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ExecutiveSummary

The present deliverable (D4.2) is a report amalyses of historic in situ and remote sensing
data with regards tothe internanual to decadal variability in the Eastern Atlan8zlonging
essentially toTask 4.2 a 2 Y A G NRK YAt dlie [ f2y3 GKS a2dziKBNYy KSY
focuseson the eastern equatorial Atlantic and theoastal upwelling region of the southern
hemisphere Thusit encompasss a regionof particular strong climate variability and at the same
time strongest SST bias in coupled climate moddis. report isdividedinto 6 sections which are
briefly described in the extended summary belowhe results are based on the analysis of
observations in the coastal and equatorial wayigdes and the apgdation of models based on linear
wave theory. The key findjs can be summarised as follows.

1. Annual and sem@nnual variations in the equatorial ocean circulation are dominated by the
second and fourth baroclinc modes, which are resonantly excited.

2. Moored longterm 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 tprevious literature there is no steady southwarflow 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 oca@abwity in

the AngolaBenguela region, explaining approximately 50% of the sea surface height variations and
all the major Benguela cold and warm events during the period -P242, including the 20101

event.

4, Furthermore, these Kelvin wave signalgzdrmeridional 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 Benguefngola region can be well reproduced by linear
ocean models forced by eqtorial wind variations. This suggests a potential to predict these events
with a 1 month lead timeff Angola

6. On longer timescales, edadal shifts in the oceatemperature and circulation of the
Benguela region were linked to changes in the marine etes\s

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 tropicallaitic variability (WP9)t 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 1Annual and semannual cycle of equatorial Atlantic circulation asdated with
basin mode resonancewe use multiyear, full depth velocity measurements from the central
equatorial Atlantic to analyze the vertical structure of annual and semual variations of zonal
velocity. A baroclinic modal decomposition finds tkizé annual cycle is dominated by th& mode
and the semannual cycle by the"? mode. Similar local behavior is found in a higholution
general circulation model. This simulation reveals that the annual and-aemuial cycles of the
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respective dominat baroclinic modes are associated with characteristic bagite structures. Using

an idealized linear reducegravity model to simulate the dynamics of individual baroclinic modes, it

is shown that the observed circulation variability can be explaineadespnant equatorial basin
modes. Corollary simulations of the reduegichvity 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 robustnessf 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 variabititansport, core
depth, and maximum core velocity can be explained by the linear superposition of the dominant
eguatorial basin modes as obtained from the reduggdvity model.

In section2, Intraseasonal to interannual variability of the eastern bodary circulation and
hydrography off Angolawe 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 ofbsurface temperature anomalies from 1995 to 2015.
Furthermore, moored longerm velocity observations, for the first time, give insight into the mean
state, intraseasonal to seasonal variability and transport of the Angola Current.

In section3, Role of hterannual Kelvin wave propagations in the equatorial Atlantic on the
Angola Benguela current systemye investigate the link between equatorial Atlantic Ocean
variability and the coastal region of Angola and Namibia from 1998 to 20&Zound a correlaton
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 LineardgloSSHA is 0.65. Major warm
and cold events in the AngeBenguela current system are remotely forced by ocaanosphere
interactions in the tropical Atlantic. Wave dynamics along the equatorial wave guégsd the origin
of their development. Weakethian 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 useahimarly warning system. An Index based on
PIRATA data at [0 S, 0 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 coastaregion. 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 miaied. Finally the study opens
the possibility to forecasthe start of Benguela Nifios and Nifias 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 4,0rigin, development and demise of the 202ZD11 Benguela Nifiowe 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 syMaximum amplitude
was reached in January 2011 with an interannual monthly SST anomaly larger than 4°C 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 equatal Atlantic, which triggered a strong equatorial Kelvin wave
propagating eastward along the equator and then southward along the seatt African coast. In

the equatorial band, the associated ocean subsurface temperature anomaly clearly shows wup in dat
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 Nifos, the
initial propagation of subsurface temperature anomalaeng 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 gdeward 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 soutfest African coastline off Angola a ntbrater.

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 sdinity and 68 months of current meter records across 13 years
(2002 - 20195 measured with an oceanogrgphic 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 reversds of the
meridional velocity around March and October are concurrent with Kelvin wave induced
changes in the sea level anomaly. The occurence ofextreme warm and cold events in the
Benguela upwelling system is strongly related to the alongshore advection that in turn isin
balance with the coastal sea level anomaly. During the extreme warm event in austral fall
2011 the monthly mean temperature in the water column exceededthe climatological values
by about 2.4K

In section6, Ecosystem change in the southern Benguela and the underlying procetises
focus ison coastal climate change and variability in the Benguela system and potential role on
ecosystem change in the region. Overfishing and huindaced climate changes apitting severe
LINBdadz2NBE 2y YINRYS SoO2aeadSvyad Ly GKS &2dzi KSNY
fisheries have a long history of exploitation and this, coupled with sppatiporal changes in key
species over the last three decades has sevekey LI OG SR a2YS 2F {2dziK ! F1
ecosystems. In almost all cases these changes have taken place since the 1980s. Spatial shifts in
species have either involved an eastward expansion of-watér species, including kelps, rock
lobster and pelgic fish, or a retraction of warmwater species such as the brown mussel, suggesting
a cooling of inshore waters along the sowtiest coast since the 1980s. This suggested cooling is
revealed in ocean temperature for the soutest coast region during theame period



Report on the deliverable

1. Annual and semannual 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
semiannual gcle 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 -gihetn and
thermohaline circulations that are focused the upper ocean and near the western boundary
(Schott et al. 2004; Schott et al. 2008} the equator below the surface wind drift associated with
the equatorial easterlies, the Equatorial Undercurrent (EUG)S eastward along the equator
contributing to the Atlantic meridional overturning circulation and to the wird/en subtropical
cells(Hazeleger and de Vries 2003; Hazeleger et al. 200&) EUC is among thetgest currents in
the tropical Atlantic and flows down the depttependent eastward pressure gradient. While
nonlinearities contribute to its mean characteristi@harney 1960; Qiao and Weisberg 199fg
EUC isessentially governed by linear dynamics with the meridional momentum equation being
approximated by the geostrophic balan¢8tommel 1960; McCreary 198Ilhe main focus of the
study is the seasonal cycle of thenal 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
guestion to be addressed is whether the flow variations can be understood as a linear waoBses
to annual and semannual wind forcing? Using a general circulation model (GEkif)ander and
Pacanowski (1986pund that the western part of the equatorial Atlantic is dominated by a local
response to the annual wind forg, 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
eguatorial beams. Eastward and westward propagating beams are found analytically as the sum of
low-order baroclinic mode equatorial Kelvin and Rossby waves, respediWeGreary 1984)in the
tropical Atlantc, such beams are most pronounced at the annual period; the associated upward
phase propagation can be identified in direct current observations as well as indsiglution GCM
simulations(Brandt and Eden 2005)n relation to the relative strength of the annual and semi
annual wind forcing of the tropicatlantic, the semannual 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 santiual wind forcing. Due to the downward energy
propagation and the generally dissipative character of the basin resonantem reflections or the
presence of the MieAtlantic Ridge do not appear to affect the general structure of the semual
cycle of the velocity field. The spatial and temporal structure of such resonance phenomena are best
described by equatorial bas modes(Cane and Moore 1981)These modes ar lowfrequency
standing equatorial modes composed of equatorial Kelvin and long Rossby waves in the context of a
shallowwater model with a given gravity wave speed characteristic of a specific baroclinic mode. The
total travel time of both types of waveacross the basin defines the period of the gravest basin
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mode. In the inviscid case, the analytical solutiorCayne and Moore (1981has a singularity in mid
basin due to Rossby wave focusing. The introduction of lateral diffusion and/or mean flow can
prevent such focusing, which makesolutions 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, seasahand interannual variability in the three equatorial basfsse, e.g., Johnson
and Zhang 2003; Fu 2007; Ding et al. 2089kemiannual time scale, variability in both the Atlantic
and Indian Ocean appear castent with a resonance of the"2baroclinic mode that can be
approximated by an equatorial basin moffensen 1993; Han et al. 1999; Thierry et al. 2004; Ding et
al. 2009) A subsequent study of basin mode respoa in the Indian Ocean lyan 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 modesfetand 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 withgarticular focus on the EUC. While a basin mode description
of semiannual 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 Ad&fidGBrandt et al. 2014; Johns
et al. 2014) Some of the identified characteristics such as the annual cycle of EUC deepening and
shallowing and the ser@nnual cycle of EUC core velocity have not been dynamiesblained so
far. Here we use fulllepth 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
eguation numerical model that revealse 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 reducegravity model. Gravest equatorial basin modes have their strongest zona
velocity oscillations at the equator in mimhsin and might thus be well sampled by the 23°W moored
observations. The reducegtavity model is further used to study the structural dependence of the
basin modes on the basin geometry (i.e. square basisugerealistic coastlines) and forcing (i.e.
spatially uniform versus realistic wind forcing). The skill of the linear redgedty model in
replicating the dominant features of the seasonal cycle of the zonal velocity in the equatorial Atlantic
demonstiates 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 deploytha at
equator at 23°W from February 2004 to April 2014 (Fig. 1.1). This data set represents an update of
that published byBrandt et al. (2011and Brandt et al. (2012)Here, we use mooring data from
seven successive deployment periods of approximatelyyéss duraton. 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 benehtthe upper instrument or upward from about 600 to 650
m depth. We applied a 40 low-pass filter to hourlyinterpolated current data (ADCP sampling rates

9



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 -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 thetevacolumn, 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 arventh mooring periods (see Fig. 1.1). The MMPs
were programmed to occupy profiles in bursts of two emay 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.
Giventhe length of the time series, the impact of measurement noise on the derived amplitude of
the annual and serrannual cycles can be regarded as negligible.
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Figure 1.1:0Observed zonal velocity from the equator, 23°W and above 3500 m depth. Velocity loiata a
about 600 m are from moored acoustic Doppler current profilers, those between 600 and 1,000 m are from
singlepoint current meters, and those below 1,000 m are from moored profilers. The gray areas mark depths
not sampled by the deployed instrumentati. 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 propagatioa pedodicity of
about 4.5 yeargBrandt et al. 2011as well as th 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 fidd according to baroclinimodes at selected frequencies.
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Table 1.1:Characteristics of the baroclinic mode decomposition of the mBamicVaiséla frequencyprofile
derived from CTD casts during mooring service cruises. The gravest basin mode pecipid @Hléulated for a
width of L=5.8<10° m.

Gravest basin

Phase velocity, Depth of first ~ Depth of second

Baroclinic mode mode period : .
c(még) (days) zero-crossing (m) zero-crossing (m)
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 BrgMisala frequency profile that was
obtained by averaging individual BrigVaisala 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
BruntcVaisila frequency profile; however, some variations in the depth of eossings of the
profiles result when considering different ocean depths. To have a consistent analysis regarding the
vertical structure of observed and simulated velocity variability, degided to use one set of
structure functions derived from the observed mean Biisala 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 characteristimisthe baroclinic modes are given in Table 1.1; the two modes of
particular interest in the present study, i.e. th& 2nd 4" baroclinic mode, together with the mean
zonal velocity in the upper 300 m derived from the moored time series are presenkegure 1.2.

1.3 Model simulations

The GCM builds on a global configuration (TRATLO1) of the NEMO (Nucleus for European
Modelling of the Ocean) cod@Madec 2008)n which the grid resolution of 0.5° is refined to 0.1° in
the Atlantic Ocean between 30°N and 30°S via-tvay nestingDebreu and Blayo 2008} includes
46 vertical levels, with increasing thickness from 6 m at dhdface to 250n at depth. With an
interannuallyvarying forcing given by the Coordinated Océa@a Reference Experiments (CORE)
(Griffies et al. 2009)eanalysis data over the period 192807, the TRATLO1 confrgtion was
applied inDuteil et al. (2014)o study the circulation mechanisms responsible for the ventilation of
the oxygen minimum zone in the eastern tropical Atlantic. A particular finding of that stuslyhea
improved realism of the equatorial current system owing to the higher resolutiothe TRATLO1
model compared to a 0.5° resolution model. Here, we use the output from the TRATLO1 simulation
over the period1995 2007, as well as thregear subsetsof 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 1.2Normalized vertical structure function of thédZ{red) and { (blue) baroclinic mode as derived from
a meanBruntgVaisala frequencprofile 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 alsoehe 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 201dohns et al. (2014jescribed the mean and the seasonal cycle of
the EUC transpo across thebasin (Fig. 1.3).
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Figure 1.3Monthly means (squares) of the 8800 m EUC transport at 23°W, 10°W, and 0°E from observations
taken from October 2007 to June 201Iolins et al. (2014plue) and the TRATLO1 model output derived for
the whole model perid, 19952007 (red) as well as for four successive thyear subsets of the time series
(grey). Bold solid lines represent the mean seasonal cycles derived from annual araheesali 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 semainnual cycle with maxima in boreal spring and autumn. Furthehéoeast,the wind
forcing is dominated by its serannual componentHowever, the observed EUC transport at 0°E has
only a single maximum in boreal spridgcomparison of simulated and observed EUC transport (Fig.
1.3) shows that (i) the model's annual eareEUC transport is generally overestimated and decreases
more with distance from west to east as compared to observations (the interannual variability,
delineated by the successivhree-year subsets of the time serieis, 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 reptesie 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)n particular, the accurate representation of the observed seasonal cycle of zonal
velocity in the central equatorial Atlantic, i.e. close to #hakin where gravest equatorial basin
mode velocity oscillations are stronge@Cane and Moore 1981kncourages us tdocus on a
baroclinic modal decompogitn analysisit annual and serrannual period. To further the dynamical
understanding, we consider single baroclinic mode solutions by applying a linear reghacey
model in spherical coordinates. For governing equations and further details of the|lnseée
Greatbatch et al. (2012)The internal gravity wave speeds of the reduggavity model are taken
from the baroclinic mode decomposition of the observed mean BjJaisald fequency profile
described above (Tab. 1). The lateral eddy viscosity is set to 36§ mhich yields the most realistic
results with regards to the meridional structure of high baroclinic mode w#&@satbatch &€ al.

2012; Claus et al. 2014yhe 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 Kemiave 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 modesThe 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
semiannually) and all simulations with the reduegdavity model areun for 100 years in order to
obtain a stable, periodicalgscillating 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 bthe 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. inShankar et al. (1996)r Han et al. (1999)However, the annual and semnnual oscillation
amplitudes derived by the linear reducegavity modelare scaled using the ratio of observed and
simulated amplitudes of the annual and seamnual 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 respet to the simulated oscillation amplitude. The redueg@vity model is then

used to quantify the horizontal structure of the amplitude and phase of the annual andaserual

cycle throughout the tropical Atlantic. Three sets of redugeavity model simlations 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 semual period. The second set of
simulations is identical except that the modedrdain 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 forcingin addition to the amplitude scaling, a spatially uniform phase
shift is applied to the simulated annual and seaminual 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 phdse 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 NOBE AMIPI Reanalysis product
(Kanamitsu et al. 2002)n this third set of simulations we use zonal and meridional wind forcing.
Specifically, the amplitude and phase of the annual and semual wind forcing are obtained by
harmonic fits at the corresponding period. In this mosalistic 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 k welldetermined by the applied wind forcing.

1.4 Results
1.4.1. Characteristics of the annual and searinual 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 intaraal variations associated with the equatorial deep jets. By
analyzing an early subset of the mooring daBaandt et al. (2006)dentified strong annual cycle

amplitudes above and below the mean core depth of Bi¢C that are in phase oppositideeper in
the water columnsizable annual amplitudes were also found.
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Figure 1.4:Annual cycle of zonal velocity in cit flom the equator, 23°W as reconstructed using only the
annual harmonic fit applied to moored glity 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 cleaslisible phase jump at about 70 m depth associated with zero amplitude.
Around 106m 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 aututow e
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 compareiti¢oobservations 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 observationand about 85 m in the TRATLO1 simulation, which followiwgreary
(1981)is indicative of too large vertical diffusion in the TRATLO1 simulation. To derive a frequency
spectrum from the irregularfgampled moored velocity dataset werformed harmonic fits of the
available data at each depth and averaged the derived amplitude vertically over the whole depth
range (Figl.5a). The obtained spectrum clearly shows very distinct peaks at annual anduseoail
periods with another weakepeak at about 120 days. The broad amplitude maximum-atyéar
period is associated with the EOBandt et al. 2011; Ascani et al. 201%)e strong peaks in the
zonal velocity amplitude suggest the presencestobng 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 seanhual (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 availéddata at each depth level, followed by vertical averaging.

Similar calculations performed using the TRATLO1 model velocity data also reveal spectral
peaks at annual, serainnual and 12@lay 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 &meslin deficiency of such models
in representing the EDJ#scani et al. 2015) To analyze the vertical structure of the annual and
semiannual cycle, we performed a baroclinic modal decomposition of the reconstructed annual and
semiannual cycles (FigL.5b) at each discrete time step. The mode energy istbetained by
averaging the square of the derived coefficients over a whole cycle. As expected from previous
studies (Thierry et al. 2004; Ding et al. 2003e semiannual energy density peaks at th&®2
barocliric mode. More unexpected is the strong peak of the annual cycle at'timrbclinic mode.

The vertical structure function of the™4baroclinic mode has its first zemossing at 65 m depth
(Tablel.1), which is close to the depth of the mean EUC cBig.1.2). Thus the phase shift of the
annual cycle within the EUC (Figda) is associated with the dominance of this baroclinic mode. Note
the weak annual amplitudes at about 400 m depth (Eig) that correspond to the second zero
crossing of the @ baroclinic mode (Tabld.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"2baroclinic mode serrinnual cycle is slgly weaker than
observed and the peak of thé"daroclinic mode annual cycle is slightly stronger (Efib). We also

note that the amplitude of the ¥5" baroclinic mode annual cycle is higher/lower in the TRATLO1
simulations compared to the obsenvan, which indicate a shift of the simulated annual cycle to
lower modes having deeper first zecoossings compared to higher modes (Tallg). This is
consistent with our findings from the comparison of reconstructed annual cycled @igwhere 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 theatmy at 23°W) is taken to calculate

the horizontal pattern associated with the"2baroclinic mode sermannual cycle and the "4
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baroclinic mode annual cycle (Fig6). These patterns reveal (i) an elongated amplitude maximum
along the equator in midbasn, (ii) general westward phase propagation off as well as at the equator,
and (iii) a meridionallproader pattern of the sermannual cycle relative to the annual cycle. Both
patterns have similarities with equatorial basin modes as theoretically deschp€ane 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 replaciy
model.

Mar/Sep
FebiAug
Jan/Jul

Dec/Jun

Nov/May

OctApr

Figure1.6: The amplitude (upper panels) and phase (lower paneishe 2 baroclinic mode, serannual

cycle (left panels) and of thé"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, thidesphas to

be multiplied by the corresponding vertical structure functions shown inli2g.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 reduegavity model

In a first step, the reducedravity 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 dagiare basin as well as for the basin with
realistic coastlines. Following previous studi€eatbatch et al. 2012; Claus et al. 2Q024& chose
the RMS of the zonal velocity along the equator calculated by ergudlues near the eastern and
western boundary within 10° in longitude offshore in the stable, periodieadbjllating state to
identify the resonance of the equatorial basin modes (Eig).
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Figurel.7: RMS of the zonal velocity along the equataiculated by excluding values near the eastern and
western boundary within 10° in longitude offshof@r the final complete oscillation cycle as a function of the
period of the applied spatially uniform zonal forcing for simulations with the redigradity 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 thdZbaroclinic mode (blue) and theé"daroclinic mode (red)
simulation is normatied by the maximum amplitude of the respective simulation for the square basin. Vertical
dashed lines mark the period of the searinual and annual cycles.

Here the estimate is taken over the final complete oscillation cycle. The simulations indicate
resanance of the ' baroclinic mode near the semannual 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 reducethéncase 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 1984nd possibly also a consequence of the Gulf of Guinea coastline
shape in the east. Note that Fi@.7 indicates secondary resonances near 100 days for fhe 2
baroclinic mode and near the serannual period for the % baroclinic mode Several effects that
could impact the resonance periods are neglected in the reduced gravity nieateéxample, in the
real ocean the resonance periods might be reduced in compartsothe idealized simulation
presented here due to the presence of a mean flow as shown for equatorial basin modes of higher
baroclinic modegClaus et al. 2014)r due to the nonlinear increase of the propagatigreed of
equatorial waves(Boyd 1980; Greatbatch 1985pifferent runs with the reducedravity model
sought to identify the structure of the basin modes in a uniforfiolsced rectangular ocean and to
study the infuence of realistic coastlines and wind forcing. Similar to the TRATLO1 simulation, the
amplitude and phase of the"®baroclinic mode serrannual cycle and the™baroclinic mode annual
cycle in the reducegravity model shows an elongated amplitude maximalong the equator in
mid-basin and generally westward phase propagation (Rigs1.10). 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 tveeen the solutions for the @ baroclinic mode sersnnual

cycle (Figl.8a,c) and the @ baroclinic mode annual cycle (Fig8b,d) is the meridionally broader
pattern of the 2° baroclinic mode semannual cycle; in the case of the seaminual cycle, @gions
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

Figure1.8: Same as Fid..6, but simulated with the reducedravity model for the rectangular domain using a
gravity wave speed c=1.32 ni sorresponding to the "% baroclinic mode (left panels) and c=0.74 ih 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 meridionatructure 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 foundddsasin mode
of the 2 baroclinic mode serannual cycle using a GCM with realistic basin geon{@trierry et al.
2004) that showed notable meridional asymmetry in the deeper circalatpattern. Here, the %
baroclinic mode serannual cycle is more strongly influenced by the introduction of realistic
coastlines compared to the™baroclinic mode annual cycle. This could be expected due to the
smaller meridional scale associated withe 4" baroclinic mode compared to the"®baroclinic
mode. Interesting to note are the amplitude maxima at the northeastern boundary1Bigb) that
are likely associated with the propagation of coastapped waves around the Gulf of Guinea.
Somewfat similar maxima are also found in the TRATLO1 solution iBig.especially for the "2
baroclinic mode semannual cycle case.
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Figurel.10: Same as Fid..9, but with spatiallyarying forcing.

The final set of simulations with the reducgdavity model was performed using a realistic
spatial pattern of annual and serannual wind forcing. Contrary to the first two sets of simulations
that were forced with spatially uniform wits, 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, th&®aroclinic mode semannual cycle develops
two separate amplitude maxima in space (FlglOa), 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 (Fig6a). The main difference for thé"4aroclinic mode annual cycle when
changing from reducedravity 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 reghacdty
model in the most relistic setup withan unaltered phaseAgain, there is good agreement between
the linear, reduced gravity model and the TRAT model in this case (Figsldb,d and Figures
1.6b,d). Overall, the regular oscillations produced by the redigredity model a@ 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-samial
cycle compared to the annual cycle. Confirgnprevious results using models of different complexity
applied to the Indian and Atlantic Oceafiierry et al. 2004; Han et al. 201dr results also show
that the general structure of a resonant equatoria@sn mode is fairly robust (similar structures are
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observed in the various reduceagtavity model simulations (Fig$.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 abovesults 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 reducedgravity model, we reconstruct the 3D structure of the velocity anomaly field by
applyirg the vertical structure functions of the corresponding baroclinic modes IRp.By adding
the reconstructed simulated velocity anomalies to the mean velocity from meridional shipboard
sections at different longitude@lohns et al. 2014yve obtain time series of nal velocity that can be
analyzed in similar fashion as the observed time series. In particular, EUC transports are calculated
followingJohns et al. (2014).e. integrating only eastward velocities within the latitudinal range from
Mc MH Q{ ( 2thevdepthHaRde frdmyDRo 300 m. Here, the reconstruction obtained from the
reducedgravity model simulations only includes the velocity variability associated with the 2
baroclinic mode serrinnual cycle and the™baroclinic mode annual cycle, anddsrived for all
three cases: the square basin, realistic geometry, and realistic wind forcing. The comparison of
observations with the reconstructed seasonal cycle (Eitjla, b, c¢) shows that i) at 23°W the
observed pronounced EUC transport maximum ia #easonal 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 iiithere is only weak or no correspondence between observations and the
reconstructions at 0°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
(Figue 1.3c). The difference between the three different reduegmvity 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 reconsegdceasonal 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 (Figlld, e, and f). To further examine the vertical structure of the
seasonal EUGransport variability, zonal transport profiles are calculated by integrating the
reconstructed zonal velocity (only eastward velocities followdalns et al. (201%pver the width of
GKS 9!/ 0SGsSSy wmaiRy @ich daryle direatigorap@réd tadoBskrdations by
Johns et al. (2014; their Figuiell). While in general the three different reconstructions are very
similar, we note the influence of realistic coastlines compared to theage basin in producing a
well-separated and shallower transport maximum at 35°W in boreal spring, and a slight weakening of
the semiannual transport maxima in the eastern equatorial Atlantic when introducing realistic wind
forcing. The reconstructed trsport profiles obtained by using thé®baroclinic mode serrannual
cycle and the # baroclinic mode annual cycle show several similarities with the observed total
transport profiles(Johns et al. 2014Ji) there is a pronounced sefannual 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 redugeality model and observations
are particularly evident in the flow below the EUC canghke simulations, it is the deep extension of
the EUC during August/September at 0°E (EikR) that is chiefly responsible for the EUC transport
maximum in boreal autumn (Fi@.11c). In the observations, the deep extension of the EUC at 0°E is
stronges during May shortly after the shallow spring maximum, both together producing the EUC
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transport maximum in boreal spring (Figllc). The deep extension of the EUC at 10°W and at 23°W
is about one month later in the simulations compared to the observati®Dther 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) Commrison of the reducedravity model reconstructed fields with the
observational curves shows that the seamnual 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 seannual cycle to the seasonal cycle in the EUC
core velocity is stronger than the contribution from the annual cycle (Ei®b) because the"?
baroclinic mode has larger amplitude than tHelaroclinic mode at the core depth of the mean EUC
(Fig.1.2). At the same time, the™baroclinic mode annual cycle very efficiently influences the
seasonal cycle of the EUC core depth. With the first-zepssing of the % baroclinic mode at about

the core deth of the mean EUC (Figy2), the strengthening/weakening above/below the EUC core
during boreal spring and vice versa during boreal autumn {Figd) results in a vertical movement

of the EUC core during the annual cycle. The semual cycle does mahange 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 sétg 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 quasbtationary meandering of the EUC east of the North Brazil Current retrioftedikely
responding to the strong seasonal cycle in the retroflection.

1.5 Summary and discussion

We have analyzed a muitear velocity time series from the equator, 23°W, covering (with
some gaps, see Fit)1) the whole water column with respect theé seasonal variations of the zonal
velocity. Distinct peaks in frequenbgaroclinic mode space emerged, the most pronounced being the
2" baroclinic mode at serdnnual period and the %baroclinic mode at annual period (Fiy5).
Similar peaks are fouhin 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, reducegravity model (Figsl.7-1.10). The general agreement in theorizontal
pattern as obtained from TRATLO1 and the different runs with the redgcadty model also
suggest that other effects not accounted for in the reducgdvity model, like e.g. the seasonal
variability in the stratificationassociated with a veidal displacement of the mean zonal velocity
profile, play only a minor role in producing zonal velocity anomalies of the specific baroclinic mode
analyzed hereBy using a linear reducegtavity model for the simulation of equatorial basin modes
for a sefes 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 aenafsed to describe the seasonal
variability in the equatorial oceafMcCreary 1984; Lukas and Firing 1985; Thierry et al. 2004; Brandt
and Eden 2005)equatorial basin modes represent a powerful alternative meahsiescribing
equatorial ocean dynamidg€ane 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 frequermaroclinic node space found in the moored
observations. The simulations with the reduced gravity model in different configurations and the
TRATLO1 model confirm the result obtained Bgn et al. (2011pand others, that the resnant
equatorial basin modes are robust features, only weakly dependent on the structure of the
equatorial basin and the wind forcinghierry et al. (20043pecifically aalyzed the role of the Mid
Atlantic Ridge and found a negligible effect of this pronounced bathymetric feature, suggesting that a
simple reduceefravity model might be well suited for the simulation of equatorial basin modes.
While the resonance of the s@-annual cycle in the Atlantic (as well as Indian) Ocean requires a
phase speed close to the phase speed of tAtharoclinic mode(Thierry et al. 2004; Ding et al.
2009) the resonance of the annual cycle is@dated with a slower internal wave speed, which is
achieved in the equatorial Atlantic by th& #aroclinic mode. The higher baroclinic mode has a first
zero-crossing of the associated vertical structure function (derived from observations) at about 65 m
depth (Tablel.l) suggesting an opposing effect of the annual basin mode on the zonal flow above
and below the mean EUC core, as seen in the observation$. @g. The seasonal cycle of the EUC
reveals strong deviations from a simple local responséh&wind forcing. Such deviation can be
seen for example by the following: i) the baswde 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
(predominantlysemiannual 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 reducedravity model simulations, we show théte
superposition of the two dominant basin modes, i.e. tH& aroclinic mode serrinnual cycle and

the 4" baroclinic mode annual cycle, provide a simple explanation for a substantial part of the
seasonal EUC variability. Particularly, the seasona<wélthe 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 dhe annual cycle found below the EUC core (E#), 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 (Figl.12) and observationgJohns et al. 2D4). 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. 1(Fég.
There is general disaggment between observations and the linear reduggdvity model
simulations as well as GCM simulations of the EUC in the eastern equatorial Atlantic, e.g. at 0°E.
Philander and Chao (199%lggested that in the eastern equatorial Atlantic, the EUC acts as an
inertial jet decelerated by latefalissipation. As shown in satelliathie andMarin 2008)and insitu
observationgJouanno et al. 2013}here is a strong seasonal cycle in the amplitude of intraseasonal
waves. Model simulations indicate that these waves, which are mainly-géndrated ly 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 cycthe strengths of tropical instability waves
(Athie and Marin 2008and vertical mixingJouanno et al. 2011; Hummels et al. 20T)ese effects

are not captured in the reducedravity model simulations. Besides the gravest equatorial basin
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modes discussed dar, we want to mention also a possible role of tH& l2asin modes for the zonal
velocity variability in the far eastern equatorial Atlantic. In the case of theatoclinic mode semi
annual oscillations, this mode has substantial oscillation eneiigy1(). 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 theasin mode typically has reduced
amplitude in the cenal 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 modearesomust be
captured. As suggested IBhilander and Pacanowski (1981)e evaluation of the seasonal cycle
provides a sensitive test of the different mixing parameterizations used in models. However, the
response of the redted-gravity model to varying frequency of the wind forcing (Bid) indicates

that the amplitude of the annual and serannual oscillations crucially depends on the proximity of
the resonance peaks to the annual and semnual periods. The resonance fmets for the 2° and

4™ baroclinic mode as calculated using the mé&minicVaisala frequencprofile 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, variatadn 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. Pdicularly 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 potemidimpact 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 zeossing of the % baroclinic mode when
using the mea BruntcVaisala frequencgrofile from the model instead from the observations (77 m
versus 65 m). We also noteshift of the annual cycle to lower modes in the TRATLO1 simulation
compared to observation§-ig.1.5). A similar result can be conjecturearr the GCM simulation
studied byDing et al. (2009where it was foundhat 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
representaton of the vertical density structure and the mean flow field, both affecting the
amplitudes of the annual and serannual oscillations associated with the resonant basin modes.

1.6 References

1 Ascani, F., E. Firing, J. P. McCrearysadB and R. J. Greatbatch, 2015: The Deep Equatorial
Ocean Circulation in WinEorced Numerical Solutiond. Phys Oceanogdb, 17091734,
doi:10.1175/JPep-14-0171.1.

1 Athie, G., and F. Marin, 2008: Craspiatorial structure and temporal modulation of
intraseasonal variability at the surface of the Tropical Atlantic Ocké&eophys Ré&3ceans
113,C08020, doi:10.1029/2007jc004332.

1 Boyd, J. P., 1980: Equatorial Solitary Waves. Part I: Rossby Sdlifehgs OceanogtiO,
16991717, doi:10.1175/1520485(1980)010<1699:Eswpir>2.0.Co;2.

i Brandt, P., and C. Eden, 2005: Annual cycle and interannual variability of theeptid
tropical Atlantic OcearDeepSea Res Pt32,199-219, doi:10.1016/J.Dsr.2004.03.011.

24



Brandt, P., A. Funk, A. Tantet, W. Johns, Arfdscher, 2014: The Equatorial Undercurrent in

the central Atlantic and its relation to tropical Atlantic variabili§im Dynam43, 2985

2997, d0i:10.1007/s0038214-2061-4.

Brandt, P., A. Funk, V. Hormann, M. Dengler, R. J. Greatbatch, and J. &}. 2Dddl:
Interannual atmospheric variability forced by the deep equatorial Atlantic Oddature
473,497-500, doi:10.1038/Nature10013.

Brandt, P., F. A. Schott, C. Provost, A. Kartavtseff, V. Hormann, B. Bourles, and J. Fischer,
2006: Circulation in thecentral equatorial Atlantic: Mean and intraseasonal to seasonal
variability.Geophys Res Le&3,L07609, doi:10.1029/200591025498.

Brandt, P., and Coauthors, 2012: Ventilation of the equatorial Atlantic by the equatorial deep
jets.J Geophys Ré3ceansl117,C12015, doi:10.1029/2012jc008118.

Cane, M. A., and D. W. Moore, 1981: A Note on-Eoyguency Equatorial Basin Modds.

Phys Oceanogt1,15781584, doi:10.1175/1520485(1981)011<1578:Anolfe>2.0.Co;2.

Cane, M. A., and P. R. Gent, 1984: ReflectidioaFrequency Equatorial Waves at Arbitrary
Western Boundariesl Mar Res42,487-502

Charney, J. G., 1960: Nomear Theory of a WinBriven Homogeneous Layer near the
Equator.DeepSea Re$, 303-310

Claus, M., R. J. Greatbatch, and P. Brandt, 2@ildence of the Barotropic Mean Flow on

the Width and the Structure of the Atlantic Equatorial Deep Jehys Oceanogt4, 2485

2497, doi:10.1175/JRD-14-0056.1.

Debreu, L., and E. Blayo, 2008: Tmay embedding algorithms: a revie®@cean Dynanbts,
415428, doi:10.1007/s1023608-01509.

Ding, H., N. S. Keenlyside, and M. Latif, 2009: Seasonal cycle in the upper equatorial Atlantic
Ocean.] Geophys R&3ceans114,C09016, doi:10.1029/2009jc005418.

Duteil, O., F. U. Schwarzkopf, C. W. Bo6ning, an@®sthlies, 2014: Major role of the
equatorial current system in setting oxygen levels in the eastern tropical Atlantic Ocean: A
high resolution model studyGeophys Res Le#tl,20332040, doi:10.1002/2013gl058888.

Fu, L. L., 2007: Intraseasonal vatigbiof the equatorial Indian Ocean observed from sea
surface height, wind, and temperature dataJ Phys Oceanagr37, 188202,
doi:10.1175/JP0O3006.1.

Greatbatch, R. J., 1985: Kelvin Wave Fronts, Rossby Solitary Waves and the Nonlingar Spin
of the Equadrial Oceans. J Geophys R&3ceans 90, 90979107,
doi:10.1029/JC090iC05p09097.

Greatbatch, R. J., P. Brandt, M. Claus, S. H. Didwischus, and Y. Fu, 2012: On the width of the
equatorial deep jets] Phys Oceanagt2,17291740, doi:10.1175/Jp®-11-0238.1

Griffies, S. M., and Coauthors, 2009: Coordinated GamaReference Experiments (CORES).
Ocean Model26, 1-46, doi:10.1016/j.ocemod.2008.08.007.

Han, W. Q., J. P. McCreary, D. L. T. Anderson, and A. J. Mariano, 1999: Dynamics of the
eastern surface js in the equatorial Indian Oceard. Phys Oceanggl9, 21912209,
doi:10.1175/15260485(1999)029<2191:Dotesj>2.0.Co;2.

Han, W. Q., J. P. McCreary, Y. Masumoto, J. Vialard, and B. Duncan, 2011: Basin Resonances
in the Equatorial Indian Ocean.J Phys Oceago 41, 12521270,
doi:10.1175/2011JP04591.1.

Hazeleger, W., and P. de Vries, 2003: Fate of the Equatorial Undercurrent in the Atlantic.
Elsevier Oceanography Seri€s J. Goni, and P. Malanctézzoli, Eds., Elsevi&ir5191.

Hazeleger, W., P. de Vrjeand Y. Friocourt, 2003: Sources of the Equatorial Undercurrent in
the Atlantic in a highesolution ocean model.J Phys Oceanagr33, 677-693,
doi:10.1175/15200485(2003)33<677:Soteui>2.0.Co;2.

25



= =

Hummels, R., M. Dengler, P. Brandt, and M. Schlundt, 20agy@nal heat flux and mixed

layer heat budget within the Atlantic Cold Tongu€lim Dynam 43, 31793199,
doi:10.1007/s0038014-23396.

Jensen, T. G., 1993: Equatorial Variability and Resonance in aDiied IndiarOcean
Model.J Geophys R&3ceans98, 2253322552, doi:10.1029/93jc02565.

Johns, W. E., P. Brandt, B. Bourles, A. Tantet, A. Papapostolou, and A. Houk, 2014: Zonal
structure and seasonal variability of the Atlantic Equatorial Undercur@litn Dynam43,
30473069, doi:10.1007/s0038Q14-2136-2.

Johnson, G. C., and D. X. Zhang, 2003: Structure of the Atlantic Ocean equatorial ddep jets.
Phys OceanogB83, 600609, doi:10.1175/1520485(2003)033<0600:Sotaoe>2.0.Co;2.

Jouanno, J., F. Marin, Y. du Penhoat, and J. M. Molines, 2013: Intnaakekkmlulation of

the Surface Cooling in the Gulf of Guiné®hys Oceanag3, 382-401, doi:10.1175/Jp®-
12-053.1.

Jouanno, J., F. Marin, Y. du Penhoat, J. Sheinbaum, and J. M. Molines, 2011: Seasonal heat
balance in the upper 100 m of the equatoriaiafstic Ocean.J Geophys Ré&3ceans 116,

C09003, doi:10.1029/2010jc006912.

Kanamitsu, M., W. Ebisuzaki, J. Woollen, S. K. Yang, J. J. Hnilo, M. Fiorino, and G. L. Potter,
2002: NCEPOE AMI®I reanalysis (R). B Am Meteorol Soc 83, 16311643,
doi:10.1175/Bams83-11-1631.

Lukas, R., and E. Firing, 1985: The Annual R¥¥alsg in the Central Equatorial Pacific
Ocean.J Phys Oceanadl5, 5567, doi:10.1175/152@485(1985)015<0055: Tarwit>2.0.Co;2.
Madec, G., 2008NEMO ocean engine version 3Mol. 27, Istitut PierreSimon Laplace,

Paris, France.

McCreary, J. P., 1981: A Linear Stratified Ocean Model of the Equatorial Underdehitos.

T R Soc,298,603635

T T, 1984: Equatorial Beam3Mar Res42,395430

Philander, S. G. H., and R. C. Pacanod8Ril: Response of Equatorial Oceans to Periodic
Forcing.J Geophys R&3c Atm 86,19031916, doi:10.1029/Jc086ic03p01903.

T 1, 1986: A Model of the Seasonal Cycle in the Tropical Atl@uan.J Geophys Res
Oceans91,1419214206

Philander, S. G. H., @Y. Chao, 1991: On the Contrast between the Seasonal Cycles of the
Equatorial Atlantic and Pacific OceadsPhys Oceanag?l, 13991406, doi:10.1175/1520
0485(1991)021<1399:0tchts>2.0.Co;2.

Qiao, L., and R. H. Weisberg, 1997: The zonal momentum bat#ntlee equatorial
undercurrent in the central Pacifid.Phys Oceanqdt7,10941119

Schott, F. A., J. P. McCreary, and G. C. Johnson, 2004: Shallow overturning circulations of the
tropicalsubtropical oceandtarth Climate: The Ocedtimosphere Interaatin, C. Wang, .

Xie, and J. A. Carton, Eds., American Geophysical 26i804.

Schott, F. A., M. Dengler, R. Zantopp, L. Stramma, J. Fischer, and P. Brandt, 2005: The shallow
and deep western boundary circulation of the South Atlantic a1 5S.J Bys Oceanogi35,
2031-2053, do0i:10.1175/JP02813.1.

Shankar, D., J. P. McCreary, W. Han, and S. R. Shetye, 1996: Dynamics of the east India
Coastal Current: 1. Analytic solutions forced by interior Ekman pumping and local alongshore
winds.J Geophys R&eans 101,1397513991, doi:10.1029/96JC00559.

Stommel, H., 1960: WirDrift near the EquatoDeepSea Res$, 298-302

Thierry, V., A. M. Treguier, and H. Mercier, 2004: Numerical study of the annual and semi
annual fluctuations in the deep equatorial &tkic OceanOcean Model6, 1-30

26



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., Tchipalangastfweki, 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 depethupon. 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 southeastienmiétcoastal
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 systeml(glipeck 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 Woroshkin 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, southwaeglocities extended from the surface down to 250
300 m depth. These observations are in agreement with the finding3iaxf[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.cB¥s at 100 m depth, respectively. Volume transport of the
Angola Current was estimated relative to the 800 dleel 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 acrossrmmber 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 longerm velocity observations, also described in section 2, for the first time
give insifpt into the mean state, intraseasonal 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 EN&msen program executed by the Food and
Agricultural Organisation of the United Nations (FAO) and funded by Norwegian Agency for
Development Cooperation (NORAD)-aBhual cruises have been carried out by R/V Dr. Fridtjof
Nansen on a regular basis since 1998lecting 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 bannual cruises are scheduled during austral summer (FMA) and winter (JJA).
Between 1995 and 2015, a total of 8818 conductiéymperaturedepth (CTD) profiles were
collected on the shelf and continental slope off spread along the entire coastline ofaAtigjglre
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 FiguPeare marked by colored dots with the color gives

the year of meaurements. 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 starsigatie 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 FP7HMRIE 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 povided the first longerm velocity observations of the Angola Current (see Eig
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 ABIG® ibstalled at 500
m depth. Both upwardooking instruments measured the current speed in the overlying water
column up to about 40 m below the sea surface.
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