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Abstract

Detecting the atmospheric drivers of an upwelling system is essential to understand
its present variability and its past and future changes. This thesis presents a sta-
tistical analysis of the upwelling simulated in several climate simulations, with the
main focus placed on the Benguela upwelling system. The simulations are two high-
resolution ocean-only simulations driven by observed atmospheric fields over the last
60 years and 13 years with the aim of identifying the large-scale atmospheric drivers
of Benguela upwelling variability and trends. The simulations are found to repro-
duce well the seasonal cycle of upwelling intensity, with a maximum in the austral
winter season (June—August) in North Benguela and in the austral summer season
(December-February) in South Benguela.

The statistical analysis of the interannual variability of upwelling focuses on its re-
lationship to atmospheric variables (sea level pressure, 10 m-wind, and wind stress).
The relationship between upwelling and the atmospheric variables differ somewhat
in the two regions, but generally the correlation patterns reflect the common atmos-
pheric pattern favouring upwelling: southerly wind/wind stress, strong subtropical
anticyclone, and an ocean-land sea level pressure gradient.

In addition, the statistical link between upwelling and large-scale climate variability
modes is analysed. Among the various climate modes, the El Nino-Southern Oscilla-
tion and the Antarctic Oscillation exert some influence on austral summer upwelling
velocities in South Benguela. North Benguela seems to be slightly influenced by the
tropical Atlantic indicating the possible impact of warm water intrusions of equato-
rial origin (Benguela Nifos). The El Nifio-Southern Oscillation may also contribute
to extreme events in upwelling due to changes in the Walker circulation, and changes
in the strength of the trade winds.

The decadal evolution and the long-term trends of simulated upwelling and of the
ocean-land sea level pressure gradient do not agree with Bakun’s hypothesis that
anthropogenic climate change should generally intensify coastal upwelling. This hy-
pothesis has been further tested, also in the three other Eastern Boundary Upwelling
Systems (Peru, California, and Morocco), by the use of ensemble simulations of two
Earth System Models simulating the last millennium. On this centennial time scale
the imprint of external forcing cannot be seen in the upwelling, too. The internal
variability of the atmospheric circulation is so large that the imprint of the external
forcing is not detectable. Furthermore, for future climate, a significant change could
be detected for the next 100 years only with the scenario of the most drastic increase
of greenhouse gas concentrations. Nevertheless, the direction of these changes differ
among the four upwelling regions. Thus, the future development of upwelling sys-
tems in the eastern boundary currents of the ocean seems to be not easily predicted
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and not closely connected to anthropogenic climate forcing.

The conclusions of this study depend on the realism of the atmosphere and ocean
models analysed. Their spatial resolution, limited by computing requirements, may
in some cases still be too coarse. Future studies with higher-resolution models should
confirm the conclusions presented here.
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Zusammenfassung

In dieser Arbeit wird der atmosphéarische Antrieb des Benguela Auftriebsgebiets un-
tersucht. Dies ist von essentieller Bedeutung, um die Variabilititen und Anderungen
des Auftriebs vor der Kiiste Angolas, Namibias und Stidafrikas in der Vergangenheit
und Zukunft zu verstehen. Diese Doktorarbeit beinhaltet eine statistische Analyse
zweier Ozeansimulationen der letzten 60 bzw. 13 Jahre mit dem Ziel die grofikaligen
atmosphérischen Antriebsmuster, Variabilitaten und Trends zu identifizieren. Die
simulierten Jahresgange decken sich mit beobachteten und zeigen fiir Nordbenguela
ein Maximum im Stidwinter (Juni-August) und fiir Stidbenguela ein Maximum im
Siiddsommer (Dezember—Februar).

Die statistische Analyse des atmosphéarischen Antriebs fokussiert sich auf den Luft-
druck, den 10m-Wind und den Windstress. Nicht nur der Jahresgang, sondern
auch der Einfluss der atmosphérischen Variablen unterscheidet sich zwischen Nord-
und Stidbenguela. Im Allgemeinen zeigt sich aber, dass ein verstarktes Siidatlantik-
Hoch, starke siidostliche Passatwinde/Windstress und ein starker Luftdruckunter-
schied iiber dem Ozean und dem angrenzenden Land den Auftrieb verstarken.
Zusatzlich wird der statistische Zusammenhang zwischen einigen Klimaindizes und
dem Auftrieb untersucht. Die El Nino-Southern Oscillation und die Antarktische Os-
zillation haben einen stiarkeren Einfluss auf den Auftrieb in Stidbenguela im Stidsom-
mer als auf den Auftrieb in Nordbenguela. Nordbenguela ist zudem vom tropischen
Atlantik beeinflusst. Sogenannte Benguela Ninos sind Extremevents wenn aquatori-
ales warmes Wasser auferordentlich weit nach Siiden entlang der Westafrikanischen
Kiiste transportiert wird. Die El Nino-Southern Oscillation scheint auch zu Ex-
trema im Auftrieb durch die Anderungen in der Walker-Zirkulation beizutragen
und dadurch entstehende Anderungen in der Starke der Passatwinde.

Dekadische und langfristige Trends im Auftrieb und im Ozean-Land Luftdruckun-
terschied stimmen nicht mit der Hypothese Bakuns iiberein, dass anthropogener
Klimawandel den Kiistenauftrieb verstarkt. Diese Hypothese wurde zudem anhand
zweier Erdsystemmodellsimulationen, die das letzte Jahrtausend abdecken, unter-
sucht. Auch auf diesen Zeitskalen hat das externe Klimaforcing keinen signifikanten
Einfluss auf den Auftrieb, weder im Benguela Auftriebsgebiet noch in den anderen
Ostrandstrom-Auftriebsgebieten (Peru, Kalifornien und Marokko). Die interne Vari-
abilitdat der atmospharischen Zirkulation ist so grof3, dass der Einfluss des externen
Forcings nicht zu erkennen ist. Auch in den Szenarien des 21. Jahrhunderts zeigt
sich nur bei dem Szenario mit dem drastischsten Treibhausgasanstieg ein Einfluss
auf den Auftrieb. Allerdings variiert die Richtung der Anderung mit den Auftriebs-
regionen. Deshalb scheint die zukiinftige Entwicklung des Auftriebs in den Ost-
randstromen nicht ohne weiteres vorhersagbar und nicht linear an das anthropogene
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Klimaforcing gekoppelt zu sein.

Die Schlussfolgerungen dieser Arbeit hingen von der Qualitdt der Ozean- und At-
mospéarenmodelle ab. Deren horizontale Auflésung mag in einigen Fallen zu gob
sein. Zukiinftige Studien mit Modellen mit hoher Auflosung sollten die Ergebisse
bestatigen.



Contents

Abstract i
Zusammenfassung iii
1 Introduction 1
1.1 Upwelling systems . . . . . . . . . .. .. 1
1.2 The Benguela upwelling system . . . . . .. ... .. ... ... ... 3
1.2.1  Atmospheric drivers of the Benguela upwelling system . . . . . 4

1.2.2  Trends of the Benguela upwelling system . . . . . .. ... .. 6

1.3 Thesis Objective . . . . . . . . . . 8
1.4 Thesis Outline . . . . . . . . . ... 9

2 Decadal variability and trends of the Benguela upwelling system as

simulated in the high-resolution ocean simulation STORM 13
2.1 Imtroduction . . . . . . ... 13
2.2 Dataand methods . . .. .. ... .. ... o 19
2.2.1 Gridded observational data . . . . . . ... ... 19
222 Modeldata . .. .. ... 20
2.2.3 Upwelling indices . . . . . . ... ... ... 20
2.2.4 Climate indices . . . . . . . . . ... . 21
2.3 Long-term means, annual cycle, and link between upwelling and SST 23
2.4 Simulated upwelling over the last decades . . . . . . . . ... ... .. 26
2.4.1 Linear trends and variability of upwelling over the last 50 years 26
2.4.2 Correlations with large-scale climate fields . . . . . . ... .. 29
2.4.3 Correlations with climate modes . . . . . . . .. .. ... ... 30
2.4.4 Spectral analysis . . . . .. ... oL 32
2.5 SLP gradient and long-term trends in upwelling . . . . . . .. .. .. 34
2.6 Discussion . . . . . . ..o 37

2.7 Conclusion . . . . . . . . 40



vi Table of Contents
3 GENUS-MOM simulation for the Benguela upwelling system 43
3.1 Introduction . . . . . . . ... .. 43
3.2 Upwelling index . . . . . . . .. .. Lo 45
3.3 Correlations with large-scale climate fields . . . . ... .. ... ... 45
3.4 Correlations with climate modes . . . . . . . ... ... .. ... ... 50

3.5 Comparing the results of the STORM and the GENUS-MOM simulation 51

3.6 Conclusion . . . . . . . . . .. 52
4 Extrema of the North Benguela upwelling system 55
4.1 Introduction . . . . . . . ... 95
4.2 Data and methods . . . . ... ... .. ... ... . 57
4.3 Wind stress and SST of extreme upwelling years . . . . . . . .. ... 58
4.4  Sea surface temperature as forecast index . . . . . . . ... ... ... 59
4.5 Influence of the tropics on extreme Benguela upwelling . . . . . . .. 61
4.5.1 El Nino-Southern Oscillation . . . . . . . ... ... ... ... 61
4.5.2 Sea surface height . . . . . . .. ... ... 63
4.5.3 Outgoing longwave radiation, precipitation, and sea level pres-

SUTE . v v v v e e e e e e e e e e e e 64
4.6 Comparing the results of the MPI-ESM to the results of STORM 67
4.7 Comparing the results of the MPI-ESM to the results of the CCSM4 67
4.8 Pre-industrial simulation . . . . . .. .. 00000 L 68
4.9 Discussion and conclusion . . . . .. ..o 7

5 Imprint of external climate forcing on coastal upwelling systems in
past and future climate 79
5.1 Introduction . . . . . . . .. ... 79
5.2 Dataand methods . . .. . . . .. ... ... ... ... 81
5.3 Representations of upwelling and its drivers in the model . . . . . . . 84
5.4 TImprint of external forcing on coastal upwelling . . . . . . . ... .. 85
5.4.1 Past1000 and historical simulations . . . . . . . ... ... .. 85
5.4.2 Scenarios . . . . ... 90
5.5 TImprint of external forcing on the drivers of upwelling . . . . . . . .. 93
5.6 Imprint of external forcing on stratification . . . . . . . .. .. .. .. 94
5.7 Conclusion . . . . . . . . .. 95
6 Conclusion and Outlook 97
6.1 Conclusion . . . . . . . . ..o 97
6.2 Outlook . . . . . . . . 100
References xviii
List of Figures XXiv

List of Tables



Table of Contents Vil

Acknowledgements xxvii
List of Publications Xxix

Declaration on Oath XxXX1



viii Table of Contents




CHAPTER 1

Introduction

1.1 Upwelling systems

The world ocean presents distinct regions where vertical mass transport from the
deeper layers towards the surface is specially intense. These areas are important
from the climate point of view because they provide a way by which temperature
and salinity of the deeper layers can mix with water masses close to the surface in
an ocean that is in general terms stratified. On the other hand, upwelling transports
nutrient rich water masses into the biologically more active layers where primary
production takes place. They are, therefore, important for the global geochemical
and biogeochemical cycles.

Upwelling regions can be generally classified in two types, open ocean upwelling and
coastal upwelling. Persistent open ocean upwelling takes place in equatorial regions
and in the centre of low pressure systems in subpolar regions due to the Ekman
transport. The Coriolis force, directed to the right of the velocity in the Northern
Hemisphere and to the left of the velocity in the Southern Hemisphere, induces a
surface divergence by a net surface water transport. Coastal upwelling occurs mainly
in the subtropical trade wind regions. In coastal upwelling regions, the alongshore
trade winds induce the upward transport of cold and nutrient-rich water of deeper
layers to surface layers by the offshore transport of water directed perpendicular to
the wind stress forcing (Fig. 1.1). In these subtropical regions, the direction of the
wind associated to the semi-permanent subtropical high-pressure systems is roughly
parallel to the meridional orientation of the coastal profiles and thus the intensity
of the subtropical highs impacts the intensity of subtropical coastal upwelling. This
thesis deals with coastal upwelling. Therefore, hereafter, the term upwelling corre-
sponds to coastal upwelling.
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Figure 1.1: Schematic picture of southern hemisphere coastal upwelling. Source:
hitp : //disc.sci.gsfe.nasa.gov/education — and — outreach/images/Benguela_upwelling.gif .

The four major coastal upwelling regions are the Eastern Boundary Upwelling Sys-
tems (EBUSs), located in the subtropics at the eastern side of the Atlantic and
Pacific Ocean. These EBUSs are the California upwelling system off California and
Oregon, the Humboldt upwelling system off Peru and Chile, the Canary upwelling
system off the Canary Islands and Northwest Africa, and the Benguela upwelling
system off Angola, Namibia, and South Africa (Chavez and Messié, 2009) (Fig. 1.2).
These four regions cover around 1% of the worlds ocean but contain 25 % of its bio-
logical productivity (Pauly and Christensen, 1995). Coastal upwelling in the EBUSs
are mainly driven by the trade winds (Bakun and Weeks, 2004), forced by the high
pressure systems over the subtropical open ocean, adjacent to the upwelling system
(Mackas et al., 2006). Coastal upwelling is generally strongest in the summer of the
respective hemisphere, with stronger seasonality at higher latitudes (Chavez and

100°W 0° 100°E

Figure 1.2: Map of the four Eastern Boundary Upwelling Systems (red boxes). In the
Atlantic Ocean, there are the Canary upwelling system (Northern Hemisphere) and the
Benguela upwelling system (Southern Hemisphere). In the Pacific Ocean, there are the
California upwelling system (Northern Hemisphere) and the Humboldt upwelling system
(Southern Hemisphere).
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Messié, 2009). Due to its high productivity, these regions are of major importance
to fisheries and thus to the economy of adjacent countries. Therefore, variabilities
and trends of these regions are of large interest not only to researchers but also to
policy makers with respect to environmental and economic issues.

1.2 The Benguela upwelling system

The Benguela upwelling system (BUS) is located off Angola, Namibia, and South
Africa (Blanke et al., 2005). This region is characterised by the Benguela Current,
a cold current along the west coast of southern Africa that flows northward until
around 15°S (Hutchings et al., 2009), fed by the South Atlantic Current and Ag-
ulhas rings (Gordon et al., 1992) (Fig. 1.3). The Benguela Current is the eastern
boundary current of the South Atlantic and the eastern branch of the subtropical
gyre. The uniqueness of the BUS is that it has warm currents at its boundaries, the
Angola Current and the Agulhas Current (Hutchings et al., 2009). The Angola Cur-
rent reaches the Benguela region from the north. The Agulhas Current flows from
the Indian Ocean westward around South Africa and reflects south of Cape Town
at the Agulhas retroflection. Therefore, the BUS is characterised by water masses
with strong differences in their characteristics. The South Atlantic Central Water
(SACW) is transported by the Angola Current from the tropics towards Benguela.
This water mass is warm, nutrient-rich, and oxygen-poor. The Eastern South At-
lantic Central Water (ESACW) forms at the southern boundary of the BUS, in the
Cape regions, and is oxygen rich and nutrient poor. The oxygen concentration on
the shelf depends on the relative contribution from these two water masses, which
in turn is driven by the strength of the local currents (Mohrholz et al., 2008).

The climate over the Benguela region and the adjacent countries (as described by
Rathmann (2008)) is strongly influenced by the subtropical high pressure system,
the extratropical westerlies and the previously described ocean currents. The sea-
sons are better defined by precipitation rather than by temperature. Precipitation
and temperature reach their minimum in austral winter, with lowest precipitation
values in the Namib and Kalahari desert, an exception being the region around Cape
Town where precipitation amounts are high in austral winter due to the westerlies
in the south of the continent. The subtropical high, the St. Helena high, reaches its
southernmost position in February and its northernmost position in May, when it
is strongest. Its position and intensity impact the trade winds and in particular the
southeasterly trades, which dominate the Benguela region. This wind system causes
Ekman transport in the Benguela region which leads to the upwelling of nutrient-rich
cold water of deeper layers (Tomczak and Godfrey, 2003). The trade-wind-induced
upwelling takes place between the Angola-Benguela front, the northern boundary
of the BUS (Shannon and Nelson, 1996), Cape Agulhas, the southern boundary
(Shannon and Nelson, 1996), and Port Elizabeth, the eastern boundary (Shannon
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Figure 1.3: Map of the Benguela upwelling system (BUS). The BUS is located off Angola,
Namibia, and South Africa with the strongest upwelling cell, the Liideritz cell, in its

middle. The northern boundary is the Angola-Benguela front, the southern boundary is
just south of the African continent at Port Elizabeth. The dominant ocean current in the
BUS is the Benguela Current.

and O’Toole, 2003) (Fig.1.3).

Strongest upwelling occurs at Liideritz (~28°S) where upwelling takes place all year
round (Shannon and Nelson, 1996). This upwelling cell is often used as a boundary
between the North Benguela upwelling system and the South Benguela upwelling
system. Both upwelling systems behave quite differently in their seasonality (Tim
et al., 2015). In the north, upwelling is strongest in austral winter and spring when
the subtropical high is at its northernmost position (Rathmann, 2008) and the trade
winds are strongest in this region (Hutchings et al., 2009). In contrast, in the south
the upwelling is strongest in austral summer when the subtropical high has moved
to its southernmost position (Rathmann, 2008) and winds are upwelling-favourable
there (Hutchings et al., 2009).

1.2.1 Atmospheric drivers of the Benguela upwelling system

Upwelling is strongly driven by the atmosphere. The large-scale sea level pressure
(SLP) field with the subtropical high and the continental low lead to alongshore
wind at the coast (Bakun and Weeks, 2004) and induce a wind stress curl further
offshore (Fennel and Lass, 2007). Therefore, when investigating the variability and
trends of the upwelling system, it is essential to analyse the variability and trends
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of the atmospheric drivers.

Additionally, climate modes influence the Benguela upwelling and its strength on
interannual or decadal time scales (e.g. Shannon et al., 1986; Jones and Widmann,
2004; Dufois and Rouault, 2012). For the BUS, there are the following climate
modes that seem to impact the upwelling:

The St. Helena Island Climate Index (HIX) is an index of the strength of the St. He-
lena high, the subtropical high over the South Atlantic Ocean (Hagen et al., 2005).
The index is the first mode of the Empirical Orthogonal Function (EOF) Analysis
of air temperature, SLP, and precipitation (Hagen et al., 2005). Due to its positive
correlation with the southeasterly trades, it possibly modulates the strength of the
upwelling (Hagen et al., 2005). As described before, the position of the subtropical
high has a substantial influence on the upwelling by defining its seasonality.

The Antarctic Oscillation (AAO), also called Southern Hemisphere Annular Mode
(SAM), seems to modulate the upwelling in the BUS as well (Jones and Widmann,
2004). Tt is calculated as the SLP difference between mid and high latitudes of the
Southern Hemisphere and is thus related to the strength and the position of the
circumpolar westerly flow (Jones and Widmann, 2004). During the positive phase,
when westerlies are located more closely to Antarctica, upwelling is in favour (Tim
et al., 2015).

Coupled modes of atmosphere-ocean variability are also thought to influence
Benguela upwelling, although the mechanisms are not totally understood, and the
magnitude of their influence is still debated. The most prominent climate mode,
the El Nino Southern-Oscillation (ENSO), is thought to modulate the Benguela up-
welling on interannual time scales (Shannon and Nelson, 1996; Rouault et al., 2010).
During its positive phase, the warm El Nino phase, upwelling is reduced while dur-
ing the negative phase, the cold La Nina phase, upwelling is intensified (Rouault
et al., 2010). The ENSO signal would enter the BUS via atmospheric teleconnec-
tions (Dufois and Rouault, 2012). The time lag until the ENSO signal reaches the
South Atlantic is around six months (Latif and Grotzner, 2000; Rodriguez-Fonseca
et al., 2009) or one season (Colberg and Reason, 2006).

Similar to ENSO are the Atlantic Ninos, the Atlantic counterpart to the dominant
climate mode in the Pacific. More frequently but less intense than the tropical
Pacific (Shannon et al., 1986), the tropical Atlantic may unusually warm due to
reduced equatorial trades (McCartney, 1982). This warm water anomaly is trans-
ported by Kelvin waves eastward along the equator (Rouault et al., 2007). Less
frequently than the Atlantic Ninos, the so-called Benguela Nifio may also occur
(Hardman-Mountford et al., 2003). This happens when the warm water anomaly is
further transported southward along the west coast of Africa by the Angola Current
reaching more far south than normally, south to Liideritz (Shannon et al., 1986).
Richter et al. (2010) mentioned that this happens due to a relaxation of the along-
shore winds in the BUS because of a weakening of the St. Helena high. This may
explain why the signal of such extreme events could be seen not only in the sea
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surface temperature (SST) but also in the wind and the upwelling itself.
Understanding the atmospheric drivers of the upwelling and analysing their vari-
ability and contribution to long-term trends in upwelling is one main subject of this
thesis. Two ocean-only simulations, together with observational-based atmospheric
reanalysis data, give an insight into the response of the upwelling system to atmos-
pheric forcing. Furthermore, investigating the mechanisms of the ocean-atmosphere
interactions leading to extreme events in upwelling is subject of this thesis. This
understanding may contribute to predict a few month in advance events of intensive
or weak upwelling which could cause local changes in fish stock, precipitation, and
temperature.

1.2.2 Trends of the Benguela upwelling system

The investigation of the recent and long-term trends of the BUS are the other main
part of this thesis. The main hypothesis of the present and future long-term evo-
lution under increasing external climate forcing was put forward in an often cited
paper by Bakun (1990), who stated that upwelling will intensify due to anthro-
pogenic climate change. The hypothesis behind this is that due to the increase in
greenhouse gas concentrations the surface temperature over land will heat up more
rapidly than over the ocean and this increasing temperature contrast should inten-
sify the subtropical oceanic highs as well as the continental lows. This enhanced
SLP gradient would cause an intensification of upwelling-favourable alongshore trade
winds over the upwelling regions (Bakun, 1990). The intensification of long-term
trends in upwelling in the present climate turned to be challenging due to the limited
direct observations available. Later, Bakun et al. (2010) relativised his hypothesis
to account for the lack of long-term upwelling trends in some of the EBUSs and
proposed that the positive trend caused by to rising greenhouse gas concentrations
may be masked by the recent strong ENSO events, which have an impact on the
global tropical climate system.

Recent studies have identified upwelling trends in the Benguela region that support
but also contradict Bakun’s hypothesis (Tab. 1.1). Narayan et al. (2010) found a
positive trend in observed meridional wind stress at Liideritz over 1960-2000. In
agreement, Demarcq (2009) detected a positive trend in upwelling-favourable winds
in Benguela for 2000-2007 in observations and Sydeman et al. (2014) found positive
trends over the last 60 years poleward of 20° S in several wind data sets. In contrast,
the study of Narayan et al. (2010) shows no trend over 1960-2000 when analysing
reanalysis data (ERA40).

Using SST as indicator for the upwelling, no trend (Demarcq, 2009), positive trends
(Narayan et al., 2010; Santos et al., 2012), and a negative trend (Narayan et al.,
2010) for upwelling in Benguela or around Liideritz have been detected, depending
on the analysed period as well as the data set used.

Two studies, Feistel et al. (2003) and Hagen et al. (2005), indicate a weakening of
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Table 1.1: Upwelling trends in the Benguela upwelling system

Author(s) Trend Variable Time period Region

Bakun (1990) + wind stress 1950-1986 EBUSs (excl. Benguela)
Narayan et al. (2010) + wind stress 1960-2000 Liideritz

Demarcq (2009) + wind 2000-2007 Benguela

Sydeman et al. (2014) + wind up to last 60 years poleward of 20°S
Demarcq (2009) no trend SST 1998-2007 Benguela

Narayan et al. (2010) + SST 1871-2006 Liideritz

Narayan et al. (2010) SST 1960-2006 Liideritz

Santos et al. (2012) + SST 1970-2009 20-35°S

Hagen et al. (2005) - HIX 1930-1985 St. Helena

Feistel et al. (2003) + SLP 1893-1999 St. Helena

Pardo et al. (2011) + Ekman transport 1948-2009 central Benguela

Pardo et al. (2011) - Ekman transport 1948-2009 northern and southern limits of Benguela
Wang et al. (2015) + upwelling 1950-2099 EBUSs

Blamey et al. (2015) - fish stock last years Benguela

the St. Helena high. However, Pardo et al. (2011), after analysing reanalysis data
(NCEP/NCAR), mentioned that Ekman transport seems to have intensified in cen-
tral Benguela, but weakened at the northern and southern limits of the upwelling
region.

On centennial time scales of the past, sediment cores are sometimes used as proxy
for upwelling due to the lack of direct observations, satellite or reanalysis data.
However, the proxies derived from sediment cores are usually an indicator of water
temperatures and not a direct indicator of upwelling velocities. The usual interpre-
tation of the sediment cores located in upwelling regions is that colder temperatures
are linked to stronger upwelling. This interpretation may be challenged on the basis
that external climate forcing can also cause large-scale temperature changes that
regionally may be unrelated to upwelling. Regarding the future, possible trends
of upwelling in future scenarios of climate models have been recently analysed by
Wang et al. (2015), who found that under a strong increase of greenhouse gases the
upwelling would intensify, in accordance with Bakun’s hypothesis.

Fish stock studies generally indicate a decrease over the last years. This seems to
be mainly due to overfishing but could partly also be caused by climate factors
(Blamey et al., 2015), so that it is difficult to establish a direct connection between
the variability and trend in fish stocks and upwelling.

Overall, recent studies do not agree whether there is already an ongoing trend in
upwelling, nor do they agree on its sign. The result of the trend analysis depends on
the type of data set used, the temporal coverage and variable used as indicator for
upwelling. Therefore, in this thesis, the trend of modelled upwelling is analysed in
a high-resolution ocean simulation for a relatively long period, the past six decades.
This simulation has been driven by global meteorological reanalysis and, therefore,
the simulated temporal evolution should ideally mimic the real evolution of the ocean
over this period. In addition, a set of simulations with two coupled climate models
is used to detect the influence of the external forcing on upwelling over the past mil-
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lennium, in the last 150 years, and in the 21st century. Using a set of simulations is
a beneficial way of addressing the question whether variabilities and possible trends
are driven by external forcings, such as greenhouse gas concentrations. If the exter-
nal forcing imposes trends on simulated upwelling, the trends should be similar in
all simulations. If, in contrast, there is no clear agreement in the temporal evolution
simulated in the different members of the simulation ensemble, these variabilities
or trends are more likely due to internal climate variability. For local fisheries, it
is of major importance to know how internal variability and anthropogenic-induced
climate changes impact the ecosystem in the Benguela region. Even if the fishing
pressures may presently be the strongest driver of fish stock (Blamey et al., 2015),
anthropogenic climate change may bring about profound changes in the upwelling
ecosystem due to ocean acidification, caused by the increase in carbon dioxide in the
atmosphere, deoxygenation, rising water temperatures and wind changes. It is the
objective of this thesis to quantify and disentangle the upwelling variability that can
be attributed to the forcing of the atmospheric circulation at different time scales
and estimate to what extent the increase of the external radiative forcing linked to
rising concentrations of greenhouse gases in the atmosphere may change the wind
regimes that presently sustained coastal upwelling in the EBUSs.

1.3 Thesis Objective

This thesis is conducted within the second phase of the GENUS Project, the Geo-
chemistry and Ecology of the Namibian Upwelling System Project, funded by the
BMBF (Federal Ministry of Education and Research) of Germany. The first phase
ran from March 2009 to April 2012. The subsequent second phase ended in April
2015 and had the topic: Impact of climate change on biogeochemical cycles and
ecological processes in the shelf region of the South Atlantic. This interdisciplinary
project was carried out by several German research institutions covering atmosphe-
ric and oceanic science, physical, biological, chemical, and biogeochemical aspects
of the Namibian upwelling system.

This thesis is part of the Sub-Project 1 of GENUS II. Sub-Project 1 had the goal
to examine statistically long-term observational time series as well as global and re-
gional model runs with regard to imprint of external influences on internal patterns
of the Benguela upwelling system, to detect climatological changes of the system,
and processes driving the ecosystem status. Due to the lack of long-term observa-
tional data sets, I focused on regional and global model outputs, as well as reanalysis
data.

To address the aims of the project, I raised the following five research questions and
tried to answer them in my thesis. The first three focus on the Benguela upwelling
system, whereas the last two cover all four EBUSs for comparison reasons and due
to the global scale of climate change.
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e What are the atmospheric drivers of the Benguela upwelling system?
e Are there any multi-decadal trends in the Benguela upwelling?

e How do years of extreme upwelling in Benguela differ from the climatological
mean with regard to their drivers and oceanic responses?

e How did upwelling in the Eastern Boundary Upwelling Systems change in
the last thousand years and how sensitive it is to external forcing, especially
anthropogenic forcing due to greenhouse gas concentrations?

e How might the upwelling in the Eastern Boundary Upwelling Systems change
in the future under global climate change?

1.4 Thesis Outline

The thesis contains four main chapters, chapter 2 to chapter 5. Two of them have
been published or prepared for peer-reviewed publication. A short presentation of
the chapters content is given in the following. The data sets used in this thesis are
described in table 1.2

In chapter 2, I present a statistical analysis of a high-resolution (0.1 deg) ocean-only
simulation (STORM), driven by observed atmospheric fields over the last 60 years.
My aim was to identify the large-scale atmospheric drivers of upwelling variabil-
ity and trends in the Benguela upwelling system. The seasonal cycle of upwelling
intensity is reproduced well by the simulation, showing a maximum in the June-
August season in North Benguela and in the December—February season in South
Benguela. The statistical analysis of the interannual variability of upwelling focuses
on its relationship to atmospheric variables (SLP, 10 m-wind, and wind stress). The
relationship between upwelling and the atmospheric variables is slightly different in
the two regions, but generally agrees that southerly wind/wind stress, strong sub-
tropical anticyclone, and a strong ocean-land SLP gradient all favour upwelling in
the Benguela region. Furthermore, the statistical link between upwelling and large-
scale climate variability modes is analysed. The El Nino-Southern Oscillation and
the Antarctic Oscillation have an influence on upwelling velocities in austral sum-
mer in South Benguela. The Bakun hypothesis that anthropogenic climate change
should generally intensify coastal upwelling is not supported by the decadal evolu-
tion and the long-term trends of simulated upwelling and of the ocean-land SLP
gradient.

In chapter 3, I provide a companion of the study in chapter 2 by analysing another
high-resolution ocean-only simulation, a regional one, that includes the biogeochem-
istry and brackets the last 13 years (GENUS-MOM). This simulation was conducted
within the GENUS project (Sub-Project II) with the aim of detecting interactions
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Table 1.2: Description of the data sets used in this thesis

Acronym Data description Time period Grid [°]

NCEP/NCAR reanalysis data 1948-2011 2.5

ERA-Interim reanalysis data 1979-2010 0.70

HadISST1 global gridded observations 1870-2012 1

STORM global ocean-only simulation/model MPI-OM 1950-2010 0.1

GENUS-MOM regional ocean-only simulation July 1999-May 2012 O 07

MPI-ESM past1000 global coupled Earth System Model simulation 8501850 .9 (atm.), 1 (ocean)

MPI-ESM historical global coupled Earth System Model simulation 1850-2005 .9 (atm.), 0.4 (ocean)

MPI-ESM future global coupled Earth System Model simulation 20062100 .9 (atm.), 1 (ocean)

MPI-ESM pre-industrial ~global coupled Earth System Model simulation 1850-3005 9 (atm.), 1 (ocean)

CESM-CAMS5 past1000  global coupled Earth System Model simulation 850-1850 2 (atm.), 1 (ocean)

CESM-CAMS5 historical ~ global coupled Earth System Model simulation 1850-2005 2 (atm.), 1 (ocean)

CCSM4 past1000 global coupled Earth System Model simulation 850-1850 1 (atm., ocean)

CCSM4 pre-industrial global coupled Earth System Model simulation 800-1300 1 (atm., ocean)

MEI Multivariate ENSO (El Nifio-Southern Oscillation) Index 1950-2012

AAO Antarctic Oscillation 1957-2012

ATL-3 tropical Atlantic SST (HadISST1, STORM) 1870-2012 and 19502010 1 and 0.1

AMM Atlantic Meridional Mode 1948-2012

HIX St. Helena Island Climate Index 1892-2012

QBO Quasi-Biennial Oscillation 1979-2012

AVHRR pathfinder 5.0, remote-sensed SST 1985-2009 0.04

QuikSCAT satellite based observations August 1999-October 2009 1

between oceanic physics and biogeochemical parameters as well as to provide a con-
tinuous time series of data to compare it with the observations measured on cruises
Both simulations, the STORM simulation and the GENUS-
MOM simulation, agree on the annual cycle, the main atmospheric drivers of the
upwelling, and the impact of ENSO and the AAO, but differ in the connection of
upwelling to SST.

with research vessels.

In chapter 4, I describe my analysis of the extrema in upwelling and its predictabil-
ity. Here I use the Earth System Model of the Max Planck Institute for Meteo-
rology (MPI-ESM) past1000 simulation as well as the Community Climate System
Model version 4 (CCSM4) and the STORM simulation for comparison. In extreme
years of upwelling, the season preceding the main upwelling season shows upwelling-
unfavourable conditions in wind stress and positive anomalies in SSTs. The same
is found when looking at the years of extreme weak upwelling, when in the season
previous to this event wind stress is upwelling-favourable and the SST shows nega-
tive anomalies.

In chapter 5, the impact of external climate forcing, such as greenhouse gases and
solar activity, on the four EBUSs is presented. Under increased radiative forcing,
surface temperature should warm faster over the land than over the oceans, result-
ing in an intensification of the subtropical continental lows and the oceanic highs
and a strengthening the upwelling-favourable winds. However, coastal upwelling
simulated in two ensembles of climate simulations with two Earth System Models
(MPI-ESM and CESM-CAMS5) over the past millennium do not show any imprint
of external forcing. The ensemble of future scenarios of the MPI-ESM indicate that
the imprint of external forcing on upwelling is only detectable under an extreme
increase of greenhouse gas concentrations. These results undermine the claimed

connection between upwelling and external forcing, strongly suggesting that chaotic
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internal variability has dominated upwelling intensity in major upwelling regions
over the past centuries and will further dominate unless the anthropogenic forcing

dramatically increases.
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CHAPTER 2

Decadal variability and trends of the
Benguela upwelling system as simulated in

the high-resolution ocean simulation
STORM !

2.1 Introduction

The Benguela upwelling system (BUS; North Benguela and South Benguela) is
one of the four major Eastern Boundary Upwelling Systems (EBUSs) of the world
(Shannon, 1985; Leduc et al., 2010) and among the most productive oceanic regions
(Bakun et al., 2010; Leduc et al., 2010). Nutrient-rich coastal upwelling in the
EBUSs are mainly driven by wind patterns that cause offshore Ekman transport
that cannot be balanced by the horizontal advection of water (Bakun and Weeks,
2004). Further offshore, the wind stress curl causes upwelling by Ekman pumping.
These areas are thus rich in pelagic fish biomass and important for coastal fisheries
(Bakun et al., 2010). The BUS, off Angola, Namibia, and South Africa (Blanke
et al., 2005), has its northern boundary at the Angola-Benguela front (between
14° and 17°S) (Shannon and Nelson, 1996; Veitch et al., 2010). The southern
boundary of the BUS is defined by the Agulhas retroflection at the southern tip of
the continent where Agulhas Current water penetrates into the southern Benguela
at 37°S (Shannon and Nelson, 1996). The main driver of the BUS is thought to be

!Tim, N., Zorita, E., and Hiinicke, B. (2015): Decadal variability and trends of the Benguela
upwelling system as simulated in a high-resolution ocean simulation. Ocean Sci., 11:483-502.
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the wind stress off southwestern Africa (Nelson and Hutchings, 1983) while north
of the front the upwelling is more strongly related to the larger-scale equatorial
upwelling (Hardman-Mountford et al., 2003). The strongest upwelling takes place
near Liideritz (27°S) (Shannon and Nelson, 1996), resulting in intense cold sea
surface temperatures (SSTs) that persist throughout the year (Parrish et al., 1983).
This upwelling cell naturally divides the BUS into a northern and a southern part
(Shannon and Nelson, 1996; Hutchings et al., 2009). In the southern Benguela the
upwelled water occurs near the coast, whereas in the northern Benguela it extends
farther off the coast, westward up to about 150-250 km (Shannon and Nelson, 1996;
Fennel et al., 2012).

The upwelling intensity is highly seasonal in the temperate latitudes (30-34°S),
with generally higher intensity in boreal spring and summer, but more uniformly
distributed across seasons in regions closer to the Equator (15-30°S) (Parrish
et al., 1983; Mackas et al., 2006; Chaigneau et al., 2009; Chavez and Messié, 2009).
However, a clear picture of the upwelling seasonality is not established yet. Bakun
and Nelson (1991) stressed that the strongest upwelling takes place in the austral
summer seasons, Blanke et al. (2005) widened this seasonal frame from October
to March. In contrast, Hagen et al. (2001) and Hagen et al. (2005) argued that
the main upwelling season is rather the austral winter to spring. Veitch et al.
(2010) clarified that upwelling peaks in the southern Benguela in austral spring and
summer, whereas in the north, with weaker seasonal variations, it does in austral
autumn and spring. Central Benguela upwelling near Liideritz does not show a
clear seasonal cycle (Shannon and Nelson, 1996). This distinction supports the
division in two distinct regimes (Shannon, 1985) and highlights the complex nature
of the BUS, which warrants a closer look at the large-scale climate drivers.

The Benguelan upwelling is thought to be driven by several factors. The coastal
topography and the climatological winds frame the areas of upwelling (Shannon,
1985; Chavez and Messié, 2009). The region is dominated by southerly and
southeasterly winds (Hagen et al., 2001; Risien et al., 2004) that are influenced by
the high pressure system over the South Atlantic, by the cyclones moving westward
over the southern Benguela, and by the pressure over southern Africa (Shannon and
Nelson, 1996; Risien et al., 2004). Seasonal trade winds also influence the dynamics
of the upwelling (Shannon, 1985; Chavez and Messié, 2009). In addition, the BUS
displays some particular characteristics, compared to other EBUSs, determined
by its geophysical boundaries: the Agulhas retroflection, the Angola-Benguela
front, and the passage of westerly winds in the south (Shannon and Nelson, 1996).
Zooming more closely into the BUS, Lachkar and Gruber (2012) characterised
the Benguela subregions as having a shallow mixed layer depth, but with central
Benguela dominated by strong upwelling (net primary production) due to a wide
shelf and low eddy activity, whereas southern Benguela is characterised by weaker
upwelling, a wide shelf, and moderate to high eddy activity. In the northernmost
Benguela, the upwelling is moderate in a narrow shelf and with moderate to high
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eddy activity.

The upwelling intensity is not constant, but presents intraseasonal variations. In
general, the variability of the Benguela system is dominated by the intraseasonal
(eddy) variability (Chavez and Messié, 2009) and coastal-trapped waves (Rouault
et al., 2007). Lachkar and Gruber (2012) identified factors that inhibit the net
primary production and thus have indirectly been linked to upwelling dynamics,
namely strong eddy activity, a narrow continental shelf, and a deep mixed layer.
These factors help to provide a spatial characterisation of the Benguela system and
its spatial heterogeneity (Lachkar and Gruber, 2012).

From a larger-scale climatic perspective, climate modes seem to have an impact
on the interannual variability of upwelling through modulation of the local con-
ditions. Hagen et al. (2001) mentioned a possible influence of the Quasi-Biennial
Oscillation (QBO), a mode of variability that describes quasi-oscillations of low
stratospheric winds. The St. Helena Island Climate Index (HIX, first mode of
the empirical orthogonal function (EOF) analysis of air temperature, sea level
pressure (SLP), and precipitation) is positively correlated with the southeasterly
trades and thus should modulate the strength of the upwelling (Hagen et al., 2005).
Furthermore, the Antarctic Oscillation (AAO), which is related to the strength of
the circumpolar westerly flow (Jones and Widmann, 2004), could also influence the
upwelling intensity.

In addition to the mentioned climate modes, the impact of El Nino-Southern
Oscillation (ENSO) on the Benguela upwelling could, according to some authors
(e.g. Dufois and Rouault, 2012), be of major importance, even stronger than the
one of the AAO (Rouault et al., 2010). According to this study, El Nino and La
Nina events tend to weaken and strengthen upwelling, respectively. The proposed
physical mechanism is related to an equatorward shift in the high pressure over
the southern Atlantic which leads to weaker upwelling-favourable trades (and
conversely for La Nina events) (Dufois and Rouault, 2012). The results obtained by
Shannon and Nelson (1996) support this by identifying the relation to ENSO as the
most significant one on interannual time scales. Deutsch et al. (2011) also presented
changes in the upwelling intensity and the depth of the thermocline associated with
ENSO.

Some authors (e.g. Huang et al., 2005) suggest that ENSO, affecting the whole
tropical belt around the Earth, also has an influence on the so-called Benguela
Ninos. These extreme events are a type of Atlantic Ninos that reach the BUS when
warm waters extend into the eastern Atlantic around 600km further south than
usually (Shannon et al., 1986). The Benguela Nino events have been explained
by two different causal chains. According to the first, SST anomalies along the
southwest African coast develop due to zonal wind anomalies in equatorial South
America and the equatorial western Atlantic (McCartney, 1982; Wang, 2006).
Kelvin waves crossing the basin are induced due to the relaxation of the trades
along the Equator (Rouault et al., 2007). The unusual sea surface height reaches
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the Angola-Benguela front which leads to increased intrusion of tropical water into
the Angola-Benguela upwelling system (McCartney, 1982; Rouault et al., 2007).
According to a second scenario (Richter et al., 2010), the main drivers of Benguela
Ninos are alongshore wind anomalies, which occur due to the weakening of the
subtropical high that develops 2-3 months in advance of Benguela Ninos and 5-6
months before the Atlantic Ninos. Furthermore, they found that Kelvin waves
had an insignificant influence on the Benguela Nino event in 1995. Most past
major warming events, which usually occurred between February and May and
lasted a few months, were related to the Atlantic Nino state and cooling events
to Atlantic Nina state, but the relationship does not seem to be linear (Rouault
et al., 2010; Dufois and Rouault, 2012). The warming events have been found to be
weaker and less frequent than the Pacific ENSO (Shannon et al., 1986; Latif and
Grotzner, 2000). In contrast, Hardman-Mountford et al. (2003) estimated a much
higher frequency of warm events in the Atlantic than in the Pacific, but these
authors found that the warming events penetrate more rarely into the Benguela
system. For this to occur, southerly winds at the Equator are required to blow
simultaneously with the southward water flow (Hardman-Mountford et al., 2003).
Shannon et al. (1986) found that, in any case, the effect on the southern Benguela is
small, whereas in the northern Benguela the intrusions of warm water persist for at
least 6 months, leading to extreme events in precipitation in Namibia and Angola
(Rathmann, 2008), and a weaker or shorter (about 2 months) upwelling season
(Hagen et al., 2001). Hagen et al. (2001) found a periodicity of the occurrence of
Benguela Ninos of around every 11 years (1909-1963) and between 1974 and 1999
every b years, and interpreted this shift as a tendency of these extreme events to
occur more often.

Another ongoing discussion hints to a more complex interaction from the tropical
Pacific into the tropical Atlantic as a simple unidirectional influence from the
Pacific to the Atlantic. Rodriguez-Fonseca et al. (2009) mentioned that ENSO
events are preceded by Atlantic events of opposite sign and that the Atlantic
could strengthen ENSO. Ham et al. (2013) agree and explain that easterlies
over the equatorial far-eastern Pacific are considerably weaker under Atlantic
Nina conditions. The same study adds that the northern tropical Atlantic is
more strongly connected with the Pacific ENSO than with the Atlantic Nino. In
contrast, Wang (2006) detected no correlation between both El Ninos (Pacific and
Atlantic) but found that anomalous SSTs of the two equatorial oceans can induce
an inter-Pacific-Atlantic SST gradient that leads to anomalies in surface zonal wind
over parts of both oceans and equatorial South America. These anomalies of the
zonal wind constitute the bridge conveying the interaction between the two oceanic
basins. Wang (2006) stated that the SST gradient between the equatorial Pacific
and Atlantic is of higher importance than the individual ocean SST anomalies as
driver of the atmospheric circulation across northern South America. Contrasting
to the results of Rodriguez-Fonseca et al. (2009), Latif and Grotzner (2000)
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mentioned that the equatorial Atlantic responds to ENSO with a lag of 6 months,
this time being needed by the equatorial Atlantic to adjust to low-frequency wind
stress variations. Also Colberg and Reason (2006) found that ENSO-induced wind
anomalies play a major role in driving upper South Atlantic temperatures by an
atmospheric teleconnection with a lag of one season. Thus, even if the direction
of teleconnection is unclear, the influence of ENSO and the Benguela Ninos on
the Benguelan upwelling could be of major importance when investigating the
atmospheric drivers due to their effects on the Benguelan ecosystem.

The long-term trend of the Benguela upwelling brought about by anthropogenic
climate change is another important reason to identify its large-scale atmospheric
drivers. In his landmark paper, Bakun (1990) put forward his hypothesis that can
be summarised as follows: as a consequence of rising greenhouse gas concentrations,
the surface temperature over the continents warm faster than oceans. This leads to
a strengthening of the continental lows and oceanic highs. The land-sea pressure
gradient is thereby enhanced, causing a strengthening of alongshore winds and
enhancing upwelling. In addition, the warming ocean surface results in more
humidity in the otherwise very dry atmosphere over land, which reinforces the
greenhouse gas effect (Bakun, 1990). Observations do indicate that over south-
western Africa surface temperatures over land have increased more rapidly than
over the ocean from 1980 onwards, although in previous periods the statistical
significance of the trend is compromised due to a poorer data quality (Hartmann
et al., 2013, Fig. 2.22). In agreement to Bakun’s hypothesis, Narayan et al. (2010)
found decreasing trends in coastal SSTs in four major EBUSs over 1960-2000 and
attributed them to meridional wind stress intensification. This was supported by
Demarcq (2009), who found a positive trend in southerly winds in the Benguela
EBUS for 2000-2007. In addition, Rathmann (2008) reported an intensification of
the trade winds due to SLP trends. However, Narayan et al. (2010) recognised the
spread in estimation of the wind stress trend using different data sets (reanalyses
and observations) and Belmadani et al. (2014) could not identify the mechanisms
linking the land-sea thermal contrast and upwelling-favourable winds in the Peru
upwelling system in future climate model simulations. Bakun et al. (2010) also
expressed some doubts about the robustness of the estimated upwelling trends in
Benguela. To explain this apparent lack of clear upwelling trends in BUS, Bakun
et al. (2010) later reasoned that the influence of ENSO on atmospheric humidity in
Benguela, combined with the succession of recent strong ENSO events may have
stifled a long-term intensification of upwelling that should have occurred as a result
of the anthropogenic greenhouse effect. However, climate models still give an
unclear picture about the long-term effect of anthropogenic greenhouse gas forcing
on ENSO (Vecchi and Wittenberg, 2010), but at least 9 of 22 models of the Coupled
Model Intercomparison Project phase 5 (CMIP5) show an increasing trend in
ENSO amplitude before 2040 and a decreasing trend thereafter (Kim et al., 2014).
In addition, global climate models still display clear systematic errors in simulating
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the SST in the eastern ocean basins (Richter and Xie, 2008; Echevin et al., 2012;
Grodsky et al., 2012), the origin of these errors still being under investigation.
Against the backdrop of these competing hypotheses about the role of large-scale
climate modes on Benguela upwelling and the long-term evolution of upwelling
itself, the purpose of this chapter is to analyse the atmospheric drivers of the
interannual variability and the long-term trends of upwelling in the BUS as
simulated in a high-resolution (about 0.1° lon-lat) ocean simulation with the
ocean model MPI-OM developed at the Max Planck Institute for Meteorology in
Hamburg, and spanning the last 6 decades driven by the NCEP/NCAR (National
Centers for Environmental Prediction/National Center for Atmospheric Research)
meteorological reanalysis.

The focus of this analysis lies on the longest time scales possible for such high-
resolution simulations. This focus requires a trade-off between a possibly higher
quality atmospheric forcing data provided by most recent meteorological reanalysis,
on the one hand, and the period covered by those data sets, on the other hand,
which is considerably shorter than those of the NCEP/NCAR reanalysis. Although
the ocean simulation was driven by the NCEP/NCAR reanalysis, some analyses
were confirmed with the more recent and higher-resolution ERA-Interim reanalysis.
However, through this study, it has to be borne in mind that the conclusions
obtained may be dependent on the realism and homogeneity of the NCEP/NCAR
product. The resolution of the wind stress provided by this meteorological reana-
lysis may be too coarse to fully represent the effect of the atmospheric forcing on
the ocean dynamics. The results of this simulation must, therefore, be considered
as conditional on the realism of this wind forcing and should be contrasted against
future simulations that will eventually use higher-resolution atmospheric forcing.
For the time being, however, due to the high computational costs required for a
high-resolution atmosphere, other simulations to estimate the recent and future
evolution of upwelling have also used either meteorological reanalysis or atmospheric
models of comparable horizontal resolution (Serazin et al., 2015; Wang et al., 2015).
It has to be kept in mind that the results of this analysis are based on a simulation
and that it is very difficult to establish the reliability of simulations when the direct
observations are fragmentary and other gridded observation data sets are themselves
based on models. Therefore, this study does not claim to represent the truth, but
rather my goal is to use a state-of-the-art model simulation and compare the con-
clusions that can be derived from it with predictions about long-term environmental
changes based in more general principles like Bakun’s hypothesis. This approach
should contribute to improve the understanding of those changes and also of pos-
sible model deficiencies in situations in which long-term observations are incomplete.
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Table 2.1: Description of the data sets used in this chapter.

Acronym Data description Time period Grid [
NCEP/NCAR reanalysis data 1948-2011 2.5
ERA-Interim  reanalysis data 1979-2010 0.70
HadISST1 global gridded observations 1870-2012 1
STORM global ocean-only simulation/model MPI-OM 1950-2010 0.1
MEI Multivariate ENSO (El Nifio-Southern Oscillation) Index 1950-2012

AAO Antarctic Oscillation 1957-2012

ATL-3 tropical Atlantic SST (HadISST1, STORM) 1870-2012 and 1950-2010 1 and 0.1
AMM Atlantic Meridional Mode 1948-2012

HIX St. Helena Island Climate Index 1892-2012

QBO Quasi-Biennial Oscillation 1979-2012

AVHRR pathfinder 5.0, remote-sensed SST 1985-2009 0.04

2.2 Data and methods

For this study I analyse climate variables derived from observational data sets, at-
mospheric data from meteorological reanalyses, and from a high-resolution global
ocean-only simulation. A summary of the characteristics of these data sets is pre-
sented in table 2.1.

2.2.1 Gridded observational data

Atmospheric variables (10 m-wind, wind stress, and SLP) were obtained from the
NCEP/NCAR reanalysis 1. This data set is available from 1948 onwards with a ho-
rizontal resolution of 2.5° (Kalnay et al., 1996). Monthly means were downloaded
and averaged to seasonal means of the area 50° W—40° E, 0-50° S. An analysis of the
gradient of the SLP field is performed with the SLP of the ERA-Interim reanalysis
(available from 1979 onwards) (Dee et al., 2011) as well as of the NCEP/NCAR
reanalysis 1. Here I choose a region over the ocean (20° W-10°E, 15-35°S) and
one over land (12-25°E, 10-20°S), subtract the SLP over the land from the SLP
over ocean, calculate its trend and the significance of the trend (p value), and cor-
relate it with the upwelling indices derived from the vertical velocity (described in
Sect. 2.2.3). The chosen regions are identified as most closely correlated to the up-
welling (Fig. 2.1). Furthermore, these regions cover the ocean subtropical high and
the continental low. Selecting slightly different regions does not change the results
of the analysis of the SLP gradient.

In addition to the reanalyses data, the observational gridded sea surface tempera-
ture data set HadISST1 with a grid spacing of 1° and data between 1870 and 2012
(Rayner et al., 2003) are used in this study for the validation of the model output.
For the same purpose, remotely sensed SST at 4 km resolution from the advanced
Very High Resolution Radiometer (AVHRR; Casey, 2010) version 5.0, a radiometer
onboard the National Oceanic And Atmospheric Administration (NOAA) satellites,
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Figure 2.1: Correlation pattern of the sea level pressure field of NCEP/NCAR reanalysis
and the upwelling index of North Benguela of the STORM simulation in austral winter
(JJA) in the period 1950-2010. The boxes indicate the regions used for calculating the
sea level pressure difference between ocean (red) and land (cyan).

is used to detect the possible SST bias of the model data described in the following.
However, it is known that this version of pathfinder has a warm bias of up to 5°C
close to the coast in austral summer in the southern Benguela (Dufois et al., 2012).

2.2.2 Model data

The ocean simulation analysed here is a global simulation (hereafter denoted
STORM) with a high-resolution version of the state-of-the-art model MPI-OM
(Marsland et al., 2003) covering the period 1950-2010 driven by the global
NCEP/NCAR meteorological reanalysis (von Storch et al., 2012; Li and von Storch,
2013). The horizontal resolution of this model version is 0.1° and it has 80 levels.
The model is driven in this simulation by fluxes of heat, fresh water, and momentum
derived from the meteorological reanalysis. Note that in this stand-alone simula-
tion, there is no feedback of the simulated state of the ocean onto the driving fluxes.
In particular, the prescribed wind stress flux does not consider the effect of the
simulated ocean currents.

2.2.3 Upwelling indices

To identify the large-scale atmospheric drivers, an upwelling index has first to be
defined. The definition may depend on the available data, since not always are di-
rect data of the vertical water mass transport readily available. Chen et al. (2012)
defined an index derived from the SST and mentioned that it represents well the
upwelling intensity in terms of the spatial variation while the index defined derived
from the offshore Ekman transport represents the temporal variations. The same
study found that the index constructed from the SST is not able to correctly provide
the upwelling intensity during warm water intrusions of the Angola Current.

In general, SSTs are not only affected by upwelling but also by a complex interaction
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between horizontal ocean advection, ocean-atmosphere heat fluxes, and vertical mix-
ing (McCabe et al., 2015). Therefore, the simulated vertical mass transport at 52m
depth, close to the modelled mixed layer depth in the Benguela region, is used as
upwelling index. All data sets are seasonally averaged using the standard seasons def-
inition: December—February (DJF), March-May (MAM), June-August (JJA), and
September—November (SON). Previous studies (Shannon and Nelson, 1996; Hutch-
ings et al., 2009) suggested that there exists a strong difference in the behaviour of
the upwelling in the northern and southern Benguela. Thus, the area is divided into
two regions with the border at Liideritz (28°S) (Fig. 2.2a, b). The South Benguela
region covers around 2.7 times the oceanic region of North Benguela, because the
south coast of South Africa with the Indian Ocean is included too. There, upwelling
takes place as well (Shannon and O’Toole, 2003). Thus, the region denoted by South
Benguela contains the southern BUS and additionally the south coast upwelling. My
results are not sensitive regarding the chosen upwelling region. A southern Benguela
region restricted close to the coast does not change the results of this chapter.

2.2.4 Climate indices

The upwelling indices are not only correlated with the atmospheric variables but also
with climate indices. The influence of the Multivariate ENSO Index (MEI; Wolter
and Timlin, 1993), the Antarctic Oscillation (AAO; Marshall, 2003), and the tro-
pical Atlantic (ATL-3, 20° W-0° E, 3°N-3°S; Rodriguez-Fonseca et al., 2009) are
investigated, as well as the impact of the Atlantic Meridional Mode (AMM; Chiang
and Vimont, 2004), the St. Helena Island Climate Index (HIX; Feistel et al., 2003),
and the Quasi-Biennial Oscillation (QBO; Labitzke and van Loon, 1988) on the up-
welling off southern Africa are examined. The ATL-3 values are calculated with the
data sets of HadISST1 and STORM.

For the analysis of the statistical significance of the long-term trends in the upwelling
indices and the linear correlations between the indices, a two-sided significance level
of p = 0.05 is adopted. The p value of the correlation and of the trend significance
indicates the significance of the correlation (or trend) under the usual assumption
applied in ordinary least-squares regression of serially uncorrelated and normally
distributed regression residuals. The series of upwelling in North Benguela clearly
display decadal variability, so that the test of significance of a linear trend is not
correct using the usual assumptions of uncorrelated regression residuals. This is
why I additionally use another, more sophisticated, method based on Monte Carlo
generation of surrogate series by resampling the original series and on phase ran-
domisation to preserve the autocorrelation structure of the original series (Ebisuzaki,
1997). Using this method, the estimated linear trend in North Benguela is no longer
statistically significant.

If no explicitly stated, all correlations have been calculated with long-term detrended
series.
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Figure 2.2: Long-term mean of the annual mean upwelling velocity at 52m depth of the
STORM simulation (1950-2010) for two regions in the South Atlantic (a, b), the boxes
indicate the regions used for the upwelling index of North Benguela (red) and South
Benguela (blue). The long-term annual mean simulated sea surface temperature of the
STORM simulation (1950-2010) (c, d) and of the long-term mean annual sea surface
temperature of HadISST1 (1870-2012) (e, f), and the simulated long-term annual mean
surface currents of the STORM simulation at 6 m depth (1950-2010) (g, h).
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2.3 Long-term means, annual cycle, and link be-
tween upwelling and SST

Figure 2.2 shows the long-term annual means of some important variables obtained
from the STORM simulation in the South Atlantic and in the southeast Atlantic: the
vertical velocity at 52m depth, SST (compared to the corresponding fields derived
from HadISST1), and surface currents. Figure 2.2a and b display the upwelling cells
at the western and southern coast of southern Africa. The SST pattern of STORM
(Fig. 2.2c, d) and HadISST1 (Fig. 2.2e, f) look very similar, with colder SST at the
coast due to upwelling. The SST of the STORM simulation shows lower values than
the observational data set HadISST1. This may be due to relatively coarse resolu-
tion of the HadISST1. In figure 2.2g and h one can see the realistic representation of
the equatorial currents, the Agulhas Current, Benguela Current, and the westward
drift along the west coast caused by the trade winds.
FS

temperature bias STORM DJF [K]

Figure 2.3: Long-term difference between the simulated sea surface temperature of the
STORM simulation (1950-2010) and the AVHRR-derived (1985-2009) sea surface tem-
perature in austral summer (DJF).

The simulated SST in STORM compared to that of AVHRR is shown in figure 2.3.
To have the same spatial resolution in both data sets, the AVHRR data set are spa-
tially smoothed by averaging two grid points in both spatial directions. If the two
grid-points include one missing value, the missing value is ignored in the mean. The
STORM data set is interpolated onto the grid of AVHRR. The STORM simulation
displays a warm bias in the upwelling region, as it is well-known for general

circulation models. The issue of SST bias in climate models is being vigorously
investigated, since it is pervasive across many climate models and may be related
to the global climate sensitivity as well. The reason is not clear, as it has been
recently reviewed by Richter (2015). Both atmospheric and oceanic processes may
be involved: stratiform clouds in the boundary layer, too weak winds, and remote
oceanic influence from the tropics. The cold bias located along the coast may be also
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Figure 2.4: Long-term mean of sea level pressure (a), wind (b, ¢), and wind stress curl
(d, e) of NCEP/NCAR reanalysis in the period 1948-2011.

partially caused by the bias of the AVHRR data mentioned by Dufois et al. (2012).
The stronger bias of AVHRR underlines the more realistic cold SSTs simulated by
STORM along the coast compared to HadISST1.

A presentation of NCEP/NCAR reanalysis is displayed in figure 2.4. The climatol-
ogy of the alongshore wind stress, the wind stress curl, and SLP show a realistic pat-
tern for the South Atlantic Ocean and the Benguela region. Nevertheless, cyclonic
wind stress curl takes place in the wind drop-off zone near the coast. This contri-
bution to the coastal upwelling might be under-represented in the NCEP/NCAR
reanalysis data set due its coarse resolution (Chelton et al., 2004). The long-term
trends of NCEP/NCAR reanalysis winds over the whole simulation period are small
and not significant (Fig. 2.5). The validation of these trends is more problematic
due to the lack of in situ observations in this area. Comparing NCEP/NCAR reana-
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Figure 2.5: Time series of wind components of NCEP/NCAR reanalysis over the ocean
(8-30° E, 15-40° S) and North and South Benguela upwelling and their trends in austral
summer (DJF) (a, ¢) and austral winter (JJA) (b, d) in the period 1950-2010.

lysis to the World Ocean Circulation Experiment (WOCE) shows an underestima-
tion of the pressure systems in my regions and thus of the near-surface winds (Smith
et al., 2001). The comparison of NCEP/NCAR reanalysis to QuikSCAT displays
the deficits of NCEP/NCAR reanalysis in capturing small-scale features of the wind
stress (Risien and Chelton, 2008), although it is difficult to assess whether these
limitations also influence the long-term trends in the wind stress. The results of the
STORM simulation are admittedly conditional on the quality of the NCEP/NCAR
reanalysis forcing, but unfortunately there are no clear alternatives for the study of
the long-term variability of the atmospheric forcing. Satellite data as well as more
recent reanalyses with higher resolution surely represent an improvement compared
to NCEP/NCAR reanalysis but the longer temporal coverage is a key element for
my analysis, and this is missing in the higher-resolution data sets.

The annual cycle of the upwelling index in North and South Benguela is displayed
in figure 2.6. The upwelling index in South and North Benguela display clear differ-
ences. Whereas in the north upwelling shows a broad maximum in JJA, in South
Benguela it tends to be stronger in DJF, due to the position of the subtropical
Atlantic high (Mackas et al., 2006). This is in broad agreement with observations,
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considering the discrepancies already indicated in the introduction (Sect. 2.1).

The relationships between the upwelling index and the SST are displayed in figure
2.7 as a map of the correlation coefficient between the upwelling index and the SST
in each model grid cell. These correlations are negative near the coast and more
pronounced in North Benguela. The correlations between the upwelling index of
South Benguela and the SST field in STORM are negative along the entire coast in
DJF, with stronger correlations in the south. In JJA the correlations are negative
only at the southern coast of South Africa.

—— upwelling North Benguela [m/y]
—— upwelling South Benguela [m/y]

100 20
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Figure 2.6: Annual cycle of the upwelling indices of the STORM simulation derived from
the simulated vertical velocity at 52 m depth in North and South Benguela in the period
1950-2010.

2.4 Simulated upwelling over the last decades

2.4.1 Linear trends and variability of upwelling over the last
50 years

Table 2.2 summarises the main findings of the analysis of the upwelling index in the
STORM simulation, including the estimated linear trends (and their two-sided 95 %
uncertainty ranges) expressed as the change of upwelling intensity over the period
1950-2010 relative to their long-term mean. The long-term mean values themselves
may depend on the depth, area, and quite presumably on model resolution, but they
are in the reasonable range of tens of metres per year, which agrees with estimations
using simplified models of upwelling dynamics (Rykaczewski and Checkley, 2008).

The time evolution of the upwelling indices (deviations from their long-term mean)
through the period of the STORM simulation (Fig. 2.8) indicates that the variations
of upwelling in the north and in the south do not go hand in hand. The significant
linear correlation between the upwelling in North and South Benguela is 0.30 in
DJF and —0.52 in JJA, indicating that the interannual variations of upwelling dur-
ing JJA (the season with maximum upwelling in North Benguela) is out of phase in
both regions. These results strongly suggest that the Benguelan upwelling cannot



2.4 Simulated upwelling over the last decades 27

15°S 1 15°S 1
o
20°s EEE, 20°s
VeV
v 0.5 N 0.5 N
c c
o P o
25°s 2 25°S Ill E! 2
= =
8 8
0 © 0 ©
c c
30°8 S s 8
& &
[ [
S S
-0.50 -0.50
35°S 35°S
o _ o — —
A0S Tow o 1 A0S oW 0° 9% 18°E 1
15° 1 15°S 1
20° 20°
0.5 0.5

o
orrelation coefficient
8
&
(=} h
orrelation coefficient

-0.5 o -0.5 o

o o
9w [ 9E 18°%E 9w [ 9E 18°%E

() (d)

Figure 2.7: Correlation patterns between upwelling indices derived from the vertical veloc-
ity and the sea surface temperature field of the STORM simulation (1950-2010) in austral
summer (DJF) (North Benguela (a), South Benguela (b)), and in austral winter (JJA)
(North Benguela (c) and South Benguela (d)). Boxes indicate the regions used for the
upwelling index of North Benguela (red) and South Benguela (blue).

be considered as a homogeneous system, in accordance with previous observational
studies (see Sect. 2.1).

The linear trends of the upwelling indices in the STORM simulation are positive in
North Benguela in MAM, JJA, and DJF and positive in South Benguela in MAM,
SON, and DJF (Tab. 2.2). Upwelling in North Benguela is about twice as intense as
in South Benguela (Fig. 2.6, Fig. 2.8) and it is less variable relative to its long-term
mean (Tab. 2.2). The interannual standard deviation (SD) of the long-term mean
is lower in the north than in the south (Tab. 2.2). The second characteristic is that
the decadal variations are much more coherent across seasons in the north than in
the south (Fig. 2.8). There is obviously some persistent factor in the tropical up-
welling region that coherently drives the upwelling decadal variability in all seasons.
In the south, in contrast, the seasonal upwelling indices display a more incoherent
behaviour across the four seasons. In addition, the time scales of variations are
longer in the north than in the south, as it will be more clearly shown later with
a spectral analysis of these indices.

The analysis of the significance of the trends shows that only in North Benguela
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Table 2.2: Coefficients of variation (CV, ratios between interannual SD, and long-term
mean, in %) and trends in upwelling intensity over the period 19502010 as simulated in
the STORM simulation. The magnitude of the trends is expressed as total linear changes
over the period 1950-2010 relative to the long-term mean. The numbers in parenthesis
bracket the nominal 95 % uncertainty range in the trend estimation, assuming uncorrelated
and Gaussian-distributed trend residuals.

North Benguela CV  North Benguela trends South Benguela CV  South Benguela trends

MAM  +24 +26 (405, +46) +84 +15 (=62, +91)

JJA  +15 +03 (=11, 417) 72 —09 (=75, 456)

SON  +16 —11 (—25,+03) +81 +38 (—35,+110)

DJF  +29 +31 (410, 452) +48 +39 (—03,+82)
(a) North Benguela | (b) South Benguela

DJF MAM DJF MAM
JJA SON JJA SON

m/year
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Figure 2.8: Time evolution of the seasonal upwelling indices (deviations from their long-
term mean) in North Benguela (a) and South Benguela (b) derived from the vertical
velocity of the STORM simulation in the period 1950-2010.

the positive trends in MAM and DJF are nominally significant (i.e. assuming Gaus-
sian and serially uncorrelated trend residuals; see confidence intervals in table 2.2).
However, figure 2.8 clearly shows that a linear trend in the north is not a good
description of the long-term evolution of upwelling. In general, upwelling intensity
remains stable from 1950 to 1985 and undergoes a decadal surge and subsequent
slowdown until the end of the simulation. This behaviour is not what one would
expect from a steady increase in external climate forcing over the second half of the
20th century. These long-term changes over the whole simulation period are of the
same order as the coefficients of variation (standard deviation divided by the long-
term mean), if not weaker, which further confirms that the decadal variations are
dominating the temporal variability. A more sophisticated analysis of the statistical
significance considering the serial correlation of the trend residuals (see Sect. 2.2.4)
indicates that both trends are not significant at the 95% level. In the south, the
trend in DJF is close to the p = 0.05 significance level, but the long-term evolution,
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as displayed in figure 2.8, does show a steady, albeit weak, increase through the
simulation. The trend residuals are in this case not serially correlated. The central
estimate of the trend in South Benguela upwelling in DJF implies a linear increase
of about 40 % from the start through the end of the simulation. I will return to this
point when discussing the connection of upwelling to the large-scale climate modes.

2.4.2 Correlations with large-scale climate fields

Correlations with atmospheric fields are calculated for the upwelling indices.
Figure 2.9 depicts the correlation patterns between the upwelling index and wind
stress (defined as positive when directed into the ocean) for DJF and JJA. This
figure not only illustrates the expected relationship between upwelling and wind
stress but also the seasonality in this relationship. In North Benguela, wind stress
variability is more important for upwelling during JJA — the season with stronger
upwelling — whereas in South Benguela the seasonality is not very marked. In both
regions, the direction of upwelling-favourable winds does not change with season.
These wind stress correlation patterns can also explain the mutual correlations
between the north and south upwelling indices. As indicated before, the correlation
between the interannual variations in upwelling in both regions in JJA is negative
(r = —0.52). North Benguela upwelling is statistically connected to winds south
of the southern tip of Africa that actually inhibit upwelling in South Benguela,
and vice versa. In DJF, by contrast, this does not happen, and North Benguela
upwelling is statistically linked to winds south of South Africa that are also
upwelling-favourable for South Benguela, and vice versa, explaining the weak but
positive correlation between both upwelling indices in this season. In the STORM
simulation, upwelling is strongly correlated with upwelling-favourable wind stress
in North Benguela. South Benguela upwelling in DJF is strongly driven by wind
stress at the southern coast and not so pronouncedly by the wind stress at the
southern west coast. This could be due to my definition of the region chosen as
South Benguela, which includes parts of the coast of the Indian Ocean as well.
Figure 2.10 shows the corresponding correlation patterns to the wind stress curl.
The patterns also display the expected negative correlation between upwelling
in the boxes defining North and South Benguela and the wind stress curl, as
the Coriolis parameter is negative. The exception here is North Benguela in the
DJF season, when upwelling is weakest. However, further away from the coast,
the correlation with the wind stress curl changes sign for both regions and both
seasons, indicating that near-coastal upwelling driven by the wind stress curl and
upwelling further offshore in the ocean would include anticorrelated contributions.
Widening the geographical boxes in which regional upwelling is defined to include
more open-ocean regions would thus lead to smaller upwelling variability than in
the coastal and open-ocean regions considered individually.
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Summarising, the upwelling in North Benguela is driven mainly by the expected
wind pattern. In contrast, the correlations with South Benguela show upwelling-
favourable wind stress that is more pronounced at the south coast than at the
west coast south of Liideritz. The correlation pattern with the SLP supports this
with a positive pressure anomaly south of the continent instead of an intensified
subtropical high located in the central South Atlantic (not shown here).
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Figure 2.9: Correlation patterns between the simulated upwelling indices of the STORM
simulation and the NCEP /NCAR reanalysis wind stress for North and South Benguela and
for austral summer (DJF) and austral winter (JJA) in the period 1950-2010. The zonal
and meridional components of the arrows represent the correlation with the corresponding
component of the wind stress. The colours code the square root of the sum of these zonal
and meridional correlations squared.

2.4.3 Correlations with climate modes

To identify the connection between climate modes and the upwelling index, the cor-

relations of this index with ENSO (MEI), the AAO, the ATL-3, HIX, the QBO, and
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Figure 2.10: Correlation patterns between the simulated upwelling indices of the STORM
simulation and the NCEP /NCAR reanalysis wind stress curl for North and South Benguela
and for austral summer (DJF) and austral winter (JJA) in the period 1950-2010. The
colours code the correlation coefficient.

the AMM are also calculated (Tab. 2.3).

The upwelling in North Benguela in STORM is significantly positively correlated
with MEI in MAM, with the AAO in MAM and DJF, and with HIX in DJF.
Significant negative correlations were found with AAO in JJA and ATL-3 in DJF
(Tab. 2.3). In contrast, the upwelling in South Benguela is significantly negatively
correlated with ENSO in MAM and DJF and positively with AAO in all four seasons
and AMM in DJF (Tab. 2.3). The correlations with the QBO are all insignificant.
The correlation pattern between wind stress and the ENSO index in DJF (Fig. 2.11)
clearly explains the stronger negative correlations with South Benguela upwelling
and the negligible correlation in the north. The wind stress anomalies associated
with ENSO tend to weaken the climatological winds in the south and are very
small in the north. The pattern of wind stress anomalies related to ENSO have
a large-scale character, spanning almost the whole South Atlantic at midlatitudes,
being clearly strongest in South Benguela. The correlation between ENSO and wind
stress in North Benguela is quite weak, consistent with the weak correlation found
between ENSO and North Benguela upwelling. The wind stress correlation pattern
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Table 2.3: Correlation coefficients of the upwelling indices derived from the vertical velocity
of the STORM simulation of North Benguela and South Benguela with ENSO, AAO,
ATL-3 of HadISST1, ATL-3 of STORM, HIX, AMM, and QBO, significant correlations
are highlighted by **.

ENSO AAO  ATL-3 (HadISST1) ATL-3 (STORM) HIX AMM  QBO

North Benguela:

MAM +0.26%*  +0.27**  —0.16 —0.21 +0.06 +0.08 —0.04
JJA —0.13 —0.31%*%  40.02 +0.00 +0.22 +0.14 —0.16
SON —0.21 +0.06 +0.01 -0.19 +0.18 —0.02 —0.14
DJF +0.01 +0.29%*  —0.04 —0.32%* +0.33**  4+0.17 —0.02

South Benguela:

MAM —0.26%*  40.40*%* 40.04 —0.06 +0.07 +0.05 +0.19
JJA +0.17 +0.37%%  +0.03 —0.05 —0.06 —0.07 +0.07
SON +0.23 +0.32**  —0.06 -0.15 +0.01 -+0.01 +0.14
DJF —0.46** 40.61** 40.13 —0.02 +0.05 +0.28%*  40.04

indicates that, if anything, ENSO may contribute to drive upwelling anomalies in
South Benguela but not in the north. Even if the correlation is weak, the wind stress
pattern favoured by ENSO shows the upwelling-unfavourable influence of a positive
phase of ENSO. I suggest that these correlation patterns, which display systemati-
cally large values at midlatitudes and very small values in the tropical regions, arise
as a result of a large-scale dynamical teleconnection with ENSO via the midlatitudes,
rather than due to a tropical bridge between the tropical Pacific and the tropical
Atlantic, as can be seen in figure 2.11. Also, a link between ENSO and Benguela
upwelling resulting from the modulation of smaller-scale humidity dynamics in the
Benguela region, as discussed by Bakun et al. (2010), does not seem to be required,
since the correlation patterns display a large-scale teleconnection structure.
Similarly, the AAO index displays suggestive teleconnection patterns with the wind
stress field in DJF and JJA (Fig. 2.11). These patterns indicate that the influence
of the AAQO is more pronounced in South Benguela and suggests the reason why the
correlation between the North Benguela upwelling and the AAO is weaker. In both
seasons, the AAQ is associated with upwelling-favourable winds in South Benguela,
and this link is somewhat stronger in DJF.

2.4.4 Spectral analysis

To identify the more important time scales for upwelling variability, we perform
spectral analyses on the upwelling indices.

The spectra of the indices (Fig. 2.12) highlight their different behaviour in North
and South Benguela. In the north, the spectra are red through the whole frequency
range, with some superimposed broad and weak peaks. In the south, the spectra
flatten for frequencies lower than 2 x 10~! (periods longer than 5 years). The uncer-
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Figure 2.11: Correlation patterns between the downward wind stress from the
NCEP/NCAR reanalysis and the Antarctic Oscillation (AAQO) index in austral summer
(DJF) (a) and austral winter (JJA) (b) and the Multivariate ENSO Index (MEI) in aus-
tral summer (DJF) (a) in the period 1950-2010. The zonal and meridional components
of the arrows represent the correlation of MEI and accordingly AAO with the zonal and
meridional component of the wind stress, respectively. The colours code the square root
of the sum of these zonal and meridional correlations squared.

tainty range in the estimation of the spectral density (Jenskins and Watts, 1968) is
also included in the figure panels. In both regions the spectra show some enhanced
variability that is not strictly statistically significant, but which are nevertheless
documented here as it supports some of the results of the correlation analysis and
as it can be useful for future analysis with longer simulations in which these signals
may be better revealed with a larger sample size.

The upwelling index of North Benguela of the STORM simulation (Fig. 2.12) dis-
plays a very broad spectral peak at periods of around 5 years in the season DJF and
4years in JJA. In the season SON, the variabilities with periods of 3 years are slightly
enhanced, whereas in MAM this occurs for slightly shorter periods of 2.5 years. In
South Benguela, the spectra hint at an enhanced variability in the period range of
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Figure 2.12: Spectral density of the upwelling indices derived from the vertical velocity
of the STORM simulation in North Benguela (a) and South Benguela (b) in the period
1950-2010. The vertical black lines indicate the 90 % confidence interval.

3-5years, with other maxima at 2.5 years. However, whereas the spectra of the up-
welling index in both North and South Benguela display enhanced variability at the
typical ENSO periodicities, correlations to the ENSO index differ between the two
regions (Tab. 2.3). The index in North Benguela shows mainly weak correlations to
ENSO. The index in the south displays stronger and significant correlations in DJF
and MAM.

In summary, the red spectral background in the north is probably a result of tropical
dynamics, whereas the more white spectra in the south may reflect the atmospheric
forcing at midlatitudes, which generally has a flatter spectrum itself. Both upwelling
spectra display enhanced variability at periods of around 2.5, 3.3, and 5 years. The
periods of Hyears in the DJF season suggest a link to ENSO, as it was found in
the correlation analysis between the upwelling index of South Benguela and the
ENSO index. The 2.5-year period could indicate an influence of the QBO. However,
the QBO and the upwelling of the STORM simulation are insignificantly correlated
(Tab. 2.3). Possible reasons for these variations have to be further investigated.

2.5 SLP gradient and long-term trends in up-
welling

Bakun (1990) postulated a long-term intensification of coastal upwelling driven by
the increasing greenhouse gas concentration. This hypothesis would formally agree
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with the positive trend found here in the North Benguela upwelling, although the
upwelling evolution cannot be well described by a steady linear trend. In the south,
the long-term evolution is described by a linear trend better than in the North, but
its magnitude lies just below the 95 % significance level. The mechanism proposed
by Bakun (1990) involves a stronger increase of near-surface temperatures over land
than over the ocean, which would lead to an intensification of the continental ther-
mal low pressure relative to the ocean SLP. Consequently, the SLP gradient between
land and ocean would tend to increase, the SLP difference between ocean and land
becoming more positive, leading to a strengthening of the upwelling-favourable wind
and hence to an increase of upwelling. I test Bakun’s hypotheses concerning the link
between the SLP gradient and upwelling in the framework of the ocean simulation
(STORM) in Benguela, and concerning the long-term trend in upwelling in this
simulation.
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Figure 2.13: Time evolution of the sea level pressure (SLP) gradient over the Benguela
upwelling system (SLP over ocean (20° W-10° E, 15-35° S) minus SLP over land (12-25°E
10-20°S)), derived from the NCEP/NCAR reanalysis data in the period 1948-2011.

I define two regions, one over land (12-25° E, 10-20°S) and one over ocean (20° W-
10° E, 15-35°S), and calculate the difference (ocean minus land) of their respective
area-averaged SLP. Analysing the trend of this SLP difference in NCEP/NCAR re-
analysis and ERA-Interim reanalysis does not support Bakun’s hypothesis in this
region. Bakun’s hypothesis would predict a positive trend in this difference — land
SLP decreasing relative to ocean SLP — whereas the NCEP /NCAR and ERA-Interim
reanalyses SLP provide significantly negative trends for the MAM seasons (Fig. 2.13,
Tab. 2.4), with the trend in other seasons being not significant.

The trends of the SLP over land and over ocean are positive for both data sets
and all seasons, except for the SLP in MAM of NCEP/NCAR reanalysis (Tab. 2.4).
This could indicate a missing imprint of increasing greenhouse gas concentrations on
the SLP, especially over land, which might be due to the relatively short temporal
period covered by the reanalyses data or the reanalyses data itself.

The correlation at interannual time scales yields a clear relationship between the
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Table 2.4: Trends of the sea level pressure over land, over ocean, and its gradient (ocean:
20° W-10°E, 15-35° S; land: 12-25° E, 10-20° S) in hectopascals per year and the correla-
tion coefficients between the gradient and the upwelling indices of the STORM simulation,
significant correlations and trends are highlighted by **.

SLP (NCEP/NCAR) SLP (ERA-Interim)
Trend: Gradient Land Ocean Gradient Land Ocean
MAM —0.02** +0.02%*  —0.001  —0.03** +0.03**  +0.00007
JJA —0.01 +0.01 +0.003 —0.01 +0.01 +0.01
SON —0.01 +0.02*%*  4+0.01**  +0.004 +0.01 +0.01
DJF —0.01 +0.02*%*  4+0.01** —0.02 +0.01%%  4+0.01
North Benguela:
MAM +0.69%* +0.57%*
JJA +0.72%* +0.65%*
SON +0.42%* +0.56**
DJF +0.51%* +0.65%*
South Benguela:
MAM +0.27%* +0.23
JJA —0.32*%* —0.33
SON +0.14 +0.07
DJF +0.28%* +0.17

upwelling intensity and the ocean-land SLP gradient. Bakun’s hypothesis, applied
at interannual time scales, predicts a positive correlation between upwelling and this
gradient. The correlations with the upwelling index are positive and significant in
North Benguela in all four seasons (with NCEP/NCAR and ERA-Interim reanaly-
ses). South Benguela upwelling is significantly correlated with the SLP difference in
MAM, JJA, and DJF calculated from the NCEP/NCAR reanalysis SLP gradient,
but in no season when correlating with the ERA-Interim reanalysis SLP gradient.
This is probably due to the relatively short period covered by the ERA-Interim re-
analysis. The ERA-Interim reanalysis covers only 32 years, whereas NCEP/NCAR
reanalysis spans twice that period. Although the strength of the correlation is simi-
lar in both data sets, the smaller sample size in ERA-Interim reanalysis renders the
correlation not statistically significant.

Therefore, the SLP difference between ocean and land derived from these two meteo-
rological reanalyses do not support Bakun’s hypothesis of a long-term intensification
due to increasing greenhouse gas concentrations, although there is a relationship at
interannual time scales as Bakun (1990) and Bakun et al. (2010) envisaged. The
lack of a significant trend does not necessarily indicate that Bakun’s hypothesis is
not correct. The reason could lie in insufficient quality of the reanalysis SLP in this
region to identify long-term trends or that the long-term trend in the SLP gradient
over the last decades is still overwhelmed by other factors and therefore has not
emerged from the background noise yet. Bakun et al. (2010) indicated that this
possible factor which blurs the long-term trend in upwelling in BUS is its relation-
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ship to ENSO, to which I briefly direct my attention now.

According to the results of the correlation between upwelling and climate modes,
and the correlation patterns between the climate modes ENSO and AAO with the
wind stress, it appears that the influence of both climate modes is more pronounced
in South Benguela than in North Benguela. I attempt to estimate the contribution
of ENSO and the AAO to the long-term trend in upwelling in South Benguela in
DJF, the season in which the interannual correlations are stronger and the wind
stress patterns also display a clearer signal. For this, I set up a linear regression
model between upwelling as predictand and ENSO and the AAO as predictors:

upwelling(t) = Qenso ENSO(1) + tano AAO(E) + €, (2.1)

where upwelling represents the upwelling index in South Benguela in the DJF, t rep-
resents the year, qenso and a,,, are the regression coefficients, and € represents the
unresolved variance in upwelling. Using the data from the period covered by all
three data sets (ENSO, AAO, and STORM, 1957-2010) we can estimate the values
of Qengo and auae. The contribution of ENSO and AAO to the long-term upwelling
trend is then estimated as

aensotrendenso
and (2.2)

aaaotrendaaoa

respectively, where trende,, and trend,,, are the long-term trends in the ENSO
and AAQO indices, respectively. It turns out that the ENSO trend in DJF is by far
not statistically significant, whereas the AAO trend in DJF is positive and clearly
statistically significant over the p = 0.05 level. The South Benguela upwelling
in the STORM simulation increases linearly over 1957-2010 by 39 % of its long-
term mean value. The estimated contribution of ENSO to the long-term trend in
upwelling in South Benguela in DJF is —3 % of the mean upwelling and the estimated
contribution of the long-term trend in the AAQO is 41 % of the mean upwelling. This
means that, under the assumptions of this simple statistical analysis, the trend in
upwelling in South Benguela in DJF simulated in the STORM simulation could
be almost entirely explained by the long-term trend in the AAO, with the ENSO
contribution remaining negligible.

2.6 Discussion

The large-scale atmospheric drivers of Benguela upwelling in this ocean-only simu-
lation were identified using an upwelling index based on the vertical velocity.

An important result is the disagreement between my analysis of the SLP gradi-
ent and the hypothesis of Bakun (1990). There are several possibilities for this
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disagreement. The results of the correlation analysis between the upwelling in-
dices and the SLP gradient do show the expected relation of wind forcing driving
the upwelling on interannual scales, but neither the upwelling nor its drivers, the
upwelling-favourable winds and the SLP gradient show significant trends (except the
SLP gradient in MAM). A comparison to measurements of the upwelling itself is not
possible due to the lack of such observation on multidecadal time scale. Therefore,
I compare my results to other studies using reanalysis data, sediment cores or SST
observations as upwelling indices. My results do agree with the findings of Narayan
et al. (2010), who did not find a significant trend in upwelling-favourable wind of
ERA40. My results, however, disagree with the positive trends in COADS (Compre-
hensive Ocean-Atmosphere Data Set) and NCEP/NCAR reanalysis. Nevertheless,
the trends in the SST derived from HadISST mentioned by Narayan et al. (2010)
strongly depend on the analysed period. The trends of upwelling shown by Narayan
et al. (2010) based on sediment records are dominated by multidecadal variability
rather by a long-term trend, although analysing only the last 30 years would proba-
bly lead to a positive trend. The long-term trend in the SLP may be more strongly
burdened by uncertainties in the SLP data from NCEP/NCAR reanalysis in the
Southern Hemisphere. For instance, Marshall (2003) found considerable deviations
in the magnitude of SLP trends between those derived from the NCEP/NCAR re-
analysis and those from station data in the Southern Hemisphere, although the sign
of the trend seems to agree in both data sets. Since the STORM simulation was
driven by the NCEP/NCAR reanalysis, this uncertainty is a strong caveat when
estimating long-term upwelling trends. Unfortunately, it is difficult to ascertain
which data set (reanalysis, station wind records) is closer to reality, as wind station
records may also be strongly influenced by relocation of the stations and instrumen-
tal inhomogeneities. Nevertheless, the coarse resolution of NCEP/NCAR reanalysis
has to be kept in mind when interpreting my results, not only when looking at the
atmospheric variables (SLP and wind stress) but also for the output of the ocean
model.

Another oceanic factor that may influence the upwelling is the meridional gradient
of the sea surface height (SSH) (Colas et al., 2008). I calculate this gradient in the
STORM simulation, defined as SSH in the box 10° N-10° S, 50° W-30° E minus SSH
in the box 30°S-40° S, 50° W-30° E. This gradient is negatively correlated with the
Benguela upwelling. The correlation with North Benguela upwelling is significant
with a coefficient of —0.42. The correlation with South Benguela upwelling is not
significant with a coefficient of —0.17. This gradient has a positive but not significant
long-term trend in the STORM simulation in both seasons JJA and DJF. There-
fore, although the sign of the trend of the SSH gradient opposes a positive trend in
upwelling by an onshore transport in North Benguela and thus could theoretically
contribute to mask the long-term trend in upwelling caused by anthropogenic forcing
in this region, its magnitude seems to be too small. In addition, it does not appear
related to upwelling in South Benguela.
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The SLP mechanisms later augmented by Bakun et al. (2010) involve small-scale dy-
namics of humidity transport, which may not be properly represented in the coarse
resolution atmospheric model used to generate the NCEP/NCAR reanalysis. Un-
fortunately, no long instrumental SLP records spanning this region are available,
so this must remain an open question for the moment. Another possibility is that,
although the effect of the external forcing on the SLP field as envisaged by Bakun
(1990) may be correct, the amplitude of internally generated wind variability at
decadal and multidecadal time scales blurs the long-term signal. Finally on inter-
annual time scales, as also proposed by Bakun et al. (2010), the influence of other
large-scale climate modes, such as ENSO, on BUS upwelling may mask the forcing
by anthropogenic greenhouse gases. My correlation analysis sheds some light on this
last question, as explained below.

The statistically significant negative correlation between ENSO and upwelling in
South Benguela during the DJF has been reported by previous studies. Rouault
et al. (2010) stated that El Nino leads to reduced upwelling whereas La Nina en-
hances upwelling. The same study argues that the upwelling-favourable winds are
more pronounced during La Nina and weaker during El Nino, which explains the
SST anomaly in the BUS during ENSO events. The connection between extreme
SSTs (in the False Bay, South Africa) and ENSO is also supported by the study by
Deutsch et al. (2011) and Dufois and Rouault (2012). The former authors also found
significant correlations between El Nino and the first principal component of austral
summer, autumn, and partly spring SST (strongest with a 4-month lag, which is
contained in the seasonal resolution of my analysis).

The spectral analysis emphasises the connection between the upwelling and ENSO
in DJF. The source of the other time scales in the spectrum (2.5 and 3.3 years) could
be due to ENSO too.

The link between upwelling in South Benguela and ENSO has been invoked to ex-
plain the parent lack of a long-term trend in BUS upwelling. Earlier studies, for
instance Vecchi et al. (2006), indicated a weakening of the trade winds across the tro-
pical Pacific (i.e. a tendency towards El Nino state) as a response to anthropogenic
greenhouse gas forcing. A trend towards more intense or more frequent El Nifio
phases would thus tend to weaken Benguelan upwelling, counteracting the direct ef-
fect on upwelling of the anthropogenic forcing. However, more recent studies of the
response of ENSO to anthropogenic greenhouse gas forcing recognised much larger
uncertainties in the predictions of the future evolution of ENSO (Vecchi and Wit-
tenberg, 2010), although one recent multimodel study has found that the frequency
of extreme El Nino events may increase as a result of anthropogenic greenhouse gas
forcing (Cai et al., 2014), at least in the first 40 years of the 21st century (Kim et al.,
2014). In the observations analysed here, the trend in the ENSO index since 1950
is weak and not significant, so that it is unclear how the long-term trend in ENSO
could contribute to robust weakening of upwelling counteracting the greenhouse gas
forcing in the past decades. My analysis rather shows that the climate modes ENSO



40 Decadal variability and trend of the Benguela upwelling system

and the AAO could at most have influenced upwelling in South Benguela and to
a lesser extend North Benguela. The observed long-term trend in the indices of
these two climate modes could explain almost 100 % of the upwelling trend in DJF
in South Benguela in the STORM simulation, but this contribution stems almost
entirely from the AAQO. In North Benguela, the influence of ENSO and the AAO is
very weak and the evolution of the simulated upwelling there cannot be described
well by a linear steady trend (Fig. 2.8) associated with the observed evolution of
greenhouse gas forcing.

2.7 Conclusion

The large-scale atmospheric drivers of the Benguela upwelling system, as simulated
in a global high-resolution ocean simulation (STORM), driven by a prescribed at-
mosphere in the last 6 decades, have been described in this chapter. The major
results are summarised as follows.

e The BUS is better described by two subsystems, North Benguela and South
Benguela, as their mean seasonality, their time evolution, and correlations with
atmospheric drivers and large-scale climate modes differ.

e As general characteristic for upwelling-favourable atmospheric conditions in
both subsystems are an intensified subtropical high, strong and southerly
wind/wind stress along the coast, and a SLP contrast between land and ocean.

e There is some evidence of the influence of ENSO and the AAO on upwelling
in South Benguela. The El Nino phase in the tropical Pacific tends to weakly
hinder upwelling, whereas a stronger AAO tends to reinforce upwelling in this
region. In North Benguela, there is no clear influence of these climate modes.

e The long-term trends of the simulated upwelling over approximately the last
50 years do not clearly support the hypothesis put forward by Bakun (1990)
that anthropogenic greenhouse gas forcing should lead to more vigorous up-
welling. The analysis of the trend of the SLP gradient between land and ocean
as suggested by Bakun (1990) does not support an influence of the sea-land
SLP contrast on the long-term behaviour of upwelling. The estimated influ-
ence of the trends of the large-scale climate modes on Benguela upwelling do
not indicate that these climate modes may have disturbed the hypothesised
connection between anthropogenic greenhouse forcing and upwelling in this
region in the last decades.

e The atmospheric forcing and thus the model results are dependent on the
uncertainties inherent in the NCEP/NCAR reanalysis data set. The influence
of the atmospheric resolution on the long-term trends in the atmospheric fluxes
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needs to be reassessed when higher-resolution data covering the past decades
become available.
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CHAPTER 3

GENUS-MOM simulation for the

Benguela upwelling system

3.1 Introduction

As described in the previous chapter, understanding the atmospheric drivers of
the Benguela upwelling system is of major importance when looking at its present
variability and its past and future changes. Here, a statistical analysis of a regional
ocean-only simulation is presented. In addition to the global ocean-only simulation
STORM, analysed in the previous chapter, the analysis of a regional simulation
could support the idea that the results do not depend on the simulation used for the
analysis. Furthermore, this regional simulation not only contains a physical model
but also a biogeochemical submodel, which is of major importance for the dynamics
of an upwelling system.

This regional simulation was conducted at the Leibniz-Institut fiir Ostseeforschung
Warnemiinde (IOW) with the GENUS-MOM model (Schmidt and Eggert, 2012),
which consists of the Modular Ocean Model version 4.0 (MOM-4, developed at
NOAA'’s Geophysical Fluid Dynamics Laboratory) augmented with a regional 3-
dimensional ecosystem model. The model was run for the Benguela upwelling system
within the GENUS project to be able to compare the in-situ data measured in field
excursions with research vessels and to have a continuous data set which could not be
provided by measurements. The simulation is driven by the output of a simulation
with the regional atmospheric climate model REMO (Haensler et al., 2011), in turn
driven at their boundaries by the ERA-Interim meteorological reanalysis. The model
REMO provided the atmospheric forcing for GENUS-MOM with the exception of
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the near-surface wind field, which was taken from the QuikSCAT data set (Schmidt
and Eggert, 2012). The GENUS-MOM domain covers the region between 10° W—
18°E and 6.63° N-34°S with a horizontal resolution of 7km, covering the period
between July 1999 and May 2012 (due to the preference for the QuikSCAT wind
forcing). This simulation is considerably shorter as the STORM simulation (with a
length of 13 years compared to 61 years), has a similar horizontal resolution (7km
compared to 10 km), and covers only the southeastern part of the Atlantic compared
to the global STORM simulation. In the final part of this chapter, the results of the
analysis of the STORM and the GENUS-MOM simulation will be compared.

The atmospheric variables were obtained from National Centers for Environmental
Prediction (NCEP)/ National Center of Atmospheric Research (NCAR) reanalysis 1
and from ERA-Interim reanalysis (Dee et al., 2011). Furthermore, the observational
gridded sea surface temperature data set HadISST1 (Rayner et al., 2003) is used in
this analysis. These data sets were described in more detail in the previous chapter.
For comparison reasons, the analysis of the impact of wind on upwelling is repeated
with QuikSCAT winds.

Similarly to the STORM simulation (see chapter 2) in which the upwelling index was
derived from the vertical mass transport, in this case it is derived from the vertical
water velocity. For the GENUS-MOM simulation it is extracted (at 50m depth)
between 8-18°E and 15-34° S, divided in two regions with the border at Liideritz
(28°S) (Fig. 1.3). Seasonal averages are calculated as follows: December—February
(DJF), March-May (MAM), June-August (JJA), and September—November (SON).
The upwelling index is correlated with the atmospheric variables as well as with the
following climate indices: The Multivariate El Nifo-Southern Oscillation (ENSO)
Index (MEI; Wolter and Timlin, 1993), the Antarctic Oscillation (AAO; Marshall,
2003), the tropical Atlantic (ATL-3, 20° W-0° E, 3° N-3° S; Rodriguez-Fonseca et al.,
2009), and the St. Helena Island Climate Index (HIX; Feistel et al., 2003).

For the linear correlations between the indices, a two-sided significance level of
p=0.05 is adopted. The p-value of the correlation and of the trend significance
indicates the significance of the correlation under the usual assumption of serially
uncorrelated and normally distributed regression residuals. When these conditions
are not met in reality, this significance level will be too liberal, flagging correlations
or trends as statistically significant although they should not be considered as such.
In these cases, where the conditions of normal and independent distributions of the
residuals are clearly not met, I will apply a more sophisticated statistical test.

If no explicitly stated, all correlations have been calculated with long-term detrended
series.



3.2 Upwelling index 45

90 T T T T T T T T T T 15

80

110

70F

60| — upwelling North Benguela [m/y]

—— upwelling South Benguela [m/y]

1

40 N N N N N N N N N N ~10
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Figure 3.1: Annual cycle of the upwelling indices of the GENUS-MOM simulation derived
from the simulated vertical velocity at 50 m in North and South Benguela in the period
1999-2012.

3.2 Upwelling index

The annual cycle of the upwelling index in North and South Benguela is displayed
in figure 3.1.

The upwelling index in South and North Benguela display clear differences. Whereas
in the north, upwelling shows a broad maximum in JJA, it tends to be stronger in
DJF in South Benguela. Both cycles agree with the upwelling modelled in the
STORM simulation (chapter 2) and with the observations.

The time evolution of upwelling through the period of the GENUS-MOM simulation
is displayed in Fig 3.2. The interannual variations of the seasonal indices seem more
coherent in North Benguela than in South Benguela. Furthermore, upwelling in
all four seasons describe a decline in the last 4 years in North Benguela. A trend
analysis could not be conducted due to the short time span of the data set. The
visible trend could also be due to decadal variations.

3.3 Correlations with large-scale climate fields

The correlations of the upwelling index and the sea surface temperature (SST)
are shown in figure 3.3. These correlations display a strong distinction between
North and South Benguela. In North Benguela, negative correlations occur over the
whole region in DJF and over a large fraction of the upwelling region in JJA. South
Benguela upwelling is mainly positively correlated with the SST field in DJF, but
for JJA the correlation pattern looks very similar to the one for North Benguela.

The relationship between the upwelling and atmospheric forcing are calculated, too.
The correlation patterns between the upwelling indices and wind stress for DJF
and JJA are displayed in figure 3.4. The correlations for North Benguela in DJF
are low and patchy while the pattern of the correlation for upwelling in JJA shows



46 GENUS-MOM simulation for the Benguela upwelling system

50
40 DIE MAM 7 DIF MAM
4 JJA SON 4 JJA SON
30‘_ ]
207] ]
107 1
o 0 v
> i
=10 W\/ v .
—20j 7]
-30__ —_
—40j -_
-50 T T T T T T T T T T T T
1998 2002 2006 2010 1998 2002 2006 2010
year year
(a) (b)

Figure 3.2: Time evolution of the seasonal upwelling indices in North Benguela (a) and
South Benguela (b) derived from the vertical velocity of the GENUS-MOM simulation in
the period 1999-2012.
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Figure 3.3: Correlation patterns between upwelling indices derived from the vertical ve-
locity and the sea surface temperature field of the GENUS-MOM simulation in austral
summer (DJF (North Benguela (a), South Benguela (b)), and in austral winter (JJA
(North Benguela (c) and South Benguela (d)) in the period 1999-2012.
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upwelling-favourable conditions at the coast north of 20°S. The correlation patterns
of the upwelling in South Benguela look similar for both seasons with strong positive
correlations around the southern tip of the African continent. This explains why
the correlation pattern with the SST shows only positive values at the coast in DJF.
The upwelling-favourable wind stress is south of the model domain and offshore of
the west coast. Furthermore, for the upwelling in North Benguela the upwelling-
favourable wind stress occurs more locally and more nearshore which is supported
by the correlation pattern of the SST.

Compared to the correlation patterns derived from the STORM simulation described
in the previous chapter, the correlations between wind stress and upwelling in North
Benguela derived from the GENUS-MOM simulation are more locally and seasonally
restricted. A reason for this could be the atmospheric forcing of the GENUS-MOM
model. The STORM simulation has been driven by NCEP/NCAR reanalysis which
is used here for the present analysis, too. However, the GENUS-MOM simulation
has been forced by the REMO regional atmospheric model (which is driven at its
boundaries by ERA-Interim reanalysis) and by the QuikSCAT winds. Therefore,
the same correlations are calculated using the QuikSCAT wind data (wind instead
of wind stress) (Fig. 3.5).

The obtained correlation patterns look quite different compared to the ones de-
rived from NCEP/NCAR reanalysis, indicating that part of the differences detected
between both ocean simulations may be traced back to the different atmospheric
forcings used to drive the models.

The correlation between North Benguela upwelling and the wind field in DJF shows
southerly wind offshore the whole coast but no correlation directly at the coast.
The wind is upwelling-unfavourable in JJA. The wind pattern correlated with the
upwelling in South Benguela in DJF agrees well with the pattern when correlating
NCEP/NCAR reanalysis. For JJA the wind is upwelling-favourable only over North
Benguela.

Thus, it seems that the connection between wind /wind stress and upwelling in North
Benguela in the GENUS-MOM simulation depend on the data set used to represent
the atmospheric forcing. Upwelling in North Benguela, in the mature upwelling sea-
son (JJA) seems to be driven by NCEP /NCAR reanalysis wind stress in the northern
part of its coast, whereas the correlation pattern shows upwelling-unfavourable con-
ditions when using QuikSCAT wind. South Benguela upwelling in DJF (the season
when it is strongest) is clearly related to the wind/wind stress around South Africa
for both forcing data sets. QuikSCAT and NCEP/NCAR reanalysis winds are corre-
lated with 0.99 (for the zonal component) and 0.97 (for the meridional component).
Figure 3.6 shows that the results derived from the different data sets differ only in
North Benguela but that they are very similar in South Benguela. This supports the
similar correlation pattern for upwelling in South Benguela in DJF and the different
correlation patterns for upwelling in North Benguela.
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Figure 3.4: Correlation patterns between upwelling indices derived from the vertical veloc-
ity of the GENUS-MOM simulation and the wind stress field of NCEP/NCAR reanalysis
in austral summer (DJF (North Benguela (a), South Benguela (b)), and in austral winter
(JJA (North Benguela (c¢) and South Benguela (d)) in the period 1999-2012. The zonal
and meridional components of the arrows represent the correlation with the corresponding
component of the wind stress. The colours code the square root of the sum of these zonal
and meridional correlations squared.



3.3 Correlations with large-scale climate fields 49

Figure 3.5: Correlation patterns between upwelling indices derived from the vertical ve-
locity of the GENUS-MOM simulation and the wind field of QuikSCAT in austral sum-
mer (DJF (North Benguela (a), South Benguela (b)), and in austral winter (JJA (North
Benguela (c) and South Benguela (d)) in the period 1999-2009. The zonal and meridional
components of the arrows represent the correlation with the corresponding component of
the wind stress. The colours code the square root of the sum of these zonal and meridional
correlations squared.
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Figure 3.6: Correlation patterns between zonal wind (a) and meridional wind (b) of
NCEP/NCAR reanalysis and QuikSCAT in the period 1999-2009.

As described in the previous chapter, Bakun (1990) hypothesised a long-term inten-
sification of coastal upwelling driven by the increasing greenhouse gas concentration
in the atmosphere. Because the GENUS-MOM simulation is too short to detect
long term trends, only the correlation between upwelling and the sea level pressure
(SLP) gradient is analysed here. The SLP gradient is calculated as described in
the previous chapter. The correlations with the upwelling index are significant only
for North Benguela in DJF with ERA-Interim reanalysis (0.68). Nevertheless, the
correlation with upwelling in North Benguela are all positive, indicating an inten-
sification of upwelling due to a positive SLP gradient. For the upwelling in South
Benguela, the signal is lower and less clear. This could be due to the location of the
continental atmospheric low pressure cell, favouring upwelling more in the northern
part of Benguela than in the south.

3.4 Correlations with climate modes

To identify other possible drivers of the upwelling in Benguela, the upwelling indices
are correlated here with indices of large-scale climate modes. The upwelling of
GENUS-MOM depicts significant correlations between North Benguela upwelling
and HIX in JJA and SON (positive) and with the AAO in JJA (positive). South
Benguela upwelling is significantly correlated with ENSO in DJF (negative) and
with the AAO in MAM and SON (positive) (Tab. 3.1). The significant and positive
correlations between upwelling in North Benguela and HIX also support the results
of the analysis of the SLP gradient.
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Table 3.1: Correlation coefficients of the upwelling indices derived from the vertical velocity
of the GENUS-MOM simulation of North Benguela and South Benguela with ENSO, AAO,
ATL-3 of HadISST, ATL-3 of STORM, and HIX, significant correlations are highlighted
by **

ENSO  AAO  ATL-3 (HadISST) ATL-3 (STORM) HIX

North Benguela:

MAM —0.14 +0.28 -0.29 —0.10 —0.08
JJA +0.21 +0.48%F  40.42 +0.47 +0.77**
SON —0.20 +0.70 —0.21 —0.16 +0.61**
DJF —0.11 +0.34 —0.12 —0.52 +0.19

South Benguela:

MAM —0.44 +0.59**  +0.14 —0.46 —0.11
JJA +0.39 —0.02 —0.13 +0.12 +0.22
SON —0.11 +0.65**  —0.05 —0.28 +0.11
DJF —0.73*%*  +0.47 +0.35 —0.31 —-0.19

3.5 Comparing the results of the STORM and the
GENUS-MOM simulation

The large-scale atmospheric influence on the upwelling in Benguela has been anal-
ysed with the STORM simulation (in the previous chapter) and with the GENUS-
MOM simulation (in this chapter). Both simulations produce a similar annual cycle
of the upwelling. They show an upwelling maximum in JJA for North Benguela and
in DJF for South Benguela. This also agrees with observations (Veitch et al., 2010).
The correlation pattern of upwelling with SST for North Benguela is similar in both
simulations. North Benguela upwelling is negatively correlated with the SST of the
whole south east Atlantic in DJF and in the upwelling region in JJA. This sup-
ports the weaker seasonality in the North Benguela region. Here, upwelling takes
place throughout the year (Veitch et al., 2010). In contrast, in South Benguela
upwelling displays opposite correlation patterns with SST in the two simulations,
with STORM showing negative correlations in both seasons at the south coast of
southern Africa and only in DJF along the west coast. The pattern of the GENUS-
MOM simulation is opposite. In JJA, the correlation between upwelling and SST is
negative in the upwelling regions and in DJF the SST is positively correlated with
the upwelling close to the coast. Because of the regional limitation of the GENUS-
MOM simulation, the relationship between upwelling and SST at the southern tip
of the continent and the south coast cannot be investigated.

Not only the connection of upwelling to SST, but also to wind or wind stress differ
between the two simulations. This difference is not due to the different atmos-
pheric forcing that is used in each simulation. With NCEP/NCAR reanalysis as
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well as with QuikSCAT, the correlations of the wind stress with the upwelling of
GENUS-MOM show different patterns than the ones derived from STORM, espe-
cially for North Benguela. The correlation pattern for upwelling in North Benguela
derived from the GENUS-MOM simulation is upwelling-favourable only for JJA
with wind stress of NCEP/NCAR reanalysis and not at all with QuikSCAT winds.
Whereas the STORM simulation provides a pattern with upwelling-favourable wind
stress off North Benguela in both seasons, stronger in JJA than in DJF. For up-
welling in South Benguela, the correlation shows upwelling-favourable wind and
wind stress along the South African coast, for both STORM and GENUS-MOM. It
seems that despite the coarser resolution of the NCEP/NCAR reanalysis compared
to QuikSCAT, NCEP/NCAR is suitable as atmospheric driver of upwelling in the
Benguela region.

It has been found that the influence of the SLP gradient on the upwelling in North
Benguela is stronger than on the upwelling in South Benguela, and both simulations
capture the influence of the SLP gradient similarly. However, there is only one signif-
icant correlation between upwelling and the SLP gradient with the GENUS-MOM
simulation, whereas there are numerous significant correlations with the STORM
simulation. This may depend on the longer time period covered by the STORM
simulation, because the significance of a correlation depends not only on the con-
nection of the data sets but also on their length.

The results of the analysis of the impact of climate modes on the upwelling in
Benguela are also similar for both simulations. ENSO has an influence on the up-
welling in South Benguela in austral summer. A positive AAO phase tends to
strengthen the whole Benguelan upwelling. The HIX exerts an influence on the
upwelling in North Benguela. When analysing the STORM simulation, the tropical
Atlantic and the AMM additionally have a significant influence in one season.

To summarise, the annual cycle and the impact of climate modes agree in the two
simulations. The correlation pattern when correlating with SST and wind stress
differ in some cases.

3.6 Conclusion

In this chapter, the large-scale atmospheric drivers of the Benguela upwelling system,
as simulated in a regional high-resolution ocean simulations driven by a prescribed
atmosphere of the last 13 years, have been described.

The GENUS-MOM simulation captures the different seasonality of the two subsys-
tems, North Benguela and South Benguela. The general drivers of the upwelling are
the SLP gradient (especially for North Benguela) and alongshore southerly winds.
HIX, ENSO, and AAO additionally influence the upwelling.

The analysis of the drivers of the Benguela upwelling system has been conducted
with two high-resolution ocean-only simulation, with the STORM simulation in the
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previous chapter, with the GENUS-MOM simulation in this chapter. The two simu-
lations generally agree on the drivers of the Benguela upwelling system. The seasonal
cycle and the impact of the SLP gradient between ocean and land are similar. Fur-
thermore, the influence of ENSO, AAO, and HIX on the upwelling has been detected
in both simulations. However, the analysis of the correlation between upwelling in
South Benguela and the SST field as well as the correlation between the wind/wind
stress and the upwelling provide distinct results. These discrepancies could be due to
the open boundary of the GENUS-MOM simulation south of South Benguela which
could lead to possible difficulties in simulating the impact of the Agulhas Current
and its eddies influencing this region. In addition, the atmospheric forcing of the
GENUS-MOM simulation is not derived from one consistent data set but from a
combination of the regional atmospheric model REMO and QuikSCAT winds. This
may be responsible for the differences in the statistical link between the wind on the
simulated upwelling. Nevertheless, analysing the regional GENUS-MOM simulation
in addition to the global STORM simulation allows to identify the main drivers of
the Benguelan upwelling and illustrate the complexity of this upwelling system.
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GENUS-MOM simulation for the Benguela upwelling system
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CHAPTER 4

Extrema of the North Benguela upwelling
system

4.1 Introduction

In this chapter, I analyse the large-scale circulation that give rise to seasons with
extrema of upwelling in the North Benguela upwelling system. Understanding the
extremes, the phenomena driving the extremes, is essential to understand the dy-
namics of the upwelling system and its sensitivity to atmospheric and oceanic vari-
ability. Extreme events of upwelling in North Benguela are of major importance
to the local fisheries, and thus for the economy of the adjacent countries Angola,
Namibia, and South Africa. Strong changes in the upwelling intensity influence the
nutrient content as well as the temperature and oxygen concentration of the water
masses in the Benguela region. Very weak upwelling leads to low primary production
first and less energy flowing throw the trophic chain later (Bakun and Weeks, 2004).
On the other hand, very strong upwelling leads to very strong offshore transport of
zooplankton so that the population cannot grow, leading to enhanced phytoplankton
growth over the shelf and subsequent export of organic matter (Bakun and Weeks,
2004). Thus, predicting these extremes would be of help for fisheries management
of the adjacent countries of the Benguela upwelling system.

In present understanding, the upwelling strength is modulated by several factors.
The El Nino-Southern Oscillation (ENSO) is one of them as described in chapter 2
and chapter 3. An El Nino state leads to weak upwelling conditions and a La Nina
state leads to enhanced upwelling (Rouault et al., 2010). ENSO is used for seasonal
prediction in other areas due to its strong impact on the tropical and subtropical
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climate, so that theoretically ENSO seasonal predictions could be used to predict
upwelling in Benguela a few seasons in advance. As we will see later, the situation
is more complex.

Another phenomenon that influences the Benguela upwelling, especially the up-
welling in North Benguela, is the occurrence of Benguela Ninos (Shannon et al.,
1986). As again described in chapter 2, Benguela Ninos are types of Atlantic Nifios,
the Atlantic counterpart of the Pacific ENSO. Atlantic Ninos develop in the tropics
due to changes in the winds at the Equator (McCartney, 1982) and occur on average
every ten years (Shannon and O’Toole, 2003). With these two main phenomena in
mind, I analyse in this chapter the influence of the atmospheric and oceanic con-
ditions of the South Atlantic and the tropics of the Atlantic and Pacific Ocean on
upwelling extremes in North Benguela.

Understanding and eventually predicting seasonal extremes is still in an early phase
of development (Doblas-Reyes et al., 2013). In general, climate models used for sea-
sonal prediction are initialized to situate the model close to the best knowledge of the
real atmospheric and oceanic states, a step that involves very computing-intensive
processes of data-assimilation. Since the knowledge of these initial conditions is al-
ways limited, a level of uncertainty is unavoidable. This uncertainty usually grows
as the simulation proceeds further in time, so that the reliability of the simulated
trajectory is usually lost after a few days, compared to the real trajectory of the
atmosphere-ocean system. However, an ensemble of simulations may still contain
statistical information about the seasonal distribution of certain climate variables,
which can still be very useful for predictive applications. For instance, although it
will not be possible to predict the weather months ahead, it might become possible
to predict anomalies of seasonal mean precipitation, temperature, or the likelihood
of extreme events.

Unfortunately, the status of present climate models make this type of predictions
still very difficult. In the extra-tropical realm, the skill of seasonal predictions is still
very low. Even in the Tropics, where coupled atmosphere-ocean modes like ENSO
display a typical evolution over several months, it has proven difficult to successfully
predict the occurrence of events. Statistical and dynamical prediction models for
ENSO prediction have a comparable skill (Barnston et al., 1999). Recently, dynam-
ical models attain skills that are sometimes better than statistical models (Barnston
et al., 2012).

Here, 1 explore another possible way of seasonal prediction of only certain aspects
of the regional climate, such as seasonal mean upwelling, concentrating on extreme
upwelling seasons, seasons with extreme intensity of upwelling. I will work in the
context of 'perfect model set-up’. This means that I assume that a climate model
is a perfect representation of reality and try to assess to what extent a statistical
analysis may prove useful to predict whether or not the main upwelling season in a
particular year will exhibit extremely intense or extremely weak upwelling in North
Benguela. The advantage of this approach is that, within this virtual set-up, the



4.2 Data and methods 57

data set is complete, with no gaps, and very large, allowing for a detailed statisti-
cal analysis. However, in the real world data are indeed incomplete, they include
measurements errors, and the observation records are shorter. Therefore, in the
real world, the prediction skill will very likely be lower than in the model world.
Nevertheless, this type of studies are useful because they set an upper limit to the
prediction skill that can be potentially obtained in the real world.

4.2 Data and methods

The model data used in this chapter is the ocean model MPI-OM (Jungclaus et al.,
2013) of the Max Planck Institute Earth System Model (MPI-ESM) (Giorgetta et al.,
2013). Here I analyse the low-resolution version (MPI-ESM-P) for the past1000
simulations covering the period 850-1850. It has a horizontal resolution of T63 (1.9
degrees) with 47 levels for the atmosphere, a horizontal resolution of 1 degree with
40 levels for the ocean, and a prescribed land cover and vegetation (Giorgetta et al.,
2013).

Furthermore, two other simulations are used in this analysis to test the findings
achieved with the MPI-ESM model. First, I use the Parallel Ocean Program version
2 (POP2), the ocean component of the coupled Earth System Model Community
Climate System Model (CCSM4) (Gent et al., 2011). It covers as well the period
850-1850 and has a resolution 1 degree and 60 levels (Danabasoglu et al., 2012). Its
atmospheric part is the Community Atmosphere version 4 (CAM4) in 1 degree ho-
rizontal resolution. Second, the STORM simulation a high-resolution version of the
model MPI-OM (Marsland et al., 2003) is analysed for comparison. The STORM
simulation is driven by the global NCEP/NCAR global meteorological reanalysis
(von Storch et al., 2012; Li and von Storch, 2013). It has a horizontal resolution of
0.1 degrees and 80 levels and covers the period 1950-2010.

In addition, the pre-industrial control runs (PI) of the MPI-ESM (1155 years (1850
3005)) and of the CCSM4 (500 years (800-1300)) are used to analyse the drivers of
upwelling extremes without external climate impacts.

To define the extreme upwelling years, the 90th and 10th percentile of upwelling
in the main upwelling season are calculated in each simulation separately and the
extremes are defined as those years when upwelling values are outside this range, val-
ues higher than 90% or lower than 10% of all upwelling values in the main upwelling
season. For the MPI-ESM and CCSM4 past1000 simulations this means that the
extreme weak and extreme strong upwelling years comprise 100 years each, whereas
in the STORM simulation there are only 6 years defined as extreme strong and
extreme weak upwelling years. For the pre-industrial runs (PI runs), each group
of extremes comprise 115 years (MPI-ESM) and 50 years (CCSM4), respectively.
In the following analysis, the pattern of anomalies are the seasonal mean of the
analysed season of all extreme weak or extreme strong upwelling years minus the
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seasonal mean of the analysed season of all years.

For MPI-ESM and CCSM4 the main upwelling season in North Benguela (8-30° E,
15-28°S) is September—November (SON), for STORM it is June-August (JJA). The
seasonal cycle of the three simulations agree well with previous studies indicating
that the strongest upwelling takes place in austral winter to spring (Veitch et al.,
2010; Muller et al., 2014). As we have seen in figure 2.6, strongest upwelling in North
Benguela takes place between July and October. If we want to identify which one of
the standard seasons (JJA or SON) is the one with highest upwelling, it turns out
that both could be defined as the main upwelling season, since the mean difference
is small.

As upwelling index I use here the modelled vertical mass transport at 52m depth
(MPI-ESM, STORM) and 55 m depth (CCSM4) (close to the bottom of the mixed
layer ).

In the following, the results of the analysis of the extreme events with the MPI-OM
are presented first.

4.3 Wind stress and SST of extreme upwelling

years

o

wind stress anomaly [Pa]
o

wind stress anomaly [Pa]

Figure 4.1: Wind stress anomalies of the 100 strongest upwelling years in North Benguela
simultaneous (SON) (a) and of the previous season (JJA) (b) derived from the MPI-ESM
past1000 simulation. Note the different scale.

In years of extreme upwelling in SON, the wind stress pattern looks quite similar to
the climatology. When examining the anomalies, however, the differences with the
climatological mean values become evident: the wind stress anomaly shows positive
values off southwest Africa (Fig. 4.1a). Thus, stronger than usual upwelling takes
place simultaneously with stronger than usual wind stress over the upwelling region.
Interestingly, the wind stress pattern of the preceding season (JJA) in the years with
strong SON upwelling is opposite (upwelling-unfavourable) (Fig. 4.1b), indicating
that upwelling in the preceding season JJA tends to be weaker than normal. The
sea surface temperature (SST) anomalies also support this, with negative
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Figure 4.2: Sea surface temperature anomalies of the 100 strongest upwelling years in
North Benguela simultaneous (SON) (a) and of the previous season (JJA) (b) derived
from the MPI-ESM past1000 simulation. Note the different scale.

SST anomalies in northern North Benguela in SON and SST anomalies displaying
a dipole structure with positive anomalies off the southwest African coast and neg-
ative ones at the coast between 0 and 10°S in the previous season (Fig. 4.2).

In the 100 years with weakest upwelling in North Benguela, the mean wind stress pat-
tern shows the opposite situation. In the upwelling season, wind stress anomalies are
negative, whereas in the season before the weak upwelling, the upwelling-favourable
winds are stronger than average. Because both extremes behave in the opposite
way, in the following I focus on the 90th percentile with strongest upwelling.
Subdividing the 90th percentile into the following parts 90 %92 %, 92 %98 %, 98 %—
100 %, the wind stress anomalies in SON show an intensification with stronger ex-
tremes of upwelling (not shown).

The anomalous annual cycles of upwelling, wind stress, and SST (relative to the cli-
matological annual cycle) for years with strong and weak upwelling seasons are shown
in figure (Fig. 4.3). These annual cycles support my previous findings with positive
upwelling anomalies, positive wind stress anomalies, and negative SST anomalies
in SON of strong upwelling events and opposite anomalies in JJA prior to these
events. The wind stress in JJA in strong upwelling years is significantly different
from the wind stress in weak upwelling years. However, upwelling itself and the
SST are not significantly different in both extreme cases. This may indicate that
the signal in/over the South Atlantic might be of atmospheric origin and the ocean
is reacting to anomalous atmospheric conditions. In the main upwelling season itself
(SON), all three variables differ significantly between years with strong and weak
upwelling. Note that the model bias is not relevant in this calculation, since for all
three variables only deviations from the model climatological mean are considered.

4.4 Sea surface temperature as forecast index

Since I have found that the SST displays a clear pattern of anomalies in JJA before
extreme upwelling in SON, I attempted to set up a statistical model based on SST
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Figure 4.3: Anomaly of the annual cycle of years of extreme upwelling in SON relative to
the climatological mean annual cycle, of upwelling (a), meridional wind stress (b) and sea
surface temperature (c), derived from the MPI-ESM simulation. Meridional wind stress
(over the ocean) and SST of 8-30°E, 15-40° S, upwelling of North Benguela (8-30°E,
15-28°8S).

in JJA that may predict extreme upwelling in SON. I define an index by choosing
the regions of 15-25° S, 8-25° E, which display positive SSTs in years with extreme
upwelling, and the region 0-10°S, 5-15° E, which displays negative SSTs in years
with extreme upwelling. The difference between SST in both regions is my predic-
tor index. Thus, the 90th percentile of this index indicate events when the ocean
in the Benguela upwelling system is warmer, equal or not much colder than the
tropics. Simultaneously (in JJA), the upwelling pattern shows negative anomalies
in the regions where SSTs are warm and vice versa. Also, the pattern of wind stress
anomalies looks upwelling-unfavourable off southwest Africa. Thus, the index repre-
sents well the atmosphere-ocean interplay between SST, wind stress and upwelling
itself. Unfortunately, when using this index of the SST conditions in the season
before to forecast strong upwelling and wind stress anomalies in the main upwelling
season, the wind stress and upwelling do not show a clear or strong signal.

Deriving the index by using only the positive SST anomaly off southwest Africa, the
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wind stress anomaly in the following season does show upwelling-favourable con-
ditions, but the upwelling pattern does not depict a clear signal. Using only the
negative SST anomaly off the tropical coast as index, the wind stress anomaly in
the following season is upwelling-unfavourable, but the upwelling pattern shows no
signal with the exception of positive anomalies near the northern border of Namibia.
To sum it up, the SST in JJA in the South Atlantic does not seem to be suitable to
predict the upwelling in SON, either when using the anomaly differences between
tropics and Benguela, or when using only one of them. Thus, the signal causing
the change of wind stress from JJA to SON does not have its origin in the SST of
the South Atlantic. In the following I explore teleconnections that may explain the
potential seasonal predictability of Benguelan upwelling in the climate simulations.

4.5 Influence of the tropics on extreme Benguela
upwelling

4.5.1 El Nino-Southern Oscillation

One strong driver of the tropical variability is the El Nino-Southern Oscillation
(ENSO), the dominant mode of climate variability on Earth. It is therefore reason-
able to explore the influence of ENSO on extreme upwelling in Benguela. Several
previous studies already have suggested an influence of ENSO on upwelling in this
region, although my analysis of the STORM simulation in chapter 2 indicated that
this influence is only noticeable in South Benguela and not very strong at interan-
nual time scales. Looking at the SST in the El Nino region in the equatorial Pacific,
it does show positive anomalies in the season December—February (DJF, the main
ENSO season) before the extreme upwelling in SON (Fig. 4.4). Nevertheless, the
anomalies are quite weak, at least too weak to call it an El Nino state.
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Figure 4.4: Tropical sea surface temperature anomaly (a) and sea surface temperature
anomaly in the Nino3.4 region (b) in austral summer (DJF) before the strong upwelling
events in North Benguela, derived from the MPI-ESM simulation.
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To obtain a closer look, I display the mean pattern of monthly SST anomalies during
the year before an extreme upwelling season in North Benguela. Figure 4.5 shows
the temporal evolution of the SST anomaly in the tropical Pacific as well as in the
tropical Atlantic. In the tropical Pacific, a positive SST anomaly is intensifying
during the year before strong upwelling in North Benguela, whereas in the tropical
Atlantic no signal occurs until the month of June before the upwelling season. In
the further course of events, a positive SST anomaly develops north of the equator
and a negative one south of the equator in the Atlantic, both spreading poleward in
the following months.
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Figure 4.5: Sea surface temperature anomaly in the 12 months before and during extreme
upwelling in North Benguela, starting in December (a) before and ending in November (1)
during the strong upwelling events in SON, derived from the MPI-ESM simulation.
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4.5.2 Sea surface height

As we have seen in the previous section, there seems to be a signal in the tropics
travelling southward to the Benguela System in the months prior to an extreme up-
welling season. This travelling signal could be due to coastal Kelvin waves. Kelvin
waves occur when easterlies at the equator are weak (Rouault et al., 2007). They
move eastward along the equator and poleward as coastal Kelvin waves when reach-
ing the eastern boundary of the Atlantic (Rouault et al., 2007). If these waves reach
the North Benguela, they lead to anomalous conditions in North Benguela, generi-
cally called Benguela Nino. Due to these Kelvin waves, the SST, sea surface height
(SSH), and the stratification display positive anomalies (Rouault et al., 2007).

The SSH anomaly pattern in the simulation agrees well with the anomaly pattern
of the SST, indicating higher sea levels with warmer temperatures (Fig. 4.6). Neg-
ative anomalies in SSH develop in June before positive extremes of upwelling at the
Equator. These anomalies move eastward to the west coast of Africa and spread
southward reaching North Benguela. Thus, the anomalously low SSH during strong
upwelling has its origin in the tropical Atlantic and could constitute a Benguela
equivalent of La Nina. The season before (JJA) is characterised by anomalously
high SSH. Nevertheless, Benguela Ninos generally develop in late summer and last
for around half year (Shannon et al., 1986), whereas the signal found here in SST

and SSH starts to develop later, in June.
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Figure 4.6: Sea surface height anomaly of the 7 months before and during extreme up-
welling in North Benguela, starting in May (a) before and ending in November (g) during
the strong upwelling events in SON, derived from the MPI-ESM simulation. Note the
different scale.
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4.5.3 Outgoing longwave radiation, precipitation, and sea
level pressure

In addition to Pacific and Atlantic Ninos, the location and strength of the Inter Tro-
pical Convergence Zone (ITCZ) could impact the upwelling strength. The outgoing
longwave radiation (OLR) can be used as index for the position and intensity of the
ITCZ. The planetary emission of OLR is strong when the emission temperatures
are high. This occurs when the emission is originated at the surface or in the lower
atmospheric layers and it is not absorbed by higher level clouds. Thus, high OLR
is indicative of clear skies and, in the tropics, of weak convection. In contrast, with
strong convective activity, the emission of OLR is originated at the cloud tops, which
are much colder than the surface. Therefore, low OLR is indicative of convective
activity and precipitation. In reality, OLR is measured by satellites, but climate
models also calculate their modelled OLR according to these physical considera-
tions.

From June onwards before an intense upwelling until November, the end of the up-
welling season, the OLR has a positive anomaly in the tropics at the west coast
of Africa (Fig. 4.7a—f). This could indicate a weaker than usual ITCZ in years of
stronger than usual upwelling. The anomaly of precipitation in the seasons before
and during strong upwelling confirms the weaker ITCZ, with negative values over
the same region (5° N-5°S, 5° W-10° E (Fig. 4.7g-1)). Stronger than usual OLR in-
dicates a weaker ITCZ with less convective precipitation. This would induce weaker
trade winds and thus weaker upwelling and warmer SST over Benguela. The tro-
pical influence could therefore explain the weaker wind stress and warmer SST in
JJA, the season before the intense upwelling, but it does not explain the sudden
intensification of wind stress and thus the strong upwelling in SON.

The precipitation anomaly in the tropics in JJA is correlated with -0.37 with the
upwelling in North Benguela in SON. Selecting the 200 extreme years (strongest and
weakest) to calculate this correlation leads to an even stronger connection of pre-
cipitation in JJA and upwelling in SON (-0.59) (Fig. 4.8). Nevertheless, the wind
stress (SON) in years of extremely low tropical precipitation (JJA) is upwelling-
unfavourable (Fig. 4.9a). A low correlation of tropical precipitation in JJA and
wind stress over Benguela in SON supports this. This is indicative of the missing
impact of precipitation (convection) on wind stress. In years of extreme tropical
precipitation in JJA, upwelling and precipitation are highly correlated (-0.63). The
tropical precipitation in JJA is also strongly correlated with the wind stress over
Benguela in JJA (0.58) but not with the wind stress in SON. Therefore, the tropical
convective activity in this region has neither an impact on upwelling in SON in years
of weak tropical precipitation.

Thus, the precipitation seems to impact the upwelling in the following upwelling
season, but not the wind stress. To explain this discrepancy between the connection
of tropical precipitation to upwelling but not to wind stress, I take a look at the
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Figure 4.7: Outgoing longwave radiation anomaly (a—f) and precipitation anomaly (g-1) of
the 100 strongest upwelling years in North Benguela (SON) in June to November, derived
from the MPI-ESM simulation.

sea level pressure (SLP). The SLP anomaly pattern of the South Atlantic in JJA
in the years with strong upwelling shows a weaker than usual subtropical high and
a slightly intensified continental low (not shown). In SON, it shows an intensified
subtropical high and weakened continental low (not shown). However, the SLP
anomaly in SON in years of weak precipitation in JJA supports the pattern of wind
stress, with a lower than usual subtropical high. Stronger than usual SLP occurs
only north of it, directly over North Benguela and in the tropics, where the precip-
itation anomaly is located (Fig. 4.9c). Thus, the tropics may explain the weaker
than usual SLP and wind stress in JJA before strong upwelling (Fig. 4.9b, d) but
not the shift to upwelling-favourable conditions.
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4.6 Comparing the results of the MPI-ESM to
the results of STORM

In the STORM simulation, the analysis of the climate anomalies linked to years
when the upwelling is stronger than the 90th percentile does not show strong wind
stress anomalies in the upwelling region, neither simultaneously nor in the previous
season. The SST anomalies are in both seasons very similar, with negative anomalies
in North Benguela and positive ones north of 15°S. Thus, the STORM simulation
does not support my findings in the MPI-ESM simulation of reversing wind stress
and SST conditions in the season during and before the extreme event in upwelling.
This could be due to the much shorter time period covered by the STORM simu-
lation compared to the MPI-ESM, 60 years versus 1000 years, and accordingly to
a low number, only 6, of years with extreme upwelling above the 90th percentile in
the STORM simulation.

Another possible reason for the discrepancy between the two simulations could be the
atmospheric forcing of the STORM simulation. STORM is forced by NCEP/NCAR
reanalysis (for further details see chapter 2), whereas, the MPI-ESM simulation
is a coupled ocean-atmosphere simulation. In the STORM simulation, any possi-
ble feedback of the ocean is not communicated back to the atmosphere, since the
atmospheric forcing is prescribed and independent of the ocean response to the at-
mospheric forcing.

Finally, another reason, which we should always bear in mind, is that the MPI-ESM
simulation is not realistic enough in the simulation of extreme upwelling seasons.

4.7 Comparing the results of the MPI-ESM to
the results of the CCSM4

To test the robustness of the results obtained with MPI-ESM, I also analyse a sim-
ilar simulation with the Earth System Model CCSM4. The CCSM4 coupled Earth
System Model provides in some sense similar results as the MPI-ESM, but there
are also striking differences. The clear similarity is provided by the wind stress and
SST patterns in the upwelling season and in the previous season. Looking at the
years within the 90th and 10th percentiles of upwelling in North Benguela in SON,
SST and wind stress display upwelling-unfavourable pattern in North Benguela in
the season before strong upwelling seasons and upwelling-favourable before weak
upwelling seasons. The SST field in the season before shows even stronger anoma-
lies than the pattern found in the MPI-ESM simulation. However, the positive
anomalies in the CCSM4 simulation also extend into in the tropics, whereas in the
MPI-ESM simulation the SST anomalies are negative there. Thus, there is not a
SST dipole-like pattern as it was found in the MPI-ESM simulation, but rather a



68 Extrema of the North Benguela upwelling system

homogeneous positive anomaly pattern.

This contrasting signal in the tropics is supported by the analysis of the SST in
the El Nino region. Here, a strong upwelling season in SON is preceded by a nega-
tive SST anomaly in the eastern tropical Pacific in the previous DJF season. The
temporal evolution of the anomalies in the eastern tropical Pacific as well as in the
Benguela region shows slightly negative anomalies in the eastern tropical Pacific one
year before the intense upwelling, becoming stronger every month. The anomaly in
Benguela is initially slightly stronger than normal, becoming more intense, and turn
to negative SST anomalies, as it should, only in October and November of the up-
welling season.

The monthly anomalies through the annual cycle are very similar in both coupled
Earth System Model simulations. The wind stress and upwelling itself in JJA are
significantly different in years of strong and weak upwelling, whereas the SST is not.
In SON;, all three variables differ significantly between strong and weak years. Thus,
the upwelling in JJA differs more strongly in the CCSM4 simulation between the
two extremes than in the MPI-ESM simulation.

The SSH anomalies reflect the SST signal, with anomalies of the same sign. As in the
SSH anomaly pattern of the MPI-ESM simulation, the SSH pattern in the CCSM4
simulation also indicates that the negative anomaly of the extreme upwelling sea-
son develops in the tropics, expands latitudinally around the Equator and spreads
southwards along the west coast of Africa. This supports the hypothesis that the
mechanism could have its origin in the tropics and impacts the Benguela region via
coastal Kelvin waves. However, the negative SSH is much more locally restricted to
the equator and the coastline of Africa compared to the more widespread signal in
the MPI-ESM. Furthermore, the negative anomalies develop only in the upwelling
season itself, and are not already present in the previous season as it is the case in
the MPI-ESM.

The anomalies of precipitation and OLR derived from the CCSM4 are weak and
indicate no strong influence of the tropical convective activity on extreme upwelling
in North Benguela in this simulation.

4.8 Pre-industrial simulation

In the previous analysis, in which the large-scale patterns accompanying extreme
upwelling were identified, I had not taken into account the role of the variable ex-
ternal forcing. For instance, SST may be strongly influenced by sudden increases
or decreases of the external forcing due to volcanic eruptions or changes in solar
irradiance. This influence may confound the link between these climate patterns
and upwelling.

In this section, I present a similar analysis in long control simulations, conducted
with external forcing that does not undergo any changes over time (other than the
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annual and daily cycles). The pre-industrial control simulations have been produced
with the same models MPI-ESM and CCSM4 as the past millennium simulations.
The number of extreme years, as stated in section 4.2, is different in each simulation.
The correlation pattern of upwelling in SON and the SLP field derived using all years
of the simulations, or only the years with extreme upwelling (strong and weak), (Fig.
4.10a, b) shows the strong connection between the subtropical high over the South
Atlantic and upwelling in North Benguela. This connection is even stronger when
looking only at the extreme events (weak and intense upwelling). The pressure field
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Figure 4.10: Correlation patterns between upwelling in SON and sea level pressure in SON
calculated using all years (a) and using only extreme years (b) and sea level pressure in
JJA of all years (c) and of extreme years (d), derived from the MPI-ESM simulation. The
colours code the correlation coefficient.

of the South Atlantic subtropical high in JJA is negatively correlated with the up-
welling in SON, with, again, stronger values for the extreme events (Fig. 4.10c,
d). Thus, the shift from less upwelling-favourable conditions to strong upwelling
conditions in SON takes place on average in all years, though this signal is much
more clear in years with extreme upwelling. These correlation patterns indicate that
the connection between SLP and upwelling is the same in extreme and non-extreme
years, but that this signal strongly intensifies when looking only at the years of
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extreme upwelling.

In figure 4.10d, two regions of strong SLP anomalies can be identified, one over
the eastern equatorial Pacific and South America (120-70° W, 20° N-10°S) and one
over the tropical Africa (10-40°E, 30-0°S). The sign of this anomalies is opposite.
According to these regions, a SLP-index has been calculated (SLP anomalies in tro-
pical Africa minus SLP anomalies in tropical South America). Figure 4.11 shows the
connection of this index to the upwelling in North Benguela. In years of extreme up-
welling, the SLP difference between Africa and South America is high and upwelling
is extremely strong. The SLP difference is low when upwelling is extremely weak.
Furthermore, in years of especially strong SLP differences between the two regions,
upwelling is mostly strong, and vice versa. This shows the link of this SLP-regions
on upwelling in North Benguela.
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Figure 4.11: Scatter plot of sea level pressure index (tropical Africa minus tropical South
America) in JJA of all years and upwelling in SON of extreme years (a) and JJA sea level
pressure index of extreme years with upwelling in SON of all years (b), derived from the
MPI-ESM simulation.

The correlations between upwelling and SST agree with the signal identified for the
SLP. SSTs in SON in the South Atlantic are correlated negatively with upwelling,
and SSTs in JJA are correlated positively with upwelling in SON (Fig. 4.12). Again,
these correlations are intensified when the analysis is restricted to extreme years.
Therefore, only the results for the extreme years are presented hereafter.

The correlation pattern with SST additionally shows a link of the SSTs in the equa-
torial Pacific, as we have seen in the previous section about the tropical influence
on upwelling (section 4.5.1).

To get an insight into how these large-scale tropical SLP and SST anomalies may be
linked to the upwelling, I correlate the 200 hPa zonal wind and the near-surface zonal
wind (u-components) to upwelling in North Benguela. Changes in SST may lead
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to changes in the atmospheric circulation, the Walker Circulation. These changes
can be seen in the correlation pattern between upwelling and zonal wind. The zonal
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Figure 4.12: Correlation patterns between extreme upwelling in SON and sea surface
temperature in SON (a) and in JJA (b), derived from the MPI-ESM simulation. The
colours code the correlation coefficient.

wind is by definition positive when directed from West to East. Areas with positive
zonal wind anomalies (eastward) that are accompanied at their eastward side by
areas of negative anomalies (westward) indicate a convergence of the zonal wind.
This convergence must be associated with ascending air if they occur at the surface
or with descending air near the tropopause at 200 hPa height. Similarly, areas with
negative zonal wind anomalies (westward) that are accompanied at their eastward
side by areas of positive wind anomalies (eastward), are associated with zonal wind
divergence. These areas indicate descending air if they occur at the surface, or
ascending air if the happen near the tropopause.
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Figure 4.13: Correlation patterns between extreme upwelling in SON and 200 hPa zonal
wind in SON (a) and in JJA (b), derived from the MPI-ESM simulation. The colours
code the correlation coefficient.

In figure 4.13 and figure 4.14 one can see that winds in SON indicate a descending
branch of the Walker Circulation over tropical Africa and Indonesia and an ascend-
ing branch over tropical South America. This agrees with the low pressure over
the tropical South America, with the lower precipitation and with the high pressure
over the tropical Africa. In the season previous to strong upwelling (JJA), the de-
scending branch over the tropical Africa and Indonesia is diminished or displaced.
Nevertheless, the SST and zonal winds near the surface and the tropopause of the
equatorial Pacific and the tropical South America show the same pattern in JJA
and SON when correlated with upwelling in SON. Thus, ENSO or rather ENSO-like
mechanisms is indeed correlated to upwelling. This connection is intensified during
years of extreme upwelling. Therefore, a seasonal prediction of the strength of the



4.8 Pre-industrial simulation 73

upwelling in North Benguela in SON could be estimated by the ENSO-like intensity
the previous season in this simulation. (Note, however, that ENSO fully develops
in DJF, and not in JJA. This is the reason why I write ENSO-like).
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Figure 4.14: Correlation patterns between extreme upwelling in SON and 10 m zonal wind
in SON (a) and in JJA (b), derived from the MPI-ESM simulation. The colours code the
correlation coefficient.

Somewhat surprisingly, the comparison between the two Earth System Models re-
veals contradicting results regarding the impact of the tropical Pacific and Indian
Ocean on Benguela upwelling. This can be clearly seen in figure 4.15 and figure 4.16.
The correlation patterns in the CCSM4 in the South Atlantic is very similar to the
one derived from the MPI-ESM, for both variables SLP and SST. In contrast, the
correlations to SST in the equatorial Pacific is opposite in both models. This leads
to differences in the Walker Circulation and compromises the predictability based
on the ENSO-like patterns intensity, too. Since both models yield opposite results,
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Figure 4.15: Correlation patterns between extreme upwelling in SON and sea level pressure
in SON (a) and in JJA (b), derived from the CCSM4 simulation. The colours code the
correlation coefficient.
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Figure 4.16: Correlation patterns between extreme upwelling in SON and sea surface
temperature in SON (a) and in JJA (b), derived from the CCSM4 simulation. The colours
code the correlation coefficient.
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Figure 4.17: Correlation patterns between extreme upwelling in SON and 200 hPa zonal
wind in SON (a) and in JJA (b), derived from the CCSM4 simulation. The colours code
the correlation coefficient.

before a statistical seasonal prediction scheme can be envisaged, the realism of both
models have to be evaluated. Nevertheless, both simulations do indicate the presence
of potential seasonal predictability of extreme upwelling.

The differences between both models are made more explicit by looking in more
detail at the correlation patterns between upwelling and the zonal wind. Figure
4.17 and figure 4.18 show the zonal wind pattern correlated to upwelling. We have
seen that in the MPI-ESM simulation, strong upwelling is linked to strong westward
zonal winds at the surface over the South Atlantic (Fig. 4.14) — these zonal winds
obviously cause strong upwelling. At 200 hPa height, the zonal wind are strong and
directed eastward over North Benguela and the tropical South Atlantic. This means
that over the region of upwelling and the tropical South Atlantic there is an anom-
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Figure 4.18: Correlation patterns between extreme upwelling in SON and 10 m zonal of
wind in SON (a) and in JJA (b), derived from the CCSM4 simulation. The colours code
the correlation coefficient.

alous strong wind shear going from the surface up to the upper atmospheric layers.
In the CCSM4 simulation, the surface zonal winds causing strong upwelling (west-
wards) occur with anomalies of the zonal winds at 200 hPa height that are directed
eastward only over North Benguela. This means that in the CCSM4 simulation we
do not see such a strong widespread anomalous wind shear in years with extreme
upwelling as in the MPI-ESM simulation. We see already here that although in
both simulations the surface winds conductive for strong upwelling are realistically
directed (westward off the Benguela coast), the simultaneous circulation in the upper
troposphere over southwestern Africa and the tropical South Atlantic is different.
A possible explanation could lie in the representation of topography in southwest-
ern Africa. Since the spatial resolution of the MPI-ESM model is coarser than the
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CCSM4 (about 1.9 versus 1 degree), the link between the atmospheric circulation
at the surface and in the upper troposphere may be also different in both models.
In terms of large scale patterns of surface winds, except for the tropical Africa in
SON where the pattern is similar to the one derived from the MPI-ESM; the patterns
display opposite signs for the tropical Africa, the tropical South America, Indonesia,
and remarkably over the Indian Ocean.

Thus, instead of an El Nino-like pattern in the equatorial Pacific to forecast extreme
events, La Nina-like conditions seem to be indicative for extreme upwelling in North
Benguela. The branches of the Walker Circulation are zonally shifted comparing
to the patterns obtained from the MPI-ESM simulation. The ascending branch is
located over Indonesia, whereas in the MPI-ESM simulation it is located at the west
coast of South America. Over the Indian Ocean, surface zonal winds in SON sea-
sons with extreme upwelling are directed westward in the MPI-ESM simulations and
eastward in the CCSM4 simulation. In the MPI-ESM simulation, the descending air
over Indonesia seems to be driving the large-scale tropical circulation in the Indian
Ocean up to the South Atlantic in years with extreme upwelling, whereas in the
CCSM4 simulation it is the descending air over South Africa itself that is driving
the extreme upwelling in Benguela.

Since the large-scale zonal wind patterns that are linked with strong Benguela up-
welling are already different in both simulation in the upwelling season, they are
also different in the previous season.

Thus, in both models, the pattern of zonal winds at 200 hPa height that are conduc-
tive to strong upwelling in SON are already broadly present in the previous season.
Unfortunately, the sign of these large-scale patterns of zonal wind at 200 hPa height
are opposite in both simulations.

4.9 Discussion and conclusion

Extreme seasons of upwelling in North Benguela seem to be preceded by anomalous
conditions of opposite sign in the previous season in the two simulations with Earth
System Models, MPI-ESM and CCSM4. This seems not to be an artefact of a
model simulation because I have found similar results for two Earth System Model
simulations. However, no precursors of strong upwelling anomalies could be found in
the shorter STORM ocean-only simulation. The discrepancy regarding the results
of the STORM simulations could be due to the much shorter time period covered by
this simulation compared to the millennium scale simulations of the Earth System
Models.

In the MPI-ESM, the near-surface easterly winds over the equatorial Atlantic are
strengthened in JJA. This wind anomaly causes low SSH and low SST. In addition,
the signal of higher OLR and less precipitation starts to develop in and over the
tropical South Atlantic and propagate along the African coast southward by Kelvin



78 Extrema of the North Benguela upwelling system

waves, indicating an Atlantic La Nina. The stronger OLR and lower precipitation
in the tropics could be due to a weaker ITCZ. A weaker ITCZ would lead to reduced
trade winds over Benguela and thus weaker upwelling and warmer SST. This could
explain the upwelling-unfavourable wind stress and the dipole structure of SST's in
JJA.

Regarding the large-scale teleconnections to the tropical belt, both models behave
differently. The tropical Pacific seems to play a crucial role for the extreme upwelling
in Benguela in both simulations. In the years with extreme upwelling in SON,
anomalous SSTs develop in the region and the Walker Circulation changes. In the
MPI-ESM, the warmer SSTs in the Eastern Pacific lead to convection, ascending air
and thus a lower SLP there. This ascending branch is closed over Indonesia, where
we have a descending branch that causes divergence near the surface. The westward
zonal winds anomalies at the surface extend all the way to tropical Africa and North
Benguela, causing strong upwelling there. The zonal winds at 200 hPa height display
the opposite to those at the surface. The discrepancy between the results obtained
with the MPI-ESM model and the CCSM4 model regarding the tropics cannot be
completely explained so far, although my analysis sheds some light as to why both
models behave differently.

In summary, I have identified, in each simulation with the models MPI-ESM and
CCSM4, the large-scale precursors that are statistically linked to extreme upwelling
SON season in each model. Both models agree that upwelling in the prior season
JJA tend to have the opposite sign, weaker when SON upwelling is stronger and vice
versa. However, although both modes indicate that the tropical Pacific is potentially
a useful predictor of extreme upwelling in Benguela, the precursor patterns in both
simulations are very different, and generally display opposite signs. This model
difference hinders the identification of the mechanism that link large-scale climate
patterns to extreme strong and extreme weak upwelling.
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CHAPTER 5

Imprint of external climate forcing on
coastal upwelling systems in past and
future climate

5.1 Introduction

Eastern Boundary Upwelling Systems (EBUSs) are highly productive coastal ocean
areas where nutrient rich, cold water upwells by the action of favourable winds. The
link between external climate forcing, such as greenhouse gases and solar activity,
and coastal upwelling has primarily been framed by the theoretical considerations
put forward by Bakun (1990). Surface temperature over land should warm faster
than over the oceans under increased radiative forcing, leading to an intensification
of the subtropical continental lows and the oceanic highs and a strengthening of the
upwelling-favourable winds (Bakun, 1990). Some observations over the 20th century
(Narayan et al., 2010) and simulations of the 21st century (Wang et al., 2015) have
been interpreted as indicative of upwelling intensification due to stronger external
climate forcing. Also, coastal sediment records covering the past millennium and
indicative of upwelling (McGregor et al., 2007) have been interpreted as a response
to past variations in the external climate forcing, mainly solar irradiance and vol-
canism. However, the empirical evidence for a long-term intensification of coastal
upwelling over the 20th century is not clear-cut. A meta-data analysis has found
a significant intensification of wind stress in only three of the four major coastal

9Tim, N., Zorita, E., Hiinicke, B., Yi, X., and Emeis, K.-C. (2015): Imprint of external climate
forcing on coastal upwelling systems in past and future climate. Ocean Sci. Discuss., 11:1-32.



80 Imprint of external climate forcing on coastal upwelling systems

upwelling systems (California, Benguela, and Humboldt but not Canary) (Sydeman
et al., 2014). Previous studies have detected increasing upwelling intensity over the
past century (Di Lorenzo et al., 2005; Gutierrez et al., 2011; Santos et al., 2012),
but others have not (Rykaczewski and Dunne, 2010; Pardo et al., 2011). A possible
cause may lie on insufficient data homogeneity in long-term wind station records and
in meteorological reanalysis, which may blur the identification of long-term trends
(Sydeman et al., 2014). Also, other long-term records of upwelling intensity are in-
direct, and sometimes even based on wind records themselves (Bakun et al., 2010).
The direct evidence for upwelling intensification is, therefore, still not conclusive.
For instance, the Benguela upwelling system does not exhibit a long-term inten-
sification in the recent decades (Bakun et al., 2010). This has been explained by
the counteracting influence of El Nifio-Southern Oscillation (ENSO) on humidity in
the Peru and Benguela EBUSs regions, which would also influence the regional ra-
diative forcing and modulate the land-ocean thermal contrast (Bakun et al., 2010).
According to this explanation, the upwelling trend due to stronger external radiative
forcing would be biased by a changing frequency of ENSO events in the recent past.
The effect of increasing greenhouse gas concentrations on upwelling regimes in fu-
ture scenarios has been investigated by Wang et al. (2015). They analysed the
simulated trend of upwelling in several simulations included in the Climate Model
Intercomparison Project (CMIP5) (Taylor et al., 2012) driven by the Representa-
tive Concentration Pathways (rcp) 8.5 scenario, a scenario with an increase of the
globally averaged external radiative forcing of 8.5 Wm~2 by the year 2100. They
found that in most of the EBUSs, models tend to simulate an intensified upwelling
and longer upwelling seasons under climate change.

Due to the lack of direct observations, sediment cores are used as proxy for up-
welling (McGregor et al., 2007). Though, not the upwelling itself is derived from
the sediment cores, but rather indirectly indicated on the basis of the water tem-
peratures, assuming that cooler temperatures are indicative of stronger upwelling.
This assumption could lead to a missinterpretation because temperature changes
could have other origins than upwelling, for instance due to variations in the exter-
nal forcing.

The verification of Bakun’s hypothesis in the recent past is critical to establish its
validity for the future. Even if Bakun’s hypothesis is correct, it is not clear whether
past variations in external forcing have been strong enough to drive upwelling in-
tensity beyond the range of variations caused by internal chaotic climate variability.
Hence, an apparent agreement between the predicted and observed trend could just
occur by chance. The analysis of the recently available ensemble of climate simula-
tions with CMIP5 models over the recent past can shed light on this question. If
the upwelling is mainly externally driven, all simulations should show approximately
the same time evolution of upwelling.

A recent paper by Small et al. (2015) investigated the relevance of model resolution
for the question of the warm bias that global climate models usually display in the
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castern ocean basins (Richter, 2015). This bias may be related to the simulated
upwelling intensity. Their analysis indicate that a high atmospheric horizontal reso-
lution is of larger importance than the horizontal resolution of the ocean model. The
most realistic wind stress curl and upwelling was simulated with a high resolution
nested regional atmospheric model coupled with an eddy-resolving ocean model, re-
sulting in more intense values of wind stress and shifted towards the coast. Restoring
the SST of Benguela further reduce the typical warm bias in these upwelling regions
because the model improvement also impacts the shortwave radiation.

5.2 Data and methods

I analyse here ensembles comprising three simulations of two different Earth Sys-
tem Models, the MPI-ESM and the Community Earth System Model - Community
Atmosphere Model version 5 (CESM-CAMS5).

The simulations with the MPI-ESM, a model developed by the Max Planck Insti-
tute for Meteorology in Hamburg (Giorgetta et al., 2013), cover the periods 900-1850
(past1000), 1850-2005 (historical), and 2006-2100 (future). For the future, [ analyse
here three scenarios with different strength in greenhouse gas forcing, rcp2.6, rcp4.5,
and rcp8.5, where the numbers indicate the anthropogenic radiative forcing in Wm ™2
reached by the year 2100 (Fig. 5.1). The climate model MPI-ESM participated in
the CMIP5 project (Giorgetta et al., 2013), contributing three simulations to the
historical ensemble, three simulations to the future ensemble and one simulation
for the past1000 period. These data can be downloaded from the CMIP5 web site
(http://cmip-pemdillnl.gov/cmip5/). Two additional past1000 simulations were
later conducted with the MPI-ESM and were kindly provided by the Max Planck
Institute for Meteorology.

The simulations in each ensemble were driven by almost identical external forcing
(only the width of the probability distribution of the volcanic aerosol size slightly
differs in the last two past1000 simulations). The forcings (Schmidt et al., 2011)
prescribed in the past1000 and historical simulations include the orbital forcing,
variability in solar irradiance (Vieira et al., 2011), seasonally varying natural tro-
pospheric aerosols, stratospheric aerosols from volcano eruptions (Crowley et al.,
2008), and five well-mixed greenhouse gases: CO5, CHy, NoO CFC-11, and CFC-12,
as well as Oz, anthropogenic sulphate aerosols, and changes due to anthropogenic
land use (Pongratz et al., 2009). In the scenario simulations, only changes in an-
thropogenic forcing were prescribed according to the Representative Concentration
Pathways (rcp) scenarios.

Within each ensemble of simulations (past1000, historical, and future), the simu-
lations differ in their initial state. Thus, a coherent evolution of upwelling in all
simulations with an ensemble would suggest a quantifiable influence of the external
forcing, whereas a lack of correlation among the simulations would clearly indicate
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Figure 5.1: Global mean radiative forcing for the Representative Concentration Pathways
(rcp) scenarios (Model for the Assessment of Greenhouse-gas Induced Climate Change
(MAGICC)) (upper panel). Multi-model mean (solid line) and spectra of all models
(shaded) time series of global annual mean surface air temperature anomalies (relative
to 1986-2005) from CMIP5 simulations (lower panel). The numbers indicate how many
model are available for the corresponding time period and scenario. Source: Stocker et al.
(2013).

a preponderance of internal dynamics.

To test the sensitivity of my results with respect to the choice of model, T also
analyse simulations with the CESM-CAMS5 model. These simulations were con-
ducted after the CMIP5 project was closed. The CESM-CAMS5 ensemble com-
prises a large amount of simulations with different configurations of the exter-
nal forcing and different initial conditions. Here, I analyse simulations driven
by all external forcings, natural and anthropogenic (denoted as ’all-forcings’ in
the CESM-CAMS5 Last Millennium ensemble project (Otto-Bliesner et al., 2015)
(https://www2.cesm.ucar.edu/models/experiments/LME). The CESM-CAMS5 cov-
ers the period 850 to 2005 with a horizontal resolution of the ocean of 1 degree
(Otto-Bliesner et al., 2015). These simulations were driven by the same set of
external forcings as used in the MPI-ESM simulations. Unfortunately, no future
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simulations with this model are publicly available (Kay et al., 2015).

The horizontal resolution of the atmospheric model of the MPI-ESM is about 1.9 de-
grees (spatially varying) with 95 levels for the historical period and 47 levels for the
past1000 and future period, whereas the ocean model resolution is approximately 1
degrees (past1000 and future) and 0.4 degrees (historical), including 40 ocean layers.
These resolutions are similar to the resolution of the CMIP5 models used by Wang
et al. (2015). Although ocean processes of spatial scales of a few kilometres are only
imperfectly resolved, this resolution should be fine enough to realistically represent
the basic relationship between upwelling dynamics and the large-scale wind forcing,
including the shoreline-parallel winds and the wind stress curl.

Upwelling intensity in each of the four upwelling regions is defined by the verti-
cal mass transport (wmo) at the ocean model layer at 52m (MPI-ESM) and the
vertical velocity (wvel) at 50m (CESM-CAMS5) (close to the modelled mixed layer
depth), and averaged over each of the upwelling regions: Benguela (8-30°E, 15—
28°S), Peru (80-70° W, 20-10° S), California (130-110° W, 20-50° N), and Morocco
(20-10° W, 20-34° N). Upwelling indices are here defined as the seasonal means over
the main upwelling season in each region. In the MPI-ESM past1000 and historical
simulations, the main upwelling season in Benguela is September—November and
June—August in all other upwelling regions. In the future simulations, the main up-
welling season in Benguela is also June-August. In the CESM-CAMS5 simulations,
the main upwelling season is September-November in Benguela and Peru and June—
August in California and Morocco.

If it is not explicitly stated, all correlations have been calculated with long-term
detrended series.

Here, I show results from three of the available simulations from the CESM-CAMS5
ensemble, as three simulations already confirm the results obtained with the MPI-
ESM model. These two models used here are the only ones that provided an en-
semble of simulations with basically the same forcing and with different initial con-
ditions, thus being suitable to detect the possible imprint of external forcing.

After assessing the realism of the connection between atmospheric drivers and sim-
ulated upwelling, I further evaluate whether the upwelling intensity in these regions
displays any imprint of the external climate forcing. To estimate the ratio of forced
variability to total variability I build a simple model of the variations of a climate
record that decomposes its variability into a sum of a forced component, propor-
tional to the external climate forcing, and an internal component caused by the
non-linear interactions within the climate system:

y =yl (t) + () (5.1)

The same model can be applied to describe climate records simulated in two climate
simulations driven by the same forcing and started with different and random initial
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conditions:
(5.2)

where the forced components are by construction equal in both simulations and the
internal components are uncorrelated in time. The ratio between the variance of y/
and the variance of y;, equal to the variance of y5, can be shown to be equal to the
correlation between y; and ys

r=<y,y >/ <y, >=<y y' >/ <uy,y > (5.3)

where < z,y >= >, x(t)y(t)

5.3 Representations of upwelling and its drivers
in the model

The patterns of long-term mean sea surface temperature (SST) (June-August, main
upwelling season in three of the four regions) display depressed values in the areas
of upwelling relative to the zonal SST mean at the same latitude, although the
fine spatial structure appears smoothed due to the model resolution (Fig. 5.2a).
The shape of the modelled seasonal cycle of upwelling generally agrees with what
is known from observations (Fig. 5.2b, c¢), with upwelling being more intense in the
boreal warm half-year. The mean upwelling is, however, about a factor two more
intense in the lower resolution past1000 simulations, indicating that ocean model
resolution is important to simulate the correct mean upwelling intensity, which may
be relevant for the SST bias in the EBUSs simulated by many climate models (Wang
et al., 2014).

The link between each upwelling index and wind stress, calculated as the patterns of
correlations between the index and wind stress in each model grid-cell (not shown),
is also very realistic, displaying in each case a characteristic alongshore wind stress
that favours Ekman transport, the main mechanism causing coastal upwelling (Tom-
czak and Godfrey, 2003). The correlation patterns between each upwelling index
and the sea level pressure (SLP) realistically show regions with negative correla-
tions over land and positive correlations off-shore (Fig. 5.3), indicating that the
across-coastline SLP gradient is conductive for alongshore wind stress through the
geostrophic relation.
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Figure 5.2: Mean sea surface temperature in June-August simulated by one past1000
simulation with the MPI-ESM Earth System Model in the tropics and subtropics (a).
Monthly mean vertical velocity at 52 m depth in four main coastal upwelling regions
simulated in one past1000 (900-1850) (b) and one historical (1850-2005) simulation (c)
of the MPI-ESM. The values for California have been re-scaled for better visibility. Note
the different y-axis scale for each simulation.

5.4 Imprint of external forcing on coastal up-
welling

5.4.1 Past1000 and historical simulations

In the last millennium, the climate changed driven by the external climate forc-
ing. The main external climate drivers over this period were volcanic forcing, solar
variability, greenhouse gases, and land-use changes (Hegerl et al., 2006) and at mil-
lennium time-scale the slowly varying orbital configuration of the Earth (Laskar
et al., 2004). These forcings had an effect on the global mean surface temperatures,
both in climate simulations driven by these forcings as in proxy-based climate recon-
structions (Ferndndez-Donado et al., 2013). There was a period of relatively high
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Figure 5.3: Correlation patterns between the seasonal (June-August, except for Benguela
September—November) upwelling index in each Eastern Boundary Upwelling System and
the simultaneous seasonal mean sea level pressure field simulated in one of the past1000
simulations (900-1850) with the Earth System Model MPI-ESM.

temperatures, the Medieval Warm Period with its maximum at around 1000-1300
A.D. These high temperatures were caused by high solar and low volcanic activ-
ity. The Medieval Warm Period was followed by the Little Ice Age, a period of
low temperatures caused by low solar and high volcanic activity. After the Little
Ice Age, global mean temperatures rose mainly as result of higher concentration of
greenhouse gases (Fernandez-Donado et al., 2013).

For both ensembles of simulation of the past, the decadally smoothed time series
of regional upwelling extracted from each of the three simulations display different
time evolutions (Fig. 5.4) and do not show a centennial evolution comparable to the
global mean temperatures or the global mean external forcing as just described. The
correlations between these series for each region are correspondingly low (Tab. 5.1,
Fig. 5.5) and mostly statistically not significant. These correlations remain low and
non-significant for stronger low-pass time filtering up to 50 years (Fig. 5.6a). This
indicates that the upwelling variance shared by all simulations, which could only be
due to the common external forcing, is also small. These simulations, therefore, do
not support any significant imprint of the external forcing on upwelling in any of
the EBUSs up to multidecadal time scales over the past millennium.
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Figure 5.4: Time series of the simulated upwelling indices in each upwelling region sim-
ulated in two ensembles of climate simulations (three members each), denoted past1000
(900-1850) and historical (1850-2005), with the MPI-ESM model. The plus and minus
signs in each panel indicate the sign of the long-term trend, their value being included
whenever statistically significant. The series have been low-pass filtered with a 30-year
filter for past1000 and a 10-year filter for the historical ensemble.
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Table 5.1: Correlation coefficients of the simulations of the upwelling indices of all up-

welling regions for the past1000 and historical simulations with the MPI-ESM model with

30-year and 10-year filter, respectively.

California Morocco Benguela Peru

past1000:
rl—r2 +0.07 —0.11 +0.05 +0.22
rl—r3 —0.04 +0.16 +0.04 —0.004
r2—r3 +0.14 —0.14 +0.06 +0.23
historical:
rl—r2 +0.15 —0.14 —0.10 —0.18
rl—r3 +0.30 +0.14 —0.19 —0.09
r2—r3 —0.12 —0.38 +0.06 —0.03
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Figure 5.5: Frequency histogram in bins of 0.05 width showing the distribution of across-

ensemble correlations between the upwelling indices simulated in each upwelling region for
the ensembles past1000 (a) and historical (b) of the MPI-ESM, after low-pass filtering with
a 30-year (past1000 simulation) and a 10-year (historical simulation) filter, respectively.
The vertical black lines indicate the 5 %95 % significance bounds taking the time filtering

into account.
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This finding supports previous studies derived from observed records, that identified
a strong influence of the Pacific North American pattern on California upwelling.
The Pacific North America pattern is a well-known mode of internal climate vari-
ability, probably linked to the dynamics of the Tropical and mid-latitude Pacific
Ocean (Macias et al., 2012).

At centennial time scales, the externally forced climate variability is a large portion
of the total climate variability, as the random internal decadal variability is filtered
out. Additionally, the increase in the external climate forcing over the past 150 years
is stronger than the variations in the forcing prescribed in the past1000 simulations.
For instance, the amplitude of decadal variations of the preindustrial external forc-
ing is of the order of 0.3 Wm™2 (Schmidt et al., 2011), whereas the increase in the
external forcing over the past 250 years is 1.6 Wm ™2 (Myhre et al., 2013).

Thus, the long-term influence of the external forcing — the strongest being anthro-
pogenic greenhouse gases in the historical simulations — could be more easily detected
in the form of common long-term upwelling trends. However, the simulated trends
are small, mostly statistically not significant, and generally display opposite signs
in the different simulations (Fig. 5.4). The two exceptions here are California and
Morocco in the historical simulations, in which all members exhibit a negative trend
(opposite to the expected strengthening), of which only two trends of the California
upwelling region are statistically significant. Analysing the imprint of external forc-
ing on upwelling with the CESM-CAMSb5 confirms the results with the MPI-ESM.
The simulated upwelling velocity in three simulations are weakly correlated with
each other (Fig. 5.7) and the trends are either not coherent in the simulations or
are not statistically significant.
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Figure 5.6: Correlations between the simulated upwelling indices in Benguela in three
past1000 simulations with the MPI-ESM model after filtering the time series with low-
pass filter of increasing period (a) and the same as (a) but for the time series of sea level
pressure difference between land and ocean averaged over the areas most closely correlated
with the simulated upwelling in this region (b).
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Figure 5.7: Frequency histogram in bins of 0.05 width showing the distribution of across-
ensemble correlations between the upwelling indices simulated in each upwelling region
for the ensembles past1000 (a) and historical (b) of the CESM-CAMSJ5, after low-pass
filtering with a 30-year (past1000 simulation) and a 10-year (historical simulation) filter,
respectively.

5.4.2 Scenarios

Looking at the future development of the upwelling in the EBUSs, I analyse the fu-
ture simulations conducted with the MPI-ESM model under three different emission
scenarios. An effect of the external forcing should be reflected in consistent centen-
nial trends in upwelling in all members of each ensemble. Consistent significant
trends in all three simulations of an ensemble only occur in the rcp8.5 scenario, the
one with the strongest external forcing (Tab. 5.2, Fig. 5.8). The trends are negative
in California and Morocco and positive only in Benguela. In Peru no significant
trends can been seen. This support my results obtained for the past millennium,
indicating that the external forcing has not been intense enough in the past to force
the upwelling significantly. Furthermore, the expected positive trend only occurs in
one of the four regions, underlining the local differences among the EBUSs. These
results do not fully support the ones obtained by Wang et al. (2015). They analysed
the trend for another period (1950 to 2099) and only the rcp8.5 scenario. They
concluded that a clear connection between external forcing and upwelling could be
found. However, when analysing the trends simulated in other scenarios, it turns
out that in the weaker greenhouse gas scenarios this link is weaker, and it cannot be
easily identified. Differences between the northern hemisphere and southern hemi-
sphere EBUSs could be caused by changes in the Hadley cell. As a consequence
of global warming, the Hadley cell expands polewards (Lu et al., 2007). Due to
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the larger fraction of land on the northern than on the southern hemisphere, the
temperature differences between the equator and the subtropics will decrease on the
northern hemisphere leading to a weakening of the Hadley cell and thus to weaker
trades (Ma and Xie, 2013). In the southern hemisphere this effect will be smaller
due to a weaker warming of mid and high latitudes (Ma and Xie, 2013).

Table 5.2: Sign of trends of the upwelling time series of all upwelling regions for the
past1000, the historical, and the scenarios (rcp2.6, rcp4.5, rep8.5) simulations with the
MPI-ESM model, significant correlations are highlighted by **

California Morocco Benguela Peru

past1000:

rl — — — +
r2 — + + +
r3 + + + —
historical:

rl — — — +
1'2 _ k3 . _|_ _
r3 Ak — — —
rcp2.6:

rl — — — —
r2 — - + +
r3 — — + +
rcp4.b:

rl _ _skk . .
r2 — — + —
3 _kk _kk K +
rcp8.o:

rl _kk _kk K +
2 _ksk _kk K _

r3 *k *k +>l<>l<
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Figure 5.8: Time series of the simulated upwelling indices in each upwelling region simu-
lated in three ensembles of climate simulations (three members each) for 2006-2100, rcp2.6,
rcp4.5, and rep8.5, with the MPI-ESM model. The plus and minus signs in each panel
indicate the sign of the long-term trend, their value being included whenever statistically
significant. The series have been low-pass filtered with a 10-year filter.
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5.5 Imprint of external forcing on the drivers of
upwelling

Upwelling in all four investigated regions is mainly driven by the wind stress curl
that modulates upwelling in offshore regions and by the alongshore wind stress that
drives the coastal upwelling. The latter is related to the SLP gradient between land
and ocean (Tomczak and Godfrey, 2003; Mackas et al., 2006). I investigate whether
the time evolution of this SLP gradient is consistent across the simulations and
whether the lack of correlations between the upwelling indices across the ensemble
may be due to a weak influence of the external forcing on wind stress and on the
SLP gradient. The across-coastline SLP gradients in the simulations are calculated
by subtracting the averaged air pressure over land from the averaged pressure over
ocean in the regions identified as most closely correlated to the upwelling indices
(Fig. 5.3).

As in the case of the upwelling indices, the correlations between the time series of
wind stress and SLP gradients across the simulations in the ensemble are all low
(Tab. 5.3, Tab. 5.4). These correlations also remain low regardless of the time

Table 5.3: Correlation coefficients of the simulations of the cross-coastline pressure gradi-
ent of all upwelling regions for the past1000 and historical simulations with the MPI-ESM
model after 30-year and 10-year filter, respectively.

California Morocco Benguela Peru

past1000:

rl—r2 +0.12 +0.04 —0.03 +0.11
rl—r3 +0.21 4+0.21 +0.28 +0.25
r2—r3 +0.32 —0.30 —0.18 +0.36
historical:

rl—r2 +0.09 +0.10 —0.25 +0.26
rl—r3 —-0.27 +0.27 —0.20 +0.06
r2—r3 —0.13 —0.13 +0.13 —0.09

filtering (Fig. 5.6b). Regarding the longest time scales captured in the simulations,
the long-term trends of the wind stress and of the SLP gradient within each ensemble
have either inconsistent signs, or are not statistically significant, or are incompatible
with the expected effect of the external forcing varying at centennial time scales.
These expected trends are negative in past1000 due to the long-term orbital forcing
and positive in historical due to the increase in greenhouse gas forcing. Therefore,
even if the connection between the atmospheric drivers and upwelling were not
totally realistic in the Earth System Model, the lack of common time evolution of
wind stress or SLP across the simulations clearly shows that, from the atmospheric
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perspective alone, the simulations do not support a discernible influence of the
external forcing on the atmospheric drivers of upwelling over the last centuries.
This implies that such an influence could not have been found even if the ocean
model perfectly represented the real upwelling dynamics.

Table 5.4: Correlation coefficients of the simulations of alongshore wind stress of all up-
welling regions for the past1000 and historical simulations with the MPI-ESM model after
30-year and 10-year filter, respectively.

California Morocco Benguela Peru

past1000:

rl—r2 —0.02 —0.22 4+0.001 +0.07
rl—r3 —0.05 +0.09 —0.13 +0.09
r2—r3 +0.27 —0.05 +0.22 +0.14
historical:

rl—r2 +0.45 —0.01 —0.27 +0.19
rl—r3 —0.08 +0.09 —0.06 +0.04
r2—r3 +0.14 —0.02 —0.07 +0.23

5.6 Imprint of external forcing on stratification

Another possible mechanism by which the external climate forcing could influence
upwelling involves the stratification of the water column. In periods with a stronger
external forcing, the temperatures at the surface should warm more rapidly than
in the deeper layers, increasing the stability of the water column, and hindering
the mechanical effect of the alongshore wind stress (Hsueh and Kenney III, 1972).
The amount of variability in the SST that can be attributed to the variations in
the external forcing can also be estimated by the correlation between the grid-
cell SST series simulated in each members of the simulation ensemble (Fig. 5.9).
The correlation patterns indicate that the SST variability is more strongly driven
by the external forcing in the tropical belt and tends to the weaker in the mid
and high latitudes. This occurs despite the strongest response of high latitudes
to external radiative forcing, known as the Arctic amplification. The reason is
that at high latitudes the internal variability is also larger than at low latitudes.
The ratio between both, external forcing signal and internal variability, which is
encapsulated by the correlation patterns shown in figure 5.9, is therefore highest
in the tropics, a feature which has been so far overlooked but that has been found
in previous analysis of paleoclimate simulations (Tett et al., 2007). In the EBUSSs,
the correlations between the simulated SST's are all positive, of the order of 0.2-0.3
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after 10 year low-pass filtering. Therefore, the external forcing has some influence
on the SST variability in these regions but most of the multi-decadal variability is
internally generated.
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Figure 5.9: Correlation pattern between the global skin temperatures simulated in two
past1000 simulations (900-1850) with the Earth System Model MPI-ESM in the June—
August season after applying a 10-year low-pass filter.

5.7 Conclusion

The analysis of three simulation ensembles with the Earth System Model MPI-ESM
over the past millennium and the future are in contrast with the hypothesis of a
discernible influence of the external forcing on coastal upwelling intensity. Uncer-
tainties still remain. For instance, the magnitude of the external forcing variations
over the past millennium is still not well established (Schmidt et al., 2011), and
larger variations than hitherto assumed may cause a tighter connection between
forcing and upwelling. Over the past 150 years, however, the trends in external cli-
mate forcings are much more certain and over this period the historical simulations
do not show any consistent sign of intensification or weakening.

For the future, the effect of external forcing on the EBUSs can be identified when
greenhouse gas concentrations are assumed to follow the strongest scenario, rcp8.5,
among the three Representative Concentration Paths analysed here. All three sim-
ulation in the ensemble display consistent trends, but these trends are not always
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consistent with the expected intensification of upwelling, with some regions showing
an intensification but others showing a weakening.

The definition of the upwelling index can be sensitive to the region over which the
vertical velocities are averaged. Redefining the subregions of the Eastern Boundary
Upwelling Systems (EBUSs) (Canary (18.5-10.5° W, 16.5-42.5° N), South Benguela
(8-30° E, 28-40° S), Chile (80-70° W, 20-40.5°S)) does not change the main results
of this study. The correlation between the three simulations remains low for up-
welling. Significant trends with the same sign in all three simulations do not occur,
neither in the simulations of past periods nor in the future simulations.

My results generally agree with the ones obtained by Wang et al. (2015) on the in-
fluence of a strongly increased future greenhouse gas forcing on upwelling intensity
in the EBUSs. However, my results indicated that the conclusion obtained from
the analysis of only the rcp8.5 scenario cannot be extended to weaker scenarios
of future greenhouse gas forcing nor to the trends observed over the 20th century
not the evolution of upwelling over the past millennium. The same can be said
on the study of Rykaczewski et al. (2015) where again only the upwelling in the
EBUSs in the rcp8.5 scenario is analysed. They found significant positive trends
in the upwelling-favourable winds in the Canary, Humboldt and Benguela systems
and negative trends in the California system. These results agree partly with my
findings, underline the differences between the upwelling regions, and indicate the
complexity of the upwelling by the different results depending on the analysed model
— but stress the impact of the external forcing on upwelling in the rcp8.5 scenario.

It has to be kept in mind that my results are based on the realism of the analysed
Earth System Models. The relatively low model resolution of the atmosphere and of
the ocean components could result in an unrealistic representation of the upwelling
itself and/or its drivers. As stated by Small et al. (2015), especially the resolu-
tion of the atmospheric model has the strongest influence on the simulated coastal
upwelling. Furthermore, the current global coupled climate models still display a
strong SST bias in the EBUSs. The cause of this bias is not completely understood,
it may be related to a deficient representation of coastal upwelling but it may have
other causes, for instance related to biases in the climate clouds (Richter, 2015). This
caveat, nevertheless, also affects the recent studies by Rykaczewski et al. (2015) and
Wang et al. (2015), since they are also based on the CMIP5 models.

Analysing ensembles of simulation of the Earth System Model CESM-CAMSb5 over
the past millennium supports the results of the MPI-ESM.

Thus, the circumstantial evidence linking the recent observed trends in EBUSs up-
welling to external climate forcing is in conflict with state-of-the-art climate simu-
lations.
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CHAPTER 6

Conclusion and Outlook

The Benguela upwelling system is one of the four major upwelling regions in the
world ocean (Eastern Boundary Upwelling Systems, EBUSs). It is located off An-
gola, Namibia, and South Africa. The focus of this thesis was to identify the large-
scale atmospheric drivers of the upwelling in the Benguela upwelling system via
statistical analysis of different climate simulations. In addition, the extrema of up-
welling in the Benguela upwelling system were closely looked at and the trends over
the recent past and possible future changes in upwelling due to anthropogenic cli-
mate change were investigated in all four EBUSs, too.

For these purposes, two ocean-only simulations (STORM and GENUS-MOM), two
global coupled Earth System Models (MPI-ESM and two version of the Commu-
nity Earth System Model CESM-CAM5 and CCSM4), and reanalysis data sets
(NCEP/NCAR reanalysis I and ERA-Interim) were analysed. In this chapter, the
main results of this analysis will be summarised by answering the research questions
raised in the introduction. Finally, an outlook about further research objectives is
included.

6.1 Conclusion

What are the atmospheric drivers of the Benguela upwelling system?

I addressed this question in chapter 2 (for the period 1950-2010) and chapter 3 (for
the period 1999-2012). Upwelling in North and South Benguela (separated by the
Liideritz upwelling cell at 28° S) has different seasonality and variability. Upwelling
in North Benguela is strongest in austral winter (June—August), upwelling in South
Benguela is strongest in austral summer (December—February). Both upwelling
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subregions are driven by the large-scale pressure fields (intensified subtropical high
and continental low) and thus the southeasterly trades. However, the influence of
the large-scale climate modes differ for both regions. Among the various climate
modes analysed, the El Nino-Southern Oscillation (ENSO) and the Antarctic
Oscillation (AAO) have an impact on the upwelling, which is more pronounced in
South Benguela.

The decadal variability is temporally more coherent between the seasons in North
Benguela than in South Benguela. This indicates a more persistent driving of the
tropical upwelling region. Furthermore, North Benguela upwelling varies on longer
time scales than the upwelling in the south. In addition, the spectral analysis
reveals a red spectral background which is probably due to tropical dynamics.
In contrast, the spectra of upwelling in South Benguela are more similar to the
spectral of white noise, as it is typical for the midlatitudes.

The detected atmospheric drivers of the two subregions of the Benguela upwelling
system are captured well by both high-resolution ocean-only simulations, the global
STORM simulation and the regional GENUS-MOM simulation. Nevertheless,
the analysis of these two simulations illustrates their differences with regard
to the drivers of the upwelling. In general, the STORM simulation captures
the atmosphere-ocean interaction more realistically, whereas the GENUS-MOM
simulation seems to have some difficulties due to its open boundaries and possibly
due to its atmospheric forcing.

Are there any multi-decadal trends in the Benguela upwelling?

When analysing the upwelling derived from the STORM simulation in chapter
2, I detect no clear trend over the last 60 years, neither for North Benguelan
upwelling nor for upwelling in South Benguela. This result is in contrast to
the well-known hypothesis of Bakun (1990). He hypothesised that due to an
increase in greenhouse gas concentrations, the land would heat up more rapidly
than the ocean, intensifying the air pressure contrast (the high over the ocean
and the low over the land), and leading to stronger than usual trade winds in
the EBUSs. Over the last 60 years, the upwelling does not show a linear trend
and is better described by decadal variability. Furthermore, the analysis of the
sea level pressure (SLP) gradient supports the idea of the effect of rising green-
house gas concentrations not being detectable in the Benguela upwelling system
over the last 60 years. Nevertheless, the SLP gradient has a significant impact
on the strength of the upwelling in North and South Benguela at shorter time scales.

How do years of extreme upwelling in Benguela differ from the climato-
logical mean with regard to their drivers and oceanic responses?
This question is answered in chapter 4. An extreme upwelling season is defined as
the 90th or 10th percentile of all upwelling season (September—November).
Here I used the past1000 simulation of the last millennium (850-1850) and the
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pre-industrial control runs (1850-3005, 800-1300) of two Earth System Models
(MPI-ESM, CCSM4). The analysis indicated that these extreme upwelling seasons
are preceded by upwelling seasons of upwelling of opposite sign. If upwelling is
stronger than usual, with stronger than usual trade winds and colder than usual sea
surface temperature (SST) in the upwelling season, winds in the previous season
tend to be weaker and SSTs warmer than usual. The same is true for seasons
of extreme weak upwelling. These seasons are preceded by upwelling-favourable
wind conditions. The mechanism behind that could involve changes in the Walker
Circulation due to ENSO, which modulates the position of the high and low
pressure systems and accordingly the direction and strength of the trade winds, the
main driver of the North Benguela upwelling system.

However, the two models yield incompatible results about the large-scale influence
of the state of the tropical Pacific in the season previous to the main upwelling
season. Therefore, although both models indicate that seasonal prediction of
extreme upwelling could be theoretically possible, it is not clear why they do not
agree on the sign of SSTs in the tropical Pacific that are conductive to extreme
Benguela upwelling.

How did upwelling in the Eastern Boundary Upwelling Systems change
in the last thousand years and how sensitive it is to external forcing,
especially anthropogenic forcing due to greenhouse gas concentrations?

This question is motivated by the hypothesis of Bakun (1990): changes in green-
house gas concentrations would affect the upwelling strength. The question is
answered in chapter 5. There, I analysed not only the Benguela upwelling system,
but also the other three EBUSs (Peru, California, and Morocco) in two ensembles
(each containing three ensemble members) of Earth System Model simulations
(MPI-ESM, CESM-CAMS5). Although, these simulations have a relatively low
resolution (~1 degree), the annual cycle as well as the correlation between SLP
and upwelling and wind stress and upwelling clearly suggests that these model
simulations are able to capture the upwelling and its link to large-scale drivers.
The same models have been used in other studies to investigate coastal upwelling.
I analysed ensembles of simulations differing only in their initial conditions which
allows me to identify whether its temporal variations are driven internally or
externally (by greenhouse gas concentrations, orbital forcing, variability in solar
irradiance, seasonally varying natural tropospheric aerosols, stratospheric aerosols
from volcano eruptions, anthropogenic sulphate aerosols, and changes due to
anthropogenic land use). I analysed two time periods of the past: the past1000
period (900-1850) and the historical period (1850-2005). Trends of the three
ensemble members should be consistent and the time series of the upwelling of the
ensemble members should be correlated if the variability is driven externally. I
found trends with consistent signs in all three simulations only for California and
Morocco for the last 150 years. However, these trends are of negative sign, whereas
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a positive trend was expected based on the Bakun hypothesis and only the trends of
two simulations for California are significant. Furthermore, the correlations of the
upwelling time series of the three ensemble members are low. Thus, the variations
and long-term trends in upwelling are driven internally over the last thousand years
and also over the last 150 years when changes in the external forcing were relatively
strong.

How might the upwelling in the Eastern Boundary Upwelling Systems
change in the future under global climate change?

Future changes of upwelling due to climate change have been analysed in the same
chapter (chapter 5). As for the past, trends are mostly insignificant and their signs
are inconsistent within the three simulations for Representative Concentration Path-
ways (rcp) 2.6 and 4.5 (where the number indicate the amount of anthropogenic
radiative forcing in Wm™2 reached by the year 2100). In contrast, under extreme
climate change conditions (rcp8.5) trends are significantly negative in California
and Morocco and significantly positive in North Benguela. Thus, only in the sce-
nario with the strongest greenhouse gas increase, upwelling is changing significantly.
However, the sign of the upwelling trend differs among the four upwelling regions
indicating the importance of local driving factors and the complexity of the four
EBUSs.

6.2 Outlook

This thesis sheds some light on the question how extreme events in the Benguela
upwelling system are triggered and how they could be predicted some months in
advance. The impact of the equatorial Pacific could be further investigated with
regard to these extremes. The Walker Circulation, acting as an atmospheric bridge,
seems to be modulated by the SST anomalies in the El Nino region and they also
seem to modulate the position and strength of the subtropical oceanic high and thus
the trade winds that drive the Benguela upwelling.

However, both analysed Earth System Model simulations disagree regarding
the tropical /subtropical SST and SLP pattern connected to upwelling extremes.
Analysing other simulations could answer this still open question of why their be-
haviour is contradicting. This would probably also lead to the answer on how to
predict the extremes of the Benguela upwelling system. Furthermore, observational
data sets could be used to investigate the predictability of extremes which occurred
in the past based on SSTs of the equatorial Pacific. For that purpose, sediment
cores could be analysed in addition to reanalysis data sets.

In a recent paper (Rykaczewski et al., 2015), the authors also analysed the trends in
future upwelling in a set of models. Although they found an increase in the temper-
ature contrast between land and ocean in the future, they did not find an increase
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in the air pressure contrast as hypothesised by Bakun. The impact of anthropogenic
climate change to increased SLP gradients and thus to increased trade wind could
not be found in an ensemble of Earth System Models simulating the future climate.
This supports my finding about the missing trend in upwelling in the past centuries.
The reason why the link from air temperatures contrast to SLP does not seem to
occur in models should be further investigated with regard to the four EBUSs.
One possible reason is the coarse atmospheric resolution in the Earth System Models.
The analysis of the atmospheric drivers of the Benguela upwelling with the GENUS-
MOM simulations highlighted that an adequate wind forcing is critical to realistically
simulated upwelling in an ocean-only model. In the phase I of GENUS, the GENUS-
MOM model was driven by the winds simulated by the regional atmosphere-only
model REMO. This caused problems in the dynamics of the GENUS-MOM model
so that the authors of the simulation decided to switch to QuikSCAT wind as forc-
ing. QuikSCAT covers only 13 years so that decadal variability and trend cannot
be analysed with the current GENUS-MOM simulation. Therefore, a new simu-
lation with the regional atmosphere-only model CCLM (COSMO-CLM, Climate
limited-area modelling) was run at the Helmholtz-Zentrum Geesthacht to provide
an atmospheric forcing over a longer period than satellite data being available. This
simulation covers 34 years (1979-2012) and has a very high spatial resolution —
0.07 degree a finer resolution as REMO (min 0.22 degree). It also uses the spec-
tral nudging method, so that the global atmosphere data set (ERA-Interim) is not
only driving the simulation at its boundaries but at large spatial scales inside of
the model domain, too. A comparison between the trends and variability of the
simulated wind stress in this high-resolution simulation and in other low resolution
simulations could provide indications as to why the upwelling-favourable winds do
not respond as expected to changing land-sea contrast.

A next step would be to drive the GENUS-MOM model with this CCLM atmos-
pheric forcing do detect how fine the resolution of the wind forcing has to be for the
upwelling dynamics as well as the added value of spectral nudging for upwelling.
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