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Executive Summary

The present deliverable (D4.2) is a report on analyses of historic in situ and remote sensing
data with regards to the internanual to decadal variability in the Eastern Atlantic. Belonging
essentially to Task 4.2 “Monitoring variability along the southern hemisphere coastal wave guide”, it
focuses on the eastern equatorial Atlantic and the coastal upwelling region of the southern
hemisphere. Thus it encompasses a region of particular strong climate variability and at the same
time strongest SST bias in coupled climate models. The report is divided into 6 sections, which are
briefly described in the extended summary below. The results are based on the analysis of
observations in the coastal and equatorial wave-guides and the application of models based on linear
wave theory. The key findings can be summarised as follows.

1. Annual and semi-annual variations in the equatorial ocean circulation are dominated by the
second and fourth baroclinc modes, which are resonantly excited.

2. Moored long-term velocity observations for the first time give insight into the mean state,
intra-seasonal to seasonal variability and transport of the Angola Current. Preliminary analysis
suggests that contrary to previous literature, there is no steady southward flow at the continental
slope off Angola at 11°S. Instead, the time series is dominated by alternating bands of southward and
northward velocities that can last for a few months.

3. Remotely forced coastal Kelvin waves dominate the interannual upper ocean variability in
the Angola-Benguela region, explaining approximately 50% of the sea surface height variations and
all the major Benguela cold and warm events during the period 1998-2012, including the 2010-11
event.

4, Furthermore, these Kelvin wave signals drive meridional currents in the Benguela region that
control the water mass properties in this region on seasonal to interannual timescales.

5. Importantly the variations in the Benguela-Angola region can be well reproduced by linear
ocean models forced by equatorial wind variations. This suggests a potential to predict these events
with a 1 month lead time off Angola.

6. On longer timescales, decadal shifts in the ocean temperature and circulation of the
Benguela region were linked to changes in the marine ecosystems.

The results regarding observed variability in the Benguela upwelling region on seasonal and
longer time scales will be used for comparison with forced ocean simulations (WP5), coupled climate
simulation (WP7) and for the interpretation of tropical Atlantic variability (WP9). It also contributes
to Task 4.3, where a comparison is to be drawn between northern and southern hemispheres.

Extended summary of report sections

In section 1 Annual and semi-annual cycle of equatorial Atlantic circulation associated with
basin mode resonance, we use multi-year, full depth velocity measurements from the central
equatorial Atlantic to analyze the vertical structure of annual and semi-annual variations of zonal
velocity. A baroclinic modal decomposition finds that the annual cycle is dominated by the 4™ mode
and the semi-annual cycle by the 2" mode. Similar local behavior is found in a high-resolution
general circulation model. This simulation reveals that the annual and semi-annual cycles of the
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respective dominant baroclinic modes are associated with characteristic basin-wide structures. Using
an idealized linear reduced-gravity model to simulate the dynamics of individual baroclinic modes, it
is shown that the observed circulation variability can be explained by resonant equatorial basin
modes. Corollary simulations of the reduced-gravity model with varying basin geometry (i.e. square
basin versus realistic coastlines) or forcing (i.e. spatially uniform versus spatially variable wind) show
a structural robustness of the simulated basin modes. A main focus of this study is the seasonal
variability of the Equatorial Undercurrent (EUC) as identified in recent observational studies (see also
D4.1). Main characteristics of the observed EUC including seasonal variability of transport, core
depth, and maximum core velocity can be explained by the linear superposition of the dominant
equatorial basin modes as obtained from the reduced-gravity model.

In section 2, Intraseasonal to interannual variability of the eastern boundary circulation and
hydrography off Angola, we briefly describe the mean state of the alongshore flow across a number
of monitoring lines along the path of the Angola Current inferred from moored and shipboard
observations, as well as the evolution of subsurface temperature anomalies from 1995 to 2015.
Furthermore, moored long-term velocity observations, for the first time, give insight into the mean
state, intra-seasonal to seasonal variability and transport of the Angola Current.

In section 3, Role of Interannual Kelvin wave propagations in the equatorial Atlantic on the
Angola Benguela current system, we investigate the link between equatorial Atlantic Ocean
variability and the coastal region of Angola and Namibia from 1998 to 2012. We found a correlation
of 0.68 between monthly dynamic height anomalies derived from the Prediction and Research
Moored Array in the Tropical Atlantic (PIRATA) and monthly sea surface height anomalies (SSHA)
derived from altimetry while the correlation with an Ocean Linear Model SSHA is 0.65. Major warm
and cold events in the Angola-Benguela current system are remotely forced by ocean-atmosphere
interactions in the tropical Atlantic. Wave dynamics along the equatorial wave guide are at the origin
of their development. Weaker than normal easterlies wind stress in the Western Equatorial Atlantic
triggers equatorial downwelling Kelvin waves that propagate eastward along the equator and
polewards along the African coast initiating a warm event. Conversely, cold events are forced by
stronger than normal wind stress that triggers upwelling Kelvin waves. An Ocean Linear Model can be
easily implemented in real time using satellite estimate or model output. PIRATA data and altimetry
data are also available in real time and can be used in an early warning system. An Index based on
PIRATA data at [0 S, O N] seems to work better than an index based on Wind stress anomalies in the
Western Tropical Atlantic along the equator. Altimetry derived SSH link the equatorial propagation
to the coastal region. It seems that local forcing has little to do with the generation of most of major
cold and warm events although they could modulate their intensity. The PIRATA array of mooring is
crucial to the observation of those Kelvin waves and must be maintained. Finally, the study opens
the possibility to forecast the start of Benguela Nifios and Nifias in Angola with one month to two
lead time, especially from October to April, using an Ocean Linear Model forced by wind speed,
altimetry and PIRATA data.

In section 4, Origin, development and demise of the 2010-2011 Benguela Nifio, we study in
detail this warm event. A Benguela Nifio developed in November 2010 and lasted for 5 months along
the Angolan and Namibian coastline in the Angola Benguela current system. Maximum amplitude
was reached in January 2011 with an interannual monthly SST anomaly larger than 42C at the Angola
Benguela front. Consistent with previous Benguela Nifios, this event was generated by a relaxation of
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the trade winds in the western equatorial Atlantic, which triggered a strong equatorial Kelvin wave
propagating eastward along the equator and then southward along the south-west African coast. In
the equatorial band, the associated ocean subsurface temperature anomaly clearly shows up in data
from the PIRATA mooring array. The dynamical signature is detected by altimetry derived Sea Surface
Heights and well reproduced by an ocean Linear Model. In contrast to previous Benguela Nifios, the
initial propagation of subsurface temperature anomalies along the equator started in October and
the associated warming in the Angolan Benguela Front Zone followed on as early as November 2010.
The warming was then advected further south in the Benguela upwelling system as far as 25°S by an
anomalously strong poleward subsurface current. Demise of the event was triggered by stronger
than normal easterly winds along the Equator in April 2011 leading to above normal shoaling of the
thermocline along the Equator and the south-west African coastline off Angola a month later.

In section 5, Seasonal to interannual variability of water mass characteristics and
currents on the Namibian shelf, we analyse an unique data set comprising more than 85
months of temperature and salinity and 68 months of current meter records across 13 years
(2002 - 2015) measured with an oceanographic mooring on the Namibian shelf. The study
highlights the importance of the meridional advection for the water mass characteristics in
the Benguela system on seasonal to interannual time scales. The annual flow reversals of the
meridional velocity around March and October are concurrent with Kelvin wave induced
changes in the sea level anomaly. The occurrence of extreme warm and cold events in the
Benguela upwelling system is strongly related to the alongshore advection that in turn is in
balance with the coastal sea level anomaly. During the extreme warm event in austral fall
2011 the monthly mean temperature in the water column exceeded the climatological values
by about 2.4 K.

In section 6, Ecosystem change in the southern Benguela and the underlying processes, the
focus is on coastal climate change and variability in the Benguela system and potential role on
ecosystem change in the region. Overfishing and human-induced climate changes are putting severe
pressure on marine ecosystems. In the southern Benguela, most of South Africa’s commercial
fisheries have a long history of exploitation and this, coupled with spatio-temporal changes in key
species over the last three decades has severely impacted some of South Africa’s fisheries and
ecosystems. In almost all cases these changes have taken place since the 1980s. Spatial shifts in
species have either involved an eastward expansion of cool-water species, including kelps, rock
lobster and pelagic fish, or a retraction of warm-water species such as the brown mussel, suggesting
a cooling of inshore waters along the south-west coast since the 1980s. This suggested cooling is
revealed in ocean temperature for the south-west coast region during the same period.



Report on the deliverable

1. Annual and semi-annual cycle of equatorial Atlantic circulation associated with basin mode
resonance

Brandt P., Claus M., Greatbatch R., Kopte R., Boning C.W., Toole J. and Johns W. (2016) Annual and
semi-annual cycle of equatorial Atlantic circulation associated with basin mode resonance. In
revision, J Phys Oceanogr.

1.1 Introduction

The mean tropical Atlantic circulation manifests a superposition of the wind-driven and
thermohaline circulations that are focused in the upper ocean and near the western boundary
(Schott et al. 2004; Schott et al. 2005). At the equator below the surface wind drift associated with
the equatorial easterlies, the Equatorial Undercurrent (EUC) flows eastward along the equator
contributing to the Atlantic meridional overturning circulation and to the wind-driven subtropical
cells (Hazeleger and de Vries 2003; Hazeleger et al. 2003). The EUC is among the strongest currents in
the tropical Atlantic and flows down the depth-dependent eastward pressure gradient. While
nonlinearities contribute to its mean characteristics (Charney 1960; Qiao and Weisberg 1997), the
EUC is essentially governed by linear dynamics with the meridional momentum equation being
approximated by the geostrophic balance (Stommel 1960; McCreary 1981). The main focus of the
study is the seasonal cycle of the zonal velocity that is the dominant variability in the upper layer of
the central equatorial Atlantic particularly modulating the mean eastward flow of the EUC. A
question to be addressed is whether the flow variations can be understood as a linear wave response
to annual and semi-annual wind forcing? Using a general circulation model (GCM), Philander and
Pacanowski (1986) found that the western part of the equatorial Atlantic is dominated by a local
response to the annual wind forcing, while the central and eastern Atlantic shows a stronger semi-
annual cycle only partially attributable to the local wind forcing. The downward propagation of
energy supplied by periodic wind forcing at the sea surface can be conceptually described by
equatorial beams. Eastward and westward propagating beams are found analytically as the sum of
low-order baroclinic mode equatorial Kelvin and Rossby waves, respectively (McCreary 1984). In the
tropical Atlantic, such beams are most pronounced at the annual period; the associated upward
phase propagation can be identified in direct current observations as well as in high-resolution GCM
simulations (Brandt and Eden 2005). In relation to the relative strength of the annual and semi-
annual wind forcing of the tropical Atlantic, the semi-annual cycle of the velocity field is enhanced
compared to the annual cycle. Using idealized and realistic simulations of the tropical Atlantic,
Thierry et al. (2004) found that the propagation of second baroclinic mode equatorial Kelvin and
Rossby waves are in resonance with the semi-annual wind forcing. Due to the downward energy
propagation and the generally dissipative character of the basin resonance, bottom reflections or the
presence of the Mid-Atlantic Ridge do not appear to affect the general structure of the semi-annual
cycle of the velocity field. The spatial and temporal structure of such resonance phenomena are best
described by equatorial basin modes (Cane and Moore 1981). These modes are low-frequency
standing equatorial modes composed of equatorial Kelvin and long Rossby waves in the context of a
shallow-water model with a given gravity wave speed characteristic of a specific baroclinic mode. The
total travel time of both types of waves across the basin defines the period of the gravest basin
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mode. In the inviscid case, the analytical solution by Cane and Moore (1981) has a singularity in mid-
basin due to Rossby wave focusing. The introduction of lateral diffusion and/or mean flow can
prevent such focusing, which makes solutions more realistic in comparison to observations
(Greatbatch et al. 2012; Claus et al. 2014).

The concept of equatorial basin modes has been applied to explain the dynamics of observed
intraseasonal, seasonal and interannual variability in the three equatorial basins (see, e.g., Johnson
and Zhang 2003; Fu 2007; Ding et al. 2009). At semi-annual time scale, variability in both the Atlantic
and Indian Ocean appear consistent with a resonance of the 2™ baroclinic mode that can be
approximated by an equatorial basin mode (Jensen 1993; Han et al. 1999; Thierry et al. 2004; Ding et
al. 2009). A subsequent study of basin mode resonance in the Indian Ocean by Han et al. (2011)
highlighted the influence of wave damping and the shape of the equatorial basin on the spatial
structure of these modes, while the existence of equatorial basin modes was found to be a robust
feature in simulations with models of very different complexity. Here, we explore the role of the
gravest equatorial basin modes of different baroclinic modes in shaping the seasonal cycle of
equatorial Atlantic zonal velocity with a particular focus on the EUC. While a basin mode description
of semi-annual variability was discussed in previous studies, we will show evidence of a resonant
basin mode at the fourth baroclinic mode, annual period. During the recent decade, an enhanced
equatorial observing system consisting of subsurface current meter moorings deployed in cross-
equatorial arrays at different longitudes, i.e. 23°W, 10°W, and 0°, has been maintained, and the
resulting data used to document the seasonal behavior of the Atlantic EUC (Brandt et al. 2014; Johns
et al. 2014). Some of the identified characteristics such as the annual cycle of EUC deepening and
shallowing and the semi-annual cycle of EUC core velocity have not been dynamically explained so
far. Here we use full-depth velocity observations taken at the equator at 23°W to analyze the vertical
structure of the seasonal cycle. Further, we compare these results to simulations with a primitive
equation numerical model that reveals the horizontal structure of the dominant baroclinic modes in
a realistic setting. The obtained horizontal structure resembles that of equatorial basin modes as
simulated with a reduced-gravity model. Gravest equatorial basin modes have their strongest zonal
velocity oscillations at the equator in mid-basin and might thus be well sampled by the 23°W moored
observations. The reduced-gravity model is further used to study the structural dependence of the
basin modes on the basin geometry (i.e. square basin versus realistic coastlines) and forcing (i.e.
spatially uniform versus realistic wind forcing). The skill of the linear reduced-gravity model in
replicating the dominant features of the seasonal cycle of the zonal velocity in the equatorial Atlantic
demonstrates that a large part of the seasonal variability may be explained by equatorial wave
dynamics associated with just two equatorial basin modes.

1.2 Mooring and CTD data

The zonal velocity observations were obtained from current meter moorings deployed at the
equator at 23°W from February 2004 to April 2014 (Fig. 1.1). This data set represents an update of
that published by Brandt et al. (2011) and Brandt et al. (2012). Here, we use mooring data from
seven successive deployment periods of approximately 1.5-year duration. The moorings were
equipped with two ADCPs. The upper one was a 300 kHz or a 150 kHz ADCP installed at 100 to 230 m
depth and profiled upward from just below the EUC. The lower instrument was a 75 kHz ADCP that
either profiled downward from just beneath the upper instrument or upward from about 600 to 650
m depth. We applied a 40-h low-pass filter to hourly-interpolated current data (ADCP sampling rates
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varied typically between 0.5 and 1 per hour, but it was set to about 3 samples per day during one
mooring period) to eliminate tidal currents and the de-tided data were subsequently subsampled to
12-hourly resolution. Between 600 and 1000 m during several mooring periods, a few single point
current meters of different type were installed. Deeper in the water column, a McLane Moored
Profiler (MMP) was programmed to sample the depth range between 1000 m and 3500 m. The
installed profilers acquired data during three of the seven mooring periods, with a somewhat
reduced measurement range during the third and seventh mooring periods (see Fig. 1.1). The MMPs
were programmed to occupy profiles in bursts of two one-way traverses every 4 or 6 days, with the
one-way profiles initiated 6 hours apart. No temporal filter was applied to the acquired velocity data.
Given the length of the time series, the impact of measurement noise on the derived amplitude of
the annual and semi-annual cycles can be regarded as negligible.
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Figure 1.1: Observed zonal velocity from the equator, 23°W and above 3500 m depth. Velocity data above
about 600 m are from moored acoustic Doppler current profilers, those between 600 and 1,000 m are from
single-point current meters, and those below 1,000 m are from moored profilers. The gray areas mark depths
not sampled by the deployed instrumentation. The upper 300 m are enlarged compared to the deeper part of
the time series.

The time series has been used so far to study equatorial deep jets that are visible as bands of
eastward and westward velocity characterized by downward phase propagation and a periodicity of
about 4.5 years (Brandt et al. 2011) as well as the seasonal and interannual variability of the EUC
(Brandt et al. 2014). Here we further exploit the data to study the seasonal circulation variability
taking particular advantage of the nearly full depth velocity measurements to decompose the
velocity field according to baroclinic modes at selected frequencies.
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Table 1.1: Characteristics of the baroclinic mode decomposition of the mean Brunt-Vaisala frequency profile
derived from CTD casts during mooring service cruises. The gravest basin mode period (4L/c) is calculated for a
width of L=5.8 x10° m.

Gravest basin-

o Phase velocity, _ Depth of first Depth of second

Baroclinic mode . mode period ing (m) ing (M)
- zero-crossing (m)  zero-crossing (m
c(ms? (days) g g

1 2.47 109 1410 -

2 1.32 203 295 2220

3 0.95 284 85 795

4 0.74 361 65 400

5 0.57 473 50 270

For the decomposition of the moored velocity data into baroclinic modes we used vertical
structure functions for a flat bottom derived from a mean Brunt—Vaisala frequency profile that was
obtained by averaging individual Brunt—Vaisala frequency profiles calculated from shipboard CTD
measurements taken during the mooring service cruises. The structure functions of the low
baroclinic modes change only marginally when taking into account the variability about the mean
Brunt—Vaisala frequency profile; however, some variations in the depth of zero-crossings of the
profiles result when considering different ocean depths. To have a consistent analysis regarding the
vertical structure of observed and simulated velocity variability, we decided to use one set of
structure functions derived from the observed mean Brunt—Vaisald frequency profile for a water
depth of 4500 m for both the analysis of the zonal velocity from moored observations as well as from
the GCM. The main characteristics of the baroclinic modes are given in Table 1.1; the two modes of
particular interest in the present study, i.e. the 2™ and 4™ baroclinic mode, together with the mean
zonal velocity in the upper 300 m derived from the moored time series are presented in Figure 1.2.

1.3 Model simulations

The GCM builds on a global configuration (TRATLO1) of the NEMO (Nucleus for European
Modelling of the Ocean) code (Madec 2008) in which the grid resolution of 0.5° is refined to 0.1° in
the Atlantic Ocean between 30°N and 30°S via two-way nesting (Debreu and Blayo 2008). It includes
46 vertical levels, with increasing thickness from 6 m at the surface to 250 m at depth. With an
interannually-varying forcing given by the Coordinated Ocean-ice Reference Experiments (CORE)
(Griffies et al. 2009) reanalysis data over the period 1948-2007, the TRATLO1 configuration was
applied in Duteil et al. (2014) to study the circulation mechanisms responsible for the ventilation of
the oxygen minimum zone in the eastern tropical Atlantic. A particular finding of that study was the
improved realism of the equatorial current system owing to the higher resolution of the TRATLO1
model compared to a 0.5° resolution model. Here, we use the output from the TRATLO1 simulation
over the period 1995- 2007, as well as three-year sub-sets of the time series, to assess the strength
of the interannual variability that might be present in the moored observations covering periods of at
least 3 years at the different longitudes.
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Figure 1.2: Normalized vertical structure function of the 2" (red) and 4" (blue) baroclinic mode as derived from
a mean Brunt-Vaisala frequency profile from the equator, 23°W. Normalization is performed with regard to the
standard deviation of the structure functions. In the enlarged upper 300 m depth range also the mean zonal
velocity (yellow) is shown.

Based on current meter moorings along meridional sections at 23°W, 10°W and 0°E deployed
from October 2007 to June 2011, Johns et al. (2014) described the mean and the seasonal cycle of
the EUC transport across the basin (Fig. 1.3).
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Figure 1.3: Monthly means (squares) of the 30-300 m EUC transport at 23°W, 10°W, and 0°E from observations
taken from October 2007 to June 2011 (Johns et al. (2014), blue) and the TRATLO1 model output derived for
the whole model period, 1995-2007 (red) as well as for four successive three-year subsets of the time series
(grey). Bold solid lines represent the mean seasonal cycles derived from annual and semi-annual harmonic fits
of the observations (blue) and simulations (red).

At 23°W, the strongest EUC transport is observed in boreal autumn during the period of
maximum easterly wind stress that varies dominantly at annual period. At 10°W, the EUC transport
shows a semi-annual cycle with maxima in boreal spring and autumn. Further to the east, the wind
forcing is dominated by its semi-annual component. However, the observed EUC transport at 0°E has
only a single maximum in boreal spring. A comparison of simulated and observed EUC transport (Fig.
1.3) shows that (i) the model's annual mean EUC transport is generally overestimated and decreases
more with distance from west to east as compared to observations (the interannual variability,
delineated by the successive three-year subsets of the time series, is not able to account for these
differences), (ii) within the seasonal cycle the timing of the boreal autumn maximum in the EUC
transport is well represented at 23°W and 10°W, and (iii) there is only a weak simulated seasonal
cycle at 0°E with the observed boreal spring maximum not represented. At 23°W, the simulation is
found to capture the main characteristics of the seasonal velocity variability observed on the equator
including amplitude and phase of the annual harmonic of zonal velocity (Fig. 1.4) and the spectral
behavior (Fig. 1.5). In particular, the accurate representation of the observed seasonal cycle of zonal
velocity in the central equatorial Atlantic, i.e. close to mid-basin where gravest equatorial basin
mode velocity oscillations are strongest (Cane and Moore 1981), encourages us to focus on a
baroclinic modal decomposition analysis at annual and semi-annual period. To further the dynamical
understanding, we consider single baroclinic mode solutions by applying a linear reduced-gravity
model in spherical coordinates. For governing equations and further details of the model see
Greatbatch et al. (2012). The internal gravity wave speeds of the reduced-gravity model are taken
from the baroclinic mode decomposition of the observed mean Brunt—Vaisala frequency profile
described above (Tab. 1). The lateral eddy viscosity is set to 300 m”s™, which yields the most realistic
results with regards to the meridional structure of high baroclinic mode waves (Greatbatch et al.
2012; Claus et al. 2014). The governing equations are applied to a rectangular as well as a realistic
coastline domain with northern and southern boundaries at 20°N/S respectively. Sponge layers at
the northern and southern boundaries prevent Kelvin wave propagation along those boundaries. The
latitudes of the northern and southern boundaries in the reduced gravity model are chosen to be far
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enough away from the equator to have little influence on the structure of the simulated equatorial
basin modes. The horizontal resolution is the same as used in the GCM (1/10° in both longitude and
latitude). Periodic wind stress forcing is applied to the momentum equations (either annually or
semi-annually) and all simulations with the reduced-gravity model are run for 100 years in order to
obtain a stable, periodically-oscillating solution. We note that the resulting oscillation amplitude will
depend on different aspects of the model configuration, including the applied damping, the basin
geometry, the strength of the basin mode resonance and, most importantly, the projection of the
wind forcing onto the different baroclinic modes. Here, we use similar wind coupling coefficients as
e.g. in Shankar et al. (1996) or Han et al. (1999). However, the annual and semi-annual oscillation
amplitudes derived by the linear reduced-gravity model are scaled using the ratio of observed and
simulated amplitudes of the annual and semi-annual oscillations on the equator at 23°W. This
adjustment was performed to counter any misrepresentation of damping or forcing in the reduced-
gravity model with respect to the simulated oscillation amplitude. The reduced-gravity model is then
used to quantify the horizontal structure of the amplitude and phase of the annual and semi-annual
cycle throughout the tropical Atlantic. Three sets of reduced-gravity model simulations are
presented. The first uses an idealized rectangular domain with a basin width of 52.8° in longitude
forced by spatially uniform zonal wind stress at annual or semi-annual period. The second set of
simulations is identical except that the model domain is defined by the observed 1000 m isobath of
the equatorial Atlantic basin at the eastern and western boundaries. For both sets of simulations
with spatially uniform wind forcing, in addition to the amplitude scaling, a spatially uniform phase
shift is applied to the simulated annual and semi-annual oscillations over the whole domain to
achieve agreement between simulated and observed phases on the equator at 23°W. Following this
approach, the adjusted model output is independent on the amplitude and phase of the wind
forcing. The third set of simulations is the same as the second one except that we use a spatially
varying, harmonically oscillating wind forcing derived from the NCEP-DOE AMIP-II Reanalysis product
(Kanamitsu et al. 2002). In this third set of simulations we use zonal and meridional wind forcing.
Specifically, the amplitude and phase of the annual and semi-annual wind forcing are obtained by
harmonic fits at the corresponding period. In this most realistic set of simulations with the reduced-
gravity model, only the amplitudes of simulated velocity oscillations are scaled according the
observed values on the equator at 23°W; no phase adjustment is done as we expect the phase of the
oscillations to be well-determined by the applied wind forcing.

1.4 Results
1.4.1. Characteristics of the annual and semi-annual cycle

The dominant signals in the zonal velocity field observed at the 23°W equatorial mooring (Fig.
1.1) are the seasonal cycle and the interannual variations associated with the equatorial deep jets. By
analyzing an early subset of the mooring data, Brandt et al. (2006) identified strong annual cycle

amplitudes above and below the mean core depth of the EUC that are in phase opposition. Deeper in
the water column, sizable annual amplitudes were also found.
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Figure 1.4: Annual cycle of zonal velocity in cm s from the equator, 23°W as reconstructed using only the
annual harmonic fit applied to moored velocity data (a) and the TRATLO1 model output (b).

A reconstruction of the mean annual cycle from a harmonic fit of the moored velocity data
(Fig. 1.4a) shows a clearly-visible phase jump at about 70 m depth associated with zero amplitude.
Around 100-m depth, another maximum in the annual amplitude is found corresponding to the
lower part of the EUC. This pattern represents the upward and downward movement of the EUC
velocity core during the year, being shallowest in boreal spring and deepest in autumn. Below the
EUC, upward phase propagation is evident that, according to linear equatorial wave theory, is
associated with downward energy propagation. The simulation with the TRATLO1 model (Fig. 1.4b)
shows a very similar behavior. Main differences compared to the observations are the slightly deeper
depth of the phase jump and the larger amplitude (with a maximum at about 300 m) below the EUC
core. Note that the depth of maximum eastward velocity of the annual mean EUC at 23°W is about
70 m in the observations and about 85 m in the TRATLO1 simulation, which following McCreary
(1981) is indicative of too large vertical diffusion in the TRATLO1 simulation. To derive a frequency
spectrum from the irregularly-sampled moored velocity dataset we performed harmonic fits of the
available data at each depth and averaged the derived amplitude vertically over the whole depth
range (Fig. 1.5a). The obtained spectrum clearly shows very distinct peaks at annual and semi-annual
periods with another weaker peak at about 120 days. The broad amplitude maximum at 4-5 year
period is associated with the EDJs (Brandt et al. 2011; Ascani et al. 2015). The strong peaks in the
zonal velocity amplitude suggest the presence of strong forcing at these periods and/or a resonant
behavior or, possibly, indicate influence from flow instabilities (not discussed further here).
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Figure 1.5: Frequency spectra of observed zonal velocity from the equator, 23°W (left panel) and baroclinic
mode spectra of the annual (solid) and semi-annual (dashed) cycles (right panel) derived from the equatorial
mooring (blue) and the TRATLO1 model (red). The spectra of observed zonal velocity in (a) was derived by
fitting harmonic functions to the available data at each depth level, followed by vertical averaging.

Similar calculations performed using the TRATLO1 model velocity data also reveal spectral
peaks at annual, semi-annual and 120-day periods with the peak at annual period being substantially
stronger by a factor of 2 to 3 compared to observations. Enhanced amplitudes at interannual time
scales are missing in the TRATLO1 solution, pointing toward a well-known deficiency of such models
in representing the EDJs (Ascani et al. 2015). To analyze the vertical structure of the annual and
semi-annual cycle, we performed a baroclinic modal decomposition of the reconstructed annual and
semi-annual cycles (Fig. 1.5b) at each discrete time step. The mode energy is then obtained by
averaging the square of the derived coefficients over a whole cycle. As expected from previous
studies (Thierry et al. 2004; Ding et al. 2009), the semi-annual energy density peaks at the 2"
baroclinic mode. More unexpected is the strong peak of the annual cycle at the 4™ baroclinic mode.
The vertical structure function of the 4™ baroclinic mode has its first zero-crossing at 65 m depth
(Table 1.1), which is close to the depth of the mean EUC core (Fig. 1.2). Thus the phase shift of the
annual cycle within the EUC (Fig. 1.4a) is associated with the dominance of this baroclinic mode. Note
the weak annual amplitudes at about 400 m depth (Fig. 1.4) that correspond to the second zero-
crossing of the 4™ baroclinic mode (Table 1.1) suggesting also a significant contribution of that
baroclinic mode to the velocity variability below the EUC. The TRATLO1 simulation has very similar
characteristics: the peak of the 2™ baroclinic mode semi-annual cycle is slightly weaker than
observed and the peak of the 4™ baroclinic mode annual cycle is slightly stronger (Fig. 1.5b). We also
note that the amplitude of the 3"/5™ baroclinic mode annual cycle is higher/lower in the TRATLO1
simulations compared to the observation, which indicate a shift of the simulated annual cycle to
lower modes having deeper first zero-crossings compared to higher modes (Table 1.1). This is
consistent with our findings from the comparison of reconstructed annual cycles (Fig. 1.4), where the
phase shift in the annual cycle between the upper and lower part of the EUC is deeper in the
simulations compared to the observations. In a next step, TRATLO1 output (which reproduces the
main characteristics of the seasonal velocity variability on the equator at 23°W) is taken to calculate
the horizontal pattern associated with the 2" baroclinic mode semi-annual cycle and the 4"
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baroclinic mode annual cycle (Fig. 1.6). These patterns reveal (i) an elongated amplitude maximum
along the equator in mid-basin, (ii) general westward phase propagation off as well as at the equator,
and (iii) a meridionally-broader pattern of the semi-annual cycle relative to the annual cycle. Both
patterns have similarities with equatorial basin modes as theoretically described by Cane and Moore
(1981), but reveal at the same time an asymmetry with respect to the equator. In a next step, we
compare the pattern simulated using TRATLO1 with idealized simulations using the reduced-gravity
model.

Mar/Sep
FebiAug
Jan/Jul

Dec/Jun

Nov/May

OctApr

Figure 1.6: The amplitude (upper panels) and phase (lower panels) of the 2" baroclinic mode, semi-annual
cycle (left panels) and of the 4™ baroclinic mode, annual cycle (right panels) of zonal velocity from the TRATLO1
model. To derive the 3D zonal velocity field associated with the specific baroclinic mode, the amplitudes has to
be multiplied by the corresponding vertical structure functions shown in Fig. 1.2. The phase is given in month of
the year when maximum eastward velocity occurs at the surface.

1.4.2. Equatorial basin modes as simulated with the reduced-gravity model

In a first step, the reduced-gravity model is applied to study the resonance behavior of the
equatorial ocean forced with spatially uniform zonal forcing of fixed amplitude but different
oscillation periods. The simulations are performed for the square basin as well as for the basin with
realistic coastlines. Following previous studies (Greatbatch et al. 2012; Claus et al. 2014), we chose
the RMS of the zonal velocity along the equator calculated by excluding values near the eastern and
western boundary within 10° in longitude offshore in the stable, periodically-oscillating state to
identify the resonance of the equatorial basin modes (Fig. 1.7).
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Figure 1.7: RMS of the zonal velocity along the equator calculated by excluding values near the eastern and
western boundary within 10° in longitude offshore for the final complete oscillation cycle as a function of the
period of the applied spatially uniform zonal forcing for simulations with the reduced-gravity model.
Simulations are performed for the square basin (solid lines) as well as for the basin with realistic coastlines
(dashed lines). The velocity in the ordinate for the 2" baroclinic mode (blue) and the 4™ baroclinic mode (red)
simulation is normalized by the maximum amplitude of the respective simulation for the square basin. Vertical
dashed lines mark the period of the semi-annual and annual cycles.

Here the estimate is taken over the final complete oscillation cycle. The simulations indicate
resonance of the 2™ baroclinic mode near the semi-annual period at about 210 days and resonance
of the 4™ baroclinic mode almost exactly at the annual period. At the resonance periods, the
amplitudes of the zonal velocity oscillations are somewhat reduced in the case of a basin with
realistic coastlines compared to a square basin. This likely is the result of the slanting western
boundary reducing the amplitude of the reflected Kelvin wave in comparison to a straight meridional
boundary (Cane and Gent 1984) and possibly also a consequence of the Gulf of Guinea coastline
shape in the east. Note that Fig. 1.7 indicates secondary resonances near 100 days for the 2™
baroclinic mode and near the semi-annual period for the 4" baroclinic mode. Several effects that
could impact the resonance periods are neglected in the reduced gravity model. For example, in the
real ocean the resonance periods might be reduced in comparison to the idealized simulation
presented here due to the presence of a mean flow as shown for equatorial basin modes of higher
baroclinic modes (Claus et al. 2014) or due to the nonlinear increase of the propagation speed of
equatorial waves (Boyd 1980; Greatbatch 1985). Different runs with the reduced-gravity model
sought to identify the structure of the basin modes in a uniformly-forced rectangular ocean and to
study the influence of realistic coastlines and wind forcing. Similar to the TRATLO1 simulation, the
amplitude and phase of the 2" baroclinic mode semi-annual cycle and the 4™ paroclinic mode annual
cycle in the reduced-gravity model shows an elongated amplitude maximum along the equator in
mid-basin and generally westward phase propagation (Figs. 1.8-1.10). The solutions of the reduced-
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gravity model for a square basin and spatially uniform zonal forcing are symmetric with respect to
the equator. The main difference between the solutions for the 2" baroclinic mode semi-annual
cycle (Fig. 1.8a,c) and the 4™ baroclinic mode annual cycle (Fig. 1.8b,d) is the meridionally broader
pattern of the 2™ baroclinic mode semi-annual cycle; in the case of the semi-annual cycle, regions
farther away from the equator are more affected by the basin mode oscillations than for the annual
cycle.

Mar/Sep
Feb/Aug
Janidul

Dec/Jun

Nov/May

Oct/Apr
50°W 40°W 30°W 20°W 10°W 0° 10°E i 50°W 40°W 30°W 20°W 10°W 0° 10°E

Figure 1.8: Same as Fig. 1.6, but simulated with the reduced-gravity model for the rectangular domain using a
gravity wave speed c=1.32 m s* corresponding to the 2" baroclinic mode (left panels) and ¢=0.74 m s™
corresponding to the 4™ baroclinic mode (right panels).

The introduction of realistic coastlines and the associated change of basin geometry induce an
asymmetry in the meridional structure of the basin modes, i.e. in the western part of the domain the
amplitude maximum is shifted northward whereas in the east, the amplitude in the southern lobe is
enhanced and that in the northern lobe, reduced. Consistent results were found for the basin mode
of the 2" baroclinic mode semi-annual cycle using a GCM with realistic basin geometry (Thierry et al.
2004) that showed notable meridional asymmetry in the deeper circulation pattern. Here, the 2™
baroclinic mode semi-annual cycle is more strongly influenced by the introduction of realistic
coastlines compared to the 4" baroclinic mode annual cycle. This could be expected due to the
smaller meridional scale associated with the 4™ baroclinic mode compared to the 2™ baroclinic
mode. Interesting to note are the amplitude maxima at the northeastern boundary (Fig. 1.9a,b) that
are likely associated with the propagation of coastal-trapped waves around the Gulf of Guinea.
Somewhat similar maxima are also found in the TRATLO1 solution (Fig. 1.6), especially for the 2™
baroclinic mode semi-annual cycle case.
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Figure 1.10: Same as Fig. 1.9, but with spatially varying forcing.

The final set of simulations with the reduced-gravity model was performed using a realistic
spatial pattern of annual and semi-annual wind forcing. Contrary to the first two sets of simulations
that were forced with spatially uniform winds, we only adjust the amplitude of the simulated basin
mode in comparison to the moored observations on the equator at 23°W. The simulated phase was
unaltered. With the more realistic wind forcing, the 2™ baroclinic mode semi-annual cycle develops
two separate amplitude maxima in space (Fig. 1.10a), one centered on the equator at about 10°W
and the second, slightly north of the equator west of 20°W. A similar structure can be found in the
TRATLO1 simulation (Fig. 1.6a). The main difference for the 4™ baroclinic mode annual cycle when
changing from reduced-gravity model simulations with spatially uniform to realistic wind forcing is a
shift in the phase along the equator of up to 2 months suggesting a deficiency of the reduced-gravity
model in the most realistic setup with an unaltered phase. Again, there is good agreement between
the linear, reduced gravity model and the TRATLO1 model in this case (Figs. 1.10b,d and Figures
1.6b,d). Overall, the regular oscillations produced by the reduced-gravity model are suggestive of
equatorial basin modes. Realistic coastlines and realistic wind both induce meridional asymmetry in
the basin mode structure; the influence being stronger for the lower baroclinic mode semi-annual
cycle compared to the annual cycle. Confirming previous results using models of different complexity
applied to the Indian and Atlantic Oceans (Thierry et al. 2004; Han et al. 2011) our results also show
that the general structure of a resonant equatorial basin mode is fairly robust (similar structures are
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observed in the various reduced-gravity model simulations (Figs. 1.8-1.10) as well as the GCM (Fig.
1.6)).

1.4.3 EUC variability associated with equatorial basin modes

A question that arises from the above results is, to what extent can the observed seasonal
behavior of the EUC be explained by linear equatorial basin modes? Using the basin mode solutions
from the reduced-gravity model, we reconstruct the 3D structure of the velocity anomaly field by
applying the vertical structure functions of the corresponding baroclinic modes (Fig. 1.2). By adding
the reconstructed simulated velocity anomalies to the mean velocity from meridional shipboard
sections at different longitudes (Johns et al. 2014), we obtain time series of zonal velocity that can be
analyzed in similar fashion as the observed time series. In particular, EUC transports are calculated
following Johns et al. (2014), i.e. integrating only eastward velocities within the latitudinal range from
1°12’S to 1°12’N and the depth range from 0 to 300 m. Here, the reconstruction obtained from the
reduced-gravity model simulations only includes the velocity variability associated with the 2m
baroclinic mode semi-annual cycle and the 4™ baroclinic mode annual cycle, and is derived for all
three cases: the square basin, realistic geometry, and realistic wind forcing. The comparison of
observations with the reconstructed seasonal cycle (Fig. 1.11a, b, c) shows that i) at 23°W the
observed pronounced EUC transport maximum in the seasonal cycle in September is found only
slightly later in the reconstruction, ii) at 10°W very good agreement is achieved with EUC transport
maximum in August/September, a secondary maximum in March/April and weakest EUC transport in
December, and iii) there is only weak or no correspondence between observations and the
reconstructions at O0°E with the former exhibiting a spring transport maximum whereas the
reconstructions have a weak late boreal summer maximum, similar to what is seen in TRATLO1
(Figure 1.3c). The difference between the three different reduced-gravity model reconstructions, i.e.
square basin, realistic coastlines, realistic wind forcing, is relatively small, suggesting a robust
behavior of the equatorial basin modes. For the reconstructed seasonal cycle of the EUC transport at
the three longitudes, the contributions of the annual harmonic cycle and the semiannual harmonic
cycle are of similar importance (Fig. 1.11d, e, and f). To further examine the vertical structure of the
seasonal EUC transport variability, zonal transport profiles are calculated by integrating the
reconstructed zonal velocity (only eastward velocities following Johns et al. (2014)) over the width of
the EUC between 1°12’N and 1°12’S (Fig. 1.12), which can be directly compared to observations by
Johns et al. (2014; their Figure 1.11). While in general the three different reconstructions are very
similar, we note the influence of realistic coastlines compared to the square basin in producing a
well-separated and shallower transport maximum at 35°W in boreal spring, and a slight weakening of
the semi-annual transport maxima in the eastern equatorial Atlantic when introducing realistic wind
forcing. The reconstructed transport profiles obtained by using the 2™ baroclinic mode semi-annual
cycle and the 4™ baroclinic mode annual cycle show several similarities with the observed total
transport profiles (Johns et al. 2014): (i) there is a pronounced semi-annual cycle in the shallow part
of the transport profile (about upper 100 m) and (ii) the EUC is shallow in boreal spring and deep in
boreal autumn. Differences between simulations with the reduced-gravity model and observations
are particularly evident in the flow below the EUC core. In the simulations, it is the deep extension of
the EUC during August/September at 0°E (Fig. 1.12) that is chiefly responsible for the EUC transport
maximum in boreal autumn (Fig. 1.11c). In the observations, the deep extension of the EUC at 0°E is
strongest during May shortly after the shallow spring maximum, both together producing the EUC
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transport maximum in boreal spring (Fig. 1.11c). The deep extension of the EUC at 10°W and at 23°W
is about one month later in the simulations compared to the observations. Other parameters that
characterize the seasonal EUC variability are its core depth and latitude as well as its maximum
velocity (Fig. 1.13). These parameters were determined from moored observations at 23°W by
Brandt et al. (2014). Comparison of the reduced-gravity model reconstructed fields with the
observational curves shows that the semi-annual cycle in the EUC core velocity and the annual cycle
in the EUC core depth can be largely reproduced with the superposition of the two dominant
equatorial basin modes. The contribution of the semi-annual cycle to the seasonal cycle in the EUC
core velocity is stronger than the contribution from the annual cycle (Fig. 1.13b) because the 2™
baroclinic mode has larger amplitude than the 4™ baroclinic mode at the core depth of the mean EUC
(Fig. 1.2). At the same time, the 4™ baroclinic mode annual cycle very efficiently influences the
seasonal cycle of the EUC core depth. With the first zero-crossing of the 4™ baroclinic mode at about
the core depth of the mean EUC (Fig. 1.2), the strengthening/weakening above/below the EUC core
during boreal spring and vice versa during boreal autumn (Fig. 1.13d) results in a vertical movement
of the EUC core during the annual cycle. The semi-annual cycle does not change sign in the depth
range of the EUC and thus does not contribute significantly to the vertical movement of the EUC
core. The latitude of the EUC core is not so well represented by the simple basin modes. Other
effects that might play a role in setting this parameter not accounted for in the simulations are the
seasonally varying shallow meridional circulation forced by the meridional wind stress at the equator
and the quasi-stationary meandering of the EUC east of the North Brazil Current retroflection, likely
responding to the strong seasonal cycle in the retroflection.

1.5 Summary and discussion

We have analyzed a multi-year velocity time series from the equator, 23°W, covering (with
some gaps, see Fig. 1.1) the whole water column with respect to the seasonal variations of the zonal
velocity. Distinct peaks in frequency-baroclinic mode space emerged, the most pronounced being the
2" baroclinic mode at semi-annual period and the 4™ baroclinic mode at annual period (Fig. 1.5).
Similar peaks are found in the TRATLO1 simulation. The associated horizontal pattern as obtained
from the TRATLO1 model is consistent with the presence of equatorial basin modes, as confirmed
using a linear, reduced-gravity model (Figs. 1.7-1.10). The general agreement in the horizontal
pattern as obtained from TRATLO1 and the different runs with the reduced-gravity model also
suggest that other effects not accounted for in the reduced-gravity model, like e.g. the seasonal
variability in the stratification associated with a vertical displacement of the mean zonal velocity
profile, play only a minor role in producing zonal velocity anomalies of the specific baroclinic mode
analyzed here. By using a linear reduced-gravity model for the simulation of equatorial basin modes
for a series of different baroclinic modes, we were able to show that linear wave dynamics provides a
simple explanation for several characteristics of the observed zonal velocity seasonal variability
including that of the EUC. Besides equatorial beams that are often used to describe the seasonal
variability in the equatorial ocean (McCreary 1984; Lukas and Firing 1985; Thierry et al. 2004; Brandt
and Eden 2005), equatorial basin modes represent a powerful alternative means of describing
equatorial ocean dynamics (Cane and Moore 1981; Jensen 1993; Han et al. 1999; Ding et al. 2009;
Han et al. 2011). Equatorial basin modes are associated with basin resonances occurring at periods
defined by the phase speeds of equatorial Kelvin and long Rossby waves of specific baroclinic modes
and the basin geometry. In conjunction with the spectra of the wind forcing, basin resonance appear
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to explain the pronounced peaks in the frequency-baroclinic mode space found in the moored
observations. The simulations with the reduced gravity model in different configurations and the
TRATLO1 model confirm the result obtained by Han et al. (2011) and others, that the resonant
equatorial basin modes are robust features, only weakly dependent on the structure of the
equatorial basin and the wind forcing. Thierry et al. (2004) specifically analyzed the role of the Mid-
Atlantic Ridge and found a negligible effect of this pronounced bathymetric feature, suggesting that a
simple reduced-gravity model might be well suited for the simulation of equatorial basin modes.
While the resonance of the semi-annual cycle in the Atlantic (as well as Indian) Ocean requires a
phase speed close to the phase speed of the 2" baroclinic mode (Thierry et al. 2004; Ding et al.
2009), the resonance of the annual cycle is associated with a slower internal wave speed, which is
achieved in the equatorial Atlantic by the 4™ baroclinic mode. The higher baroclinic mode has a first
zero-crossing of the associated vertical structure function (derived from observations) at about 65 m
depth (Table 1.1) suggesting an opposing effect of the annual basin mode on the zonal flow above
and below the mean EUC core, as seen in the observations (Fig.1. 4a). The seasonal cycle of the EUC
reveals strong deviations from a simple local response to the wind forcing. Such deviation can be
seen for example by the following: i) the basin-wide vertical migration of the EUC within the seasonal
cycle cannot be in balance at the same time with the differing wind stress forcing in the eastern
(predominantly semi-annual forcing) and western (predominantly annual forcing) basin and ii) the
velocity maximum within the EUC core during boreal spring is found during the period of weakest
wind forcing (Johns et al. 2014). Using the reduced-gravity model simulations, we show that the
superposition of the two dominant basin modes, i.e. the 2" baroclinic mode semi-annual cycle and
the 4™ baroclinic mode annual cycle, provide a simple explanation for a substantial part of the
seasonal EUC variability. Particularly, the seasonal cycles of the EUC transport, core depth and core
velocity in the central equatorial Atlantic are well captured by the reconstructed velocity fields.
However, the superposition of the two basin mode solutions cannot account for the downward
phase propagation of the annual cycle found below the EUC core (Fig. 1.4), which must involve other
baroclinic modes (Brandt and Eden 2005). This discrepancy between the simulations and
observations is probably responsible for the deviations in the transport profiles derived from the
reconstructions (Fig. 1.12) and observations (Johns et al. 2014). It might also be the reason that,
although the amplitudes of the two basin modes are adjusted in comparison to the 23°W velocity
data, the reconstructed and observed EUC transport at 23°W does not agree perfectly (Fig. 1.11a).
There is general disagreement between observations and the linear reduced-gravity model
simulations as well as GCM simulations of the EUC in the eastern equatorial Atlantic, e.g. at O°E.
Philander and Chao (1991) suggested that in the eastern equatorial Atlantic, the EUC acts as an
inertial jet decelerated by lateral dissipation. As shown in satellite (Athie and Marin 2008) and in-situ
observations (Jouanno et al. 2013), there is a strong seasonal cycle in the amplitude of intraseasonal
waves. Model simulations indicate that these waves, which are mainly wind-generated by the high-
frequency wind forcing, impact the seasonal cycle of turbulent mixing in the eastern equatorial
Atlantic (Jouanno et al. 2013). Through their effects on lateral dissipation and vertical mixing, the
intraseasonal variability might influence the seasonal cycle of the zonal velocity in the eastern
equatorial Atlantic. However, such effects might also play a role in the central equatorial Atlantic,
which is also characterized by substantial seasonal cycles in the strengths of tropical instability waves
(Athie and Marin 2008) and vertical mixing (Jouanno et al. 2011; Hummels et al. 2014). These effects
are not captured in the reduced-gravity model simulations. Besides the gravest equatorial basin
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modes discussed so far, we want to mention also a possible role of the 2" basin modes for the zonal
velocity variability in the far eastern equatorial Atlantic. In the case of the 4™ paroclinic mode semi-
annual oscillations, this mode has substantial oscillation energy (Fig. 1.7). The 2™ basin mode likely
has a stronger impact on the zonal velocity seasonal cycle east and west of the central equatorial
Atlantic, which is dominated by the gravest basin mode. As the 2" basin mode typically has reduced
amplitude in the central equatorial Atlantic and is thus not well constrained by our observations on
the equator at 23°W, it is not included here, but it clearly deserves further study. To correctly
represent the seasonal variability of zonal velocity in GCMs, basin mode resonance must be
captured. As suggested by Philander and Pacanowski (1981), the evaluation of the seasonal cycle
provides a sensitive test of the different mixing parameterizations used in models. However, the
response of the reduced-gravity model to varying frequency of the wind forcing (Fig. 1.7) indicates
that the amplitude of the annual and semi-annual oscillations crucially depends on the proximity of
the resonance peaks to the annual and semi-annual periods. The resonance periods for the 2™ and
4™ baroclinic mode as calculated using the mean Brunt—Vaisala frequency profile from TRATLO1 are
185 days and 339 days and as such, are about 20 days shorter than the estimates obtained from
observations (Tab. 1). In general, variations in the vertical density structure of GCMs compared to
observations could enhance or reduce the wave speeds of the specific baroclinic modes and thus
modify the amplitude of the corresponding basin modes by shifting the period of the resonance
peaks. Particularly for coarse resolution models, the vertical density structure could differ
substantially from reality. The resulting alteration of the EUC transport seasonal cycle and its
associated supply to the equatorial upwelling in turn has great potential to impact simulated sea
surface temperature variability.

The analyzed simulation with the TRATLO1 model show a deeper EUC (at 23°W: 85 m in TRATL
versus 70 m in the observations) and a deeper first zero-crossing of the 4™ baroclinic mode when
using the mean Brunt-Vaisala frequency profile from the model instead from the observations (77 m
versus 65 m). We also note a shift of the annual cycle to lower modes in the TRATLO1 simulation
compared to observations (Fig. 1.5). A similar result can be conjectured from the GCM simulation
studied by Ding et al. (2009), where it was found that the model solution is determined by the four
gravest baroclinic modes with the second and third being dominant. Simulation of the seasonal cycle
of equatorial zonal velocity thus requires, besides valid mixing parameterizations, a realistic
representation of the vertical density structure and the mean flow field, both affecting the
amplitudes of the annual and semi-annual oscillations associated with the resonant basin modes.
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2. Intraseasonal to interannual variability of the eastern boundary circulation and
hydrography off Angola inferred from moored and shipboard observations

Kopte R., Brandt, P., Dengler, M., Schlundt, M., Tchipalanga, P., Ostrowski, M., Coelho, P.

2.1 Introduction

The eastern boundary circulation off the coast of southwest Africa has been described only
sparsely to date, although it is embedded in a very productive marine system that adjacent coastal
countries strongly depend upon. These countries now face substantial challenges in terms of societal
development, fisheries, and tourism associated with climate variability and global change. The
boundary circulation itself can be regarded as key component for the southeastern Atlantic coastal
upwelling region as the connecting element to the tropical Atlantic. As remote equatorial forcing is
likely to play an important role for the variability observed in the upwelling system (e.g. Liibbecke et
al. [2010]; Rouault [2012]), the region off Angola must be seen as the gateway for signals originating
in the equatorial Atlantic and propagating to the upwelling region.One of the first descriptions of the
Angola Current was published by Moroshkin et al. [1970], who reported subsurface southward
geostrophic velocities exceeding 50 cm/s between 9°S and 16°S, based on a hydrographic survey in
1968. During the observational period, southward velocities extended from the surface down to 250-
300 m depth. These observations are in agreement with the findings of Dias [1983a] and Dias
[1983b], who measured current velocities at 12°S on four occasions between September 1970 and
July 1971. In March 1971 southward flow was found to be stronger compared to July 1971: 50 cm/s
vs. 42 cm/s at the surface, 70 cm/s vs. 33 cm/s at 100 m depth, respectively. Volume transport of the
Angola Current was estimated relative to the 800 dbar-level across a section at 12°S for water depths
greater than 500 m with the offshore limit at 9°E. Southward transports above 400 m depth were
found to be 3.7 Sv /2.0 /2.6 Sv/ 1.2 Sv in September 1970 / November 1970 / March 1971 / July
1971, respectively [Dias, 1983a]. Based on an extensive dataset of CTD and shipboard ADCP
measurements from the EAF Nansen program introduced in section 2 we briefly describe the mean
state of the alongshore flow across a number of monitoring lines along the path of the Angola
Current, as well as the evolution of subsurface temperature anomalies from 1995 to 2015.
Furthermore, moored long-term velocity observations, also described in section 2, for the first time
give insight into the mean state, intra-seasonal to seasonal variability and transport of the Angola
Current.

2.2 Data

Since 1983, an extensive oceanographic data set from repeated ship survey carried out in
Angolan territorial waters is acquired within the EAF-Nansen program executed by the Food and
Agricultural Organisation of the United Nations (FAO) and funded by Norwegian Agency for
Development Cooperation (NORAD). Bi-annual cruises have been carried out by R/V Dr. Fridtjof
Nansen on a regular basis since 1995 collecting data to estimate the abundance and map the
distribution of the main commercially important fish species, perform biogeochemical
measurements and to collect hydrographic and velocity data from shipboard acoustic Doppler
current profiler. The bi-annual cruises are scheduled during austral summer (FMA) and winter (JJA).
Between 1995 and 2015, a total of 8818 conductivity-temperature-depth (CTD) profiles were
collected on the shelf and continental slope off spread along the entire coastline of Angola (Figure
2.1).
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Figure 2.1: Map of the main survey area off Angola. CTD stations (total of 8818) on the shelf and continental
slope that are used for the temperature analysis in Figure 2.2 are marked by colored dots with the color gives
the year of measurements. Black lines show locations of monitoring lines repeatedly occupied within the EAF
Nansen program. Yellow line represents the 11°S section visited by R.V. Meteor in July 2013 and October 2015
for mooring array installation/service. Cyan stars indicate mooring positions.

Furthermore, shipboard ADCP measurements from a 150 kHz Ocean Surveyor are available
since 2005, and regularly repeated monitoring lines along 6°S, 9°S, 12°S, 15°S, and 17°S have been
established. In cooperation between EU FP7 PREFACE and the SACUS project funded by the German
Federal Ministry of Education and Research, a current meter mooring array was installed off the
coast of Angola at 11°S in July 2013, recovered and redeployed in October 2015. The installed
instrumentation provided the first long-term velocity observations of the Angola Current (see Fig. 2.1
for mooring positions). A bottom shield equipped with an ADCP had been deployed at 500 m water
depth, accompanied by a mooring sitting on the 1200 m isobath with an ADCP being installed at 500
m depth. Both upward-looking instruments measured the current speed in the overlying water-
column up to about 40 m below the sea surface.
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2.3 Preliminary Results

The analysis of the CTD measurements obtained on the shelf and continental slope off Angola
between 1995 and 2015 reveals a long term warming trend in the upper thermocline layer (26 kg m™
< 06 £ 26.5 kg m™) of 0.19°C/decade (Figure 2.2). Interannual temperature anomalies are in the range
of £0.6°C and can persist for several years, most likely associated with warmer/cooler South Atlantic
central water (SACW) / Eastern SACW (ESACW) being advected into the region by the poleward
Angola Current / equatorward Benguela Current during these periods. Furthermore, a comparison
with interannual SST anomalies in the upwelling region indicates that thermocline heat anomalies
might serve as a preconditioning for the occurrences of Benguela Nifios/Nifias (not shown). The
mean alongshore flow across the main monitoring lines of the EAF Nansen program is estimated
using the individual snapshot sections acquired between 2005 and 2014, but also incorporating two
sections recorded at 11°S by R.V. Meteor in July 2013 and October 2015 (Figure 2.3). Shipboard
velocity data were used to construct the individual mean sections that are based at least on 13
individual sections for each monitoring line, except for 15°S where only 6 sections could be used. In
general, the mean sections are characterised by southward flow on the shelf and at the continental
slope in the range of 5-15 cm/s. However, due to the high temporal variability of the flow field (see
also Figure 2.4) these mean sections need to be interpreted with caution, as single snapshots can
dominate the mean substantially (not shown).
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Figure 2.2: Evolution of temperature anomalies in the density layer 26 kg m>< 0g<26.5 kg m™ as function of
latitude along the Angolan coast from CTD measurements obtained within the EAF-Nansen program. Grey dots
mark individual CTD positions.
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Figure 2.3: Mean sections of alongshore flow across Nansen monitoring lines. Angle of the alongshore current
as well as number of sections used to calculate the mean sections are indicated in the upper part of the
subplots. a) 6°S, b) 9°S, c) 12°S, d) 15°S, and e) 17°S. Note that two Meteor sections at 11°S are incorporated in
the 12°S mean.

Contrary to the conclusion drawn from historical measurements, there is no steady southward
flow at the continental slope off Angola at 11°S (Figure 2.4). Instead, the time series is dominated by
alternating bands of southward and northward velocities that can last for a few months as well as
higher frequency velocity pulses. Overall, the offshore ADCP recorded slightly more depth-
independent current profiles than the inshore one. The mean current profiles reveal a weak
southward flow of 5-8 cm/s at 50 m depth, slightly stronger on the inshore mooring, with the mean
southward flow extending to depths of about 200 m (not shown). Another interesting parameter is
the volume transport of the Angola Current. Based on two Meteor sections along 11°S and another
eleven sections along 12°S recorded by R.V. Nansen, the first four complex patterns of variability of
the boundary current are derived and regressed on the two moored time series of alongshore flow.
For comparison, the procedure is repeated using the output of the high-resolution OGCM INALTO1
[Durgadoo et al., 2013] for deriving the variability patterns. The volume transport is then constructed
by integrating the 3d flow field in the limits of the mean Angola Current from 30-300 m depth and
between 15-90 km offshore (Figure 2.5). The Angola Current transport during the observational
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period ranges from 2 Sv southward to 1.2 Sv northward, with a weak mean southward transport of
about 0.3 Sv (with a standard deviation of 0.5 Sv). This is considerably less compared to the previous
estimates by Dias [1983a].
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Figure 2.4: Moored time series of alongshore velocity (-34°T) at 11°S. top: offshore ADCP mooring (1200m
water depth), bottom: inshore ADCP shield (500m water depth). At the surface alongshore geostrophic
velocities derived from AVISO dynamic heights at the mooring position are plotted.
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Figure 2.5: Angola Current transport as calculated by regressing the first four complex patterns of variability
derived from (i) 13 ship sections (red), and (ii) high-resolution OGCM INALTO1 (light blue) on the moored time
series of alongshore flow. The integration is done from 30-200m depth, and 15-90km offshore. Also included
are the Angola Current transport values calculated from the four ship sections within the observational period
(grey dots).
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3. Role of Interannual Kelvin wave propagations in the equatorial Atlantic on the Angola
Benguela current system.

Imbol Koungue R. A., Rouault M and Illig S. Manuscript to be submitted to Geophys Res Lett
3.1. Introduction

In the tropical Atlantic, the annual cycle is the most dominant driver, when compared to
interannual variability [Xie et Carton, 2004]. At interannual timescales, the tropical Atlantic upper
ocean temperature, especially along the equator and at its eastern border, is primarily controlled by
equatorial wave dynamics [lllig et al., 2004]. Indeed, the sudden relaxation or intensification of
easterly Tradewinds in the western equatorial Atlantic leads respectively to the generation of
downwelling or upwelling Interannual Equatorial Kelvin Waves (IEKW) which propagate eastward up
to the African coast. Part of the IEKW energy bounces back westwards as equatorial Rossby waves,
while a substantial amount of their energy is transmitted poleward along the coast of Africa as
coastal trapped waves [Bachélery et al., 2016]. In the Pacific, along their poleward propagation,
associated with anomalous alongshore currents, IEKW deepen or raise the thermocline and
ultimately trigger coastal Sea Surface Temperature (SST) interannual anomalies. Such wave dynamics
is thought to be at the origin of major warm and cold events in the Angola-Benguela current system
also called Benguela Nifios and Ninas [Florenchie et al., 2004, Liibbecke et al., 2010; Ostrowski et al.,
2009; Rouault et al., 2007, Rouault, 2012] but this hypothesis has not been yet properly
demonstrated to our knowledge. IEKW change the thermocline depth and can be identified through
their signature in Sea Surface Height (SSH) using altimetry or moorings data. They can be modelled
with Ocean Linear Model (OLM) forced only by wind stress. In order to monitor Kelvin and Rossby
waves along the equator in the Tropical Atlantic, the Prediction and Research Moored Array in the
Tropical Atlantic (PIRATA) program has been established since 1997 [Bourlés et al., 2008]. But no
systematic study of equatorial Kelvin and Rossby waves has been conducted in the equatorial
Atlantic. Such study, conducted here, provide an opportunity to link equatorial wave dynamics to
warm and cold upper ocean abnormal events along the Angolan and Namibian Atlantic coastline
(from 10°S to 24°S).. The prediction of these coastal extreme events is important because of their
significant impacts on the regional marine ecosystem [Ostrowski et al., 2009, Blamey et al, 2015] and
on the rainfall [Rouault et al., 2003, 2009]. In this paper, using outputs from an Ocean Linear Model,
altimetry and PIRATA array in situ measurements, we demonstrate that major IEKW propagations
along the equator are indeed linked to major warm and cold events in the Angola Benguela Current
system. We show that IEKW signature leads the development of coastal events by about one month.

3.2 Data and model

We use monthly fields of 1 degree horizontal resolution Reynolds SST (Reynolds et al, 2002)
available since 1982. We also use monthly PIRATA dynamic height anomalies [Bourlés et al., 2008]
from 3 PIRATA's buoys located along the equator at 23°W, 10°W and 0°E over the 1998-2012 period.
PIRATA Moorings record and sample the water column with five temperature/conductivity sensors
deployed at depths of 1, 10, 20, 40 and 120m, five temperature sensors positioned at depths of 60,
80, 100, 140 and 180m and two temperature/pressure sensors at 300m and 500m along the
equatorial Atlantic. They were established to detect and monitor the propagation of Kelvin and
Rossby waves along the equator. These data are available on the website
http://www.pmel.noaa.gov/tao/disdel/. In addition, we used the reference SSH gridded product
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distributed by AVISO, that combines data from TOPEX/POSEIDON and JASON-1 altimeters. Data are
distributed by CLS with a 7-day temporal resolution and 1/3° spatial resolution. We first detrend the
data because of a significant positive trend in temperature and SSH in the region and then we
calculate monthly means. Interannual monthly anomalies of parameters presented below are
estimated as the departure from the monthly climatology. In order to extract the [|EKW
amplitude along the equator, we carry out simulation with the equatorial Atlantic Ocean Linear
Model (OLM) developed by lllig et al., [2004] and used in Rouault et al., [2007].The linear model
domain extends from 50°W to 10°E and from 28.875°S to 28.875°N, with an horizontal resolution of
2° in longitude and 0.25° in latitude. It includes 6 baroclinic modes with phase speed, projection
coefficient and friction derived from a high-resolution OGCM. The OLM is forced by wind stress fields
provided by DRAKKAR Forcing Set (DFS) version 5. DFS5.2 is similar to ERA-Interim reanalysis with 3h
outputs at a horizontal resolution of 0.75 degree. Forcing is first detrended and interannual
anomalies are calculated over the 1980-2012 period. The model is forced with 2 day wind stress
averages obtained by cubic extrapolation of monthly means.

3.3 Results

3.3.1 Identification of abnormal SSH propagations along the equator

We present in Fig. 3.1 the monthly detrended interannual anomalies of dynamic height from
PIRATA (blue line), along with monthly altimetry derived and OLM derived SSH anomalies (black line
and red line, respectively) from January 1998 to December 2012 at [0°E; 0°N], top, [10°W; O°N],
middle and [23°W; 0°N], bottom. The standard deviation of PIRATA derived dynamic height anomaly
at [0°E; O°N] is 2.83 cm , it is at [10°W; 0°N] and [23°W; 0°N] and is represented by the horizontal
green lines over the three panels. We then define an abnormal positive and negative SSH event when
detrended SSH anomalies at [0°E; 0°N] (Fig. 3.1a) exceed the standard deviation of a PIRATA time
series for at least 2 months in a row. Abnormal positive and negative SSH anomalies events at the
eastern equatorial Atlantic are represented by red and blue rectangles respectively and their width is
function of the duration of the episode. These coloured rectangles will constitute our equatorial
variability index; it will be used throughout this paper and reproduced in the subsequent figures.
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Figure 3.1: Monthly Detrended interannual anomalies of dynamic height (cm) from PIRATA in blue line, Aviso
SSH monthly anomaly in black line and SSH monthly anomaly OLM in red line; top, at [0°E,0°N]; middle, at
[10°W,0°N] and bottom, at [23°W,0°N]. The standard deviation derived from PIRATA is represented by the
green horizontal line. Based on Figure 3.1 (top), abnormal positive and negative propagations of SLA are
represented by red and blue rectangles respectively.

At the monthly scale, there is a 95% significant correlation of 0.68 between PIRATA dynamic
height anomalies and altimetry derived SSH anomalies at [0°E; 0°N]. There is a significant correlation
of 0.65 between the OLM SSHA and PIRATA dynamic height anomalies at the same location. Gaps
occur occasionally in PIRATA at different location due to vandalism or data failure so we are using
altimetry and OLM SSHA to fill up the gaps. A combined analysis of PIRATA, altimetry and OLM time
series allows us to identify numerous significant upwelling and downwelling IEKW. According to our
classification downwelling IEKW SSH signatures occurred in 1998 (May to September), 1999 (March
to July), 2001 (January to March), 2002 (March to May), 2003 (August to December), 2008 (April to
July), 2008 (October to December), 2009 (April to June), 2010 (October to December), 2012
(September to November). Negative SSH events occurred in 2001/2002 (October to January), 2004
(March to June), 2005 (April to July), 2009 (June to September), 2010 (February to June), 2011 (May
to August) and 2011/2012 (November to February). Those events are clearly detected in the two
other moorings (Fig. 3.1) at [10°W; 0°N] and [23°W; 0°N] confirming a propagation in SSH from west
to east.
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Figure 3.2 Longitude-time and latitude-time Hovmgller diagrams of weekly detrended SSH anomalies in cm, left
panel averaged between 1°S and 1°N along the Equator and ( right panel) along the African coast from 0°S to
30°S and averaged from the coast to 1° offshore

These abnormal propagations are also noticeable in the Hovmeller plot of altimetry derived
SSH anomalies (Fig. 3.2) and in the Hovmegller plot of SST anomalies (Fig. 3.3) along the equator
(averaged from 1°S to 1°N) and along the coast (averaged from the coast to 1° offshore for SST and
from the coast to 2° offshore for Altimetry). The abnormal positive SSH propagation in 2001 was
reported in [Rouault et al., 2007] and linked to a warm event in the Angola-Benguela Current system
while the start of the positive SSH 1999 event described here corresponds to a warm events at the
Angola Benguela front reported by Mohrholz et al.[ 2001] and Doi et al.[2007]. The austral fall 2002
abnormal positive SSH event is described in the study of Hoffman and Brandt [2009] who mentioned
strong downwelling Kelvin wave activities in 2002 along the Equator. Some abnormal negative SSH
are occurring during the seasonal Atlantic cold tongue period (austral autumn and winter). For
instance, during the negative SSH 2005 event, upwelling kelvin waves were identified along the
Equator at the origin of that event [Hoffman and Brandt. 2009, Marin et al., 2009].
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Figure 3.3: Left panel from top to bottom standard deviation and Hovmgller diagram of monthly detrended Ol-
SST anomalies in °C along the equator and averaged between 1°S and 1°N, and for the right panel from top to
bottom standard deviation and Hovmgller latitude-time diagram of monthly detrended but along the African
coast from 0°S to 30°S and averaged from the coast to 1°offshore. The mean latitude from 1998 to 2012
October to March fluctuations of the isotherm 22°C is represented by the black line and its averaged position
by the straight line along the African coast.

3.3.2 Forcing and propagation of equatorial Kelvin waves from 1998 — 2012

Although some major Kelvin waves propagation were mentioned in the literature, they do not
make the link with the Angola Benguela Current system (Hoffman and Brandt. 2009, Marin et al.,
2009). In order to document the link between Kelvin waves and the Angola-Benguela Current
system, we have detrended and averaged the OLM key forcing parameter, viz. the zonal wind stress
interannual anomalies (N/mz) over the ATL4 domain (i.e. [50°W-25°W; 3°S-3°N], cf. lllig and Dewitte,
2006). This time series is displayed in Fig. 3.3 (top). Most of the SSH positive and negative
propagations described earlier are associated with weaker and stronger than normal easterlies wind
stress anomalies respectively. 1998 exception will be discussed later. Following the decrease or the
increase of the easterlies wind stress in the western equatorial Atlantic, positive or negative events
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respectively propagate eastwards through the PIRATA array of moorings (Fig.3.1). There are also
identified in the Hovmgller plot of altimetry derived SSH anomalies (Fig. 3.2). Close inspection of lag
correlation between zonal wind stress anomalies and OLM SSH anomalies (not shown) reveals a 0.6
correlation significant at 95% when the western equatorial zonal wind stress anomalies lead the OLM
SSH anomalies at [0°E; 0°N] by a month. This lag of 1 month is consistent with the propagation of
Kelvin wave mode 2 with an observed phase speed of 1.6 m/s, consistent with the study of /llig et al.,
[2004]. This leads us to focus on IEKW and examine the output of the OLM in order to
characterize the role of equatorial wave dynamics in the propagations of the events. Fig. 3.4
(bottom) presents the first three gravest baroclinic modes of equatorial Kelvin wave contributions to
sea level variation from 1998 to 2012.
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Figure 3.4: Top, Detrended monthly anomalies of zonal wind stress (N/m 2 ) averaged over ATL4 (50°W - 25°W,
3°S — 3°N); bottom, OLM detrended anomalies of Kelvin waves monthly contribution to sea level in cm: 1st
baroclinic mode in blue line, 2nd baroclinic mode in red line, and 3rd baroclinic mode in black line, averaged
over (20°W - O°E, at 0°N). Based on Figure 3.1 (top), abnormal positive and negative propagations of SLA are
represented by red and blue rectangles respectively.

These different contributions are averaged between 20°W and 0°E, at 0°N. Note that similar
results are obtained when averaging these 3 different contributions from 20°W to 10°E, at 0°N (not
shown). This suggests that the interannual signal of Kelvin waves do not vary considerably in the
eastern equatorial Atlantic. The second baroclinic mode of IEKW is the most energetic mode,
followed by the first one [lllig et al., 2004; Bachélery et al., 2016].The linear model represents well
the equatorial variability of IEKW propagations. The amplitude of IEKW averaged between 20°W and
0°E, at 0°N (Fig. 3.4, bottom) is compared with our equatorial index (Fig. 3.1) with good agreement.
We observe that most of western zonal wind stress anomalies are related to propagation of
downwelling or upwelling IEKW respectively. These waves propagate eastward and are observed
through the positive or negative abnormal SSH at the eastern equatorial Atlantic (Fig. 3.1(top) and
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Fig. 3.2 (left)). We note however that, according to what is expected from Kelvin wave dynamics and
forcing, the modulation of zonal wind stress anomalies (Fig. 3.4) do not match the abnormal SSH
propagations along the equator for some particular years, as in 1998, 2002 or 2009. In agreement
with Foltz and McPhaden, [2010], the analysis of the wave sequence reveals that for some particular
years (above mentioned), positive (negative) zonal wind stress interannual anomalies force
preferentially westward downwelling (upwelling) Rossby waves, which in turn reflect at the Brazilian
coast into Kelvin waves of opposite effect. Note that this is more likely due to the spatial pattern of
the wind stress anomalies that is maximal off equator. This support our idea of defining an index
based on the IEKW activity in the eastern Atlantic as monitored by PIRATA, rather than using the
wind stress amplitude in the western Tropical Atlantic, in order to forecast SST anomalies along the
coast of Angola and Namibia, which will be done in the following.

3.3.3 Link between equatorial variability and the Angola Benguela system

Most of the abnormal positive and negative propagation events described above are clearly
observed in the Hovmgller diagram (Fig. 3.2) of monthly detrended altimetry derived SSH anomalies
along the equator and along the African coast all the way to the Angola Benguela From (17°S) or
further south. Hovmeller diagram (Fig. 3.3) of monthly detrended SST somehow show the
connection between between the equatorial domain and the African coastline but with less success.
The main IEKW identified here propagate poleward when reaching the African coast. Recently,
Bachélery et al. [2016] demonstrated that the propagations along the coast were due to coastal
trapped Kelvin waves, also mentioned in Ostrowski et al. [2009]. Fig. 3.3 presents Ol SST [Reynold et
al., 2002] detrended monthly anomalies from 1998 to 2012 along the Angola Benguela Current
system. On top, we have the Southern Angola domain with data averaged from 10°S to 15°S and one
degree from the coast; in the middle, the Angola Benguela Frontal zone with data averaged from
16.5°S to 17.5°S and one degree from the coast; at the bottom, the Northern Namibia upwelling
domain with data averaged from 19°S to 24°S and one degree from the coast.
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Figure 3.5: Monthly detrended anomalies of SST (°C) in (top) Southern Angola averaged from 10°S to
15°S and from the coast to 1° offshore, (middle) Angola Benguela Front averaged from 16.5°S to 17.5°S and
from the coast to 1°offshore and (bottom) Northern Namibia averaged from 19°S to 24°S and from the coast to
1°offshore. The standard deviation is represented by the blue horizontal line. Based on Figure 1 (top), abnormal
positive and negative propagations of SLA are represented by red and blue rectangles respectively.

After removing a significant warming trend in the region [Blamey et al., 2015], monthly
anomalies are calculated relative to the monthly climatology over the 1998-2012 period. A standard
deviation of 0.5°C of the SST anomalies in the Angola Benguela Front domain is estimated. It is
represented in Fig. 1.5 by the horizontal blue lines over the three panels. Here we define a Benguela
Nifio or a Benguela Nifa as a period in which the detrended SST anomalies in the 3 zones exceed the
standard deviation for at least 3 months in a row in least 2 of the 3 domains. Most major warm and
cold events along the African coast especially in Southern Angola and Northern Namibia domains are
linked to the equatorial variability index, IEKW propagations and western zonal wind stress
anomalies. Based on our criteria, we have selected 5 extreme warm events: in 1999 (March to
August), 2001 (January to May), 2008 (November to December), 2010/2011 (November to April),
2012 (October to December) and 5 cold events in 2001/2002 (December to February), 2004 (January
to April), 2005 (April to June), 2010 (February to May), 2011/2012 (November to March). Most of
these Benguela Nifios were already identified previously [Rouault et al., 2007; Ostrowski et al., 2009,
Liibbecke et al., 2010; Rouault 2012;] except for the Benguela Nifio 2008, 2011/2012 and 2012/2013.
There is little in the literature concerning Benguela Nifia after 2002. The 1999 Benguela Nifio at the
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Angola Benguela Front was described by Doi et al., [2007] and Mohrholz et al., [2001]. A 0.4 lag
correlation statically significant at 95% is found, when IEKW mode 2 averaged between 20°W-0°E at
0°N leads SST anomalies in the Southern Angola domain by 1 month. There is no significant
correlation with the ABF and Northern Namibia domains. We observe in Fig. 3.5, slow propagations
of SST anomalies as we move from Southern Angola to Northern Namibia. The persistence and slow
propagations of SST anomalies from Southern Angola to Northern Namibia in those domains were
already mentioned in Rouault. [2012] were attributed to advection of warm tropical water in the
Northern Benguela upwelling domain. He found significant lag correlations between the two
domains when Southern Angola SST anomalies lead Northern Namibia SST anomalies by one to four
months. Also local effect could modulate the SST of those events south of the ABF.
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Figure 3.6: Score of prediction of coastal warm and cold events using the equatorial variability index
from 1998 to 2012. Red rectangles with green circle inside and bold contours represent extreme coastal warm
events which match abnormal equatorial SSH propagations. Red rectangles with red circle inside represent
coastal warm events which do not match abnormal equatorial SSH propagations. Red rectangles with green
circle inside represent coastal warm events which match with abnormal equatorial SSH propagations. Blue
rectangles with green circle inside and bold contours represent extreme coastal cold events which match with
abnormal equatorial SSH propagations. Blue rectangles with red circle inside represent coastal cold events
which do not match with abnormal equatorial SSH propagations.

We summarize our equatorial variability index in relation with Benguela Nifios and Nifas in Fig.

3.6. The red rectangles describe the positive propagation and their duration while the blue rectangles
describe the negative events. Red circles inside a rectangle mean no match between equatorial
propagations and warm or cold events in the Angola-Benguela Current system. Green circle mean
good match between equatorial propagations and extreme warm or cold. The circle location is
placed in the middle of the rectangle arbitrarily. From October to April nine out of twelve events
matches. There is more of a mismatch from May to June. In general, From Fig. 3.5 and Fig. 3.6, we
observed a good score without including the local wind stress forcing and stratification effects. The
1998 mismatch is explained by Foltz and McPhaden. [2010] who highlighted the retroflection at the
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Brazilian coast of a Rossby waves forced by stronger Tradewinds into a downwelling Kelvin waves
that lead to the 1998 positive propagation along the equator. In general, October to April seems the
best time for the successful prediction of the warm and cold events in the Angola Benguela current
system. Our study is consistent with the modeling study of Bachélery et al. [2016] who observed that
at interannual timescales, remote equatorial forcing is more efficient than local forcing along the
Angola Benguela coast. But the effects of the local forcing, unfavorable or favorable local upwelling
wind and stratification are not negligible since they could modulate the signature of an equatorial
propagation. Also Polo et al. [2008a] studied the intraseasonal EKW and found 2 dominant periods
for the appearance of KW: Austral Spring (September-December) for downwelling KW and Austral
summer (November-January) for upwelling KW. The favorable season where a potential propagation
of the 2™ baroclinic mode of Kelvin waves could create a Benguela Nifio or Nifia one month later is
mostly between October and April.

3.4 Conclusion

We demonstrate here that warm and cold events in the Angola Benguela Current system, also
called Benguela Nifio and Nifias, are remotely forced by Kelvin waves propagation in the tropical
Atlantic, especially the the 2™ baroclinic mode. This confirms the hypotheses emitted by several
authors. Major variations in thermocline depth at the origin of those events are observed by PIRATA
and altimetry and simulated by an Ocean Linear Model forced by wind stress only. An Ocean Linear
Model can be easily implemented in real time using satellite estimate or model output and easily
implemented. PIRATA data and altimetry data are also available in real time and can be used in an
early warning system. An Index based on PIRATA data at [0 S, O N] seems to work better than an
index based on Wind stress anomalies in the Western Tropical Atlantic along the equator. Altimetry
derived SSH link the equatorial propagation to the coastal region. It seems that local forcing has little
to do with the generation of most of major cold and warm events although they could modulate
their intensity. The PIRATA array of mooring is crucial to the observation of those Kelvin waves and
must be maintained. At last, the study opens the possibility to forecast Benguela Nifios and Nifias,
especially from October to April, using an Ocean Linear Model forced by wind speed, altimetry and
PIRATA data. Tide gauge and currentmeter available in real time in Angola and Namibia would
complete the system. Further work will involve study the reason why some events did not fit our
scenario although some answer can already be found in the literature and also better ascertain the
relation between the Southern Angola and Northern Namibia domains.
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4. Origin, development and demise of the 2010-2011 Benguela Nifio

Rouault M, Imbol Koungue R. A., Liibbecke J., lllig S. and Ostrowski M. Origin, development and
demise of the 2010-2011 Benguela Nifio. To be submitted to J Marine Syst.

4.1. Introduction

Ocean temperatures off the South-western African coast are characterized by a strong
gradient between the warm tropical Atlantic and the cold Benguela current. This region is called the
Angola Benguela Front and is on average located at about 179S (Veitch et al., 2006). Every few years,
Sea Surface Temperature (SST) off the coast of Angola and Namibia reach values of up to 52C higher
than seasonally normal. These warm events have been named Benguela Nifios (Shannon et al., 1986)
by analogy to their Pacific counterpart. They tend to peak in March/April (Florenchie et al., 2003,
2004; Rouault et al., 2007: Lubbecke et al., 2010). These warm events have large impacts on local
fisheries (Boyer and Hampton, 2001) and on rainfall variability over south-western Africa (Rouault et
al., 2003; Lutz et al, 2015). Understanding and potentially forecasting their development is thus of
high socio-economic importance and the couple of months lead time between the decrease in winds
along the Equator and the development of SST anomalies along the Angolan and Namibian coastline
offer some predictability. While local wind forcing might play a role in the development of some of
the Benguela Nifio events, especially in the Benguela upwelling region (Richter et al., 2010, Junker et
al, 2015), it has been shown that they are mainly generated by wind stress changes in the western
equatorial Atlantic (Florenchie et al., 2003, 2004; Rouault et al., 2007; Libbecke et al., 2010;
Bacheélery et al. 2014). The hypothesis put forward is that wind stress variations in the western
equatorial Atlantic generate equatorial and subsequent coastal Kelvin waves along the African coast.
These waves are associated with thermocline deepening and thus subsurface temperature
anomalies. They propagate along the African west coast up to the Angolan coast and generate strong
SST anomalies due to a shallow thermocline there. The warm anomaly associated with Benguela
Niflo events is, however, not restricted to the region off Angola and down to the location of the
Angola Benguela Front at 172S where the thermocline outcrops. Warm anomalies are observed as far
south as 259S. Based on a regional ocean model study, Bachelery et al. (2015) showed that at
interannual time scales, remotely forced coastal trapped waves propagate poleward along the
African southwest coast up to the northern part of the Benguela upwelling system. Based on model
outputs, Rouault et al. (2012) attribute the warming off Namibia to southward advection of
subsurface warm water. The latest strong Benguela Nifios and other warm events occurred in Austral
summer 1984 and 1995 (Shannon et al, 1986, Gammelsrgd et al., 1998, Florenchie et al., 2003, 2004,
Rouault, 2012). While they could be traced back to the equatorial Atlantic, information about the
propagation of the anomaly in the subsurface ocean, i.e. subsurface temperatures and thermocline
depth, had to be mostly inferred from model simulations. The focus of this study is the latest warm
anomaly off the southwest African coast that occurred in early 2011. This event was also special in
that it started already in Austral fall 2010. It is the strongest event since 1995 and it was observed by
the PIRATA array of mooring as early as October 2010. In this study, we will analyse the evolution of
the 2010/2011 Benguela Nifio event from its origin to its demise using direct observations from the
PIRATA array, satellite estimate of SST and SSH, as well as wind stress from ERA Interim atmospheric
Reanalysis. Observation will be interpreted in the light of experimentation with an Ocean Linear
Model and analysis of the GODAS ocean reanalysis product. In section 2, the observational data sets
and the reanalysis product are described. In section 3, we describe the evolution of the event,
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analyse its characteristics at its peak phase, and estimate the southward advection of temperature
anomalies. The results are summarized and discussed in section 4.

4.2 Data, methods and models

We are using monthly fields of 12 horizontal resolution Reynolds SST (Reynolds et al, 2002)
available from 1982 to 2013 and weekly and monthly TRMM TMI SST. TMI measures the microwave
energy emitted by the earth and its atmosphere over a wide swath width of 760 km and can estimate
SST measured through clouds. Weekly and monthly TMI SST is available in near real time from
December 1997 to December 2013 at a 1/3° resolution. There are no data within 35 km from the
coast. We further use weekly 1993-2013 1/32 horizontal resolution of AVISO merged altimetry SSH.
We use the “reference product” that uses only two altimeters in order to have some homogeneity in
the calculation of monthly anomaly from climatology. Wind stress estimates are provides by the ERA
Interim atmospheric reanalysis (Uppala et al., 2005). We also make use of the PIRATA mooring array
(Bourles et al.,2008). PIRATA has recorded subsurface temperature since 2000, providing a
climatology upon which the anomalies are calculated online with the NOAA PIRATA data delivery and
display web site Java toolsat (http://www.pmel.noaa.gov/tao/disdel/). There are 13 temperature
sensors deployed at depths of 1, 10, 13, 20, 40, 60, 80, 100,120, 140, 180, 300 and 500 m (Rouault et
al.,, 2009). There are two pressure sensors at 300 and 500 m depth. We are using here PIRATA
monthly anomalies of the 20 °C isotherm as a proxy for thermocline depth anomalies and measured
dynamic height from 0 to 500 Db. In order to investigate equatorial wave propagations, we use the
Equatorial Atlantic Ocean Linear Model (OLM) developed by lllig et al. (2004). The linear model
domain extends from 50°W to 10°E and from 28.875°S to 28.875°N, with an horizontal resolution of
2° in longitude and 0.25° in latitude. The model time-step is 2 days. It includes 6 baroclinic modes
with phase speed, wind stress projection coefficient and friction derived from a high-resolution
OGCM. In the present study, the model is forced by detrended ERA-Interim wind stress interannual
anomalies relative to the 1980-2013 monthly climatology. We focus on the OLM Sea Level Anomaly
(SLA) signal along the equator and in particular on the gravest baroclinic mode (1 and 2) long
equatorial Kelvin wave contribution. In addition to the OLM Control Run (OLM-CR) simulation, a
sensitivity experiment is carried out with the OLM in which no reflection of Kelvin and Rossby waves
are allowed at the western and eastern boundaries. Comparing these paired experiments allows to
highlight and calculate the contribution of reflected Rossby and Kelvin waves to overall signal.ln
addition, monthly ocean velocity and temperature fields for the time period 1980 to 2013 are taken
from the National Centers for Environmental Prediction (NCEP) Global Ocean Data Assimilation
System (GODAS) from the NOAA/NWS/CPC (Behringer and Xue 2004). They are available at a
horizontal resolution of 1/3¢2 latitude and 12 longitude, and the model has 40 vertical levels.

4.3. Results

4.3.1 Origin, development and demise of the warm event

In October 2010, weaker than normal easterly wind occurred in most of the Tropical Atlantic
sector from 5°N to 10°S and from 50°W to O E (Fig. 4.1 and Fig. 4.2).
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Figure 4.1: Left: Time series of monthly anomalies of zonal component of wind stress in the Western Equatorial
Atlantic (WEA, averaged over [40°W-10°W; 2°S-2°N]). Right: map of monthly anomalies of zonal wind stress
component in October 2010. Anomalies are computed as the departure from the 1980-2013 monthly

climatology.
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Figure 4.2: ERA Interim monthly mean anomaly divided by standard deviation from October 2010 to March
2011 (left to right and top to bottom).

According to ERA Interim reanalysis data, it was the largest decrease at the monthly scale in
zonal wind speed since at least 1982 along the equator when averaged from 40 °W to the African
Coastline and from 2 °N to 2 °S with positive anomaly above 2 standard deviation (not shown).
Hovmeller diagram of FLK Atlas satellite (not shown) derived zonal wind speed along the Equator
confirms the results inferred from ERA Interim reanalysis. Following the decrease in equatorial
easterly winds, a deepening of the thermocline larger than 30 m was observed by the PIRATA
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mooring array, propagating from East to West in October 2010, taking a month to reach the African
coastline (Fig. 4.3 and Fig. 4.4). Moorings are located at 35°W, 27°W 10°W and 0°W. Data shown in
Fig. 4.3 and Fig. 4.4 are interpolated between moorings and between depths where subsurface
temperature is measured. The actual positions of the sensors are indicated by a cross on Fig 4.3.
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Figure 4.3: PIRATA observed subsurface temperature monthly anomaly interpolated between 4 mooring
location and at depth indicated by a cross from September to December 2010 from 40 W to 0 W and from 0 to
400 m.
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Figure 4.4: left Hovmgller diagram of 20 °C isotherm depth anomaly (m) and dynamic height anomaly from
2010 (top) to 2011(bottom) inferred from PIRATA moorings and interpolated between mooring location.

Maximum subsurface temperature anomalies of up to 32C are observed by the PIRATA
mooring in October 2010 from 80 m to 130 m depth at 35°W, from 70 m to 120 m at 27°W ,from 50
m to 90 m at 10°W and from 50m to 80 m at 0°W. In the following month, November 2010,
subsurface anomalies of 2°C to 4°C are observed only in the East of 20°W (Fig. 4.3a) suggesting an
eastward propagation. A maximum anomaly of 4°C is observed at 0°W at 60 m in November. In
December the subsurface anomaly has vanished.PIRATA derived monthly anomalies of the 20°C
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isotherm depth and dynamic height monthly anomalies from 0 to 500dB (Fig. 4.4) as well as altimetry
derived detrended monthly interannual anomaly of sea surface height (Fig. 5) confirm the
propagation of subsurface temperature anomalies across the basin, the deepening of the
thermocline and the duration of the event that lasted for two months along the Equator in
October/November 2010. Fig. 4.5 presents the Hovmgller diagram of monthly anomalies of SSH
along the equator (left panel) from 40°W to the African coast and from 0°S to 30°S along the coast
(right panel). Data is averaged between 1°S to 1°N along the equator and from the coast to 29
offshore along Southern Africa from January 2010 (bottom) to December 2011 (top). Data is
detrended to remove a strong positive trend in SSH in the basin since 1993. We note that October
corresponds to the maximum of climatological SSH in the Tropical Atlantic and one of the two
maxima of SSH along the African coastline from 0°S to the Angola Benguela Front situated around
17°S. Climatological easterly winds also start to decrease at that time of the year in the western
tropic Atlantic. In that respect, the event can be seen as an exaggeration of the annual cycle, but with
important consequence further south as we will see later.
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Figure 4.5: Hovmgller diagram of altimetry derived SLA anomalies from monthly climatology along the equator
(averaged over 195 to 10N, left) from 40 °W to the African coastline and along the Southern African coast
(averaged from coast to 22 offshore, right) from O to 25 °S from January 2010 (bottom) to May 2011 (top).
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The propagation of above normal SSH along the Equator is followed by a poleward
propagation of positive SSH anomalies along the African coastline from 0°S to 20°S, i.e. 3 degrees
further south than the Angola Benguela Front. In contrast to the equatorial region, the SSH
anomalies are observed to last from November 2010 to April 2011. In May 2011 abnormal negative
anomaly of SSH are detected along the eastern equator and along the African coastline, putting an
abrupt end to the positive SSH anomalies along the African coast. Shoaling of the thermocline along
the equator of up to 20 m propagating from west to east and concomitant negative anomalies of
dynamic height are measured by the PIRATA mooring array (Fig. 4.4) from 20°W to 0°W in agreement
with the altimetry derived SSH anomalies (Fig. 4.5). We note that ERA Interim zonal wind stress
anomaly was also negative in April and May 2011 from 30°W to the African coast, indicative of
stronger than normal easterly wind stress. The results obtained from the Ocean Linear Model forced
by ERA Interim wind stress emphasize the role of long equatorial Kelvin and Rossby waves in the
origin of this Benguela Nifo event (Fig. 4.6 and Fig. 4.7).
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Figure 4.6: Longitude—time Hovmgller diagrams along the equator of monthly Ocean Linear Model SLA from
January 2010 to June 2011. Left (right) panel: with (without) wave reflection at the meridional boundaries of
the basin. Unit is cm. Contour lines highlight the ERA Interim zonal wind stress anomalies along the equator
(averaged between 2°S to 2°N). Unit is in cm.
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Figure 4.7: Panel a (b): Longitude—time Hovmgller diagrams of the eastward (westward) propagating Kelvin
(Rossby) wave contribution to the monthly SLA along the equator (at 3°N) from the Ocean Linear Model from
January 2010 to June 2011. The second baroclinic Kelvin wave contribution (dominant mode) is in colour, while
contours denote the first baroclinic Kelvin wave contribution (fastest mode). Unit is cm. Note that Kelvin is
repeated in panel ¢ and the longitude axis in the Rossby is reversed in order to appreciate the reflexion at the
meridional boundaries of the basin. In panel a, orange (green) shadings corresponds to zonal wind stress
anomalies along the equator (averaged between 2°S-2°N) . Unit is in cm.

It confirms that anomalies of zonal wind stress in October 2010 are the main forcing of the
thermocline anomaly along the Equator, in agreement with the PIRATA observations and altimetry
results. Moreover, the wind forced Kelvin wave signature in October 2010 coincides with reflected
Rossby waves at the Brazilian border in the Western part of the basin. The latter were forced by
Kelvin waves reflected into Rossby waves at the African border in April 2010 for Kelvin wave mode 1,
while the mode 2 Rossby wave appears to be forced by positive anomalies of meridional wind stress
in austral winter 2010. There is a lag of one month between the arrival of Kelvin wave mode 1 and
Kelvin wave mode 2 at the African border. Kelvin wave mode 1 arrived at the end of October 2010
while Kelvin wave mode 2 arrived at the end of November 2010. Together with the reflected Rossby
wave, this could explain the anomaly in thermocline depth and subsurface anomaly in November
2010 observed with PIRATA. Reflections at the meridional boundaries explain 20% of the SSH
anomaly along the Equator in November/December 2010. This results is obtained by calculated the
ratio of SLA calculated with OLM with reflection allowed at the border and without reflection at the
border (not shown). There is a small amplitude Kelvin wave along the Equator associated with a
positive anomaly of zonal wind stress at that time (Fig. 1)..

4.3.2 The 2010/2011 Benguela Nifio

Fig. 4.8 shows a Hovmgller diagram similar to Fig. 4.5 but for TRMM TMI SST monthly
anomalies. Along the Equator, a moderate increase in SST is visible from October to December along
the equator with SST anomalies reaching +1.5°C, while along the coast of Africa and especially at the
Angola Benguela Frontal zone the increase is more substantial. It reaches values of up to 49C, lasts
for five months and extends as far south as 25°S in the Northern Benguela upwelling. An SST anomaly
larger than 1 °C is first observed at the Angola Benguela front in November 2010 and appears to
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spread southward and northward until May 2011, when the warm event suddenly ceases. We note
that, off Namibia, the upwelling favourable wind decreased in November, December 2010, and
March 2011 (Fig. 4.2) and this can partially explain the warming south of the Angola Benguela Front
in the Northern Benguela upwelling. Wind was normal in February but failed to cool the event. In
fact, there is a secondary maximum of positive SST anomaly in February corresponding to the
maximum of positive SSH anomaly along the African coast at that time (Fig. 4.5) which is not
observed along the Equator.Fig. 4.8 shows maps of monthly TRMM TMI SST anomaly from November
2010 to April 2011 in the Tropical and South Atlantic. Highest positive SST anomalies are clearly seen
of Angola and Namibia. In April, lower than normal SST starts to appear north the Angola Benguela
Front marking the start of the demise of the warm event.

SST anomalies from 2010 to 2011

longitude latitude

Figure 4.8: Hovmgller diagram of TRMM TMI SST anomaly from January 2010 (bottom) to May 2011 (top) along
the equator (left) and along the South West African coast.
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Figure 4.9: From top to bottom and left to right TRM TMI SST anomaly from monthly climatology from
December 2010 to May 2011.
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Figure 4.10: Time series of monthly detrended Reynolds SST anomalies f divided by standard deviation in
Southern Angola averaged from 10 °S to 15S and from the coast to 1 degree offshore (top) and Northern
Namibia averaged from 19 °S to 24 °S and from the coast to 1 degree offshore( bottom) from 1982 to 2013.

Additionally, basin wide cooling in the subtropics all the way to the South African coastline is
observed in Austral summer 2010/2011. This is consistent with the effect of the Pacific Ocean La Nifia
event on the South Atlantic and the South West African coastline (Colberg et al, 2004, Blamey et al,
2015). During La Nifia events, a poleward shift of the Santa Helena High pressure system displaces
the easterly wind poleward and leads to an intensification of upwelling favourable South-Easterly
wind in South Africa (and a weakening of upwelling favourable in Namibia (Blamey et al, 2015)
concurrent to the appearance of below normal SST anomalies in South Africa south of 30°S. In
Namibia, the shift in high pressure triggered lower than normal South-easterly upwelling favourable
South-Easterly wind in 2010/2011 and above normal SST temperature in Namibia. This mechanism
has been documented by Rouault et al (2010), Dufois and Rouault (2012) and Blamey et al (2015).
Those basin wide shifts in the high pressure system and shifts in associated wind stress involving the
Tropical and South Atlantic are at the origin of Benguela Nifio and Atlantic Nifio events as also
document by Libbecke et al. (2010, 2014) and can happen independently of Pacific La Nifia
conditions.The decrease in upwelling favourable winds off Namibia indicates that part of the
warming in 2010/2011 might also have been locally driven, at least for the Northern Benguela.
However,this warm event was the strongest austral summer warm event in Angola and Northern
Namibia and also the longest since the 1995 Benguela Nifio (Fig. 4.10). It was also the warmest event
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at the Angola Benguela Front since 1982, with positive SST anomaly exceeding 3 standard deviations,
as illustrated in Fig. 4.10 which shows the magnitude of the Benguela Nifio events in term of
standard deviation and thus allows us to compare the 2010/2011 event with other warm event. Fig.
4.10 presents the detrended monthly SST anomaly estimated from Reynolds data (Reynolds et al,
2002), averaged within 1° coastal band, and normalised from 1982 to 2013 in three coastal domains.
At the top, data is averaged from 10°S to 15°S, which represents South Angola area. In the middle
panel, data is averaged from 16°S to 17°S and represent the Angola Benguela Front zone, while at the
bottom, data is averaged from 19°S to 24°S and represent the Northern Namibian upwelling. Data is
first detrended because of a significant warming trend in the region (Blamey et al, 2015). For each
month, an anomaly from monthly climatology is calculated by subtracting the monthly mean
climatology and then by dividing the result with the standard deviation of that month. The
2010/2011 warm event is clearly on par with major warm events that occurred in austral summer
since 1982, such as 1984 (January to June) 1994/1995 (November to July), 1997/1998 (October to
January) or 2001 (February to April). A peculiarity of the 2010/2011 warm event is that it started
quite early in the austral summer season.

4.3.3 Southward advection of warm tropical water

As for previous Benguela Nifios, the warming was not restricted to the Angola Benguela
Frontal zone where the coastal tropical thermocline outcrops but was observed as far south as 25°S
(Fig. 4.8 and Fig. 4.9). Rouault (2012) argued that such a southward expansion is related to
anomalous poleward advection of warm water in the Benguela upwelling. Looking at monthly
anomalies of meridional volume transport at the Angola Benguela Front at 172S from 0 to 250 m
depth and 8.75°E to the coast at 11.5°E from the NCEP/GODAS ocean reanalysis product, we find that
there is indeed an enhanced southward transport across the section in late 2010 (Fig. 4.11). This
anomalous transport corresponds to a strengthening of the seasonal cycle of modelled transport
(Rouault et al, 2012). There is also a secondary anomalous poleward advection of warm water in
February that can explain the secondary maximum in SST and SSH mentioned above. The equatorial
subsurface warming is also well represented by GODAS, showing a strong thermocline anomaly along
the equator in October to November 2010 (Fig. 4.12). In May 2011, i.e. at the time of the demise of
the warm event, an anomalous equatorward transport occurs in the GODAS data at the Angola
Benguela Front. This suggests that the propagation of shallow thermocline anomalies - caused by
stronger zonal winds along the equator - all the way to the Angola Benguela front is a way to
interrupt a warm event in Angola and Northern Namibia.
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Figure 4.11: GODAS modelled transport monthly anomaly across the Angola Benguela Front at 17 °S anomalies
from GODAS (positive values denote northward i.e. equatorward transport anomalies).
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Figure 4.12: GODAS modeled 23 °C isotherm depth proxy for thermocline monthly anomalies in 2010.
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5. Seasonal to interannual variability of water mass characteristics and currents on
the Namibian shelf

Junker T, Mohrholz V, Siegfried L and v. d. Plas A. (2016) Seasonal to interannual variability of
water mass characteristics and currents on the Namibian shelf. Submitted to J Marine Syst

5. 1. Introduction

Hydrographic long-term observations are one of the keys to assess the inter- annual to
decadal variability of the world oceans and hence the earth’s climate. They allow a robust
estimation of the system’s mean state and its anomalies as well as to discover possible trends
in the climate. Eastern boundary regions such as the Benguela upwelling system are hereby
of particular interest due to their important role in the oceans carbon and nutrient cycles
and their impact on economic welfare. Within the South Atlantic the Benguela upwelling
system is a well observed and investigated area. First observations of the sea surface
temperature (SST) in the Benguela system were already made in the very beginning of the
20th century; see Taunton-Clark and Shannon (1988). A regularly monitoring of various
environmental parameters including the subsurface started in the early 1950s off Namibia,
Stander and De Decker (1969). From then on, standard depth resolved ship-born
temperature measurements in the area off central Namibia have been continued during
various campaigns and monitoring programs, Bartholomae and van der Plas (2007). Based
on these measurements and remotely sensed data, the seasonal to interannual variations
of temperature and salinity in the Benguela system has been described by several studies, e.g.
Shannon (1985), Cole and Villacastin (2000), Hardman-Mountford et al. (2003), and references
therein. A well-known feature contributing to seasonal changes of temperature and salinity is
the periodical intrusion of tropical waters into the Benguela upwelling system, e.g. Boyd et al.
(1987) and Lass and Mohrholz (2008). This water is present on the shelf in late austral

summer and early fall and may reach as far south as 27° S, Gordon et al. (1995),
Duncombe Rae (2005), and Fennel et al. (2012). The advection of this warm and oxygen
poor water impacts the environmental conditions on the shelf heavily as it causes hypoxic-
anoxic conditions and may support sulphur outbreaks, Copenhagen (1934), Monteiro et al.
(2006), Mohrholz et al. (2008), and Ohde and Mohrholz (2011). The advection of tropical
water and therefore the distribution of oxygen, temperature and salinity are subject to
interannual variations as well, Walker (1987). The occurrence of warm events is intensively
described in the literature, e.g. for 1963 (Stander and De Decker (1969)), 1984 (Shannon et al.
(1986) and Taunton- Clark and Shannon (1988)), 1995 (Gammelsrgd et al. (1998)), and 2001
(Rouault et al. (2007)). These events that are often referred to as Benguela Nifios are the
lowest frequency and largest-scale instance of variability in the Benguela region, Shillington et
al. (2006). The mechanisms driving this variability are discussed extensively in the scientific
community, e.g. Florenchie et al. (2003), Rouault et al. (2007), Richter et al. (2010). Although
there is quite a huge amount of temperature and salinity data for the Benguela system
available in the recent decades and many studies de- scribing the seasonal to interannual
variability based on those data exist, the Benguela system lacks robust long-term
observations. Remotely sensed data near the coast is influenced by clouds and land
contamination and do not allow conclusions about the conditions in the water column.
Sporadic ship-born measurements may be disturbed by non-linear internal waves affecting the
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vertical structure of the water body on short time scales and thus biasing the results.
However, long-term high resolution mooring data overcomes these drawbacks and therefore
allows a much more robust estimation of seasonal changes, inter- annual variability and
possible trends of the hydrographic conditions in general. Added to this is the fact that
current observations were not part of the long lasting monitoring off central Namibia at all.

Continuous current observations commenced south of about 27° S in the early 1980s, but
coherent records cover time scales of only a few months, Nelson and Polito (1987), Holden
(1987), and Nelson (1989). Long-term current meter records, however, together with robust
salinity and temperature measurements presented in this study allow an observation of the
advection across and along the Namibian shelf and its relation to the water mass
characteristics on a seasonal time scale and beyond.
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Figure 5.1: Map showing the location of the mooring (LTMB, red), the location of the coastal temperature
sensor at the Swakopmund Jetty and the monitoring transect (black dashed line).

5.2. Data and methods

5.2.1. Mooring data

5.2.1.1.Mooring set up
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Temperature, salinity, and currents were measured with an oceanographic mooring on

the Namibian shelf at about 14°F and 23°5, see fig. 5.1. The mooring has been operating since
December 2002 throughout 19 deployment periods. The data set we present comprises data
until November 2015 and faces two major periods when the mooring was not deployed: from
September 2006 to November 2007 and July 2008 to October 2009. Thus, the mooring
was deployed 2907 days (about 95 months) stretching across 156 months. Figure 5.2 gives
an overview of the deployment periods and the availability of data.
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Figure 5.2: Timeline of the mooring deployment periods and the availability of temperature (T), salinity (S),
and current meter (ADCP) data after validation. Data gained by the oxygen, pressure, and turbidity
sensors is not indicated in this figure. Besides, the availability of coastal sea surface temperature (CSST) data
from the Swakopmund Jetty is shown.

The number and depths of the mounted instruments vary slightly with the different
deployment periods due to logistical constraints, technical reasons, and loss of instruments or
scientific needs. The mooring has been equipped with up to five SBE 16 SeaCAT (or SBE 37
MicroCAT) sensors (located at a water depth of about 23 m, 43 m, 63 m, 93 m, 125 m)
measuring conductivity and temperature, five RBR temperature loggers (33 m, 53 m, 105 m,
118 m, 125m), two RBR pressure and temperature loggers (20 m, 78 m), three PME miniDOT
oxygen sensors (63 m, 93 m, 125 m), and one turbidity sensor (125 m). Moreover, an upward
looking ADCP (RDI-Workhorse 300 kHz) is mounted at 120 m depth measuring the current
profile between about 115 and 16 m water depth with a vertical resolution (bin size) of 4
m. Mayor changes in the design of the mooring throughout the different deployment
periods were the mounting of an additional SeaCAT sensor at 43 m and a RBR
temperature logger at about 30 m depth from period #14 onwards to better resolve the
vertical structure near the thermocline. Instruments mounted below 120 m water depth
including the ADCP were lost near the end of period 14 (09/2011-05/2012). During the
recovery of the mooring at the end of period eleven (11/2009-05/2010) devices mounted
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above 60 m water depth were lost. As a result, no temperature and salinity data can be
presented for that period and depth range. The temporal resolution of the temperature and
salinity data varies between two seconds and ten minutes depending on the device and
deployment period. The accuracy of the instruments could be kept within a range of +£0.01 K
for temperature and £0.01 for salinity due to the use of anti-fouling tubes, Mohrholz et al.
(2008). The ADCP has been measuring every hour, and the depth averaged error of the

horizontal current velocities is typically about 1 cm s—1.

5.2.1.2. Data validation

If possible, all instruments were calibrated in the laboratory before being deployed.
After recovery, the data from each deployment period was truncated at the actual
deployment and recovery time. Each sensors time series was then inspected for sensor drifts
by comparing the data with the CTD measurements from the monthly monitoring program of
the National Marine Information and Research Centre (NatMIRC) and suspicious data was
discarded. Data from salinity sensors that showed a constant offset from the CTD data
throughout their deployment period were corrected by linear regression. The ADCP data was
compensated for magnetic declination after each recovery. Moreover, the heading bias of the
compass was estimated by calculating the mean orientation of the M2 tidal ellipse (about

174°) throughout all deployments using the Matlab Toolbox T TIDE, Pawlowicz et al.

(2002).  This analysis delivered a mean heading bias of the ADCPs compass of about 5™
Unfortunately, we have to acknowledge that the ADCP data from the deployment periods
ten, eleven (11/2009-05/2010), and nineteen (01/2015 - 11/2015) had to be discarded since
a malfunctioning of the instruments compass is likely for these periods.

5.2.1.3.Water mass definition

The fraction of a sub-type of South Atlantic Central Water at the mooring site is
calculated from the high resolution and validated temperature and salinity data. The
definition of the water mass used in this study is based on CTD samples from the Angola
Gyre and is referred to as Angolan Gyre Central Water (AGCW). It is defined by a straight

line in the ©-Sp diagram between points with a potential temperature of 16°C and practical

salinity 35.6366 and a potential temperature of 8’ C and practical salinity 34.7201, see
Mohrholz et al. (2008).

5.2.1.4.Data processing

In order to derive the alongshore and cross-shore current components, the coordinate

system was rotated anti-clockwise by 17° according to the approximate orientation of the
coastline and the bathymetry near the mooring position. Then, monthly values were
calculated from the data whereby only those months were assumed to be significant that
were covered by at least two-thirds. From the monthly data, climatology of temperature,

62



salinity, water mass fraction and cross-shore and alongshore velocity was derived. In the
climatology, only those depth levels were included that is covered by at least three years for
the particular month. Temperature data of eight depth levels (20 m, 23 m, 43 m, 63 m, 78
m, 93 m, 123 m, 125 m) and salinity data of four levels (23 m, 63 m, 93 m, 125 m) satisfy this
requirement. The months December, January, February, and March are represented most of
all in the current meter climatology (seven years each). For August and September, only
three monthly values were available to enter the climatology.

5.2.2. Monthly monitoring data

In addition to the mooring measurements, we make use of temperature and salinity

data sampled along a cross-shore transect at 23°S. The measurements are performed in the
frame of a quasi-monthly monitoring program (Monthly Oceanographic Monitoring, MO M) run
by the Namibian Ministry of Fisheries and Marine Resources, e.g. Monteiro et al. (2008). The
data was sampled along nine stations with a Seabird 911plus or Seabird 19plus CTD-O with
rosette between January 2003 and October 2013. A comprehensiveanalysis of the CTD
data at the 10 n.m. station of this transect was presented by Bartholomae and van der Plas
(2007). In this study, we use only data sampled at the mooring location (40 n.m. offshore).

5.2.3. Coastal sea surface temperature data

Since the mooring observations do not cover the surface, we additionally include
coastal sea surface temperature (CSST) data sampled at the Jetty of Swakopmund (14.52°

E, 22.63° S) in about 1.5 m water depth. The distance between the Jetty and the mooring is
about 35 nautical miles and the CSST data is assumed to mimic the large scale variability of
the sea surface temperature at the mooring position. The data was recorded with a StarMon
mini temperature sensor using a temporal resolution between 5 and 10 minutes. The data
set comprises temperature records from September 2004 to January 2015, see fig. 5.1. A
monthly climatology is calculated from the data following the procedure described above.

5.2.4. Sea level data

Besides the in-situ data, Delayed Time Maps of Sea Level Anomalies (DT- MSLA) merged

from all satellites were downloaded from AVISO. The daily data is on a 1/4° by 1/4° Cartesian
grid. A monthly climatology based on the years 1993 to 2012 was calculated from the
dataset.

5.3. Seasonal variability
5.3.1. Temperature and salinity

A monthly climatology including mean values of temperature and salinity as well as their
standard deviation is presented in Fig. 5.3 and 5.4, respectively. For clarity, temperature
data from only six (1.5 m, 20 m, 43 m, 63 m, 93 m, 125 m) of the possible nine depth levels
is shown including CSST.
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Figure 5.3: (a) Monthly climatology of the temperature including the mean values (lines) and the standard

deviation (shadings) and (b) number of years included in the climatological data for each month. For
clarity, only six (of the possible nine) depth levels of the temperature data are presented.

There is an apparent seasonal cycle in temperature in all depth layers. Maximum
temperatures were reached in February to April (19.2°C, 15.5°C, 13.7°C, 13.3°C, 13’ C, and
12.7°C) and minimum temperatures are observed in August to September (13.4°C, 12.8°C,

12.4°C, 12.1°C, 11.6°C, and 11.3°C) during the main upwelling season in the northern Benguela
system. Obviously, there is downward phase propagation in the seasonal cycle of the
temperature. The temperature at the surface peaks about one month prior to the
temperature at 20 m water depth, which in turn leads the temperatures in the layers below
by about the same time span. The temperature difference between the sea surface and the
lowermost of the presented layers is largest in February (about 6.7 K) and smallest in June

(2 K). This is associated with a mean vertical temperature gradient of 0.14 K m~1 across
the thermocline (0 m to 43 m) and about 0.01 K m~1 below for February. In June, the

vertical temperature gradient is quite constant (about 0.015 K m~1 ) throughout the
water column as no thermocline is pronounced. The climatological standard deviation of the
temperature is highest in summer since the interannual variability is strongest in that
season. However, to some extent, this finding may also result from the seasonal differences of
the data availability, see fig. 5.3. In September, only three to six years (depending on the
depth level) were included in the calculation of the climatology, whereas the most data was
available for January, February, and March (seven to nine years).
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Figure 5.4: (a) Monthly climatology of the salinity including the mean values (lines) and the standard
deviation (shadings) and (b) number of years included in the climatological data for each month.

The salinity in all four layers (23 m, 63 m, 93 m, 125 m) follows basically the seasonality
of the temperature, see Fig. 5.4. The salinity is highest at all levels in April (35.25, 35.27,
35.24, and 35.2) and lowest during September to October (35, 35.07, 35.06, and 35.01) with a
maximum near 60 m year round. The amplitude of the seasonal cycle is most pronounced in
the top layer (23 m) where the salinity is lower than in 63 m depth in summer but exhibits
about the same salinity as in the bottom layer in September. Moreover, the amplitude in the
63 m layer is higher than at 93 m depth. Consequently, the salinity is more or less equal in
both levels in September and October but differs by about 0.03 in April. Thus, the vertical
salinity gradient is most (less) pronounced in the lower (upper) half of the water column in
late winter. In summer, the situation is vice versa. The climatological standard deviation of
the salinity is slightly higher in summer than in winter at all depth levels.

5.3.2. Currents

A monthly climatology of the horizontal velocity components (cross-shore, alongshore) is
presented in Figs. 5.5 and 5.6.
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Figure 5.5: (a) Monthly climatological mean and (b) standard deviation of the cross-shore velocity [m
s™']. The solid line shows the depth of the Ekman layer. The dashed line depicts the depth where the Ekman
compensation flow is at its maximum.
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Figure 5.6: (a) Monthly climatological mean and (b) standard deviation of the alongshore velocity [m s

The mean cross-shore velocity corresponds with the basic pattern well known from
eastern boundary upwelling systems, e.g. Lentz (2001). In the top layer, the currents are
directed offshore (Ekman transport). Below the Ekman depth, the onshore compensation
flow is observed. Both, the Ekman depth and the depth of the maximum Ekman rectification
flow vary seasonally. The maximum of the onshore flow is shallowest in February (about 20 m)
and deepest in July (about 70 m) when also the Ekman depth reaches its maximum (40 m). For
the months of January, February, and December, the mean Ekman depth is shallower than 16
m which is the depth of the upper most bins detected by the ADCP. The standard deviation is
highest around the Ekman depth from April to November indicating strong interannual
variations in the Ekman layer. In terms of direction, the alongshore velocity is divided into
two seasons, see Fig. 5.6. From May to September, the alongshore currents are directed
northwards in the entire water column covered by the mooring (except for depths greater than
90 m in September). In the summer period (October to April), the alongshore currents are
negative, and hence directed southward throughout the sampled water column. The

66



alongshore flow exhibits a local minimum in July, when the mean currents are weaker than
in June and August (when the northward flow is strongest) but still directed equator ward.
In February, the poleward flow is most intense throughout the water column. The
alongshore velocity seems to be highly dominated by the barotropic mode since the vertical
variability in the water column is very low. The standard deviation is lowest in February
although for that month most data was available for the climatology. This leads to the
conclusion, that the interannual variability in the alongshore flow is very low in general in
February. In May, shortly after the alongshore velocity direction switches, the standard
deviation is highest. This might be explained by interannual variations in the timing of the
flow reversal from poleward to equatorward. However, in September and October, when the
flow reverses again from equatorward to poleward, the standard deviation is not that
exposed. The vertically integrated alongshore velocity is presented in Fig. 5.7.
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Figure 5.7: (a) Alongshore transport per unit length [m®s™ and (b) anomaly of the sea level [m]
derived from AVISO. The dashed black line in (a) depicts the overall mean of the alongshore transport.
Note that the axis of ordinate is reversed in figure (b) for comparability.

Together with the AVISO climatological sea surface height (SSH) anomaly at 23°S at
the nearest point to the coast. A harmonic analysis of the alongshore trans- port signal
reveals that the seasonal cycle is most dominant explaining about 84 % of the variance
(not shown). The semi-annual cycle and a cycle with a period of about 120 days are explaining
3 to 4 % of the variance. The alongshore transport is most negative (southward) during
February and a second minimum is observed in October. In June and August, the
equatorward transport is at its maximum. The SSH anomaly reflects well the annual and
semi-annual cycle of the alongshore transport. A negative (positive) sea level anomaly
corresponds to equatorward (poleward) transport. Differences between both data sets are
seen most clearly in the months around the time when the direction of the flow reverses (April
and September). The overall (annually averaged) transport is directed southward and

2

amounts to -0.5 m2 s~1- Of course, this estimate might be slightly biased since the upper 16

m of the water column are not included. Nevertheless, data from a regional ocean general
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circulation model of the South- East Atlantic corroborates the finding of an overall southward

transport at 23°S see Muller et al. (2014).
5.3.3 Water masses

The climatological mean of the AGCW mass fraction is presented in Fig. 5.8 for two depth
levels. Besides, we compare this data to the temporally integrated alongshore velocity in the
same figure. The fraction of water masses from the Angolan Gyre is generally higher in 93 m
than in 63 m (except for April). Around April, tropical waters account for 64 % (93 m) to 67
% (64 m) of the water mass content on the shelf, and from August to September the portion
of these waters is about 16 % (63 m) and 43% (93 m). Thus, the AGCW fraction is comparable
in both layers in summer, whereas a strong difference in the water column is evident in
winter. The difference between both layers hereby originates from the vertical structure of
the alongshore velocity of which the seasonal amplitude is more pronounced in 63 m depth
than in 93 m. In both layers, the seasonality of water mass fraction agrees well with the
temporally integrated alongshore velocity. When the cumulated alongshore velocity reaches its
minimum (maximum), i.e. at the end of the southward (northward) flow phase in April
(September), the AGCW content exhibits a maximum (minimum).
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Figure 5.8: (a) Monthly climatological mean of the AGCW fraction in 63 m and 93 m depth and (b)

temporally integrated alongshore velocity in the same layers. Note that the axis of ordinate is reversed in
figure (b) for comparability.

5.4. Interannual variability

5.4.1. Temperature

Since the mooring data shows some data gaps for various reasons we constructed a
monthly temperature time series combining the mooring measurements and the CTD
observations in order to discuss the interannual variability of the temperature at the
mooring position. Hereby,the CTD data was interpolated linearly on the regular grid of the
monthly mooring data. Having combined both data sets, we subtracted the climatological
values presented in section 3 from the data. The resulting monthly residuals at selected depth
levels are presented in Fig. 5.9.

68



Monthly temperature anomaly

2r CSST—20m—+—23 m——43 m——63 m——93 m

| | | | | 1 |

|
05 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

2002 2003 2004 20

Figure 5.9: Time evolution of the monthly temperature residuals from selected depth levels between 2002 and
2015. Lines depict data sampled with the mooring. Dotted data originates from the ship-born monthly
monitoring. On top, the monthly coastal SST anomaly is presented.

Together with the monthly CSST anomaly (based on the period 10/2004 to
01/2015). Based on the data derived at the mooring position, there is evidence for three
anomalous temperature events lasting for at least two months during the observed period:
Two warm events in the years 2007 and 2011, and one cold event in 2012. In January and
February 2007, the monthly mean temperature was about 1.8 to 2.4 K warmer than on
average in the top layers (20 m, 23 m) while below no pronounced anomaly was observed.
The CSST anomaly is comparable but peaks in March 2007 and thus one month later.
During late summer 2010, the observed water temperature is much colder than usual. Peak
values of the monthly anomalies reach 1.3 K in 20 m depth, while the CSST residuals are
about twice as large for February 2010. In March 2011, the temperature is about 2.4 K
warmer than on average in 20 m depth and thus compares to the values reached during
the 2007 event. However, contrary to 2007, the temperature in the lower half of the water
column shows also a strong anomaly of about 0.8 K. Moreover, this event lasted much longer
as the temperature anomaly in 20 m depth exceeded 1 K for five consecutive months. The
CSST anomaly peaks as well in March (1.3 K), but there is no data available for the months
November 2010 to January 2011. Although the presented time series is rather short to
estimate a robust long- term temperature trend, it is of interest that the mooring data, as
well as the CSST exhibit a cooling trend. The temperature decreases by about 0.12 K in 13

years (0.09 K dec™1 ) in the water column (43 m) while at the surface near the coast the trend

is rather strong (0.38 K dec™1 ) (not shown). A possible cause for this temperature trend
(that is stronger near shore) may be the intensification of upwelling as proposed by Bakun
(1990).

5.4.2.Currents

Since the interannual temperature variability is highest during the summer months
and these months are covered most often in the ADCP data (seven years) we chose the
season January to March (JFM) to evaluate the interannual variability of the currents
profiles. The averaged profiles are presented in Fig. 5.10. For seven years. Unfortunately, we
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must acknowledge that there is no velocity data available for the year 2007 and 2012.
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Figure 5.10: Interannual variability of the (a) cross-shore and (b) alongshore current profiles averaged
from January to March (JFM) for seven different years. The black dashed line depicts the mean profile and the
grey shading marks the standard deviation across all years.

The observations show that the general shape of the cross-shore velocity profiles is very
constant. The minor differences between the years are mostly of barotropic nature and the

standard deviation amounts to about 0.3 cm s~ for this velocity component. The depth
where the Ekman rectification flow becomes maximal is about 22 m in all years. The actual
Ekman depth is always shallower than 20 m. In four (2003, 2008, 2011, 2014) of the seven
years, the Ekman depth is even shallower than 16 m and therefore not captured by the
measurements. The alongshore velocity is directed southward in the whole water column
covered by the ADCP throughout all of the years. However, the data reveals large
interannual variations regarding the strength of the poleward flow and the general shape of
the profiles. The velocity is most negative during summer 2011 and less poleward during 2004.

The difference between these extremes is in the order of 3 cm s~ 1 in the lower water column.

The standard deviation regarding all the different years amounts upto 1cm s~1 depending
on the depth. The variability of the alongshore currents is hereby highest at about 100 m
water depth and decreases when approaching the surface.
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5.5. Summary and Discussion

In this study, data gained from a long-term mooring (2002 - 2015) on the Namibian
shelf is presented. Monthly climatologist of temperature, salinity, water mass fraction,
and currents are calculated. Consequently, the seasonal to interannual variability of these
parameters is investigated. Temperature, salinity, and the water mass fraction show an
apparent seasonal cycle that is associated with the meridional advection. We showed that
the annual maxima (around April) and minima (around October) of these variables match the
timing of the meridional flow reversals. This is in accordance with Shannon et al. (1986) who
stated that the warming in late summer in the whole water column is linked to the intrusion
of tropical waters. The differences in the seasonal amplitudes of temperature, salinity, and
water mass fraction in different depth levels is hereby explained by the vertical structure of
the along- shore velocity component. It is more barotropic in austral summer whereas the
vertical velocity shear is more pronounced in austral winter. The nature of the seasonal flow
reversal, however, is elusive. We showed that the direction and strength of the alongshore
transport is well related to the sea surface height on a seasonal scale suggesting a
geostrophic ally adjusted system in the vicinity of the coast. A Kelvin wave propagation
apparent in the sea level along the South-West African coast (Schouten et al. (2005), Polo et
al. (2008), Lass and Mohrholz (2008)) matches the timing of the seasonal flow reversals at the
mooring site well. Although the coastal propagation is not as pronounced in austral spring
than in austral fall (Lubbecke et al. (2010)), it seems likely that the flow reversals (and
therefore the meridional advection in general) is controlled to a great extent by remote
effects. The fact that the interannual variability of the alongshore velocity is much higher
than the cross-shore flow (driven by local forcing only, e.g. Fennel (1999)) points in the same
direction. However, there are also indications that the seasonal variability of the meridional
transport may be forced locally as it corresponds well to the annual and semi-annual cycle of
the wind stress curl, Junker et al. (2015). This study evinces that the alongshore advection
seems to play a crucial role in the development of extreme temperature events in the
Benguela system, such as in austral fall 2004 (cold) and 2011 (warm). These events were
associated with the weakest (2004) and strongest (2011) poleward transport recorded by the
current meter in the JFM season. AVISO data confirms that the sea level is elevated higher
than usual along the south-west African coast in austral summer and fall 2011 (not shown).
Based on these facts one would expect an increased proportion of waters of tropical origin on
the Namibian shelf during that period. However, only about 71 % of waters in 63 m and 93 m
depths stem from the Angolan Gyre in March 2011 (not shown). This fraction is only slightly
above the mean value for that month. Therefore, other effects than the advection of warm
waters such as a strong change in the vertical temperature gradients (as indicated in figure
5.9) are likely to contribute to the evolution of the 2011 warm event that was the
strongest temperature anomaly observed by the mooring. The temperature in the surface
layer (20 m) exceeded the monthly mean values by more than 1 K for about five months
(December 2010 to April 2011) and the monthly peak temperature was 2.4 K in the surface
layer (20 m) and about 0.8 K in the lower half of the water column in March. These warm
temperature anomalies were reported recently by Louw et al. (2016) based on ship-born
monitoring data. Lahajnar (2011) reported the presence of water masses from the Angola-
Dome in the very northern Benguela system (off Kunene) accompanied by a shift of the
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biological inventory during February 2011. The mooring data verifies that such warm or cold
events are not a surface phenomenon but can be detected in the whole water column as
already stressed by Shannon et al. (1986). Although the temporal evolution of the CSST is
concurrent with the temperature in the water column in general, there are some periods
when the CSST anomaly deviates drastically from the values in the top layer (20m) (e.g.
November 2004, January to February 2006, and December 2012). Such deviations result
probably from anomalous sea surface fluxes near the coast (due to cloud cover, etc.) that
does not affect the water column below the mixed layer. Thus, if temperature anomalies
are also seen in the deeper layers of the water column an adjective cause seems likely.
Whereas we observe a slight cooling trend in the water column and at the surface, several
studies based on remotely sensed SST products reported a warming trend in the northern

Benguela based on different periods, e.g. 0.3 K dec™1 (Hutchings et al. (2009)), 0.35 K dec™1

(Monteiro et al. (2008)), or 0.62 K dec—1 Hardman-Mountford et al. (2003)). In contrast,
Demarcq (2009) found a slight cooling of the northern Benguela upwelling system of about

-0.12 K dec™! to —0.20 K dec~1 . Likewise, results from Santos et al. (2012) suggest that
there is a positive SST trend (0.06 K dec™1) at open sea locations but a negative one (-0.13 K

dec™1) near shore. The authors attributed this finding to the general strengthening of
upwelling. Although most of the data presented in this study is limited to the mooring
position there are indications that most of the conclusions drawn here are representative for
the entire inner shelf area of the northern Benguela upwelling system. Model results, for
instance, integrated over the shelf reproduce the observed annual cycle of the meridional
advection including the flow reversal around April and October, e.g. Junker et al. (2015).
Nevertheless, we have to acknowledge that the winter months (JAS) are relatively
underrepresented in the mooring data compared to the summer months. But since the
standard deviation of the temperature is lowest in austral winter in the Benguela system in
general (Shannon et al. (1986)) this should be only a minor shortcoming of the study. The
mooring dataset may be used for the validation of ocean general circulation models that
still have deficiencies in modeling adequately the eastern boundary region of the South
Atlantic. As the mooringis still operating it may be possible to extend the already thirteen
year long time series in the future. Such an extension will consolidate estimates of
interannual variations and possible trends of the Benguela system.
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6. Ecosystem change in the southern Benguela and the underlying processes

Adapted from Blamey, L. K., L. J. Shannon, J. J. Bolton, R. J. M. Crawford, F. Dufois, H. EversKing, C. L.
Griffiths, L. Hutchings, A. Jarre, M. Rouault, K. Watermeyer, H. Winker (2015): Ecosystem change in
the southern Benguela and the underlying processes. J Marine Syst. 144: 9-29.

6.1 Introduction

Over-exploitation of marine species, coupled with human-induced climate change, is putting
severe pressure on marine ecosystems on a global scale. Even the most remote parts of the ocean
are reported to have experienced some form of human impact, with fishing and anthropogenic
climate change undoubtedly the major culprits. The ecosystem effects of overfishing have been well
documented and there is compelling evidence for the impacts of climate change on marine systems.
In the marine environment, most climate-related research focuses on temperature change and its
impacts on species distribution, abundance patterns and community structure. In general, oceans
across the globe are thought to be warming at a slow to rapid rate, particularly over the last 30 years
(Belkin 2009). However, some major upwelling systems appear to show either opposite trends, or
mixed signals (McGregor et al. 2007, Belkin 2009, Leduc et al. 2010, Gutiérrez et al. 2011). The
Benguela ecosystem, located off the west coast of southern Africa, is one of four major eastern
boundary upwelling systems and is divided into northern and southern sections (Shannon 1985). The
northern Benguela ecosystem, situated off Angola/Namibia, is decidedly different, in terms of both
physico-chemical characteristics and biota, to the southern Benguela, off the west and south coasts
of South Africa. Only the latter is considered in this review. The cold, upwelled waters of the
southern Benguela fuel most of South Africa’s major commercial fisheries, including large-scale
offshore pelagic and demersal fisheries, as well as the commercially valuable inshore linefish, rock
lobster and abalone fisheries. Most of these fisheries have a long history, described, e.g., by Griffiths
et al. (2004), and this, coupled with spatio-temporal changes in key species over the last three
decades has severely impacted some of South Africa’s fisheries and ecosystems (Cockcroft et al.
2008, Coetzee et al. 2008a, Plaganyi and Butterworth 2010, Jarre et al. 2013, Blamey et al. 2014).
Changes in marine ecosystems can be driven by natural and/or anthropogenic processes (deYoung et
al. 2008) with key drivers including biotic processes, changes in structural habitat, climate change
and fishing. In this section we provide a summary of spatial and temporal changes that have taken
place in the southern Benguela ecosystem since the mid 20™ century and we investigate potential
climate drivers of these changes before discussing directions for future interdisciplinary research.

6.2. Spatio-temporal changes in the southern Benguela

A number of spatial and temporal changes have taken place in South Africa’s marine
ecosystems, particularly in the last 30-40 y. In this section we focus on changes that have taken place
in some of the major species and/or ecosystems within the southern Benguela. For a comprehensive
review of changes in all South Africa’s coastal habitats see Mead et al. (2013) and for that in the
offshore and Benguela system as a whole, see Griffiths et al. (2004), Hutchings et al. (2009, 2012),
Moloney et al. (2013).
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Figure 6.1: Linear trend of 1 x 1° resolution Reynolds SST in °C per decade from 1982 to 2014.
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Figure 6.2: Linear trend of 1 x 1° resolution Reynolds SST in °C per decade from 1982 to 2014 at each month of
the year for various region of the East Atlantic.
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6.2.1. Phytoplankton

While shipboard sampling of phytoplankton for the entire Benguela ecosystem has been too
irregular to derive changes over time, two time series of satellite observations of near-surface
chlorophyll @ have been analysed. The first, from Coastal Zone Colour Scanner series 1979-1986,
shows marked interannual variability on the west coast (De Villiers 1998), attributed to changes in
the quantity of Agulhas water advected from the south coast. The second series, derived from
SEAWIFS 1997-2003 and MODIS 2003-2012, demonstrates distinct seasonal and interannual
variability, but no clear trend over the 13 years of observations. In the productive St Helena Bay, an
important nursery area for juvenile fish, in situ measurements of chlorophyll a (as a proxy indicator
for phytoplankton biomass) indicate a rapid increase from the early-to mid-1990s, linked to
increased availability of nutrients (Verheye 2000). Primary production estimates in St Helena Bay,
calculated from nitrate deficits in the upper mixed layer for the period 1982-2007, showed an
increase since 2000 (Hutchings et al. 2012) which, however, is not reflected in satellite-derived
estimates of near-surface primary production along a cross-shelf transect in this area for the period
1998-2010 (Hutchings et al. 2012). Harmful Algal Blooms (HABs) occur as event scale phenomena in
the southern Benguela (Pitcher and Calder 2000). Impacts from these phenomena are associated
with toxicity from the presence of particular phytoplankton species and the decay of high biomass
(where chlorophyll a concentrations can exceed 100 mg m ), which can lead to anoxia (Pitcher and
Probyn 2011). The occurrence of blooms varies both temporally and spatially within the southern
Benguela (Pitcher and Calder 2000). A distinct seasonality coincides with the wind-driven upwelling
season and as such HABs have been shown to vary at the event, seasonal, and interannual scale with
meteorological forcing (Pitcher et al. 1995). Blooms most frequently occur north of Cape Columbine
and often affect Lamberts Bay and Elands Bay within the greater St Helena Bay region, with less
frequent occurrence in False Bay (Pitcher and Calder 2000, Pitcher et al. 2008). Studies of reported
incidence have suggested a six-fold increase in HABs per decade from the 1960s until 2005 with a
concurrent increase in severity (Stephen and Hockey 2007). This study also suggested ‘hotspots’ in
Elands Bay and False Bay. However, in situ data and reports are likely insufficient to fully resolve all
occurrences and the severity of HABs. Satellite ocean colour offers suitable temporal and spatial
resolution for routine monitoring (Bernard et al. 2006) but traditional chlorophyll a algorithms lack
the dynamic range required to detect high biomass and further information on phytoplankton
community composition is needed to indicate toxicity. New techniques are being developed to meet
these challenges including indicators of cell size (Evers-King et al. 2014).

6.2.2. Zooplankton

Zooplankton abundance has been recorded for a majority of years in St Helena Bay during
autumn (April-June) since 1951. Copepod densities, which dominate the meso-zooplankton
community, increased by two orders of magnitude between 1950 and 1996 and declined by almost
an order of magnitude between 1998 and 2007 (Verheye et al. 1998, Verheye 2000, Hutchings et al.
2009). Larger copepod species dominated during the 1950s-60s and smaller species in the 1990s
(Verheye 2000). In addition to the long-term trends, monthly sampling in St Helena Bay between
2000 and 2011 showed strong seasonal and interannual variability of zooplankton biomass, which
peaked during summer and decreased in austral autumn as pelagic fish recruits move through the
inshore area and upwelling intensity declines (Hutchings et al. 2012). In contrast to the long-term

autumn trends reported above, summer (peak) densities of dominant copepods remained roughly
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the same during the 2000s, with no obvious decline (Hutchings et al. 2012). On the Agulhas Bank, a
long-term decline in zooplankton was noted between 1988 and 2012, with a shift from larger to
smaller copepods.

6.2.3. Small Pelagic Fish

Sardine Sardinops sagax and anchovy Engraulis encrasicolus are the greatest contributors to
the South African small pelagic fishery and have shown alternating dominance in the catch since the
fishery’s inception (van der Lingen et al. 2006). Commercial fishing of sardine began in the 1940s
along the west coast of South Africa and catches increased rapidly during the 1950s and peaked in
the early 1960s, but then declined just as rapidly resulting in a stock collapse in the late 1960s.
Sardine catches remained low during the 1970s and 1980s and instead anchovy dominated the
pelagic fishery catch until the mid 1990s (van der Lingen et al. 2006). In the late 1990s and early
2000s, there was an unusual upsurge in abundance of both species, but South Africa’s sardine stock
collapsed for the second recorded time in the mid 2000s (Coetzee et al. 2008b). In addition to these
temporal shifts in species dominance, which have been observed in a number of upwelling systems
(e.g., Schwartzlose et al. 1999), spatial shifts in the distributions of small pelagic fish have occurred
within the past two decades (van der Lingen et al. 2002, 2005). Changes in the distributions of both
sardine and anchovy in the southern Benguela have been observed since the mid—-to—late 1990s.
From 1985, when November spawner biomass surveys were initiated, until 1996, the majority of the
anchovy biomass was found to the west of Cape Agulhas (on the west coast) including over the
Western Agulhas Bank. Since 1996, however, the bulk of anchovy spawner biomass has been located
east of Cape Agulhas on the Central and Eastern Agulhas Bank. The same pattern was evident in
anchovy egg abundance from as early as 1989 (van der Lingen et al. 2002). A more gradual, but
similar, change was observed in sardine — with an increasing proportion of biomass found to the east
of Cape Agulhas since 1995. Indeed, from 1999 the majority of spawner biomass has been located
east of Cape Agulhas, with the exception of 2008-2010 and 2012. Other pelagic species such as
redeye and chub mackerel have also shown similar increases in the proportion of biomass found east
of Cape Agulhas over this period, although not to the same extent as the sardine and anchovy
(Watermeyer 2014).

6.2.4. Seabirds

There have been long-term shifts in the distributions of several seabirds off southern Africa.
Five species, which compete with commercial fisheries for prey, have undergone distributional shifts
in a south-easterly direction around the southern African coast as summarized below (see also
Crawford et al. 2008c). African Penguins Spheniscus demersus, Cape Gannets Morus capensis, Cape
Cormorants Phalacrocorax capensis and the nominate race of Swift (Crested) Terns Thalasseus bergii
bergii breed only in the Benguela upwelling ecosystem and feed mainly on anchovy and sardine.
Since the late 1960s, the proportions of Cape Gannets breeding in Namibia have declined, while in
South Africa they have increased. These trends closely match the proportions of the combined
abundance of anchovy and sardine in the Benguela ecosystem occurring in Namibia and South Africa
(Crawford et al. 2007a). In South Africa, the proportion of Cape Gannets breeding on the west coast
has decreased, whereas the proportion breeding on the south eastern coast has increased (Crawford
et al. 2007a). The proportion of African Penguins breeding in Namibia has also declined (Crawford et
al. 2013). In South Africa the proportion of African Penguins breeding on the west coast has declined
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since the mid 20™ century, although it did increase in the 1990s when sardine in the region were
abundant, but subsequently declined again in the 2000s, whereas the proportion breeding on the
south eastern coast has increased. The shifts in gannets and penguins to the east have followed the
shifts in distributions of their prey off South Africa. Almost all of South Africa’s Cape Cormorants
breed on the west and south-western coasts (Cooper et al. 1982, Crawford et al. 2007b) and the
proportion breeding on the west coast decreased in a fluctuating manner after 1956. Comprehensive
information on numbers of Swift Terns breeding on the west and south-western coasts is only
available from 1984 (Cooper et al. 1990). Since then, the proportion of Swift Terns breeding on the
northern west coast has decreased, although large numbers of Swift Terns bred here at the turn of
the 21* century, when anchovy and sardine were abundant in the region (Crawford 2009). The Bank
Cormorant Phalacrocorax neglectus is also endemic to the Benguela ecosystem. It is a benthic feeder
that in South Africa feeds largely on the West Coast rock lobster (Hockey et al. 2005). Eleven
localities on the west and south-western coasts have been reasonably well monitored and, of these,
sites to the north have supported a decreasing proportion of breeding birds since. Populations in the
south have either increased or remained stable (Crawford et al. 2008a). The breeding distributions of
several other seabirds in the Benguela ecosystem, which do not feed primarily on prey that is
harvested by fisheries, have also shifted south and east. These include Crowned P. coronatus and
White-breasted P. lucidus Cormorants (Whittington 2004, Crawford et al. 2012, 2013), Hartlaub’s
Larus hartlaubii and Kelp Larus dominicanus Gulls (Whittington et al. 2006, Crawford et al.
2008c,2009a) and Damara Terns Sterna balaenarum (Crawford et al. 2009b).

6.2.5. Demersal fish

The South African demersal offshore trawl fishery, which began in the early 1900s, is based
primarily on two species of hake — the shallow-water hake Merluccius capensis and deep-water hake
Merluccius paradoxus (Payne and Crawford 1989). Initially, this fishery was centred around Cape
Town, but it now extends from Port Nolloth on the northern west coast, to the south-eastern area of
the Agulhas Bank. The fishery increased gradually, escalated after World War Il and peaked in the
early 1970s (Atkinson et al. 2011a). However, these catches were unsustainable and led to the
implementation of a number of management plans in the mid-to-late 1970s, which reduced catches.
Recently, the offshore trawl fishery has been certified by the Marine Stewardship Council and the
two hake species are now assessed separately (Rademeyer et al. 2008). Biomasses are projected to
increase with the OMP-2006, including a recovery plan for M. paradoxus from very low biomass.
Field et al. (2013) present an overview of institutional arrangements and an analysis of recent
structural changes in this fishery, respectively. Other fisheries targeting these two species of hake are
the demersal longline fishery, the inshore trawl fishery and the commercial handline fishery.
However, these three fisheries together are not allocated more than 15% of the total allowable
catch. Research trawl surveys have been conducted since 1986 and, based on these data, spatial
analyses showed that demersal fish assemblages were clearly influenced by depth and latitude
(Atkinson et al. 2011a). Species diversity decreased with increasing depth and fish assemblages
changed around the shelf break (ca. 300-400 m depth). Fish assemblages also indicated that trawl
grounds can be broken into a southern and northern area, separated at approximately 33 °S (off
Cape Columbine), with the northern area extending into Namibia to about 26 °S (Atkinson et al.
2011a). The southern region is dominated by (in addition to the hakes) Cape gurnard Chelidonichthys
capensis, Bluntnose spiny dogfish Squalus megalops and Rattails Caelorinchus spp, and the northern
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region by Cape dory Zeus capensis, Longnose spiny dogfish Squalus mitsukurii, Ribbon fish Lepidopus
caudatus, Angelfish Brama brama, Rattail Malacocephalus laevis and Kingklip Genypterus capensis
(Atkinson et al. 2011a). Multivariate analyses indicated temporal changes in the demersal fish
assemblage in the early 1990s and mid-2000s and suggested there had been an increase in fast-
growing, early-maturing species and a decline in slow-growing, long-lived species (Atkinson et al.
2011a). Temporal data on benthic invertebrate assemblages are not available, but experiments from
heavily and lightly trawled areas showed differences in invertebrate assemblage, suggesting that
trawling intensity has some impacts on invertebrate epifaunal and infaunal communities (Atkinson et
al. 2011b).

6.2.6. Linefish

The South African term ‘linefishery’ denotes a multi-species, multi-sector, multi-area cluster of
low to medium technology fisheries in which more than 200 fish species are caught by hand-line or
rod and reel (long-line fisheries excluded) over a large geographical range (Solano-Fernandez et al.
2012). Species are usually classified as warm-temperate reef fish, cool-temperate reef fish or pelagic
nomads (Griffiths 2000). Within this cluster there are three recognized fishery sectors: commercial,
recreational, and small-scale (formerly termed subsistence). Although the linefishery operates along
the entire South African coast, here we focus on the Cape commercial linefishery, which extends
from Port Nolloth to just east of East London. The boat-based commercial linefishery is a low-
earning, labour-intensive sector that is very important from the perspective of human livelihoods. It
is the oldest of South Africa’s commercial fisheries dating back to the mid-1800s (Griffiths 2000) and
concerns about the overfishing of some linefish species were voiced already in the 1940s (Griffiths
2000). However, regulation of the fishery did not occur until 1985. An increase in fishing effort,
combined with technological advances in the second half of the 20" century, led to serial over-
exploitation of most of the important linefish species and steady decreases in catches (Griffiths
2000). In the 1990s, spawner-biomass per recruit analyses and comparisons with historical catch
data indicated alarming declines for many linefish stocks (Griffiths 1997a, b, 2000). This work led to
the declaration of an emergency in the linefishery in 2000 and was followed by a mandatory
reduction in effort. The total allowable effort (TAE) was reduced by 70% in 2000. However, fishing
effort for some species e.g., hottentot Pachymetopon blochii on the west coast and reef fish on the
south-west coast was already declining prior to the 2000s, suggesting that the abundance of some
species was already low. Since 2006, the average total annual catch was just under 10000 t and
mainly comprised pelagic shoaling species, such as snoek (Thyrsites atun) and yellowtail (Seriola
lalandi); and demersal species, such as silver kob (Argyrosomus inodorus) and geelbek (Atractoscion
aequidens). The availability of these wide-ranging, shoaling species can be erratic, and fishers
therefore often switch fishing strategies to target other species, including a large variety of reef-
associated seabreams such as carpenter (Argyrozona argyrozona), slinger (Chrysoblephus puniceus)
and hottentot (Pachymetopon blochii), when the preferred species are unavailable (Griffiths 2000).
However, the more resilient species are likely those with nomadic lifestyles and shorter lifespans,
unlike the reef fish that are long-lived, slow growing, late-maturing and sometimes protogynous
hermaphrodites (Penny et al. 1989). Most prominent examples of reef fish collapses include the large
sparids seventy four Polysteganus undulosus and red steenbras Petrus rupestris (Attwood and
Farquhar 1999, Griffiths 2000), which are now protected under a catch moratorium. In 2010, an
initiative was set up to revise stock assessments for a number of important linefish species, many of
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which had not been updated in over a decade. The extensive National Marine Linefish System
(NMLS) database contains over 25 y of more than 2.5 million spatially-referenced catch and effort
records, and was recognized by the ‘Census of Marine Life’ mega-project as the largest dataset of its
kind (MclIntyre 2010). Nevertheless, most linefishes remain in an unknown or collapsed state.

6.2.7. Rock Lobster

The South African commercial fishery for West Coast rock lobster Jasus lalandii is located along
the west and south-west coasts, although the majority of catches have always been concentrated on
the west coast. The fishery dates back to the late 19" century (Melville-Smith and van Sittert 2005)
and catches peaked in 1950/51 and have steadily declined since then, largely due to overexploitation
of the resource, particularly in the north, but also to changes in productivity and environmental
conditions in more recent decades (Melville-Smith and van Sittert 2005). During the 1980s, rock
lobster catches appeared to have stabilized and exploitation was regarded as sustainable. However,
catches declined unexpectedly in the early 1990s and fishing effort shifted from the west coast to the
south-western coast (Cockcroft et al. 2008). In recent years, catches have failed to recover
significantly and the biomass of legal-sized male lobsters is currently estimated to be less than 3% of
‘pristine’ (Johnston 2013). The proportion of rock lobster caught on the west coast has also fallen
from ~65-70% to under 10% in the last decade while in the south it has increased from 10- ~70%.

6.2.8. Abalone

The South African abalone Haliotis midae occurs from Cape Columbine on the west coast to
just north of Port St Johns along the east coast, although the heart of the fishery has historically been
located along the south-western coast, between Cape Hangklip and Quoin Point. Abalone have been
fished commercially since ca. 1950 (Tarr 1992), but only in the last two to three decades have
numbers declined substantially due to changes in the ecosystem and intense illegal fishing (Blamey et
al. 2014). The recreational fishery was closed in 2003/2004 and a temporary ban on the commercial
fishery was implemented in 2008/09 (van der Lingen et al. 2012). At this stage the resource was
estimated to be less than 18% of its pre-exploitation spawning biomass, with one of the four major
fishing zones sitting at about 4% (Plagdnyi and Butterworth 2010).

6.2.9. Kelp

Important recent changes in seaweed distribution concern the most abundant and
economically important seaweed in the region, the large forest-forming kelp Ecklonia maxima. The
eastern biogeographical limit of the species was static for at least 50 years at Suiderstrand (just west
of Cape Agulhas) but moved more than 70km eastwards around Cape Agulhas in 2006-2007 (Bolton
et al. 2012). A significant E. maxima bed now exists in De Hoop Nature Reserve (Bolton et al. 2012,
Reimers 2012). Figure 6.1 and Bolton et al. (2012) suggest that coastal cooling may be implicated in
this eastward shift, although the very small amount of previous coastal temperature data available
for De Hoop (Bolton and Stegenga 1990) suggests that De Hoop was considerably warmer than west
of Cape Agulhas. As well as this eastward range expansion, there is evidence that Ecklonia maxima is
becoming more prevalent and abundant within its distribution range. Reimers (2012) used repeat
photography to demonstrate this at a number of sites between False Bay and Hermanus while an
increase in abundance of this species in subtidal fringe sites in False Bay between 1987 and 2008-9
was documented in detail by Mead (2011). Although kelp abundance has increased along the south-
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west coast, in some areas the harvesting of kelp is approaching the prescribed limits (Troell et al.
2006).

6.2.10. Intertidal fauna

The most significant change in rocky intertidal biota in the southern Benguela has been the
introduction of marine invasive species. The introduced marine species present in the region are
documented by Mead et al. (2011a), and their distributions and impacts are discussed by Mead et al.
(2011b). A total of 85 introduced, plus 39 suspected or ‘cryptogenic’'marine species are reported
from South Africa. Distributional data could be established for 80 of these species of which the
majority, 55, were reported from the west coast (Mead et al. 2011b). Many of these are
inconspicuous forms, or are confined to one or a few harbours, estuaries and lagoons, but three
abundant, bed-forming species have profoundly affected the rocky intertidal biota. On many west
coast shores the upper shore is thus now dominated by an alien barnacle, the mid-shore by dense
beds of M. galloprovincialis and the lowshore by a virtual monoculture of S. algosus (de Greef et al.
2013). Another temporal change in the intertidal fauna has been the progressive reduction in the
warm-water brown mussel Perna perna along the west coast of False Bay. Although common all
along the False Bay coastline in the 1980s and before, surveys undertaken in 2008-10 revealed only
small relict populations of adult P. perna clinging to the warmest corner of the Bay at Bailey’s
Cottage, the main population having retreated eastwards as far as Arniston. This finding closely
parallels the increased abundance of cold-water kelps in the same region (south-western coast),
reported above.

6.3. Climate drivers of change

Spatial and temporal changes in the southern Benguela ecosystem can be attributed to a
number of natural and anthropogenic drivers, however, in this paper we focus on two main drivers:
fishing and climate. Other drivers are reviewed in Mead et al. (2013) and Moloney et al. (2013).

6.3.2. Wind

Wind data have been recorded at Cape Point since 1960 and mostly show decadal-scale
variability, although a prominent decline in southerly winds occurred during the 1980s, lasting for
over a decade, followed by a dominance of strong southerly winds for most of the 1990s.Using a
sequential t-test algorithm for the detection of regime shifts (STARS), Blamey et al. (2012) detected
significant shifts between northerly/southerly wind dominance in 1971, 1983, 1994 and 2007.
Further analyses (results not shown) detected a significant shift from winter easterlies to westerlies
also during the 1980s, and stronger summer south-easterly winds during the 1990s (see Blamey et al.
2012). Wind data from Cape Columbine lighthouse for 1957-1993 also show mostly decadal-scale
changes, with no obvious trend (Hutchings et al. 2012). However, there was a pronounced decrease
in southerly winds between 1983-1990 (Hutchings et al. 2012), consistent with the decline in
southerly winds at Cape Point during the 1980s. Unfortunately data post-1993 were not available for
Cape Columbine. The long-term wind data (particularly for Cape Point) are problematic because of
changes in collection methods that occurred in the early-to-mid 1980s, and again in 1993. However,
Blamey et al. (2012) argue that a shift in wind patterns did occur during the early 1980s, albeit
exaggerated by the change in measurement method.

6.3.3. Ocean temperature and El Nifio Southern Oscillation (ENSO)
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We analysed monthly Reynolds Optimally Interpolated Sea Surface Temperature (Ol SST)
(Reynolds et al. 2002), a 1x1 degree resolution product based on satellite remote sensing (AVHRR)
and in situ observations that are optimally interpolated when data are missing. (Fig 6.1). We found a
positive trend (warming) in SST of up to 0.55°C per decade in the Agulhas Current system during
most months of the year, except for KwaZulu—Natal, where the warming was only significant in
January and February. The warming was attributed to an intensification of the Agulhas Current in
response to increases of wind stress curl in the south Indian Ocean (Rouault et al. 2009, Backeberg et
al. 2012). In the southern Benguela (west coast), we found a statistically significant cooling trend of
up to 0.5°C per decade from January to August only, and along the south coast, a less pronounced
cooling trend up to 0.4 °C per decade from May to August only (Fig. 6.2). This cooling is most likely
due to an increase in upwelling-favourable south-easterly and easterly winds. Changes in the tropical
Atlantic and adjacent upwellings are reflecting a variety of process and have a distinct seasonality.
Some regions have warmed up and some regions have cooled down while some other regions have
not significally changed. The tropical Atlantic experienced a slight warming of 0.1 to 0.2 °C per
decade at all months of the year while the Angolan and North Namibian coastline displays also a
warming at all month of the year but higher, from 0.2 C to 0.5 °C per decade. The central part of the
Benguela upwelling has not changed while the South Benguela has cooled down mainly from April to
August by 0.3 to 0.5 °C per decade which out of the upwelling season suggesting stronger unseasonal
upwelling favourable winds (Fig. 6.2). Prior to the satellite era, 1980, it is difficult to ascertain coastal
changes using gridded products that are based on a paucity of observations with gaps filled up with
statistical technics. For instance Hadley SST version 1 (Rayner et al, 2003) uses satellite remote
sensing estimate of SST from 1982 and sparse observation before and cannot be used for trends
analysis in upwelling regions. Further work will look at the cause of those changes, namely change in
wind speed and related latent and sensible heat fluxes, change in thermocline depths and changes in
current system.
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Figure 6.3: Linear trend of 4 x 4km resolution AVHRR derived Pathfinder V5.2 SST in °C per decade from 1982 to
2014.

However, Dufois et al. (2012) report a warm bias in the previous version of AVHRR Pathfinder
(before version 5.2) when compared with MODIS SST, reaching up to 5 2C in summer in the southern
Benguela at the monthly scale. The latest release of Pathfinder (version 5.2) clearly improves the bias
but the cooling trend described by Rouault et al. (2010) and presented in Fig. 6.1 is less evident: it is
no longer present along the south coast, or north of Cape Columbine (Fig. 6.3) as previously
reported. Only the late summer cooling (February-April) around the Cape Peninsula upwelling region
(specifically Cape Columbine to Danger Point, see Fig. 6.3 top right panel) and the warming in the
Agulhas System (Fig. 6.3) hold. The cooling in the southern Benguela is consistent with increased
south-easterly winds and upwelling during the 1990s. In contrast to the Cape Peninsula upwelling
region, there appears to be a warming trend all year round north of Cape Columbine/St Helena Bay
(Fig. 6.3) using Pathfinder v5.2 data, although there is some uncertainty around these results given
that other data show a cooling (Fig. 6.1, Rouault et al. 2010, Lima and Wethey 2012). However, off
Namibia and Angola (Figs 6.1, 6.3) there has indeed been a warming and although reasons for this
warming are not known, it is consistent with the southerly shift in the South Atlantic High Pressure
system discussed in Jarre et al. (in press b) and summarized below. This shift could have decreased
the wind off Northern Namibia leading to suppressed upwelling and hence warming.
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(a) El Nifo years anomaly (°C) (b) Mean SST during JFM (°C) (c) La Nina years anomaly (°C)
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Figure 6.4: Mean summer (DJF) SST and wind speed/direction for the Benguela region (middle panel) and the
respective anomalies in summer during El Nifio (left) and La Nifia (right). SST shown in colour and wind
speed/direction indicated by arrows

It also could have deepened the thermocline off Angola leading to a warming of coastal water
off Angola and an increased advection of warm tropical water in Northern Namibia by a process
similar to the one discussed in Rouault (2012), except at the decadal scale. Dufois and Rouault (2012)
and Rouault et al. (2010) show that, during austral summer, El Nifio events induce an equatorward
shift in the South Atlantic High pressure system. This leads to a weakening of upwelling favourable
south-easterly winds and warmer than average SSTs in the southern Benguela (Fig. 6.4a,b), but
stronger south-easterlies and therefore cool SST anomalies in the northern Benguela. The opposite
effect occurs during La Nifia events, when there is a poleward shift in the South Atlantic High
pressure system (Fig. 6.4c). Rouault et al. (2010) also found that the south coast and the Agulhas
Current system were correlated with the El Nifio Southern Oscillation (ENSO) but not with the
Antarctic Annual Oscillation (AAO) also called Southern Annular Mode (SAM). Although there
appears to be no change in the frequency of ENSO events, more work is required to disentangle
inter-annual to decadal variability before assessing any links between ENSO frequency, SST trends
and increased climate variability. Jarre et al. (in press b) used STARS to analyse the mean position of
the centre of the South Atlantic High Pressure system between 1981-2013 and found a significant
southerly shift of almost 2° latitude occurred in the late 1980s and persisted for all of the 1990s,
before showing signs of retreating northwards again in the mid 2000s. This could explain the
observed increase in southerly/south-easterly winds and upwelling during the 1990s and hence
cooler SSTs south of 32° latitude (Fig. 6.2).

6.4. Discussion

Linking drivers to ecosystem change can be difficult, particularly if there are multiple drivers
(as is often the case), which act in synergy and at different scales. This is further complicated if
systems, such as the southern Benguela, are highly variable, and what drives ecosystem dynamics in
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some years may have less of an influence in other years, as noted in Hutchings et al. (1998), where
multiple factors determine recruitment success but the relative importance of factors can change
from year to year. Almost all the changes we have summarized here in this either involve a temporal
decline or an eastward shift in species. Most of the declines are due to overfishing (either directly or
indirectly, for example due to reduction in preferred prey) or at least driven by geographically
disproportionate catches in relation to abundance. In some cases changes in the physical
environment seem to have played a role as well, e.g., rock lobster on the west coast. In almost all
cases these changes have taken place since the 1980s/1990s, except for one or two resources, which
have experienced declines since at least the mid 20" century. Spatial shifts in species have either
involved an eastward expansion of cool-water species, including kelps, rock lobster and pelagic fish,
or a retraction of warm water species such as the brown mussel, suggesting a cooling of inshore
waters along the south-west coast since the 1980s. This suggested cooling is revealed in the SST
(Pathfinder), wind and upwelling data for the Cape Peninsula and south-west coast region during the
same period. Along the south coast, offshore waters have warmed while trends in the inshore
depend on the data under scrutiny and thus require further investigation. Although the west coast
(north of Cape Columbine) has possibly experienced a warming of ocean waters, some of the
biological changes that have occurred (e.g., declines in seabirds) are most likely due to southward
shifts in distributions of prey (Crawford et al. 2008b), although the shifts in prey distributions may
have been a response to environmental change. In addition to the prolonged, intense exploitation of
the West Coast rock lobster resource, there are three major elements, all of which occurred within a
similar time frame, that are believed to have contributed to the recent spatio-temporal changes in
rock lobster distribution and thus catch and effort. Firstly, a 50% reduction in rock lobster growth
rates occurred during the 1980s, resulting in fewer lobsters growing beyond the minimum legal size
and hence entering the fishery (Pollock et al. 1997). Evidence explaining the causes of these reduced
growth rates is inconclusive. However, it was hypothesized that declines in food availability and
quality due to reduced productivity resulting from shifts in the dominant upwelling-favourable winds,
might be responsible (Pollock et al. 1997). Secondly, the 1990s were a period of increased rock-
lobster walkouts (Cockcroft 2001). Of the five walkouts that occurred, three were severe, with one
event resulting in the loss of ~ 2000 t — approximately equal to the entire annual national catch. All
five events were closely linked with dense dinoflagellate blooms, most likely due to increased
upwelling and quiescent periods (Cockcroft 2001). This is in contrast to the two major walkouts
during the 1980s, both of which were linked to an inshore movement of low oxygen waters
(Cockcroft et al. 1999, Cockcroft 2001). Thirdly, during the early 1990s there was a shift in lobster
abundance east of False Bay into an area where lobster density had previously been low (Cockcroft
et al. 2008). Anecdotal evidence and ecosystem modeling suggest that this increase is likely due to an
abrupt arrival of adults (Tarr et al. 1996, Cockcroft et al. 2008, Blamey et al. 2013), and most likely an
expansion of the False Bay population (Cockcroft et al. 2008). However, exactly why the population
suddenly shifted eastwards from False Bay is not understood. Resources in the intertidal/shallow-
subtidal region have been impacted by a number of different drivers. While overfishing of abalone
(predominantly illegal) in the shallow-subtidal has played a large role in the spatial shifts and declines
in this resource, the indirect food web effects resulting from the eastward migration of rock lobsters
has also played a significant role, and in combination these two drivers have resulted in the localized
collapse of some abalone stocks (Blamey et al. 2013). Direct evidence for climate change impacting
inshore flora and fauna in the Benguela is sparse, although Bolton et al. (2012) attributed the
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eastward shift in kelp to declining temperatures in this region and similarly Mead et al. (2013) link
the retraction of the intertidal warm-water mussel along the western side of False Bay to coastal
cooling. Temporal aspects of human disturbance in the rocky intertidal are also poorly documented
(but see Bally and Griffiths 1989 for an example of such impacts). On sandy shores, the recent
disappearance of the iconic giant isopod Tylos granulatus from beaches such as Hout Bay and
Blouberg has been attributed to a combination of human disturbance, pollution and construction
along the back beach (Brown and Odendaal 1994). Beach driving also has negative impacts on both
Tylos populations (Brown and Odendaal 1994) and on African Black oystercatchers nesting success,
with the latter showing a recovery following the ban on such driving (Leseberg et al. 2000).

One of the main difficulties in trying to identify drivers of ecosystem change, and actual
ecosystem change itself, is the absence or inconsistency of long-term data. Such data can be
problematic if methodology, instruments and/or scientists change over time, as is the case with most
long-term fishing and climate data. While advances in technology may help improve the consistency
of recent climate data, they often do not extend far back enough in time to detect long-term trends
and scales may vary depending on instruments used. An example of some of these problems is
especially true for ocean temperature data in the southern Benguela and these discrepancies are
discussed below. Most marine ecosystems have experienced a warming of ocean waters in the last
30 years, varying from slow to rapid (Belkin 2009, Alheit et al. 2014). These include the Angolan
subtropical and the northern Benguela sub-systems of the Benguela large marine ecosystem, which
border the southern Benguela to the north and east, respectively. There are, however, some
examples of those that are thought to have cooled e.g., Humboldt Currents (Belkin 2009, Gutiérrez et
al. 2011). Both these regions are major upwelling systems and upwelling has been hypothesized to
have intensified due to global warming with a subsequent cooling of coastal waters (Bakun 1990).
The cooling evidenced in parts of the southern Benguela (Fig. 6.3) is in agreement with various other
studies carried out at larger scales (Rouault et al. 2010, Burrows et al. 2011, Santos et al. 2012, Lima
and Wethey 2012). However, looking at different periods, or other SST products at large scale, some
authors found that a warming has been experienced in the entire Benguela (Belkin 2009, Morice et
al.2012). It must be noted that Belkin et al. (2009) did not look at seasonal trends and averaged
across the entire Benguela region. Thus it is possible that the warming trend observed is due to the
warming in the northern Benguela. Figs 6.1 and 6.3 are also good examples of the differences in the
temperature changes observed within the Southern Benguela when using different SST products.
This discrepancy, noticeable only close to the coast, might arise for various reasons. Firstly, satellite
products differ depending on the instruments and SST retrieval techniques used and this has indeed
been shown for South Africa (Dufois et al. 2012, Smit et al. 2013). Secondly, some of the SST products
are unable to resolve small oceanic features (e.g., an upwelling cell) due to either the resolution or
the interpolation scheme used to fill in the gaps (mostly induced by clouds). For example the
Reynolds SST should be applied with caution for small domains, such as an upwelling cell, or for
coastal areas in the vicinity of the Agulhas Current, as the interpolation scheme employed means
that each 1° resolution cell is liable to influence other cells in a 3°radius. Thirdly, SST products, which
are used in the studies listed above, potentially exhibit strong SST biases in the core of the Benguela
upwelling system (Dufois et al. 2012). This could impact the trend processed from satellite datasets.
Therefore, a better quantification of uncertainties regarding temperature changes observed from
satellite within the southern Benguela seems necessary. This could be achieved following the

recommendation of Morice et al. (2012) who highlighted the need to use an ensemble of
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observational estimates to quantify uncertainties and better assess temperature change. Caution
should also be used when interpreting long-term trends in in situ data, particularly if data collection
is inconsistent or suspicious, as is the case with the SAWS ocean temperature data and wind data for
Cape Point. Conflicting trends may emerge between satellite and in situ temperature data, largely
due to issues of scale. Trends based on satellite data are often for much larger scales and employ
regional averages, whereas in situ data are usually site specific and measure temperatures at varying
depths in the water column. Furthermore, satellite remote sensing is an estimate of the oceans ‘skin’
temperature (first few millimeters of the surface), which can be influenced by air temperature and
radiation. Moreover, a considerable increase in air temperature has occurred over the last few
decades (Kruger and Shongwe 2004), which could mask an increase in wind speed and upwelling
intensity, which could help explain discrepancies between in situ and satellite data, but not between
various satellite products. However, in situ data for Gordon’s Bay correlates well with MODIS satellite
data (Dufois et al. 2012). Despite this, SAWS temperature data (including Gordon’s Bay) should be
treated with caution due to unreported change of measuring systems, absence of a documented
protocol and little information on exact timing and location of sampling. Other in situ inshore
temperature data, measured with temperature loggers, also exist (Smit et al. 2013), but have not
been used to look at long-term trends.

It is generally accepted that in the Benguela region, the complex interplay between
environmental (e.g., wind, temperature, oxygen and productivity) and anthropogenic (notably
fishing) drivers are responsible for the observed spatio-temporal dynamics of most resources (e.g.,
Jarre et al. in press b). This is true for a number of other ecosystems around the world (Halpern et al.
2008, Mollmann et al. 2009). Disentangling these combined effects will require interdisciplanary
collaboration, co-ordinated ecosystem projects and the continuation of dedicated research, as well
as increased modelling effort (Harley et al. 2006, Moloney et al. 2013.
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