets have large biases in the tropical Atlantic (Huang et al., 2007) that may
overshadow the mean state changes from one period to the other and increase the un-
certainty on the ocean-atmosphere feedbacks (Kumar and Hu, 2012). However, the use
of several datasets allows to show the robustness of our results.

Other possible sources for multidecadal changes in the equatorial Atlantic interan-
nual variability can be of remote origin. The El Nifo/Southern Oscillation (ENSO),
the dominant mode of interannual variability in the Pacific Ocean, is suggested to in-
fluence Atlantic variability in various ways (Latif and Grotzner, 2000; Chang et al.,
2006). Similarly to the equatorial Atlantic, the equatorial Pacific also has experienced
a weakening in variability during the last two decades (Hu et al., 2013, 2017; Li et al.,
2019), raising the question whether the two phenomena are connected. The connec-
tion between ENSO and the Atlantic Nifio mode is, however, complicated (see Cai et
al. (2019) for a review) and directed both from the Pacific to the Atlantic (Enfield and
Mayer, 1997; Latif and Grotzner, 2000; Chang et al., 2006; Liibbecke and McPhaden,
2013) and from the Atlantic to the Pacific (Jansen et al., 2009; Rodriguez-Fonseca et
al., 2009; Ding et al., 2012). Wang (2017) showed a weakened interannual variability
in the contrast in rainfall between the eastern equatorial Pacific and equatorial Atlantic
since 2000. This weakening was associated with the weakened interannual variability
in the inter-Pacific-Atlantic zonal SST gradient and in the associated equatorial cross-
South American wind linking the two ocean basins since 2000. This study shows the
importance of the influences from the Pacific on the variability of the equatorial At-
lantic via Pacific-Atlantic interactions. Hence, the relationship between the weakened

variability in both the equatorial Atlantic and Pacific around the year 2000 will need to

47



be investigated further.

Finally, the Atlantic Multidecadal Oscillation (AMO) might have also played a role
in the SST variability change in the equatorial Atlantic. Recently, Martin-Rey et al.
(2018) showed that during a negative phase of the AMO, the equatorial Atlantic SST
variability is enhanced by more than 150% in boreal summer. Wang and Zhang (2013)
showed that the warm phase of AMO corresponds to a strengthening of the Atlantic
meridional overturning circulation (AMOC) while Svendsen et al. (2014) showed that
a weakening of the AMOC could enhance the equatorial Atlantic variability. Hence a
positive phase of the AMO might tend to weaken the equatorial Atlantic variability. In
the early 1990s, the AMO changed phase from negative to positive, which could have

contributed to the relative weakening of the equatorial Atlantic SST variability.

2.5 Acknowledgements

The authors would like to thank the anonymous reviewers for their constructive
comments. This study was supported by the German Federal Ministry of Education
and Research as part of the BANINO project (03F0795A) and the SFB 754 “Climate-
Biochemistry Interactions in the tropical Ocean”. We acknowledge : the NOAA/OAR/ESRL
PSD, Boulder, Colorado, USA, for providing NOAA High Resolution SST data and
NCEP Reanalysis data, from their Web site at https://www.esrl.noaa.gov/psd/;
the UK Met Office and ECMWEF for providing datasets; the global ocean heat flux and
evaporation products were provided by the WHOI OAFlux project (http://oaflux
.whoi.edu) funded by the NOAA Climate Observations and Monitoring (COM) pro-
gram; the Climate Data Guide: GPCP (Monthly): Global Precipitation Climatology
Project. Retrieved from https://climatedataguide.ucar.edu/climate-data/g

pcp—monthly-global-precipitation-climatology-project.

48


https://www.esrl.noaa.gov/psd/
http://oaflux.whoi.edu
http://oaflux.whoi.edu
https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-precipitation-climatology-project
https://climatedataguide.ucar.edu/climate-data/gpcp-monthly-global-precipitation-climatology-project

Chapter 3

Origin of weakened interannual sea
surface temperature variability in the

Southeastern Tropical Atlantic Ocean

Chapter 2 revealed that relative to 1982-1999, during 2000-2017 the interannual
SST variability in May-June-July in the eastern equatorial Atlantic has reduced by 31%.
As introduced in Chapter 1 the eastern equatorial Atlantic and Angola-Benguela area
are strongly connected. Hence it may well be that the interannual SST variability in the
southeastern tropical Atlantic also has undergone a reduction since 2000. This is the

topic of Chapter 3.
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Abstract

Observations and reanalysis products are used to investigate the substantial weaken-
ing in the southeastern tropical Atlantic sea surface temperature (SST) variability since
2000. Relative to 1982-1999, the March-April-May SST variability in the Angola-
Benguela area (ABA) has decreased by more than 30%. Both equatorial remote forcing
and local forcing are known to play an important role in driving SST variability in the
ABA. Compared to 1982-1999, since 2000, equatorial remote forcing had less influ-
ence on ABA SSTs, whereas local forcing has become more important. In particular,
the robust correlation that existed between the equatorial zonal wind stress and the ABA
SSTs has substantially weakened, suggesting less influence of Kelvin waves on ABA
SSTs. Moreover, the strong correlation linking the South Atlantic Anticyclone and the
ABA SSTs has reduced. Finally, multidecadal surface warming of the ABA could also

have played a role in the weakening of the interannual SST variability.

3.1 Introduction

The tropical Atlantic Ocean sea surface temperatures (SSTs) have warmed substan-
tially over the last decades (Tokinaga and Xie, 2011; Servain et al., 2014; Vizy and
Cook, 2016) and particularly in the southeastern tropical Atlantic. In association with
the basin-wide warming, which is most pronounced in boreal summer reducing the an-
nual cycle through a positive ocean—atmosphere feedback, a strong reduction of the
equatorial Atlantic SST variability was reported by Tokinaga and Xie (2011) over the
period 1950-2009. However, multidecadal variability is large. Nnamchi et al. (2020)
found that SSTs during the satellite era 1979-2018 exhibit a warming hole over the
equatorial Atlantic cold tongue region in boreal summer. This lack of surface warming
denotes an 11% amplification of the mean SST annual cycle in that region. Recently,
Prigent et al. (2020a), using observations and reanalysis products, found that the equa-
torial Atlantic interannual SST variability in May-June-July has reduced by 31% during
2000-2017 relative to 1982-1999. Interannual SST variability in the equatorial Atlantic
and Angola-Benguela area (ABA) are strongly connected (Reason et al., 2006; Hu and
Huang, 2007; Liibbecke et al., 2010). Hence, it may well be that the SST variability in

the southeastern tropical Atlantic also has undergone a reduction since 2000, which is
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the topic of this study.

SSTs along the coasts of Namibia and Angola are characterized by a strong sea-
sonal cycle, with warmest SSTs in March-April-May (MAM), modulated by variability
from subseasonal to decadal time scales (Bachelery et al., 2020). The main features
of interannual SST variability over the ABA (8°E-to the coast; 10°S-20°S, blue box
Figures 3.1a and 3.1b) are warm and cold events, the so-called Benguela Nifios and
Benguela Ninas (Shannon et al., 1986), respectively. Anomalous surface temperatures
along the coasts of Angola and Namibia, typically lasting for a few months and peak-
ing in MAM, impact the regional climate (Hansingo and Reason, 2009; Rouault et al.,
2003, 2007; Lutz et al., 2013; Koseki and Imbol Koungue, 2021) as well as marine
ecosystems and fisheries (Gammelsrgd et al., 1998; Binet et al., 2001; Bachelery et al.,
20164, 2020).

Such events are mainly driven by two mechanisms: (1) remote forcing from the
equatorial Atlantic and (2) local atmospheric forcing. The remote forcing is associated
with the fluctuations of the trade winds over the western and central parts of the equato-
rial Atlantic, triggering eastward propagating equatorial Kelvin waves (EKWs). When
reaching the West African coast, part of the energy of the EKWs is transmitted pole-
ward along the West African coast (Polo et al., 2008) as coastally trapped waves (CTWs;
Clarke (1983) ), which affect local stratification, SST, alongshore currents and biogeo-
chemical conditions (Rouault, 2012; Rouault et al., 2018; Bachelery et al., 2016b, 2020;
Illig et al., 2018b,a; Illig and Bachelery, 2019). Bachelery et al. (2020) showed in an
ocean modeling study that remote forcing from the equatorial Atlantic explains around
50% (70%) of the interannual SST (sea level anomaly) variability between 10°S and
20°S along the West African coast. Richter et al. (2010) showed, using observations
and a coupled general circulation model, that Benguela Nifios also can be forced by
weakened local alongshore winds related to the strength of the South Atlantic Anticy-
clone (SAA). Moreover, Liibbecke et al. (2019) have demonstrated that the warm event
of 2016 off Angola and Namibia was generated by a combination of local processes,
that is, reduction of alongshore winds and local upwelling, anomalous heat fluxes, fresh-
water input, and meridional advection.

Predicting SSTs in the ABA is challenging. Two predictors have been suggested:
(1) an index based on SAA strength (Liibbecke et al., 2010), and (2) an index based on
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EKW activity (Imbol Koungue et al., 2017). Both approaches would allow to predict
Benguela Nifio and Benguela Nifia events at 1 to 2 months lead time. In this study,
we document a marked reduction of the interannual SST variability in the ABA since
2000. Possible links to remote forcing from the equatorial Atlantic and to the SAA and

implications for the predictability of Benguela Nifios and Benguela Nifias are discussed.

3.2 Data and methods

3.2.1 Data
Ocean reanalysis

Three ocean reanalysis SST products with monthly resolution are used: (1) Climate
Forecast System Reanalysis Version 1 and 2 (CFSR, Saha et al. (2014)) available at
0.5° horizontal resolution and spanning the period from January 1979 to August 2019.
(2) European Centre for Medium-range Weather Forecast (ECMWF) Re-Analysis 5
(ERAS, Hersbach et al. (2020)) available at 0.25° horizontal resolution for the period
January 1979 to January 2020. (3) Ocean Reanalysis System version 4 (ORA-S4, Bal-
maseda et al. (2013)) from the ECMWF available at 1° horizontal resolution and span-
ning the period January 1958 to December 2017. Wind stress and sea level pressure

(SLP) are taken from ERAS. The 20°C isotherm depth (Z;) is taken from ORA-S4.

Observations

Observational SST products used are (1) Hadley Centre Sea Ice and Sea Surface
Temperature data set version 1.1 (HadI-SST, Rayner (2003)) available at 1° horizon-
tal resolution for the period January 1870 to December 2019. (2) Centennial in situ
Observation-Based Estimates SST (COBE-SST, Ishii et al. (2005)) available at 1° hor-
izontal resolution and spanning the period January 1891 to December 2019. (3) Opti-
mum Interpolation SST Version 2 (OI-SST, Reynolds et al. (2007)) available at 0.25°
horizontal resolution for the period September 1981 to December 2019. Table S1 in the

supporting information provides an overview of the datasets and variables used.

52



3.2.2 Methods

In order to investigate the changes in the interannual SST variability in the ABA
since 2000, we compare the periods January 1982 to December 1999 and January 2000
to December 2017. The year 2000 was chosen as the year of separation because major
shifts occurred around this year both in the tropical Atlantic (Prigent et al., 2020a)
and tropical Pacific (McPhaden, 2012; Hu et al., 2013, 2017, 2020; Liibbecke and
McPhaden, 2014; Li et al., 2019). All analyses use monthly-mean anomalies computed
by subtracting the climatological monthly-mean seasonal cycle derived separately for
each data set and period. Prior to all analyses, linear trends calculated over the entire

period 1982-2017 were removed.

3.3 SST variability

The magnitude of the interannual SST variability in the southeastern tropical At-
lantic, as measured by the standard deviation, has undergone a strong multidecadal
reduction (Figure 3.1a). The time series of the SST anomalies (SSTa) averaged over
the ABA (Figure 3.1b) exhibits a clear change in character from the pre-2000 period to
the post-2000 period. The seasonal cycle of the standard deviation of the SSTa in the
ABA exhibits a distinct maximum in MAM (Figure 3.1c¢), when most of the Benguela
Nifios/Nifias occur (Imbol Koungue et al., 2017, 2019). However, the standard de-
viations during 2000-2017 are much smaller. There is still considerable interannual
variability after 2000 but major events are fewer and SST fluctuations less persistent
(Figure 3.1d).

While the MAM SST in the ABA has warmed by 0.3 K from 1982-1999 to 2000-
2017 (Figure Sla), the meridional gradient of MAM SST in the ABA remained nearly
constant (Figure S1b). Vizy et al. (2018) showed a poleward trend of the Angola
Benguela Frontal Zone (ABFZ), which could have influenced the ABA SST variabil-
ity as the area of variability would shift with it. However, the observed reduction in
SST variability occurred over a relatively large region. While the reduction is signifi-
cant mainly to the north of the ABFZ, it extends almost along the whole Angolan and
Namibian coasts (Figure 3.1a). Therefore, the reduction is not likely associated with a

poleward displacement of the ABFZ.
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Figure 3.1: (a) Difference of MAM SSTa standard deviation between 2000-2017 and
1982-1999 from ERAS. Dots indicate where the standard deviations between the two
periods are significantly different at the 95%-level according to a Welch’s t-test. (b)
Time series of monthly ABA-averaged ERAS SST anomalies. (c) Ensemble mean stan-
dard deviation of ABA-averaged SSTa as function of the calendar month during 1982-
1999 (red) and 2000-2017 (blue). The six SST products used are indicated in Table S1.
(d) Autocorrelation function of the monthly ABA SSTa during 1982-1999 (red) and
2000-2017 (blue).

The standard deviation of SSTa in the ABA calculated over all calendar months has
weakened by 22.3%, from 0.74 £ 0.05 K in 1982-1999 to 0.58 4 0.07 K in 2000-2017.
Strongest reduction occurred in MAM (Table 3.1). The MAM standard deviation was
1.08 4 0.13 K during 1982-1999 and decreased by 30.5% to 0.75 £ 0.11 K during
2000-2017 (Table 3.1).
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1982-1999 2000-2017 Reduction (%)
Product All month MAM All month MAM All month MAM

CFSR 0.75 1.15 0.64 0.83 15 28
ERAS 0.75 1.10 0.56 0.80 25 27
HadI-SST 0.72 0.91 0.48 0.63 33 31
COBE-SST 0.64 0.90 0.48 0.58 25 36
OI-SST 0.78 1.23 0.66 0.84 16 32
ORA-S4 0.78 1.18 0.63 0.84 20 29

EM 0.74 £0.05 1.08£0.13 | 058 £0.07 0.75+0.11 | 223 £62 305+3

Table 3.1: Standard deviation of the ABA-averaged SSTa (K) for the periods 1982-1999
and 2000-2017. EM denotes the ensemble mean of all products (Table S1).

3.4 Relative roles of equatorial and local forcing

During 1982-1999, the ABA SSTa are mainly linked to zonal wind stress fluctua-
tions in the western equatorial Atlantic, as shown by linear regression on ABA SSTa
(Figures 3.2a and S2a). Equatorial zonal wind stress fluctuations can generate EKWs
that propagate eastward along the equator. At the West African coast, part of the EKW
energy is transmitted poleward as CTWs which can trigger coastal warm/cold events
(IMig et al., 2004; Florenchie et al., 2003, 2004; Liibbecke et al., 2010; Imbol Koungue
et al., 2017, 2019; Bachelery et al., 2020). In contrast, during 2000-2017 (Figures 3.2b
and S2b), the link between western equatorial zonal wind stress fluctuations and coastal
SSTa is considerably weaker, which is consistent with the reduced equatorial wind
stress variability described in Prigent et al. (2020a). Instead, relatively large regression
coefficients are found in the southeastern tropical Atlantic close to the West African
coast (Figure 3.2b), suggesting that the role of local meridional wind stress fluctua-
tions in driving interannual SST variability in the ABA has increased. This is further
supported by the strengthened link between ABA SSTa and near-coastal wind-stress
curl anomalies along the Angolan and Namibian coasts when comparing 1982-1999

(Figure 3.2¢) to 2000-2017 (Figure 3.2d). We also observe a magnitude maximum of
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the regression coefficients around 20°S and 20°W (Figure 3.2b) which, however, is not
statistically significant at 95% according to a Student’s t-test.
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Figure 3.2: The vectors represent the regressions of detrended ERAS wind stress
anomalies on ERA5 ABA-averaged (8°E to the coast, 20°S-10°S; blue box) SSTa with
winds leading by one month for (a) 1982-1999 and (b) 2000-2017. Regressions have
been calculated for each wind stress component separately. The color shading depicts
the magnitude of the vectors. Black (grey) arrows indicate pointwise significant (not
significant) regressions for both components at the 95% level according to a Student’s
t-test. (c, d) Regression coefficients of detrended ERAS wind-stress curl anomalies on
ERAS5 ABA-averaged SSTa with the wind-stress curl anomalies leading by one month
during 1982-1999 and 2000-2017, respectively. Displayed regressions are significant at

the 95% level according to the Student’s t-test.

We next examine the impact of the equatorial zonal wind stress on thermocline

depth. Variability in the latter serves here to assess the role of EKW activity (Im-
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bol Koungue et al., 2017).
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Figure 3.3: Time series of monthly ATL3 ORA-S4 20°C isotherm depth anomalies
(z204)- (b) Cross correlation of monthly ATL3 z50, and ABA SSTa for 1982-1999 (red)
and 2000-2017 (blue). Dots indicate correlations that are significant at the 95% level.
(c,d) Regression coefficients of the detrended ORA-S4 SSTa on ATL3 ORA-S4 z5q,
with the zq, leading by one month during (c¢) 1982-1999 and (d) 2000-2017. Only
statistically significant regressions at the 95% level are shown. Statistical significance

is assessed by the Student’s t test.

The standard deviation of the thermocline depth anomalies (z;(,) in the ATL3 box
(20°W-0°, 3°N-3°S; Figure 3.3a) has reduced by 15.4% from 5.19 m during 1982-
1999 to 4.39 m during 2000-2017. Further, the relationship between ATL3 z5p, and
ABA SSTa also has markedly weakened after 2000 (Figure 3.3b). In fact, during 1982-
1999, the ATL3 70, was leading ABA SSTa by one month with a correlation of 0.52
whereas the correlation at the same lead-time dropped to 0.28 during 2000-2017. These
results suggest that after 2000 the importance of remote equatorial forcing of ABA

SSTa by EKWs has substantially reduced. Consistent with this, the major warm event
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of 2016 resulted from a combination of different local processes (Liibbecke et al., 2019).
The results shown in Figure 3.3b also imply that an index based on equatorial Atlantic
oceanic variability has become a less skillful predictor for the ABA SST variability
after 2000: while the shape of the cross-correlation function remained unchanged, the
magnitude of the correlations has dropped considerably.

The link between the ABA SSTa and the equatorial ocean dynamics can be esti-
mated by regressing the SSTa on the (detrended) ATL3 z5g, taken one month earlier.
This link has weakened at the equator from 1982-1999 (Figure 3.3c) to 2000-2017 (Fig-
ure 3.3d), especially between 20°W to 5°E and along the West African coast between
5°S and 20°S. This again suggests that after 2000, equatorial thermocline displacement
anomalies have less impact on the ABA SSTs. However, reanalysis products are known
to exhibit large biases in the tropical Atlantic region (Tchipalanga et al., 2018; Kumar
and Hu, 2012; Huang et al., 2007). High-resolution ocean models forced by the history
of observed wind stress could be a way out of this dilemma.

Liibbecke et al. (2010) showed that western equatorial Atlantic zonal wind stress
variations are linked to the variations of the strength of the SAA. Later, Liibbecke et al.
(2014) demonstrated that this link is facilitated through the wind power. Richter et al.
(2010) also highlighted the importance of the SAA on the development of warm events

off the Angolan and Namibian coasts.

T S e e T I A e B B S S A S e B T TS B
1985 1990 1995 2000 2005 2010 2015

Figure 3.4: Time series of interannual anomalies of February SAA index (SLP (hPa)
averaged over 40°S to 20°S and 30°W to 10°W; inverted, full line) and March ABA
SST (°C, dashed line) from ERAS during 1982-1999 (red) and 2000-2017 (blue).

In agreement with Liibbecke et al. (2010), the fluctuations of the strength of the SAA

in austral summer during 1982-1999 have been well anticorrelated with the subsequent
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austral fall ABA SSTs with a correlation coefficient of -0.74 (Figure 3.4). However,
over the period 2000-2017, the correlation coefficient dropped to -0.41. No major shift
in the SAA position was found that could explain the diminishing correlation between
March ABA SSTa and February SLPa from 1982-1999 (Figure S3a) to 2000-2017 (Fig-
ure S3b). Moreover, since 2000 a weaker relationship between the SLP-anomaly field
and ABA SSTa is evident in the regression maps (Figures S3c and S3d). Hence, the
ABA SSTs during 2000-2017 are less influenced by the variations in the strength of the
SAA than during 1982-1999. The reason for this weaker relationship is unclear and

beyond the scope of this paper.

3.5 Discussion and conclusions

This study documents a multidecadal reduction in the interannual SST variability in
the ABA during 2000-2017 relative to 1982-1999. The interannual SST variability in
the ABA has reduced in the annual mean by 22.3% during 2000-2017 relative to 1982-
1999, with the strongest reduction amounting to 30.5% in March-April-May (MAM).
The reduced interannual SST variability in the ABA goes along with a smaller influence
of remote forcing by equatorial wind stress variability. The zonal wind stress variability
over the western equatorial Atlantic diminished during the recent decades, as reported
by Prigent et al. (2020a). Lower zonal wind stress variability tends to reduce EKW
activity that is an important driver of SST in the ABA. This by itself enhances the
relative importance of the local atmospheric forcing through near-coastal meridional
wind stress and wind stress curl, if the local factors remain unchanged. However, the
quantification of the relative importance of the local and remote wind stress forcing
over the last decades remains a challenge due to limited data. Ocean modelling would
be an alternative and additionally allow disentangling the contribution of each equatorial
baroclinic mode to ABA SST variability.

Another factor that could have contributed to the reduced interannual SST variabil-
ity in the ABA is the multidecadal surface warming in the region. In MAM, the season
of the largest interannual SST variability, the SST in the ABA has warmed by 0.3 K
when comparing the pre-2000 period to the post-2000 period. This is consistent with

Vizy and Cook (2016) who investigated multidecadal changes in the southeastern tropi-
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cal Atlantic over the period 1982-2013 and found significant SST warming trends along
the Angolan/Namibian coasts of 0.5 K-1.5 K per 32 years. This multidecadal surface
warming was associated with an increased net heat flux from the atmosphere and re-
duced coastal upwelling. The surface warming and concurrent subsurface cooling (Fig-
ures S4a and S4b) might have reduced surface-subsurface coupling in the post-2000
period. There is a shoaling of the stratification maximum in the ABA since 2000 (Fig-
ure S4b), which would support a larger sensitivity of the mixed layer to local forcing.
Due to large biases in reanalysis products and limited observations (Tchipalanga et al.,
2018; Kumar and Hu, 2012; Huang et al., 2007), large uncertainties remain regarding
the potential influence of multidecadal changes in stratification on the interannual SST
variability in the ABA.

Although some major remotely forced Benguela Nifio/Nifia events occurred after
2000, Table S1 and Table S2 from Imbol Koungue et al. (2019) indicate a smaller num-
ber relative to previous decades. Over the period 1982-2015, out of eight (six) warm
(cold) events only two (one) took place after 2000. However, over the same time period,
out of 15 (7) moderate warm (cold) events 7 (5) occurred between 2000 and 2015. This
illustrates that relative to 1982-1999, since 2000 fewer remotely forced major and more
moderate events occurred in the ABA.

Numerous other potential factors could have contributed to the reduced SST vari-
ability in the ABA. One of them might be the interdecadal shift of El Nifio/Southern
Oscillation (ENSO) that occurred around 2000 (McPhaden, 2012; Hu et al., 2013, 2017,
2020; Liibbecke et al., 2014). This shift featured a decrease in ENSO variability, an in-
crease in ENSO frequency (Hu et al., 2013, 2020) as well as a profound westward shift
of the Walker Circulation in the equatorial Pacific (Li et al., 2019). The latter might
have altered ENSO teleconnections, and thus, could have contributed to the weakened
SST variability in the tropical Atlantic. However, the influence of the multidecadal shift
in ENSO on the tropical Atlantic SST requires further analyses.

Finally, our results may have implications for the predictability of Benguela Nifio/Nifia
events. In particular, the strong link between equatorial thermocline displacements and
ABA SSTa during 1982-1999 has significantly weakened since 2000. In addition, we
show that the strong link between the fluctuations in SAA strength and ABA SSTa ob-

served during the pre-2000 period (Liibbecke et al., 2010) has diminished considerably
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during the post-2000 period. This raises the question as to whether predictors based on
equatorial variables or the SAA strength are still useful to forecast Benguela Nifio/Nifia

events.
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3.7 Supplementary material

Table S1: Information on the datasets used and their sources. U-stress and V-stress
are the zonal and meridional wind stress. SLP is the sea level pressure, SST is the sea

surface temperature, T is the temperature and S is the salinity.

Product Resolution Time period Variable used Reference

(lon x lat x lev)
CFSR 720 x 361 1979/01 - 2019/08 | SST Saha et al. (2013)
ERAS 1440 x 720 1979/01 - 2020/01 | SST, U-stress, V-stress, SLP | Hersbach et al. (2020)
HadI-SST | 360 x 180 1870/01 - 2019/12 | SST Rayner (2003)
COBE-SST | 360 x 180 1891/01 - 2019/12 | SST Ishii et al. (2005)
OI-SST 1440 x 720 1981/09 - 2019/12 | SST Reynolds et al. (2007)
ORA-54 360 x 180 x42 | 1958/01 -2017/12 | SST, T, S Balmaseda et al. (2013)
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Figure S1: (a) Difference of ERAS MAM SST, 2000-2017 minus 1982-1999. (b) Dif-
ference of ERA5 MAM meridional gradient of SST, 2000-2017 minus 1982-1999.
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Figure S2: Regression of detrended ERAS zonal wind stress anomalies on ERAS5 SSTa
averaged over the ABA with winds leading by one month for (a) 1982-1999 and (b)
2000-2017. Regression of detrended ERAS meridional wind stress anomalies on ERAS
SSTa averaged over the ABA with winds leading by one month for (c) 1982-1999 and
(d) 2000-2017. The color shading depicts the slope of the regressions. Displayed values

are significant at the 95% level according to a Student’s t-test.
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Figure S3: (a, b) Correlation coefficients between detrended ERAS February SLPa and
March ERA5 ABA-averaged SST anomalies for the periods 1982-1999 and 2000-2017,
respectively. (c, d) Regressions of detrended ERAS mean February SLPa on March
ERAS ABA-averaged SSTa during 1982-1999 and 2000-2017, respectively. The color
shading depicts the slope of the regressions. Dots indicate significance at the 95% level
according to a Student’s t-test. Black contours are the mean SLP in hPa. The black
box represents the SAA-index region (40°S, 20°S; 30°W, 10°W), and the blue box the
ABA-index region (20°S, 10°S; 8°E, 16°E).
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Figure S4: (a) ORA-S4 temperature (blue), salinity (red), Brunt-Viisdlda frequency

squared (black) and density (green) profiles averaged over the ABA for the periods

1982-1999 (dashed lines) and 2000-2017 (full lines). (b) Difference, 2000-2017 pro-

files minus 1982-1999 profiles.
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Chapter 4

Weakening of the Atlantic Nino

variability under global warming

Chapters 2 and 3 revealed that during recent decades the southeastern tropical and
eastern equatorial Atlantic interannual SST variability experienced multidecadal changes.
In the following chapter, we investigate the future projection of the interannual SST
variability in the eastern equatorial Atlantic using a global CMIPS and CMIP6 coupled

models.

Citation: Crespo, L. R., Prigent, A., Keenlyside, K., Koseki, S., Svendsen, L.,
Richter, 1., & Sanchez-Goémez, E. (In preparation). Weakening of the Atlantic

Nifio variability under global warming

The candidate contributed to all the analyses, produced all the figures and partici-

pated to the drafting of the manuscript.
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Abstract

The Atlantic Nifio is one of the most important tropical patterns of interannual cli-
mate variability, with major regional and global impacts. How global warming will
influence the Atlantic Nifio has been hardly explored, because of large climate model
errors. We show for the first time that state-of-the-art climate models robustly predict a
weakening of Atlantic Nifios in response to global warming. This is primarily because
subsurface and surface temperature variations decouple as the upper equatorial Atlantic
Ocean warms. The weakening is predicted by most (> 80%) models following the
highest emission scenarios in the Coupled Model Intercomparison Project Phases 5 and
6 considered here. These indicate a reduction in variability by the end of the century of
12-17%, and as much as 30% when accounting for model errors. Weaker Atlantic Nifio
variability will have major consequences for global climate and the skill of seasonal

predictions.

4.1 Introduction

The Atlantic Nifio phenomenon exhibits many similarities to the stronger El Nifio/
Southern Oscillation (ENSO; McPhaden et al. (2006); Timmermann et al. (2018)) in
the Pacific. The eastern equatorial Atlantic is anomalously warm, surface trade winds
relax and rainfall shifts equatorward during positive Atlantic Nifio (Keenlyside and
Latif, 2007; Liibbecke et al., 2018; Zebiak, 1993) events. The sea surface temperature
(SST) anomalies in the equatorial cold tongue can reach 1.5°C and thermocline (20°C
isotherm) depth anomalies can exceed 30 m in boreal summer when the events peak.
Opposite conditions are found during negative events. Coupled ocean-atmosphere in-
teractions— Bjerknes positive and delayed negative feedbacks —similar to those in the
Pacific can explain most Atlantic Nifio variability, but other mechanisms can contribute
substantially to equatorial SST anomalies (Liibbecke et al., 2018; Richter et al., 2013).
The Atlantic Nifio has significant impacts on the climate (Hirst and Hastenrath, 1983;
Nobre and Shukla, 1996; Gu and Adler, 2004) and marine biogeochemistry (Boyd et
al., 1992; Chenillat et al., 2021) in the tropical Atlantic sector, on ENSO (Rodriguez-
Fonseca et al., 2009; Ding et al., 2012; Polo et al., 2015; Martin-Rey et al., 2015; Exar-

chou et al., 2021), and extra-tropical climate (Garcia-Serrano et al., 2008; Haarsma and
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Hazeleger, 2007; Losada et al., 2012; Mohino and Losada, 2015).

Recent studies have shown a weakening of the Atlantic Nifio variability in the last
decades (Tokinaga and Xie, 2011; Prigent et al., 2020a; Silva et al., 2021). The changes
in eastern equatorial Atlantic SST variability have been attributed to the combined effect
of a weakening of the Bjerknes feedback (Prigent et al., 2020a) (BF) and increased heat
flux damping (Prigent et al., 2020a; Silva et al., 2021), and to a basin-wide warming
related to climate change (Tokinaga and Xie, 2011). These studies used observational
and reanalysis datasets to investigate changes in the SST variability during the historical
period.

Extensive analysis of the projections from the Coupled Model Intercomparison
Project (CMIP) indicate that ENSO events will become stronger under global warm-
ing, but large uncertainties exist (Collins et al., 2010; DiNezio et al., 2012; Kim et al.,
2014; Cai et al., 2014, 2015). Large climate model biases in the tropical Atlantic sec-
tor (Li and Xie, 2012; Richter et al., 2012, 2014; Richter and Tokinaga, 2020) have
discouraged the climate community from carrying out similar in-depth assessment of
climate change in the area. However, we will show that such biases do not preclude
a more robust assessment of global warming impacts on Atlantic Nifio variability than

has been achieved in the Pacific.

4.2 Weakened variability of the equatorial Atlantic SST

To investigate how the SST variability in the eastern equatorial Atlantic will change
under global warming, we use historical simulations and the future highest emission
scenario simulations from the CMIP5 (Taylor et al., 2012) and CMIP6 (Eyring et al.,
2016) archives. The comparison between the historical (1950-99) and future scenario
(2050-99) periods in the CMIP models shows that the SST variability in the eastern
equatorial Atlantic sector in June-July-August (JJA) is reduced in the majority of the
CMIP models (33 out of 40). The reduction is statistically significant at the 95% level
in most of the models (23 out of 33) and there is no statistically significant increase in
variability in any model (Figure 4.1a and table 4.1). The multi-model ensemble mean of
CMIP5 (CMIP6) shows a reduction of the SST variability of 12% (17%) in the future

scenario simulation with respect to the historical simulation (Table 4.1). The surface
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zonal winds in the western Atlantic sector also show a reduced future variability in
May-June-July (M1J) season in the CMIP5 and CMIP6 models with only 4 out of 40
models showing increased variability, although not statistically significant (Figure 4.1d
and table 4.1). The ensemble mean of the standard deviation of the MJJ zonal wind
anomalies (UAS hereafter) is reduced by 14% in CMIP5 and by 18% in CMIP6, which
corresponds very well to the amplitude of the reduction in JJA SST variability (Ta-
ble 4.1). The reduction of the zonal surface winds in the western equatorial Atlantic is
consistent with a more stratified atmosphere in a future warmer climate (Maloney and
Xie, 2013).

The reduction of the standard deviation in both SST and UAS is more pronounced
and localized in the ensemble mean of CMIP6 (Figures 4.1c and 4.1f) than in CMIP5
(Figures 4.1b and 4.1e. The weakening of the standard deviation of the MJJ zonal winds
in the western equatorial Atlantic is followed by a weakening of the eastern equatorial
Atlantic JJA SST variability in both CMIP5 (Figures 4.1b and 4.1¢) and CMIP6 (Fig-
ures 4.1c and 4.1f) ensemble means, suggesting that the reduced wind variability may
be the cause of the reduced SST variability. However, the linear regression between
the two variables explains only 32% of the variance (Figure S1 in Section 4.9). Conse-
quently, there are other mechanisms that play an important role in the reduction of the

standard deviation of the SST in the eastern equatorial Atlantic.

4.3 Weakened ocean-atmosphere coupling

We explore the relative importance of the dynamical and thermodynamical drivers
of the future changes in the SST, through the BF components and the net heat flux
damping (Methods). The basin-wide weakening of the SST variability and winds in the
future scenario simulation might be related to a weakening of the BF. The changes in
variability in CMIPS5 and CMIP6 are rather similar and therefore, we will consider all
CMIP models together in this section.

Both ensemble means of CMIP5 and CMIP6 models show a small change of the first
component of the BF (i.e. the linear regression of MJJ ATL4 zonal winds anomalies on
the JJA ATL3 SSTa). A majority of the CMIP models agrees on a decrease of the first

component of the BF; 29 out of 40 models (Figure 4.2a). The second component of the
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Table 4.1: List of CMIP5 and CMIP6 models used in this study (first column). Standard
deviation of the JJA ATL3-averaged SST anomalies and the MJJ ATL4-averaged UAS
anomalies (second column) in brackets, during 1950-1999 and 2050-2099. The reduc-

tion is relative to the 1950-1999 period. ENS is the multi-model ensemble mean of the
CMIP5 and CMIP6. A F-test was applied to the JJA SST variability (MJJ UAS vari-

ability) to determine if the change in variability is significant at the 95% level (fourth
column). JJA ATL3-averaged SST change (fifth column), defined as the difference of
the 2050-2099 mean minus the 1950-1999 mean.

ATL3 JJA SST variability [K]
(ATL4 MJJ UAS variability [m.s~!])

ATL3 JJA SST Change [K]

077 £0.29) (0.67 028 (14=+12)

No. Models 1950-1999 2050-2099 Reduction [%] F-test
0 ACCESS-CM2 0.54 (1.26) 0.38 (0.96) 30 (24) Yes (Yes) | 3.52
1 ACCESS-ESM1-5 0.68 (1.07) 0.53 (0.76) 22 (29) Yes (Yes) | 3.14
2 BCC-CSM2-MR 0.31 (0.50) 0.28 (0.46) 10 (8) No (No) | 2.18
3 CAMS-CSM1-0 0.39 (0.87) 0.28 (0.58) 28 (31) Yes (Yes) | 0.8
4 CanESM5 0.54 (0.70) 0.34 (0.35) 37 (44) Yes (Yes) | 3.96
5 EC-Earth3 0.63 (1.02) 0.69 (1.09) -10 (-7) No (No) |2.49
6 EC-Earth3-Veg 0.65 (0.95) 0.60 (1.02) 8 (-7) No (No) | 2.50
7 GFDL-ESM4 0.54 (0.74) 0.52 (0.66) 4(11) No (No) | 2.27
8 INM-CM4-8 0.34 (0.49) 0.26 (0.40) 24 (18) Yes (Yes) | 2.23
9 INM-CMS5-0 0.36 (0.50) 0.27 (0.45) 25 (10) Yes (No) | 2.04
10 IPSL-CM6A-LR 0.68 (0.79) 0.52 (0.65) 24 (18) Yes (Yes) | 3.56
11  MIROC6 0.51 (0.89) 0.32 (0.79) 37 (11) Yes (No) | 2.77
12 MPI-ESM1-2-HR 0.56 (0.81) 0.35 (0.53) 38 (35) Yes (Yes) | 1.81
13  MPI-ESM1-2-LR 0.32 (0.88) 0.35(0.75) -9 (15) No (No) 1.68
14 MRI-ESM2-0 0.7 (1.10) 0.59 (0.97) 16 (12) Yes (Yes) | 3.36
15 NESM3 0.37 (0.72) 0.39 (0.56) -5(22) No (Yes) | 2.34
0.51+0.14 042 +0.13 17 +13
ENS 2.70 + 0.58
(0.83 +0.21) (0.68 + 0.22) (18 + 14)
16 ACCESSI1-0 0.41 (0.60) 0.29 (0.61) 29 (-2) Yes (No) | 3.07
17 ACCESS1-3 0.52 (0.81) 0.50 (0.73) 4 (10) No (No) | 3.16
18 CMCC-CESM 0.46 (1.15) 0.69 (1.26) -50 (-10) No (No) | 2.51
19 CMCC-CMS 0.38 (0.76) 0.37 (0.72) 3(5) No (No) | 3.02
20 CMCC-CM 0.37 (0.62) 0.35 (0.57) 5(8) No (No) | 2.75
21 CNRM-CMS5 0.23 (0.75) 0.22 (0.71) 5(5) No (No) | 2.11
22  CSIRO-Mk3-6-0 0.46 (0.52) 0.33 (0.30) 28 (42) Yes (Yes) | 2.59
23  GFDL-CM3 0.81 (0.99) 0.69 (0.87) 15 (12) No (No) | 2.99
24  GFDL-ESM2M 0.90 (1.51) 0.97 (1.41) -8 (7) No (No) | 2.36
25  GISS-E2-H-CC 0.31 (0.78) 0.28 (0.54) 10 (31) No (Yes) | 1.91
26  GISS-E2-H 0.35 (0.58) 0.27 (0.51) 23 (12) Yes (No) | 2.16
27  GISS-E2-R-CC 0.22 (0.48) 0.19 (0.39) 14 (19) Yes (Yes) | 1.98
28  GISS-E2-R 0.24 (0.49) 0.19 (0.46) 21 (6) Yes (No) | 1.91
29  HadGEM2-CC 0.82 (1.07) 0.60 (0.91) 27 (15) Yes (Yes) | 3.41
30 IPSL-CMS5A-LR 0.48 (0.50) 0.45 (0.47) 6 (6) No (No) | 3.83
31 IPSL-CM5A-MR 0.44 (0.51) 0.38 (0.43) 14 (16) Yes (Yes) | 3.70
32 IPSL-CM5B-LR 0.31 (1.19) 0.32 (0.91) -3(24) No (Yes) | 2.08
33  MIROC-ESM-CHEM | 0.33 (0.37) 0.26 (0.30) 21 (19) Yes (Yes) | 3.27
34  MIROC-ESM 0.37 (0.36) 0.27 (0.30) 27 (17) Yes (Yes) | 3.25
35 MIROCS 0.63 (1.22) 0.41 (0.75) 35(39) Yes (Yes) | 3.10
36 MPI-ESM-LR 0.43 (0.74) 0.34 (0.55) 21 (26) Yes (Yes) | 2.80
37  MPI-ESM-MR 0.48 (0.67) 0.36 (0.59) 25 (12) Yes (No) | 2.76
38 MRI-CGCM3 0.52 (0.90) 0.4 (0.87) 23 (3) Yes (No) | 2.43
39  NorESM1-M 0.43 (1.02) 0.49 (0.90) -14 (12) No (No) 1.77
0.45+0.18 0.40 +0.18 12+ 18
ENS 2.54 + 0.79
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Figure 4.1: Weakening of the eastern equatorial Atlantic SST variability. (a) Scatter
plot of the JJA average standard deviation of the SST anomalies (SSTa) for the historical
period (1950-99) in the x axis against the standard deviation of SSTa for the scenario
period (2050-99) in the y axis. The black line represents the no-change line and is added
for easier interpretation. Difference between the means of the 2050-2099 and the 1950-
1999 periods standard deviation of the SST anomalies for the ensemble mean of CMIP5
(b) and CMIP6 (c) models, along the equator and averaged between 3°S and 3°N. Same
as (b) and (c) for the surface zonal wind anomalies of the CMIP5 (e) and CMIP6 (f)
models, along the equator and averaged between 3°S and 3°N. (d) Scatter plot of the
MJJ average standard deviation of the UASa for the historical period (1950-99) in the x
axis against the standard deviation of UASa for the scenario period (2050-99) in the y
axis. The black line represents the no-change line and is added for easier interpretation.
The blue (red) numbers correspond to the CMIP6 (CMIP5) models listed in Table 4.1.
The blue (red) circle shows the ensemble mean of CMIP6 (CMIP5) models.
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BF, the thermocline zonal slope response to western equatorial wind anomalies, shows
a small reduction for 26 in 40 CMIP models (Figure 4.2b). The change in the second BF
component shows slightly less inter-model agreement than the first component of the
BF with 26 out of 40 CMIP models showing a decrease of the second component of the
BF. The third component of the BF, that accounts for the local response of SSTa to ther-
mocline depth anomalies in the ATL3 region, shows the most consistent changes; with
30 out of 40 CMIP models showing a reduction of the third BF component. Both the
CMIPS and the CMIP6 multi-model ensemble means show a reduction in the strength
of this relation in the future climate simulations (Figure 4.2f).

The change of the third BF component between historical and future simulations is
strongly related to the change in ATL3 JJA SST variability between the two periods,
with an explained variance of 61% when considering all CMIP models (Figure 4.2f).
Contrastingly, the changes in the first and second components of the BF explain only
little variance of the change in SST variability, 19% and 18%, respectively. There-
fore, the reduced sensitivity of SST to local changes in thermocline depth dominates
the reduction of SST variability in the eastern equatorial Atlantic in the future scenario.
However, the majority of the CMIP models largely underestimates the strength of this
part of the feedback in historical simulations (Figure 4.2c), a flaw already present in
CMIP5 models (Deppenmeier et al., 2016) that still persists in the latest CMIP6 gen-
eration. Therefore, the CMIP models might underestimate the future reduction of SST

variability.
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Figure 4.2: Dynamical drivers of the weakening of the SST variability. Changes be-
tween the historical and future scenario in the strength of the Bjerknes feedback (BF)
components. (a) First component of the BF is the linear regression of ATL4 MJJ UAS
anomalies against the JJA ATL3 SSTa. (b) Second component of the BF as the linear
regression of ATL4 JJA UAS anomalies on the thermocline slope depth anomalies (i.e.
720 in ATL3 minus z20 in ATL4). (¢) Third component of BF computed as the linear
regression of ATL3 JJA SSTa onto the JJA ATL3 Z20 anomalies. The blue and red
dots are the ensemble mean of the CMIP6 and CMIPS5 ensemble, respectively. Linear
regression between the change in JJA SSTa variance and the change in BF components
(d, e, f). The change here is defined as the difference of the mean of the scenario period
(2050-99) minus the mean of the historical period (1950-99). The vertical grey lines
represent an estimation of the three components of the BF (a, b and c¢) from observation
and reanalysis datasets. The green shading depicts the 95% confidence interval of the
linear regression. The confidence interval is obtained by taking the 2.5™ and 97.5" per-

centile of the distribution of the linear regressions of the 10000-time resampled datasets.
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4.4 Future mean changes of the tropical Atlantic SST

The strength of the third component of the BF is linked to the strength of climatolog-
ical upwelling and vertical temperature stratification (Ding et al., 2015). In particular, a
weaker feedback can result from the weaker upwelling of relatively warmer subsurface
waters. Despite a large intermodel spread, the SST change between historical and fu-
ture scenario simulations shows a robust warming of the equatorial Atlantic cold tongue
consistent with a weakening of the third BF component (Table 4.1). The future scenario
simulations of CMIP5 and CMIP6 models present a warming of the JJA season in the
eastern equatorial Atlantic of 2.54 £+ 0.79 K and 2.70 + 0.58 K, respectively. The
multimodel ensemble mean of the CMIPS5 and CMIP6 models show a warming of 2
K to 3 K in the tropical Atlantic sector between the historical and the future scenario
simulations (Figures 4.3a and 4.3b). The spatial patterns of the future warming rate
in the multimodel ensemble mean of both CMIPs are rather similar and show a strong
zonally homogeneous warming along the equatorial band. The surface trade winds are
projected to weaken in most of the tropical Atlantic in CMIPS5 and CMIP6, coincid-
ing with the warming pattern (Figures 4.3a and 4.3b). In the CMIP6 ensemble mean,
the weakening of the surface trade winds is particularly strong in the eastern equatorial
Atlantic and north of 10°N (Figure 4.3b). Weaker equatorial trade winds will weaken
equatorial upwelling, and thereby contribute to a weaker third component of the BF.

The vertical section of the difference between future scenarios and historical simu-
lations of the equatorial Atlantic Ocean temperature clearly shows a stronger warming
of the upper ocean, from the surface down to about 50 meters in the eastern equatorial
Atlantic, and 70 meters in the western equatorial Atlantic in the CMIPS ensemble mean
(Figure 4.3c). The warming of the upper levels is rather zonally homogeneous in both
CMIPS5 and CMIP6. However, this is not the case for the deeper levels where the eastern
equatorial Atlantic is warming faster than the western side of the basin; this warming
pattern could be related to changes in oceanic circulation associated with the subtropi-
cal cells and AMOC (Chang et al., 2008). The strong warming of the upper levels in the
ensemble mean of both CMIP generations leads to a deeper thermocline in the future
scenario (Figures 4.3c and 4.3d). As the thermocline gets deeper the coupling between
the thermocline and the SST gets weaker, because the stratification at the base of the

mixed layer becomes weaker. In other words, the variability in the SST is less sensitive
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to the variability of the thermocline, in agreement with the previously shown weakening
of the third component of the BF (Figure 4.2c). The reduction of the SST variability
could also be affected by changes in the thermodynamical coupling between the ocean
and the atmosphere. However, we find that in the CMIP models the thermodynamical
mechanism is not relevant for explaining the change in the SST variance between the

future climate and the historical climate periods (Figure S2).

4.5 Impact of model biases

Coupled general circulation models show large biases in the tropical Atlantic region
(Li and Xie, 2012; Richter et al., 2012, 2014; Richter and Tokinaga, 2020; Exarchou
et al., 2018; Voldoire et al., 2019) and in particular, a warm SST bias in JJA in the
eastern equatorial Atlantic, where projected changes in SST variability are largest. We
explore to what extent our findings are affected by the model biases in the region. We
find that the models with smaller bias have a stronger reduction of the SST variability
(Figure 4.4a), a stronger reduction of the third component of the Bjerknes feedback
(i.e., the thermocline feedback) (Figure 4.4b) and a larger SST change between future
scenario and historical (Figure 4.4c). This is consistent with a previous study using
different versions of the same climate model (Park and Latif, 2020). Therefore, biases
in the models seem to suppress the reduction of the SST variability in a future warmer
climate through a reduction of the weakening of the thermocline feedback. In light of
these relationships, the reduction of future SST variability might indeed be larger than
shown in this study if the models were unbiased and the reduction of the thermocline

feedback were better captured.
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Figure 4.3: Mean state changes in the equatorial Atlantic. (Top row) Difference between
future scenario and historical simulations of JJA SST (in shading) and JJA surface winds
(black arrows) for the multi-model ensemble means of (a) CMIP5 and (b) CMIP6. The
grey arrows depict the mean historical surface winds. The units are °C and m.s~! for
SST and for surface winds, respectively. (Bottom row) Vertical section of the difference
in ocean temperature between future scenario and historical simulations for (¢) CMIPS
and (d) CMIP6 multi-model ensemble means for June-July-August average. The black
solid (dashed) line represents the depth of the 20°C isotherm, for the climatological
mean of the historical (future scenario) period. The temperature has been latitudinally
averaged from 3°S to 3°N. The periods taken for the historical and the future scenario

simulations are 1950-99 and 2050-99, respectively.
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Figure 4.4: Impact of model biases. (a) Scatter plot of the JJA ATL3-averaged SST bias
and relative SST variability change ((62050-2099 -01950—1999)/01950—1999). The SST bias
is estimated as the difference between detrended model SST and detrended HadI-SST
over the period 1950-1999. The grey shading around O K bias is & the standard devi-
ation of the detrended ATL3-averaged JJA HadI-SST over the period 1950-1999. (b)
Scatter plot of JJA ATL3-averaged SST bias and BF3 change. (c) Scatter plot of JJA
ATL3-averaged SST bias and mean SST change. (d) Scatter plot of JJA ATL3-averaged
mean SST change and BF3 change. The change here is defined as the difference of the
mean of the scenario period (2050-99) minus the mean of the historical period (1950-
99). The green shading depicts the 95% confidence interval of the linear regression.
The confidence interval is obtained by taking the 2.5 and 97.5" percentile of the dis-

tribution of the linear regressions of the 10000-time resampled datasets.
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4.6 Concluding remarks

We show that the eastern equatorial Atlantic SST variability is projected to weaken
under global warming, based on a comparison of historical and future highest emis-
sion scenario simulations of the CMIP5 and CMIP6 models. Similarly, the variability
of the zonal surface wind in the western equatorial Atlantic will also weaken but ex-
plains only up to 32% the reduction in eastern equatorial interannual SST variability.
Instead, the weakening of the third component of the Bjerknes feedback, the so-called
thermocline feedback, explains up to 61% of the change in the SST variance. We find
that in a warmer future climate the upper-layer of the ocean will become deeper and
equatorial trade winds weaken. This together leads to a weakening of the thermocline
feedback, because the thermocline decouples from the SST variability. This mechanism
is remarkably different to the driving mechanisms of climate change in the equatorial
Pacific, where the changes in the zonal SST gradient under greenhouse forcing are
most relevant (Collins et al., 2010; Heede et al., 2020, 2021). However, in contrast to
our findings in the Atlantic, the models in the Pacific show little agreement on the sign
of the change in SST gradient (Heede et al., 2021).

The future weakening of the boreal summer SST variability in the eastern equatorial
Atlantic shows large agreement across model ensembles of both CMIP generations.
Moreover, the weakening of SST variability is found in the multi-model ensemble mean
of all future scenarios (Figures S3 and S4), and in the majority of the individual models,
and therefore we are rather confident in the robustness of our results.

The future weakening of the SST could be interpreted as an amplification of the al-
ready observed weakening in the recent decades that has been attributed to a weakening
of the Bjerknes feedback and a stronger thermal damping (Prigent et al., 2020a; Silva
et al., 2021). The role of the Bjerknes feedback in the CMIP models is a key for the
weakening in SST variability. However, the CMIP models do not show any significant
relationship between changes in the surface net heat fluxes and changes in the SST vari-
ability. Furthermore, the biases present in the CMIP models affect the amplitude of the
SST variability. The weakening of the SST variability in the future is stronger in the
models with less SST biases. Reducing the biases in the models should increase the
reliability of the climate projections in the tropical Atlantic sector and greatly improve

our assessment of climate change in the region.
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4.7 Methods

Data. We use monthly mean model outputs obtained from the two latest CMIP in-
ternational exercises: CMIP5 (Taylor et al., 2012) and CMIP6 (Eyring et al., 2016). We
use the following fields from the CMIP models: sea surface temperature (SST), zonal
surface wind anomalies (UASa), surface heat fluxes and the ocean potential temperature
to derive the depth of the 20°C isotherm depth to use it as a proxy of the thermocline
depth (z20 hereafter). In addition, we use the SST from the Optimum Interpolation
SST analysis version 2 (OI-SST Reynolds et al. (2007)) available at 1° by 1° horizontal
resolution for the period 1981/12 to 2019/12; the temperature from Ocean Reanalysis
System Version 4 (ORA-S4, Balmaseda et al. (2013)) from the European Centre for
Medium-range Weather forecast (ECMWF) available at 1° by 1° horizontal resolution
for the period 1958/01 to 2017/12; and the zonal wind speed from ECMWF Re-Analysis
(ERA)-interim (Dee et al., 2011) available at 0.5° by 0.5° horizontal resolution for the
period 1979/01 to 2018/12 were used to estimate the three components of the Bjerknes
feedback over the period 1982/01-2017/12. We investigate future climate changes in
the equatorial Atlantic using the emissions future scenarios, rcp26, rcp45, rcp60, rcp85
and ssp126, ssp245, ssp370, ssp585, for CMIPS5 and CMIP6, respectively. The climate
models used in this study are listed in Table 4.1. All model data has been interpolated
to a common horizontal 1° x 1° grid.

Statistical metrics. We use the standard deviation of the June-July-August (JJA)
SST anomalies (SSTa) and the May-June-July (MJJ) zonal surface wind anomalies
(UASa) as metrics to investigate the changes in variability between the simulated his-
torical and future climate periods. The season JJA (MJJ) is chosen for the SST (UAS)
variability as it is the season of largest SST (UAS) variability in CMIPS5 and CMIP6
models. For this analysis we use the 50-year periods January 1950 to December 1999
and January 2050 to December 2099 for the historical and scenario simulations, respec-
tively. We calculate the monthly anomalies by subtracting the seasonal cycle evaluated
on each time period. We remove all linear trends prior to this analysis.

Quantification of dynamical ocean-atmosphere feedbacks. We compute the three
components of the Bjerknes feedback that involve SST, thermocline depth and zonal
surface winds to explore the potential dynamical drivers of the future changes in the

SST variability (Liibbecke and McPhaden, 2017). The three components of the Bjerk-

80



nes feedback are estimated through linear regression of (1) western equatorial Atlantic
(3°S-3°N, 40°W-20°; ATL4) zonal wind stress anomalies upon eastern equatorial At-
lantic (3°S-3°N, 20°W-0°N; ATL3), (2) equatorial thermocline slope anomalies re-
gressed onto ATL4 zonal wind stress anomalies and (3) SSTa in ATL3 upon thermocline
depth anomalies in ATL3. The equatorial thermocline slope is computed as the differ-

ence between the mean z20 in ATL3 and ATLA4.
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Figure S1: Linear regression between the change of the ATL3-averaged JJA SST vari-
ability and the change in ATL4-averaged MJJ UAS variability. The change is defined
as the difference of the mean of the scenario period (2050-99) minus the mean of the
historical period (1950-99). CMIP6 (CMIPS) models are presented with blue (red)
numbers and the ensemble mean with a circle of the corresponding colour. The green
shading depicts the 95% confidence interval of the linear regression. The confidence
interval is obtained by taking the 2.5™ and 97.5" percentile of the distribution of the

linear regressions of the 10000-time resampled datasets.
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Figure S2: (a) Scatter plot of the ATL3 averaged JJA thermal damping for the histori-

cal period (1950-99) in the x axis against the ATL3 averaged JJA thermal damping for

the scenario period (2050-99) in the y axis. Transparent numbers denote the models

which exhibit a non-significant linear regression for either the historical or future pe-

riod. The blue and dots represent the ensemble mean of the CMP6 and CMIP5 ensem-

bles, respectively. The black line represents the no-change line and is added for easier

interpretation. The green shading depicts the 95% confidence interval of the linear re-

gression. The confidence interval is obtained by taking the 2.5" and 97.5™ percentile

of the distribution of the linear regressions of the 10000-time resampled datasets.
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Figure S3: (a) Histogram representing the JJA ATL3-averaged SST variability change,
i.e. 2050-2099 minus 1950-1999, for the following CMIP5 scenarios: RCP26 (green),
RCP45 (blue), RCP60 (orange) and RCP8S (red). (b) same as (a) but for the JJA ATL3-
averaged mean SST change. The ensemble means (Ens mean on the histogram) were
evaluated only with the models that are common to the four scenarios. Light coloured
bars indicate that the change in JJA ATL3-averaged SST variability is not significant at

95% according to the F-test.
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indicate that the change in JJA ATL3-averaged SST variability is not significant at 95%

according to the F-test.
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Chapter 5

Future weakening of southeastern
Tropical Atlantic Ocean interannual
SST variability in a nested coupled

model

Chapter 4 revealed that the eastern equatorial Atlantic interannual SST variability
is projected to decrease in 80% of the 40 CMIP5 and CMIP6 models considered. As
the eastern equatorial Atlantic and the ABA are strongly connected, future projections
of interannual SST variability in the ABA may also weakened. As CMIP5 and CMIP6
models suffer from strong biases in the southeastern tropical Atlantic (Richter and Tok-
inaga, 2020), the global coupled model FOCI with enhanced oceanic resolution is used
in Chapter 5 to investigate the future projections of the interannual SST variability in

the ABA.

Citation: Prigent, A., Imbol Koungue, R. A., Liibbecke, J. F., Brandt, P, Bayr, T.,
HarlaB, J., & Latif, M. (Under revision at Journal of Climate). Future weakening
of southeastern Tropical Atlantic Ocean interannual SST variability in a nested

coupled model.
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the figures and authored the manuscript from the first draft to the submitted version.
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Abstract

A coupled ocean-atmosphere model with an embedded high-resolution nest in the
tropical Atlantic Ocean is used to investigate future changes in the southeastern tropical
Atlantic interannual sea surface temperature (SST) variability in response to anthro-
pogenic global warming. In the model, the Angola-Benguela Area (ABA) is among
the regions in the tropical Atlantic that exhibit the largest surface warming. Relative
to 1970-1999, the SST variability in the ABA during the peak season, May-June-July
(M1JJ), decreases by about 24% during 2070-2099 under the worst-case scenario of
the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5). The MIJJ interannual temper-
ature variability weakens along the Angolan and Namibian coasts in the top 40 m
of the ocean. This reduction appears to be due to a smaller temperature response to
thermocline-depth variations, i.e. a weaker thermocline feedback. The weaker thermo-
cline feedback is found where the thermocline deepens the most. Our model results
suggest that the trend towards a weakening of the interannual SST variability in the
ABA observed during the recent decades could persist in the future under a worst-case

global warming scenario.

5.1 Introduction

The southeastern tropical Atlantic sea surface temperatures (SSTs) are marked by a
strong seasonal cycle with warmest SSTs in March-April-May (MAM). The variations
in the amplitude and phase of the seasonal cycle give rise to SST variability on various
timescales, from subseasonal to decadal (Bachelery et al., 2020; Imbol Koungue and
Brandt, 2021). The extreme warm and cold events occurring off the coasts of Angola
and Namibia, more precisely in the Angola Benguela Area (ABA, 10°S-20°S, within
2° off the coast), the so-called Benguela Nifios and Nifias (Shannon et al., 1986), are
the main features of the interannual SST variability. These events, typically peaking
in MAM and lasting a few months, impact the regional climate (Rouault et al., 2003;
Hansingo and Reason, 2009; Imbol Koungue et al., 2019; Koseki and Imbol Koungue,
2021), as well as marine ecosystems and fisheries (Bachelery et al., 2016a; Binet et al.,
2001; Gammelsrgd et al., 1998).

Benguela Nifos are mainly driven by two forcing mechanisms: (1) remote equato-
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rial and (2) local atmospheric forcing. The remote equatorial forcing is associated with
fluctuations of the trade winds over the western and central equatorial Atlantic, trigger-
ing equatorial Kelvin waves (EKWs, Illig et al. (2004)). EKWs propagate eastward to
the West African coast (Polo et al., 2008), where a part of their energy is transmitted
poleward as coastal trapped waves (CTWs, Clarke (1983); Illig et al. (2018b,a)). These
CTWs, when reaching the Angolan and Namibian coasts, affect the SST, near-coastal
stratification, currents and biogeochemical conditions (Bachelery et al., 2016b, 2020;
Illig and Bachelery, 2019; Rouault, 2012; Rouault et al., 2018). The local atmospheric
forcing includes alongshore wind modulations related to the strength of the South At-
lantic anticyclone (Richter et al., 2010). These alongshore wind anomalies also trigger
CTWs at the eastern boundary of the tropical Atlantic and modify the local currents
(Junker et al., 2017). Liibbecke et al. (2019) showed that the reduction of the along-
shore winds and associated local upwelling combined with other local processes such
as anomalous heat fluxes, freshwater input and meridional advection can also generate
an extreme warm event as the one in 2016.

The tropical Atlantic Ocean SST exhibits a marked multidecadal variability. Toki-
naga and Xie (2011) reported a strong reduction of the eastern equatorial Atlantic in-
terannual SST variability over the period 1950-2009, which was associated with an
enhanced warming trend of the SST in this region. More recently, Prigent et al. (2020a)
found that relative to the period 1982-1999, the eastern equatorial Atlantic interannual
SST variability in May-June-July (MJJ) during 2000-2017 has decreased by 31%. Con-
sistent with the strong connection between the equatorial Atlantic and the ABA (Reason
et al., 2006; Liibbecke et al., 2010; Illig et al., 2020), Prigent et al. (2020b) reported a
30.5% reduction of the MAM interannual SST variability in the ABA during 2000-2017
relative to 1982-1999. As the ABA can be expected to continue to warm during this cen-
tury due to anthropogenic global warming (Bakun et al., 2015; Wang et al., 2015), the
question arises how the interannual SST variability in the ABA will change in the fu-
ture. In this study, we address this question utilizing two ensembles of a coupled model
with a high-resolution nest in the tropical and Southern Atlantic Ocean. The paper is
organized as follows: the data and methods are described in section 5.2. The future
changes in the interannual SST variability of the ABA are presented in section 5.3, and

the underlying mechanisms are analyzed in section 5.4. The mean-state changes and
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their influences on the interannual variability are discussed in section 5.5. Section 5.6

provides a brief summary and a discussion of the main findings.

5.2 Data, methodology and model verification

5.2.1 Data

Model description and experiments

Here we use the FOCI model (Flexible Ocean Climate Infrastructure; Matthes et
al. (2020)) which is composed of the atmospheric model ECHAM®6.3 (Stevens et al.,
2013) coupled to the NEMO3.6 (Madec et al., 2017) ocean model using the OASIS3-
MCT coupler (Valcke, 2013). The atmospheric component is the T63L95 setting of
ECHAMG6 with approximately 1.8° x 1.8° horizontal resolution, 95 vertical hybrid
sigma-pressure levels and the top at 0.01 hPa. The version of the ocean component
is NEMO-ORCAOQS5 (Biastoch et al., 2008) with a horizontal resolution of 0.5°x 0.5°
and 46 z-levels in the vertical. A high-resolution ocean nest (INALT10X; Schwarzkopf
et al. (2019)) with horizontal resolution enhanced to 1/10° in the tropical and Southern
Atlantic as well as the western Indian Ocean (70°W to 70°E, 63°S to 10°N) is embedded
in the ocean via a two-way nesting approach. The nest enables, for example, enhanced
representation of equatorial Kelvin and coastal trapped waves. Six out of the ten model
runs used in this study include interactive chemistry in the atmosphere simulated by the
Model for Ozone and Related Chemical Tracers (MOZART?3, Kinnison et al. (2007))
and implemented in ECHAM6 (ECHAM6-HAMMOZ; Schultz et al. (2018). Tempo-
ral variations in solar radiation follow the CMIP6 recommendations provided by the
SOLARIS-HEPPA project (Matthes et al., 2017). The model runs with and without in-
teractive chemistry in the atmosphere yield very similar results with respect to tropical
Atlantic climatology and variability. The future-scenario runs of FOCI (future ensemble
hereafter) used here are forced by the Shared Socioeconomic Pathway 5-8.5 (SSP5-8.5,
O’Neill et al. (2016)), representing the high end of the range of the future scenarios that
can be considered as a worst-case scenario with a very strong increase of atmospheric
greenhouse gas concentrations. The CO;-concentration at the end of the simulations

in 2100 amounts to 1135 ppm. More information on the FOCI configuration can be
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found in Matthes et al. (2020). The results from the scenario ensemble are compared to
an ensemble of four historical simulations (historical ensemble hereafter) that employ
observed external forcing for the period 1951-2013. Finally, the last 1000 years of a
1500-year long preindustrial control run are used to estimate the internal variability of
multidecadal SST-variability trends in the FOCI model. The preindustrial control run,
however, was performed without the nest. The preindustrial control run is initialized
with the PHC2.1 climatology (Steele et al., 2001) for temperature and salinity. The

FOCI experiments used in this study are listed in Table 5.1.

Table 5.1: Simulations with the FOCI model used in this study. The historical ensemble
consists of four and the future ensemble of six simulations. MOZART?3 denotes inter-
active atmospheric chemistry. INALT10X indicates the use of the oceanic nest with a
resolution of 1/10°. SSP5-8.5 indicates that the run is forced by the SSP5-8.5 future

scenario.

Run Time period | Configuration

FOCI1.13-11005 1951-2013 | T63L95 + MOZART?3 + INALT10X, Historical

FOCI1.14-11006 1951-2013 | T63L95 + MOZART?3 + INALT10X, Historical

FOCI1.14-11007 1951-2013 | T63L95 + MOZART?3 + INALT10X, Historical

FOCI171-JHO15 1951-2013 | T63L95 + INALT10X, Historical

FOCI1.14-11010 2014-2099 | T63L95 + MOZART3 + INALT10X, SSP5-8.5

FOCI1.14-11011 2014-2099 | T63L95 + MOZART3 + INALT10X, SSP5-8.5

FOCI1.14-SW128 | 2014-2099 | T63L95 + MOZART3 + INALT10X, SSP5-8.5

FOCI1.14-JHO027 | 2014-2099 | T63L95 + INALT10X, SSP5-8.5

FOCI1.14-JHO37 | 2014-2099 | T63L95 + INALT10X, SSP5-8.5

FOCI1.14-JHO39 | 2014-2099 | T63L95 + INALT10X, SSP5-8.5

T63L95, preindustrial control run under 1850

FOCI1.3-SWO038 | 1850-3349
PHC2.1 climatology (Steele et al., 2001) for

temperature and salinity

climate conditions, initialized from an ocean at rest and
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Observational and reanalysis datasets, and CMIP6 models

For model comparison, we use the fifth generation of the European Centre for
Medium-range Weather Forecast (ECMWF) atmospheric reanalysis (ERAS; Hersbach
et al. (2020)), with 0.25° x 0.25° horizontal resolution that is available for January
1950 to December 2020. We also use the SST from the Hadley Centre Sea Ice SST data
set Version 1.1 (HadISST; Rayner (2003)), with 1° x1 ° horizontal resolution that is
available for January 1870 to December 2020.

Fifteen models from the Coupled Model Intercomparison Project phase 6 (CMIP6;
Eyring et al. (2016); see Table S1 in section 5.7) are used to compare the performance of
FOCI in simulating the tropical Atlantic SST mean-state, seasonal cycle and interannual
variability. The corresponding preindustrial control runs are used to estimate the inter-
nal variability of multidecadal SST-variability trends in the CMIP6 models. Prior to all
analyses, the data from the CMIP6 models were interpolated onto a 1° x 1° horizontal

grid.

5.2.2 Methodology
Definition of anomalies

In order to calculate the future changes in interannual SST variability, we com-
pare the results of the future ensemble with that from the historical ensemble using the
periods January 1970 to December 1999 and January 2070 to December 2099. Two
methods were applied to compute the SST anomalies: (1) monthly-mean anomalies
are computed by subtracting the climatological monthly-mean seasonal cycle derived
separately for the periods 1970-1999 and 2070-2099. Prior to the computation, the
linear trend estimated over each 30-year period was removed; (2) the monthly-mean
anomalies were computed by subtracting a detrended 31-year moving climatological
monthly-mean seasonal cycle. The two methods yield very similar results and method
(1) has been applied below, except in section 5.5 where method (2) is applied. For
the computation of the vertical sections, the output of the ocean-model output at 0.5°

horizontal resolution has been used.
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Thermocline definition

Two commonly used proxies for the thermocline depth in the tropical Atlantic are
used in this study: (1) the 20°C isotherm depth (Z20) and (2) sea surface height (SSH).
720 allows us to assess the thermocline feedback over the vertical. As Z20 in the south-
eastern tropical Atlantic may occasionally outcrop during the year leading to gaps in the
720 time series, only the regression coefficients obtained from a local Z20 time series
that is at least two third of the length of the local temperature time series are consid-
ered when regressing the temperature upon Z20 anomalies. In the equatorial Atlantic,
the variability in the Z20 and the depth of the maximum vertical temperature gradient
are quite well correlated (~ 0.52). However, along the West African coast, the depth
of the maximum vertical temperature gradient is much shallower than the Z20, and
therefore the two variables are hardly correlated (~ -0.19). Nevertheless, we decided
to use the Z20 as a proxy for thermocline depth, because the change in temperature
variability matches well with the reduced temperature response to Z20 variations (see
section 5.4). Using SSH allows us to investigate the thermocline feedback horizontally,
as in previous studies (e.g. Keenlyside and Latif (2007)), because SSH is independent
of outcropping. Further, Z20 and SSH variations are highly correlated (~ 0.81) over
the equatorial Atlantic (20°W-0°; 1°S-1°N).

5.2.3 Model verification

A common problem in coupled models is the warm SST bias along the West African
coast and over the eastern and central equatorial Atlantic (e.g. Richter (2015)). The en-
semble mean SST biases in the CMIP6 (Figure 5.1a) and FOCI ensemble (Figure 5.1b)
have been quantified relative to HadISST over the period 1970-1999. Compared to the
CMIP6 ensemble mean, the FOCI ensemble exhibits a reduced SST bias off the West
African coast (Figure 5.1c). Yet, a considerable SST bias remains (Figure 5.1b). The
remaining bias could be partly due to the coarse atmospheric resolution (approximately
1.8°x1.8°), causing a misrepresentation of the near-coastal low-level winds (Harlal} et
al., 2018; Kurian et al., 2021). Both ensembles simulate a realistic phase of the SST

annual cycle (Figure 5.1d), but too warm SSTs throughout the calendar year.
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Figure 5.1: Simulation of SST. (a) CMIP6 ensemble mean minus HadISST (1970-
1999), (b) FOCI ensemble mean minus HadISST (1970-1999). (c) FOCI (b) minus
CMIP6 (a). (d) ABA-averaged SST climatology 1970-1999 calculated from the FOCI
ensemble (red line) and the CMIP6 ensemble (grey line). The black (green) line rep-
resents HadISST (ERAS5). (e) Same as (d) but for the ABA-averaged interannual SST
variability expressed by the standard deviations. The red and grey shadings represent

the ensemble spreads, defined as 4- 1 standard deviation of each ensemble.

State-of-the-art coupled models are known to underestimate and misrepresent the
seasonality of the interannual SST variability in the ABA (Richter and Tokinaga, 2020).
The CMIP6 and FOCI ensembles both fail to simulate a realistic seasonality of the
ABA-averaged interannual SST variability (Figure 5.1e). A lag of two to three months
in the peak of the ABA-averaged SST variability is common in the models (Richter and
Tokinaga, 2020). The bias in timing, however, may be reducible when enhancing the
atmospheric resolution (Harla$} et al., 2018). We note the strong peak in the standard
deviation in early boreal summer in FOCI.

Empirical Orthogonal Function (EOF) analysis is applied to the SST anomalies
(SSTa) from FOCI (Figure 5.2a) and HadISST (Figure 5.2b) over the tropical Atlantic
(40°W-20°E, 30°S-10°N) for the period 1970-1999. The first EOF (EOF1) calculated

from the FOCI historical ensemble (Figure 5.2a), accounting for 25% of the variance,
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agrees well with the EOF1 from HadISST (Figure 5.2b) which explains 42% of the

variance.

a) FOCI ens mean 1970-1999 b) HadISST 1970-1999

4 |
?\; ,

0° 0°

20°S 20°S
20°W 0° 20°W 0°
-0.6 —-0.4 -0.2 0.0 0.2 0.4 0.6
[°C]
c)
—— HadISST
— FocCl
2-

1— |
I |‘ ‘ k “Jlkllluf— l‘ I
i ’i’l"llll\\ ““\ !iq:n",“wlli! . ‘r l “

| !

1972 1976 1980 1984 1988 1992 1996 2000
Year

Figure 5.2: (a) EOF1 of the SST anomalies over the tropical Atlantic (40°W-20°E,
30°S-10°N) during 1970-1999 calculated from the FOCI historical ensemble. (b) Same
as (a) but from HadISST. Black contours represent the variance explained locally by
EOF]1. (c) First principal component (PC1) from FOCI (blue) and HadISST (black).

The thick black and blue lines are the 5-year running means.

There is high variability in the equatorial Atlantic and along the Angolan and Namib-
ian coasts from 10°S to 20°S (the ABA is denoted by the blue contour in Figure 5.2a),
which is the focus of this study. The variance explained locally by EOF1 indicates that
it is more concentrated in the equatorial region in FOCI than in HadISST. The corre-
sponding leading principal components (PCls) (Figure 5.2¢) exhibit a correlation of

0.85 on decadal time scale, as estimated by the correlation between the 5-year running
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means, which suggests that external forcing plays a role in the long-term variability.

5.3 SST variability changes

The southeastern tropical Atlantic Ocean exhibits a strong warming in response to
the rising CO;-concentration, with the strongest rise in SST in the ABA (Figures 5.3a
and 5.3b). Relative to 1970-1999, the annual mean (MJJ) SST has increased by 3.36
+ 0.40°C (2.82 £ 0.6°C) in the ABA during 2070-2099. The ABA-averaged inter-
annual SST variability experiences an overall reduction during 2070-2099 relative to
1970-1999 (Figure 5.3b), with the strongest reduction in May-June-July (MJJ), i.e. the
peak phase of the variability in the model. When considering all calendar months, the
standard deviation of the ABA-averaged interannual SST anomalies (SSTa) amounts to
0.80 % 0.08°C during 1970-1999 and 0.63 £ 0.03°C during 2070-2099, corresponding
to a reduction of 21.2%. In MJJ, the standard deviation of the ABA-averaged SSTa
amounts to 1.19 £ 0.15°C during 1970-1999 and 0.90 + 0.05°C in 2070-2099, corre-
sponding to a reduction of 24.4%. In FOCI, the seasonal cycle of the standard deviation
of the ABA SSTa during 1970-1999 exhibits a prominent peak in MJJ (Figure 5.3b). In
observations, the peak in variability occurs in March-April-May (MAM) that is associ-
ated with the Benguela Nifios/Nifias (Imbol Koungue et al., 2017). Figure 5.3c depicts
the differences in the standard deviation of SSTa in MJJ between the ensemble means
of the future and the historical simulations. The differences exhibit a cold-tongue like
pattern of reduced interannual SST variability with largest declines amounting to about

-0.3°C in the ABA and central equatorial Atlantic.
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Figure 5.3: CO;-forced response in the FOCI model. (a) Difference between mean
MJJ SST between 2070-2099 and 1970-1999. (b) ABA-averaged SST climatology
(solid lines) as a function of the calendar month during 1970-1999 (red) and 2070-
2099 (blue), and from HadISST and ERAS during 1970-1999 (black and green, respec-
tively). Ensemble-mean standard deviation of ABA-averaged SSTa (dashed lines) as
a function of the calendar month during 1970-1999 (red) and 2070-2099 (blue), and
from HadISST and ERAS during 1970-1999 (black and green, respectively). The blue
and red shadings represent the ensemble spread, defined as + 1 standard deviation of
each ensemble. (c) Difference in the standard deviations of the MJJ SSTa between

2070-2099 and 1970-1999.

Changes in temperature variability are not restricted to the surface. The MJJ inter-
annual temperature variability has changed in the top 200 m along the equator and the
Southwest African coast. During 1970-1999, strong interannual variability was located
near the mean Z20, reaching the surface at the equator between 30°W and 10°W (Fig-
ure 5.4a) and along the Southwest African coast between 10°S and 20°S (Figure 5.4b).
During 2070-2099, the interannual variability is weaker along the equator at the posi-
tion of the mean Z20 (Figures 5.4c and 5.4e). Along the Southwest African coast, the
interannual variability has weakened in the top 35 m but increased between 35 m and

55 m in the latitude range 0°-15°S (Figures 5.4d and 5.4f).
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Figure 5.4: Changes in interannual temperature variability in the upper 200 m. (a, b)
Vertical sections of the standard deviation of the detrended temperature anomalies in
MIJJ during 1970-1999 along the equator (averaged between 1°S-1°N) and along the
Southwest African coast (averaged within a 2° band), respectively. (c, d) same as (a,
b), but for the period 2070-2099. (e, f) Differences between the standard deviations
during the two epochs, calculated as 2070-2099 (c, d) minus 1970-1999 (a, b). The
blue (black) solid line is the position of the depth of the mean 20°C isotherm (Z20)
during 1970-1999 (2070-2099). Small values (< 0.5°C) of MJJ temperature variability

are in white in (a, b) and (c, d).
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5.4 Mechanisms reducing the SST variability

5.4.1 Role of remote and local atmospheric processes

Both equatorial zonal wind stress and local meridional wind-stress fluctuations are
known to be important drivers of interannual SST variability in the ABA (Liibbecke
et al., 2010; Richter et al., 2010). Equatorial zonal wind stress fluctuations can trig-
ger EKWs that propagate eastward along the equator. When reaching the West African
coast the wave energy will be partly reflected as westward propagating Rossby waves.
A substantial part of the energy will be transmitted poleward as CTWs (Polo et al.,
2008). Downwelling (upwelling) CTWs can trigger warm (cold) events in the ABA
by deepening (shoaling) the thermocline (Bachelery et al., 2020; Illig et al., 2004; Im-
bol Koungue et al., 2017, 2019; Liibbecke et al., 2010; Imbol Koungue and Brandt,
2021).

Relative to 1970-1999, the link between western/central equatorial wind stress and
ABA SSTs has become slightly less important during 2070-2099 (Figures 5.5a and 5.5b).
In contrast, we observe a strengthened link between ABA SSTa and (1) the near-coastal
wind-stress (Figures 5.5a and 5.5b) and (2) near-costal wind-stress curl anomalies (Fig-
ures 5.5¢ and 5.5d) during 2070-2099 relative to 1970-1999, suggesting that the role of
the local wind-stress fluctuations in driving interannual SST variability in the ABA has

increased.
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Figure 5.5: Influence of wind-stress and wind-stress curl anomalies in MJJ. (a, b) Re-
gressions of detrended wind-stress anomalies on ABA-averaged SSTa. (a) 1970-1999
and (b) 2070-2099. Regressions have been calculated for each wind-stress component
separately. Black (grey) arrows indicate pointwise significant (not significant) regres-
sions for both components at the 95% level. Color shading depicts the magnitude of the
vectors. (c, d) Regressions of wind-stress curl anomalies on ABA-averaged SSTa. (c)
1970-1999 and (d) 2070-2099. Displayed regressions are significant at the 95% level.

Significance is assessed by the Student’s t test.

5.4.2 Role of the thermocline feedback

Surface/subsurface coupling plays an important role in driving interannual SST vari-
ability in the ABA (Imbol Koungue et al., 2017; Bachelery et al., 2020). To examine

the coupling between ABA SSTa and thermocline-depth variations, termed thermocline
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feedback, we pointwise regressed the SSTa on the SSH anomalies. The latter serve
here as a proxy for thermocline-depth variations. During 1970-1999, large regression
coefficients are observed at the equator between 30°W and 10°W and along the South-
west African coast from 10°S to 20°S where the thermocline is relatively shallow (Fig-
ure 5.6a). We observe a similar pattern but with smaller regression coefficients, partic-
ularly in the ABA, during 2070-2099 (Figure 5.6b). The smaller regression coefficients
illustrate a reduction of the SST response to thermocline perturbations (Figure 5.6¢).
The thermocline feedback in the ABA, as estimated in this manner, has reduced by
21.4%, from 30.45 + 2.56 °C-m~! during 1970-1999 to 23.92 4 2.18 °C-m~! during
2070-2099. Noteworthy, the regions of reduced thermocline feedback are collocated

with the regions where the Z20 has deepened the most (Figure 5.6¢).
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Figure 5.6: Pointwise regression coefficients of SST anomalies on the SSH anomalies
(serving as proxy for thermocline-depth variations) in MJJ during (a) 1970-1999, (b)
2070-2099, and (c) their differences. Black contours in (a) and (b) indicate the mean
720 in MJJ, and in (c) the change in Z20 between the two periods. Displayed values
are significant at 95% according to the Student’s t-test. The data have been detrended
prior to the analyses. Only regressions with values larger than 4 5 °C-m~! are plotted

in (a) and (b).

We next examine the regressions of the temperature anomalies upon the Z20 anoma-
lies at the equator and along a 2° band along the Southwest African coast (Figure 5.7).
The Z20 is used here as a proxy for the thermocline depth (see section 5.2.2). During
1970-1999, the co-variability between temperature and Z20 anomalies (Figures 5.7a
and 5.7b) is strong within about £ 40 m of the mean Z20 (blue bold line). In the central
equatorial Atlantic (30°W-10°W), where the thermocline is shallow, large regression

coefficients also appear at and just below the base of the mixed layer (blue dashed line),

101



which illustrates the thermocline feedback effectiveness (Dewitte et al., 2013). Along
the West African coast, large regression coefficients appear at the base of the mixed
layer in the region 0°S-17°S and above the base in the region 17°S-20°S. We note that
south of 22°S (26°S), no regression coefficients can be calculated as the thermocline
outcrops during 1970-1999 (2070-2099). During 2070-2099 (Figures 5.7c and 5.7d),
the temperature response to thermocline-depth variations has weakened between the
base of the mixed layer and Z20 along the equator, and near the base of the mixed
layer along the West African coast (Figures 5.7e and 5.7f). This suggests a reduction of
the effectiveness of the thermocline feedback during 2070-2999 relative to 1970-1999.
In addition, there is a deepening of the mean Z20 along the equator and Southwest
African coast, consistent with Figure 5.6. Furthermore, the increased (decreased) re-
sponse of the temperature anomalies to Z20-variations is co-located with the increased
(decreased) interannual temperature variability (Figures 5.7e and 5.7f; thin black con-
tours). Bachelery et al. (2020), using model experiments, showed that equatorially
forced CTWs explains up to 70% of the 0-200 m integrated temperature fluctuations
in the ABA. This supports our result that the reduced interannual SST variability in
2070-2099 is mainly driven dynamically by the reduced SST/temperature response to
thermocline-depth variations. Further, Figure 5.6 suggests that the weaker thermocline
feedback is due to the deepening of the mean Z20, linking the change in the interannual

variability to the mean-state changes.
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Figure 5.7: Role of thermocline-depth variations on upper-ocean temperature. (a, b) Re-
gression coefficients in the upper 200 m of temperature upon Z20 anomalies (serving as
proxy for thermocline-depth variations) in MJJ during 1970-1999 at the equator (40°W-
9°E; 1°S-1°N) and along a 2° band along the Southwest African coast, respectively. (c,
d) same as (a, b) but for the period 2070-2099. (e, f) Differences between the two pe-
riods. The blue (black) bold solid line is the mean depth of the 20°C isotherm (Z20)
during 1970-1999 (2070-2099). The blue (black) dashed thick line represents the mean
mixed layer depth during 1970-1999 (2070-2099). Black contours in (e, f) represent the
change in MJJ temperature variability with dashed (solid) contours showing a decrease
(increase) in variability during 2070-2099 relative to 1970-1999. Displayed values are
significant at 95% according to the Student’s t-test. The data have been detrended prior
to the analyses. Only regressions with values larger than + 2 x 1072 °C-m~! are plotted

in (a) and (b).
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5.5 Mean-state changes

We next examine in more detail the mean-state changes in MJJ along the equator
and at the Southwest African coast. Figures 5.8a to 5.8c depict the warming pattern
during 2070-2099 relative to 1970-1999 in the top 200 m. Largest warming (> 2.5°C)
occurs in the top 50 m in the eastern equatorial Atlantic and between 0°S and 20°S

along the Southwest African coast.
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Figure 5.8: Mean-state changes. (a, b) Upper-ocean (0-200 m) temperature differences
in MJJ between 2070-2099 and 1970-1999 at the equator (40°W- 9°E; 1°S-1°N) and
along a 2° band along the Southwest African coast (30°S-0°), respectively. (d, e) Same
as (a, b), but for the salinity. (g, h) Same as (a, b), but for the Brunt-Viiséld frequency
(N?). (c, f, i) are the ABA-averaged temperature, salinity and N? profiles for 1970-1999
(red) and 2070-2099 (blue). The ABA is denoted by the black vertical lines in b, e, f.

In these regions, the ocean in the top 25 m also is becoming fresher (Figures 5.8d

to 5.8f). The surface freshening could be the result of the increased precipitation over
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the eastern tropical Atlantic during 2070-2099 relative to 1970-1999 (Figure 5.9). This
result is consistent with Park and Latif (2020), who used the Kiel Climate Model, a
predecessor of the FOCI system, with a coarse-resolution ocean model (2° x 0.5° in
the equatorial Atlantic) coupled to ECHAMS at two different resolutions (T42L31 and
T255L62). The temperature (Figure 5.8¢) and salinity ((Figure 5.8f) changes act to
increase the stratification from the surface to the mean Z20 (Figures 5.8g to 5.8i), fa-

voring a weaker thermocline feedback and thus supporting reduced SST variability in

the ABA.
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Figure 5.9: Mean-state change in the modeled surface-freshwater flux. (a) Mean pre-
cipitation minus evaporation during 1970-1999. (b) Same as (a), but for 2070-2099. (c)

Differences between the two periods.

5.6 Summary and discussion

In this study, we compared two ensembles performed with the climate model FOCI,
which employs a high-resolution nest in its oceanic component, to investigate potential
future changes in the interannual SST variability over the southeastern tropical Atlantic
Ocean, in particular the ABA. One ensemble is a set of historical simulations, the other a
set of simulations forced by the SSP5-8.5 scenario. The ABA-averaged interannual SST
variability in MJJ weakens by 24.4%, from 1.19 %+ 0.15°C during 1970-1999 to 0.90 +
0.05 °C in 2070-2099. Further, the interannual temperature variability has reduced in
the top 35 m along the Southwest African coast between 0° and 20°S while it increased
between 35 m and 50 m depth.

Both local atmospheric and remote equatorial forcing are known to drive interan-
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nual SST variability in the ABA. The link between the western/central equatorial wind
stress and ABA SSTs has slightly weakened during 2070-2099 relative to 1970-1999.
In contrast, the impact of the local alongshore wind stress and near-coastal wind stress
curl on ABA SSTs has strongly increased. Thus, the local atmospheric wind-stress
forcing becomes a more important driver of the interannual SST variability in the ABA
in FOCI under strongly increased CO,-concentrations. Regarding the local thermody-
namic processes, the net heat-flux damping as well as the cloud cover-SST feedback do
not exhibit large changes (not shown). Thus, it is unlikely that they have significantly
contributed to the weakened interannual SST variability over the ABA.

The reduced interannual SST/upper-ocean temperature variability off the coasts of
Angola and Namibia during 2070-2099 relative to 1970-1999 goes along with a smaller
SST/upper-ocean temperature response to thermocline-depth variations, i.e. a weaker
thermocline feedback. Moreover, the regions of reduced thermocline feedback are co-
located with the regions where the mean Z20 deepens the most, supporting that the
weakened thermocline feedback is driven by the mean-state changes. In fact, the ABA
experienced the strongest SST warming over the tropical Atlantic Ocean, amounting
to 2.82 £ 0.6°C in MJJ when comparing the period 2070-2099 with 1970-1999. The
subsurface temperatures in the top 50 m from 0°S to 15°S also exhibit a substantial
warming, supporting weaker surface/subsurface coupling. While the 30-year running
mean of the ABA-averaged SST in MJJ shows a strong increasing trend during the 21st
century (Figure 5.10, red line), the 30-year running standard deviation of the ABA-
averaged SST anomalies in MJJ (Figure 5.10, blue line) displays a downward trend.
Over the 90-year period 1981-2071, the trend in SST variability amounts to -0.023
°C-decade ! (Figure 5.10, black line). This decline in the ABA-averaged interannual
SST variability is superimposed by a pronounced multidecadal variability, as shown by

selected 30-year trends (Figure 5.10).
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Figure 5.10: ABA-averaged model SST in MIJJ. (a) 30-year running mean SST (red
line) and 30-year running standard deviation of the SST anomalies (blue line). The
shadings represent the ensemble spread, defined as 4 1 standard deviation (o) of each

ensemble.

In order to evaluate the significance of the forced trends, we use the internal vari-
ability estimated from the preindustrial control runs of the FOCI model and of the
CMIP6 models. We note, however, that the control run of FOCI was condcuted with a
model version without the nest in the tropical and South Atlantic. Distributions of 90-
year and 30-year trends in ABA-averaged MJJ-SST variability were computed from the
FOCI (Figures 5.11a and 5.11b, respectively) and CMIP6 control runs (Figures 5.11c
and 5.11d, respectively). The trends derived from the FOCI-future ensemble are within
the range of the trends simulated in the preindustrial control runs, suggesting that the

trends in the externally forced simulations could be due to internal variability.
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Figure 5.11: ABA-averaged model SST trend distributions in MJJ (a, b) Distribution of
multidecadal (90-year and 30-year, respectively) SST-variability trends calculated from
the preindustrial control run from FOCI. (c, d) same as (a, b) but for the CMIP6 models.
The vertical lines are the multidecadal trends from the FOCI ensembles shown in Fig.
10. + 20 and + o denote the two and one standard deviations of the multidecadal trend

distributions, respectively.

As the internal variability in FOCI and in the CMIP6 models is high, a reduced SST
variability observed within a multidecadal period has to be “extreme”. For example,
the reduction of the interannual SST variability in the ABA reported by Prigent et al.
(2020b), comparing the periods 1982-1999 and 2000-2017, would be still within the

range of internal variability.
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Finally, we note some caveats about the FOCI model. Despite some improvements
in the simulation quality by the usage of a high-resolution nest in the ocean, a relatively
large SST bias remains along the Southwest African coast, which may be the result of
a too coarse atmospheric resolution leading to a poor representation of the near-coastal
winds. Nevertheless, the SST bias is smaller than the averaged bias of the CMIP6
models analyzed here. This provides some confidence to our analyses, yet it does not
necessarily imply that the real world will respond in the same way. A better under-
standing of the processes at play in the southeastern tropical Atlantic, which determine
the mean state and variability of the SST and upper-ocean temperature in the region, is
required to reduce uncertainty regarding the externally forced climate response over the

region.
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Table S1. CMIP6 model simulations used in this study.

Model Atmosphere model Ocean model
Atmosphere resolution Ocean resolution
ACCESS-CM2 MetUM-HadGEM3-GA7.1 ACCESS-OM2

N96; 192 x 144 longitude/latitude; 85 levels

GFDL-MOMS, tripolar primarily ldeg; 360 x 300
longitude/latitude; 50 levels

ACCESS-ESM1-5

HadGAM2
rl.1, N96; 192 x 145 longitude/latitude; 38
levels

ACCESS-OM2
MOMS, tripolar primarily 1ldeg; 360 x 300
longitude/latitude; 50 levels

BCC-CSM2-MR BCC_AGCM3 MR MOM4
1/3 deg 10S-10N, 1/3-1 deg 10-30 N/S, and 1 deg in high
T106 (~ 1.125° x 1.125°); 46 levels latitudes; 360 x 232 longitude/latitude; 40 levels
CAMS-CSM1-0 ECHAMS5 CAMS MOM4

T106; 320 x 160 longitude/latitude; 31
levels

tripolar; 360 x 200 longitude/latitude, primarily Ideg
latitude/longitude, down to 1/3deg within 30deg of the
equatorial tropics; 50 levels

EC-Earth3-Veg

IFS cy36r4

TL255, linearly reduced Gaussian grid
equivalent to 512 x 256 longitude/latitude;
91 levels

NEMO3.6

ORCAI tripolar primarily 1 degree with meridional
refinement down to 1/3 degree in the tropics; 362 x 292
longitude/latitude; 75 levels

EC-Earth3 IFS cy36r4 NEMO3.6
TL255, linearly reduced Gaussian grid | ORCAl tripolar primarily 1 deg with meridional
equivalent to 512 x 256 longitude/latitude; | refinement down to 1/3 degree in the tropics; 362 x 292
91 levels longitude/latitude; 75 levels

GFDL-ESM4 GFDL-AM4.1 GFDL-OM4p5
Cubed-sphere (c96) - 1-degree nominal | GFDL-MOMS, tripolar - nominal 0.5 deg; 720 x 576
horizontal resolution; 360 x 180 | longitude/latitude; 75 levels
longitude/latitude; 49 levels

INM-CM4-8 INM-AM4-8 INM-OMS5
2x1.5; 180 x 120 longitude/latitude; 21 | North Pole shifted to 60N, 90E; 360 x 318
levels longitude/latitude; 40 levels

INM-CMS5-0 INM-AMS5-0 INM-OMS5

2x1.5; 180 x 120 longitude/latitude; 73
levels

North Pole shifted to 60N, 90E. 0.5x0.25; 720 x 720
longitude/latitude; 40 levels

IPSL-CM6A-LR

LMDZ
NPv6, N96; 144 x 143 longitude/latitude;
79 levels

NEMO-OPA
eORCA1.3, tripolar primarily
longitude/latitude; 75 levels

Ideg; 362 x 332

MIROC6

CCSR AGCM
T85; 256 x 128 longitude/latitude; 81 levels

COCO04.9
tripolar primarily 1deg; 360 x 256 longitude/latitude; 63
levels

MPI-ESM1-2-HR

ECHAMBS6.3
spectral T127; 384 x 192 longitude/latitude;
95 levels

MPIOM1.63
tripolar TPO04, approximately 0.4deg; 802 x 404
longitude/latitude; 40 levels

MPI-ESM1-2-LR

ECHAM®6.3
spectral T63; 192 x 96 longitude/latitude;
47 levels

MPIOM1.63
bipolar GR1.5, approximately 1.5deg; 256 x 220
longitude/latitude; 40 levels




MRI-ESM2-0 MRI-AGCM3.5 MRI.COM4.4
TL159; 320 x 160 longitude/latitude; 80 | tripolar primarily 0.5 deg latitude/1 deg longitude with
levels meridional refinement down to 0.3 deg within 10 degrees
north and south of the equator; 360 x 364
longitude/latitude; 61 levels
NESM3 ECHAM v6.3 NEMO v3.4

T63; 192 x 96 longitude/latitude; 47 levels

NEMO v3.4, tripolar primarily ldeg;, 384 x 362
longitude/latitude; 46 levels
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Chapter 6

Summary, discussion and outlook

6.1 Summary

The aim of this thesis was to better understand the relationship between tropical At-
lantic mean-state changes and changes in tropical Atlantic interannual SST variability
during past, present and future conditions. Towards this end, observational and reanaly-
sis datasets together with global coupled climate models were assessed. Over the satel-
lite era the interannual SST variability changes were evaluated for the eastern equatorial
Atlantic (Chapter 2), and for the southeastern tropical Atlantic (Chapter 3). Finally, the
influence of global warming on future projections of interannual SST variability was
investigated in the eastern equatorial (Chapter 4) and southeastern tropical (Chapter 5)

Atlantic. Below, the answers to the questions raised in Chapter 1 are summarized.

* How did the interannual SST variability in the eastern equatorial Atlantic
change over the satellite era? What are the mechanisms driving this change?
Is this change related to mean-state changes?

In Chapter 2, changes in interannual SST variability in the eastern equatorial
Atlantic (ATL3, 20°W-0°; 3°S-3°N) over the period 1982-2017 were explored
(Prigent et al., 2020a). Using observational and reanalysis datasets, results show
that relative to the 1982-1999 period, during 2000-2017 the interannual May-
June-July (MJJ) SST variability in the ATL3 region has weakened by 31% (Fig-
ure 2.2 and table 2.1). The reduced interannual SST variability after 2000 was
partly attributed to an overall reduction of the Bjerknes feedback in boreal sum-

mer (Figure 2.4). In addition, the net heat flux damping, which is the dominant
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negative feedback over the equatorial Atlantic (Liibbecke and McPhaden, 2013),
has strongly increased since 2000 (Table 2.3). It is also shown that zonal wind
interannual variability in the western equatorial Atlantic has weakened. How-
ever, these changes in net heat flux damping and zonal wind variability have large
uncertainties as observational and reanalysis datasets tend to differ. The results
found in Chapter 2 (Prigent et al., 2020a) were later confirmed by Silva et al.
(2021) who investigated the Bjerknes feedback index changes before and after
the year 2000. Regarding the mean-state changes, the mean MJJ SST change
from 2000-2017 to 1982-1999 is significant, and amounts to about 0.3°C only
north of the equator (Figure 2.5). There is also a weak SST change in the cold
tongue region which is consistent with Nnamchi et al. (2020) who indicated that
over the period 1979-2018 the equatorial Atlantic cold tongue depicted a warming
hole. In addition, a slight northward shift of the ITCZ position is observed after
2000, which might have resulted in a reduction of the western equatorial zonal
wind variability. More research is needed to conclude on this point. Relative to
1982-1999, after 2000 a minor intensification of the easterlies over the eastern
equatorial Atlantic is observed. Consequently, a slight shoaling (deepening) of
the thermocline is detected in the eastern (western) equatorial Atlantic. Further-
more, compared to 1982-1999, since 2000 a strengthening and minor westward
shift of the rising branch of the Walker circulation is depicted (Figure 2.6). A
westward shift of the Walker circulation might have also contributed to reduced
western equatorial Atlantic zonal wind variability observed after 2000. However,
the aforementioned mean-state changes are hardly significant, and therefore can
likely not explain completely the weakened Bjerknes feedback and interannual

SST variability.

How did the interannual SST variability in the southeastern tropical Atlantic
change over the satellite era? What are the origins of this interannual SST
variability change? Is this change in interannual SST variability related to
mean-state changes?

In Chapter 3, changes in interannual SST variability in the southeastern tropi-

cal Atlantic were examined (Prigent et al., 2020b). The Angola-Benguela-area
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(ABA, 8°E-20°E; 20°S-10°S) averaged March-April-May (MAM) interannual
SST variability has weakened by 30.5% (Figure 3.1 and table 3.1) during 2000-
2017, relative to 1982-1999. The reduced interannual SST variability goes along
with the smaller influence of remote forcing associated with equatorial zonal
wind variability (Figure 3.3). Indeed, lower zonal wind variability in the west-
ern equatorial Atlantic tends to reduce equatorial Kelvin wave (EKW) activity
(Figure 3.3), which is an important driver of interannual SST variability in the
ABA (see Chapter 1). Furthermore, since 2000, the importance of the local forc-
ing through near-coastal meridional wind stress and wind stress curl is enhanced
(Figure 3.2). Regarding mean-state changes relative to the pre-2000 period, dur-
ing the post-2000 period a significant warming of 0.3°C is observed during MAM
(Figures Sla and S4a). This surface warming might have reduced the surface-
subsurface coupling, which might partly explain the reduced ABA-averaged in-
terannual SST variability in MAM. This Chapter has implications for the pre-
dictability of Benguela Nifio/Nifia events. Thus, the strong link between equato-
rial thermocline variations leading the ABA SST anomalies by one to two months
has strongly reduced during 2000-2017 relative to 1982-1999 (Figure 3.3). Fi-
nally, a strong link between the SAA strength and the ABA SST anomalies was
observed during the pre-2000 period, consistent with (Liibbecke et al., 2010).
However, this link has also reduced during the post-2000 period (Figure 3.4).
Hence, these results raise the question whether predictors based on equatorial

variables or SAA strength are still useful to forecast Benguela Nifio/Nifia events.

How is global warming influencing the Atlantic Nifio? What are the future
changes in interannual SST variability in the eastern equatorial Atlantic?

Based on the comparison of historical (1950-1999) and future (2050-2099) high-
est emission scenario simulations of 40 CMIP5 and CMIP6 models, Chapter 4
shows that the eastern equatorial Atlantic interannual SST variability in June-
July-August is projected to weaken under global warming (Figure 4.1). This
change in boreal summer SST variability is related to changes in the Bjerknes
feedback components, and in particular to the third component of the Bjerknes
feedback, i.e the thermocline feedback. Indeed, the change in the 3™ Bjerknes

feedback component explains up to 61% of the change in the eastern equatorial
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interannual SST variability (Figure 4.2). Relative to 1950-1999, during 2050-
2099 the equatorial Atlantic in the top 50 m depicts a considerable warming (>
2.5°C) along with a deepening of the mean thermocline and surface weakening of
the equatorial Atlantic trade winds (Figure 4.3). This chapter also highlights that
more than 80% of the 40 CMIP5 and CMIP6 models agree on a reduction of the
eastern equatorial boreal summer interannual SST variability (Table 4.1). In ad-
dition, the use of several emission scenarios assists in showing that the reduction
of interannual SST variability seems independent of the emissions scenario (Fig-
ures S3 and S4). Finally, Chapter 4 highlights that models with less SST biases
in the eastern equatorial Atlantic exhibit stronger reduction of the future boreal

summer interannual SST variability (Figure 4.4).

How does the interannual SST variability change in the southeastern trop-
ical Atlantic under a global warming scenario? What are the mean-state
changes?

Future changes in interannual SST variability in the southeastern tropical At-
lantic were investigated in Chapter 5. To do so, a historical ensemble (1970-
1999) was compared to a set of future simulations (2070-2099) and ran under
the SSP5-8.5 scenario (Table 5.1) using the coupled climate model FOCI. The
ABA-averaged SST variability in MJJ (interannual variability peak in the FOCI
model) weakens by 24.4% during 2070-2099 relative to 1970-1999 (Figures 5.3
and 5.4). Interannual temperature variability in the upper 35 m also weakens in
2070-2099 relative to 1970-1999 (Figure 5.4). The reduction in interannual SST
and temperature variability appears to be driven by weaker thermocline feedback
(Figures 5.6 and 5.7). The weaker thermocline feedback is co-located with the re-
gions where the mean thermocline deepens the most, linking mean-state changes
to interannual SST variability changes (Figure 5.6). In addition, the ABA depicts
the strongest SST increase of the whole tropical Atlantic Ocean, amounting to
2.82 + 0.6°C in MJJ when comparing 2070-2099 to 1970-1999. Furthermore,
subsurface temperatures in the top 50 m from 0°S to 15°S exhibit a substan-
tial increase (> 2.5°C) supporting weaker surface/subsurface coupling. While
the 30-year running mean ABA-averaged MJJ SST displays a strong increasing

trend throughout the 21 century, the 30-year running standard deviation of the
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ABA-averaged MJJ SST anomalies depicts a downward trend (Figure 5.10). The
preindustrial control runs of the FOCI and CMIP6 models were used to estimate
the internal variability in order to evaluate the significance of the forced trends
found in the ABA. This analysis suggests that the trends in the externally forced
simulation could be due to internal variability. The internal variability in the
FOCI and CMIP6 models is large and thus a reduction of the interannual SST
variability would need to be extreme to emerge as a clearly externally forced sig-

nal.

6.2 Discussion

Although the observational record of Atlantic SST extends from the mid-1850s to
present, its spatial coverage was limited principally to commercial shipping routes until
1979 (Richter and Tokinaga, 2021). The first satellites able to measure SST through
multiple infrared channels as well as microwave radiometers were deployed in 1979
(Minnett et al., 2019), making the reliable observational record of the whole tropical
Atlantic SST rather short (~ 40 years). Hence, one caveat for the observational studies,
such as Chapters 2 and 3, is the relatively short observational period over which they
are based. Indeed, in these chapters two 18-year periods are compared: 1982-1999 and
2000-2017. This makes the statistical robustness of the results feeble, particularly for
the mean-state changes. In addition, these results might also be influenced by multi-
decadal variability coming from the AMV. As mentioned in Chapter 1, Martin-Rey et
al. (2018) revealed that during a negative phase of the AMV the interannual SST vari-
ability in the eastern equatorial Atlantic is enhanced by 150% in boreal summer. The
AMYV changed from a negative to a positive phase around the year 1997 (Figure 1.4)
and thus it could have contributed to the weakening of eastern equatorial Atlantic inter-

annual SST variability during 2000-2017 relative to 1982-1999.

Other potential sources for multidecadal changes in the tropical Atlantic interan-
nual SST variability
A possible source for multidecadal changes in the tropical Atlantic interannual SST

variability can be of remote origin. Indeed, around the year 2000, the interannual SST
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variability in the tropical Pacific also experienced a reduction (Hu et al., 2013; Liibbecke
and McPhaden, 2014). This shift has been explained by changes in the equatorial Pacific
mean-state. Hu et al. (2013) compared the period 1979-1999 to the period 2000-2011,
and found that during the post-2000 period the equatorial Pacific thermocline tilt was
steeper due to stronger surface trade winds. They proposed that it might have hampered
the eastward migration of the warm water along the equatorial Pacific. As a result, the
variability of the warm water volume (WWYV) was reduced, and thus ENSO amplitude
also decreased. McPhaden (2012) showed that during 2000-2010 relative to 1980-1999
WWYV variations decreased, and its lead time was reduced to only one season. These
changes were linked to a shift towards more central Pacific El Nifios versus eastern
Pacific El Nifios (McPhaden, 2012). Therefore, the question whether the reduced inter-
annual SST variations in the tropical Pacific lead to reduced interannual SST variability
in the tropical Atlantic or vice-versa deserves more investigation. Martin-Rey et al.
(2014) showed that the Atlantic-Pacific Nifios connection is modulated by the AMV
with strong negative relationships, i.e. a warm (cold) event in the equatorial Atlantic
drives a cold (warm) event in the equatorial Pacific, coinciding with negative AMV.
Hence, since the AMV became positive in 1997 (Figure 1.4), the Atlantic-Pacific Nifios
connection is likely reduced during the post-2000 period. Changes in the tropical Pa-
cific interannual SST variability also has implications for the southeastern tropical At-
lantic interannual SST variability. Indeed, Rouault et al. (2010) and Dufois and Rouault
(2012) showed over the 1979-2008 period that during El Nifio (La Nifa) events weaker
(stronger) southeasterly winds prevail, leading to reduced (enhanced) upwelling in the
Southern Benguela (3° off the coast; 20°S-35°S) which could then lead to SST anoma-
lies. Tim et al. (2015) indicated that ENSO significantly influences the winds in the
Southern Benguela but not in the Northern Benguela. Hence, the impact of ENSO on
the ABA interannual SST variability seems relatively weak but deserves more investi-
gation.

A recent study from Zhang and Han (2021) using observational datasets and by per-
forming model experiments, shows that the Atlantic Nifio can be induced by the Indian
Ocean Dipole (IOD). In fact, a positive IOD generates westerly wind anomalies over
the tropical Atlantic leading to warm SST anomalies in the central and eastern tropical

Atlantic thereby triggering an Atlantic Nifio event 3 to 5 months after the IOD peak.
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Hence, multidecadal modulations of the eastern equatorial Atlantic SST response to the
IOD could also contribute to multidecadal changes in the tropical Atlantic interannual
SST variability.

Another potential source for multidecadal changes of interannual SST variability
in the eastern equatorial Atlantic and at the eastern boundary off Angola is the multi-
decadal changes of the subtropical cells (STCs). STCs are shallow meridional overturn-
ing circulation that connect the subduction zones of subtropical gyres with the equator
and eastern tropical upwelling regions (McCreary and Lu, 1994; Schott et al., 2004;
Tuchen et al., 2019). For the tropical Atlantic basin, Tuchen et al. (2020) quantified the
SST response to STC changes. They found a strong negative SST response to positive
interior transport convergence, with the interior transport convergence leading the SST
by 2 months on the equator between 30°W and 10°W, as well as off Angola between
5°S and 15°S. Therefore, a reduction in the interior transport convergence variability
could lead to reduced interannual SST variability in the eastern equatorial Atlantic and
off Angola. The contribution of multidecadal changes of Atlantic STCs to the multi-
decadal changes of interannual SST variability in the eastern equatorial Atlantic and at

the eastern boundary requires more investigation.

Discussion on models’ limitations

While investigating the lag between Atlantic Nifios and Benguela Nifios using model
experiments, Illig et al. (2020) demonstrated that neither the differences in ocean strat-
ification between the eastern equatorial and southeastern tropical Atlantic nor the sea-
sonal phasing of events explains the lag between the two climate modes. Instead, they
show that only the coastal wind stress anomalies are responsible for initiating the coastal
SST anomalies before the eastern equatorial SST anomalies. Hence, the authors have
highlighted the importance of a good representation of the coastal winds in order to ob-
tain the correct lag between the Benguela Nifios/Nifias and Atlantic Nifios/Nifias. The
majority of the CMIP6 models used in this thesis have a relatively coarse atmospheric
resolution (> 1.5° horizontal, < 70 vertical levels) which is insufficient to simulate the
narrow coastal surface winds found in the southeastern tropical Atlantic (Harla$} et al.,
2018). Hence, it is not surprising that state-of-the-art coupled models still underes-

timate and misrepresent the seasonality of the tropical Atlantic interannual SST vari-
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ability (Richter and Tokinaga, 2020). In the CMIP6 ensemble, the eastern equatorial
(southeastern tropical) Atlantic interannual SST variability peaks in July (Figure 5.1),
which is one (three) month(s) later than the observations. Results of Chapter 5 rely on
the outputs of a global coupled model (FOCI) at 0.5° horizontal resolution with an en-
hanced oceanic resolution at 1/10° over the tropical Atlantic. While the high-resolution
ocean allows a reduction in southeastern tropical Atlantic warm SST bias, and simulates
a more realistic amplitude of the interannual SST variability in the ABA, a considerable
bias remains (Figure 5.1). As for the CMIP6 models, the FOCI model seasonality of the
interannual SST variability in the ABA is incorrect, as it peaks in June instead of April.
As mentioned above, the good representation of coastal wind variability seems crucial
to simulate the correct seasonality of the interannual variability in the ABA. Hence,
the coarse atmospheric resolution of approximately 1.8° horizontal with 95 vertical lev-
els (T65L.95) used for the model setup of Chapter 5 could potentially explain the two

months lag between the FOCI model and observations.

Implications for tropical Atlantic interannual SST variability predictability

In contrast to the equatorial Pacific, the prediction of tropical Atlantic SST anomalies
is still a challenge for global coupled models (Stockdale et al., 2006). Indeed, dynam-
ical prediction models struggle to match persistence forecasts in the tropical Atlantic
(Richter et al., 2018; Liibbecke et al., 2018). Richter and Tokinaga (2021) pointed to
two possible explanations for the low predictability skills for the Atlantic: (1) current
prediction models are inadequate because of systematic errors in the model formulation
or/and insufficient observations for the initialization of the models, (2) the theoretical
predictability of the equatorial Atlantic is inherently low due to weak coupled feedbacks
or high internal variability. Indeed, the Bjerknes feedback, the main dynamical driver
of eastern equatorial Atlantic interannual SST variability, is weaker than in the Pacific
(Keenlyside and Latif, 2007). In addition, Chapter 2 shows that relative to 1982-1999,
during 2000-2017 the Bjerknes feedback explained less variance indicating that dy-
namical processes became less important drivers of equatorial Atlantic SST variability.
Hence, the relative multidecadal importance of dynamical processes in driving equato-

rial Atlantic SST variability might have implications for its predictability.
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Stockdale et al. (2006) found no prediction skill above that of persistence south
of the equator in the Atlantic and indicated that models were performing particularly
badly in the southern tropical Atlantic (60°W-20°E; 20°S-5°N). Yet, Imbol Koungue et
al. (2017) found a promising approach towards the prediction of SST anomalies in the
ABA based on equatorial Kelvin wave activity between 1998 and 2012. They showed
a high correlation between the second mode EKW leading the SST anomalies in the
ABA by one month. However, Chapter 3 revealed that, relative to 1982-1999, during
2000-2017 the relationship between the EKW activity and the ABA SST anomalies
has reduced (Figure 3.3). Thus, the predictability of ABA SST anomalies based on
EKW might be subject to multidecadal variations. Another promising approach towards
prediction of ABA SST anomalies is based on the fluctuations of the strength of the
SAA (Liibbecke et al., 2010; Richter et al., 2010). However, Chapter 3 also shows
that the strong relationship between the SAA and the ABA SSTs that existed during
1982-1999, with the SAA leading the ABA SSTs by one month, dropped during 2000-
2017 (Figure 3.4). Chapters 2 and 3 suggested multidecadal changes in the forcing
mechanisms of the Atlantic Nifios/Nifias and Benguela Nifios/Niflas which can make

their already difficult predictability, subject to multidecadal modulation.

6.3 Outlook

Will the Tropical Atlantic annual cycle change?

As discussed throughout this thesis, Atlantic and Benguela Nifios/Nifias have signif-
icant impacts on the climate of the surrounding countries, and therefore understanding
their multidecadal changes is crucial. However, as introduced in Chapter 1, both climate
modes are phase-locked to their seasonal cycle. Both seasonal cycles are dominated
by their annual harmonic, and thus changes in their annual cycle could lead to socio-
economic consequences. Preliminary results suggest that under the global warming
scenario SSP5-8.5, the amplitude of the annual cycle of the SST from a CMIP6 ensem-
ble is projected to reduce during 2070-2099 relative to 1970-1999 in both the equatorial
Atlantic and in the ABA (Figure 4.1). The mechanisms driving the reduced amplitude
of the annual cycle in 2070-2099 relative to 1970-1999 as well as the consequences of

such a reduction require more research.
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Figure 6.1: Ensemble mean amplitude of the annual harmonic of the detrended SSTs
pointwise during (a) 1970-1999 and (b) 2070-2099. (c) is the difference (b) minus
(a). The amplitude of the annual cycle (A,.) is estimated as follows: A, = VA2 + B2
with the coefficients A and B obtained from the non-linear least mean squares fit of the
function f(r) = Acos(wt) + Bsin(@t) 4 C on the SST with @ = 27/T and T the corre-
sponding period of the harmonic fit. The CMIP6 ensemble is composed of the following
models: ACCESS-CM2, CAMS-CSM1-0, CMCC-CM2-SRS, CMCC-ESM2, CNRM-
CM6-1, CNRM-CM6-1-HR, CNRM-ESM2-1, CanESM5-CanOE, FGOALS-f3-L,
HadGEM3-GC31-LL, HadGEM3-GC31-MM, IITM-ESM, INM-CM4-8, INM-CM5-
0, MCM-UA-1-0, MIROC-ES2L, MIROC6, MPI-ESM1-2-LR, NESM3, UKESM1-0-

LL.

Are tropical instability waves important for the eastern equatorial Atlantic SST
variability?

Wengel et al. (2021) investigated the response of ENSO amplitude to CO;-doubling
and CO;-quadrupling in ultra-high-resolution simulations, i.e. with 0.25° horizontal
resolution in the atmosphere and 0.1° in the ocean. They indicate that ultra-high-
resolution simulations allow for a better representation of the tropical Pacific mean-state
and mesoscale oceanic processes, in particular the tropical instability waves (TIWs).
These waves are generated by the shear of the tropical zonal current system. They ar-
gue that TIWs provide a strong negative feedback for ENSO, and are thus a crucial
element in ENSO dynamics. They found a robust weakening of the future simulated
ENSO amplitude due to quadrupling atmospheric CO;. This reduction in ENSO am-
plitude is found to be the consequence of a stronger thermal latent heat flux damping
and weaker advective feedbacks. Therefore, TIWs could be another potential negative

feedback to consider for the eastern equatorial Atlantic interannual SST.
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How certain are the changes in Atlantic Nifio and Benguela Nifio amplitude?
Lastly, this thesis showed that the interannual SST variability in the tropical Atlantic
(Chapters 2 and 3) has decreased in 2000-2017 relative to 1982-1999. In addition, using
CMIP5 and CMIP6 models as well as an ensemble of the coupled climate model FOCI,
ran under a global warming scenario, it is shown that the interannual SST variability in
the ATL3 (Chapter 4) and in the ABA (Chapter 5) is projected to decrease. However,
in the last couple of years the interannual SST variability in the tropical Atlantic Ocean
could be increasing again with the occurrence of two Atlantic Nifios (2019, 2021) and
two Benguela Nifios (2019/2020 and 2021). Therefore, a question arises: how certain
are the Atlantic Nifios/Nifias and Benguela Nifios/Nifias amplitudes projections? The
study from Beobide-Arsuaga et al. (2021) addressed this question for ENSO ampli-
tude projections using CMIP5 and CMIP6 models. They indicate that future ENSO
amplitudes in CMIP5 and CMIP6 models highly diverge, with the projected amplitude
changes ranging from a decrease of -0.4°C to an increase of 0.6°C. Beobide-Arsuaga
et al. (2021) found that internal variability is the main source of uncertainty in the first
three decades of projection and that model uncertainty dominates thereafter. They also
note that relative to the internal variability and model uncertainty, the scenario uncer-
tainty remains small throughout the twenty-first century. In contrast to future ENSO
amplitude projection, Chapter 4 shows that 80% of the 40 CMIP5 and CMIP6 mod-
els used in this chapter agree on a future reduction of the interannual SST variability.
Worou et al. (2021) showed that 84% of their CMIP6 ensemble composed of 31 models
agree on a decrease of the future Atlantic Nifio amplitude projection. They found an
ensemble mean decrease of -21% of the JAS interannual SST variability in the ATL3
region during 2070-2099 relative to 1985-2014. This result agrees with Figures 4.1
and 5.3 which show a decrease of the interannual SST variability in 2070-2099 relative
to 1970-1999 in the CMIP5 and CMIP6 and in the FOCI ensemble. The future At-
lantic Nifio amplitude projection seems less uncertain than the one of ENSO. However,
the identification and quantification of the sources of uncertainty for the future Atlantic

Ninos/Nifias and Benguela Nifios/Nifias amplitudes requires more research.
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