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ABSTRACT

The main objective of this study is to estimate and analyze the relationship of surface
circulation variability with the spatial and temporal distribution of Chlorophyll a (Chl) in the
Tropical Atlantic Ocean (TA). (1) Quantification of the main spatial and temporal variability
patterns of surface currents and Chl in the TA, (2) estimative of the coupled modes of
variability between surface circulation and Chl in TA. A dataset of 15-year Aqua-MODIS
(Moderate Resolution Imaging Spectroradiometer) sensor data was used to determine Chl
variability in the TA. In addition, 24 years of monthly surface currents data were used to
investigate the main modes of variability of the surface circulation of the TA based on
satellite data. The statistical method of Empirical Orthogonal Function (EOF) was applied in
order to analyze the modes of Chl and surface currents variability. This study identifies the
main spatial and temporal patterns of surface circulation, Chl, and the connection of Chl
anomalies with the circulation of the TA through coupled modes. The EOF1 between currents
and Chl (~ 25%) shows a strong covariance in the region of the equatorial divergence and the
Amazon plume dispersion. The EOF2 (~ 9%) shows high covariance in the Amazon plume
and, in the south, the positive anomalies are restricted to the region of influence of the Congo
River. The EOF3 (~ 6%) shows an increase in the patterns of zonal current anomalies south of
the equator, and at the coast of Africa, associated with a substantial increase in Chl in most of
the basin. These results support future studies on large scale climate variability, thermohaline
circulation, oceanic fluxes, CO, absorption and ecological impacts in the food chain over the

TA.

Keywords: EOF analysis. Chlorophyll. Surface currents. Tropical Atlantic.



RESUMO

O principal objetivo deste estudo € estimar e analisar a relacdo da variabilidade da circulagdo
superficial com a distribui¢do espacial e temporal da Clorofila a (Chl) no oceano Atlantico
Tropical (AT). Para atender a esse objetivo, foram realizados: (1) a quantificagdo dos
principais padrdes de variabilidade espacial e temporal das correntes superficiais e da Chl no
AT, (2) Determinagdo dos modos acoplados de variabilidade entre a circulagdo superficial e a
Chl no AT. Foi utilizado um conjunto de 15 anos de dados do sensor Aqua-MODIS
(Moderate Resolution Imaging Spectroradiometer) para determinar a variabilidade de Chl no
AT. Além disso, foi utilizado 24 anos de dados mensais de correntes de superficie para
investigar os principais modos de variabilidade da circulagdo superficial no AT com base em
dados de satélite. Foi aplicado o método estatistico de Func¢do Ortogonal Empirica, ou
Empirical Orthogonal Function (EOF) a fim de analisar os modos de variabilidades da Chl e
das correntes. Este estudo identifica os principais padrdes espaciais e temporais da circulacdo
superficial, da Chl e a conex@o das anomalias de Chl com a circulagdo do AT através dos
modos acoplados. O EOF1 entre correntes e Chl (~25%) evidencia uma forte covariancia na
regido da divergéncia equatorial e pluma do Amazonas. O EOF2 (~9%) destaca alta
covariancia na pluma do Amazonas e ao sul, as anomalias positivas ficam restritas a regido de
influéncia do Rio Congo. O EOF3 (~6%) evidencia um aumento nos padrdes de anomalias de
correntes zonais ao sul do equador, e na costa da Africa, associado a um aumento substancial

de Chl em quase toda a bacia.

Palavras-chave: Andlise EOF. Clorofila. Correntes superficiais. Atlantico Tropical.
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1 INTRODUCTION AND OBJECTIVES

The last decades of simultaneous satellite measurements of surface ocean circulation
and Chlorophyll a (Chl) allow studies of air-sea interaction. Remote sensing consists of a set
of capture and recording technologies of information through the absorption and emission of
electromagnetic radiation (LIU, 2006; FLORENZANO, 2011; HORNING, 2018; KWOK,
2018). Consequently, it is currently possible to detect parameters derived from the ocean
color, as chlorophyll and particulate matter in suspension. Remote sensing also detects surface
currents, bathymetry, roughness, temperature and salinity of the surface sea (ACKER et al.,
2003; RAJEESH and DWARAKISH, 2015). In this study, I estimated the response of
distribution of the Chl concentration to surface currents in the Tropical Atlantic (TA) by the

ocean color imagery.

The TA is considered an oligotrophic region limited by nutrients. The phytoplankton
abundance can be estimated by measuring the Chl concentration (CULLEN, 1982), once Chl
is the principal photosynthetic pigment and convenient index of phytoplankton biomass
(SOLANKI et al., 2001; YODER and KENNELLY, 2006). The primary production is
coupled to the physical processes such as upwelling, thermocline and mixed layer depth

changes, big rivers dischargers and changes in the currents variability.

The pathways and mechanisms of ocean transport are crucial issues in understanding
the present state of climate and the possibilities of future changes (GANACHAUD and
WUNSCH, 2000). The surface currents in TA are marked by a wide range of space-time
variability. In the equatorial ocean region, for example, the variability occurs over a wide
range of time and space scales, with a complex area of predominantly zonal currents,
composed by westward currents and eastward countercurrents (ARNAULT and
KESTENARE, 2004). The surface currents in the TA are responsible for both
interhemispheric and longitudinal exchange of heat, salt, and nutrients (FOLTZ et al., 2003;
BRANDT et al., 2008; KIRCHNER et al., 2009).
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The TA region is characterized by the presence of two broad, westward flowing
currents, the South Equatorial Current (SEC) and North Equatorial Current (NEC). The SEC
extends from the surface to 100m depth and it is divided into three branches: the southern
South Equatorial Current (sSEC), the central South Equatorial Current (cSEC), and the
northern South Equatorial Current (nSEC). Near the Brazilian coast, the sSEC bifurcates
giving origin to one western boundary currents and one undercurrent: Brazil Current (BC) and
North Brazil Undercurrent (NBUC) (Figure 1). The sSEC bifurcation has a climatological
mean position in about 15°S, with a southernmost position in July, and a northernmost in
November (STRAMMA and ENGLAND 1999; RODRIGUES et al., 2007). The southward
limb of the sSEC becomes the BC and merges into the South Atlantic subtropical gyre
system. The northward limb of the sSEC flows into the NBUC (STRAMMA and SCHOTT,
1999; STRAMMA et al., 2005; VELEDA et al., 2012). The cSEC joins the NBUC near Cape
S@o Roque in about 5°S, inducing its vertical structure to change from an undercurrent to a
surface-intensified current, resulting in the North Brazil Current (NBC) (Figure 1). The
NBUC/NBC system supply northward warm-water, as part of the thermohaline overturning
circulation (GORDON, 1986; SCHMITZ, 1995). The NBUC has a mean northward transport
along the northern coastline of Brazil, with a seasonal cycle of northward flow maximum in

July (SCHOTT et al., 2005).

The NBC flows to the northwest with maximum speeds around 1.0 m s
(RICHARDSON et al., 1994), with maximum transport (36 x 10° m’s™) in July — August, and
minimum (13 x 10° m3s’1) in April - May (JOHNS et al., 1998). This current carries nutrients
from the Amazon River discharge north-westward along the Brazilian shelf (MULLER-
KARGER et al., 2005). The NBC transport is maximal when the current reaches maximum
latitude and a ring is shed (GARZOLI et al., 2004). The NBC dynamics produces several
mesoscale rings. According to Jochum and Malanotte-Rizzoli (2003), circulation models had
showed that NBC retroflection generates around 6 to 7 anticyclonic eddies per year. Theses
eddies propagate northwestward along the Guyana coast (DIDDEN and SCHOTT, 1993;
WILSON et al., 2002) by the potential vorticity conservation. The detachment of anticyclonic
eddies from the NBC retroflection is observed during November through January, when the
NBC retroflection flows into the NECC (DIDDEN and SCHOTT, 1993). Moreover, the NBC

rings are responsible for more than half of the inter-hemispheric exchange of mass and heat
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associated with Meridional Overturning Circulation (MOC) (GARZOLI et al., 2003). The
NBC variability is also affected by the direction of the winds in the northern Brazil. Trade
winds vary seasonally along with the Intertropical Convergence Zone (ITCZ), which migrates
latitudinally from March to April in around 5°S, and in August to approximately 15°N. The
ITCZ drives the variability of the trade winds, mainly in the equatorial band, which are
predominantly from the southeast during the June to November and from the northeast in
December to May in the TA (GEYER et al., 1996). When the Northeast trade winds are
predominant, the NBC is confined along the coast and flows northwestward. However, during
the predominant period of the Southeast trade winds, the NBC expands and retroflects
eastward between 5°N and 10°N (BOURLES er al., 1999) and feeds the North Equatorial
Countercurrent (NECC) (Figure 1). The NECC has eastward-transported waters, rich in
nutrients, from the Amazon River plume (RICHARDSON and REVERDIN, 1987;
FONSECA et al., 2004; COLES et al., 2013). The NECC has low annual mean velocities of
5-10 x 10”ms"! (RICHARDSON and WALSH, 1986), zonal current flows from west to east

that varies seasonally.

The NECC flows eastward feeding the Guinea Current (GC) in the eastern TA, which
is strongest in the boreal summer (LONGHURST, 1962). The GC flows eastward throughout
the year, with a maximum mean velocity of 42 x 107 m s at 4N, 7.5°W (RICHARDSON
and WALSH, 1986). At south of GC, the narrow Angola Current (AC) moves fast along the
Angolan coast where it saline and warm water to coast areas (HARDMAN-MOUNTFORD et
al., 2003) under the influence of Equatorial Atlantic variability (CHANG et al., 2008).
Another feature near the AC is the Angola Dome (AD), which is a cold region, associated
with the cyclonic turn of the South Equatorial Undercurrent (SEUC) (PETERSON and
STRAMMA, 1991). The AD forms a cyclonic gyre, centred at 10°S and 9°E, which links the
South Equatorial Countercurrent (SECC) with the AC (DOI et al., 2007). North of the Gulf of
Guinea, Bakun (1978) found a correlation between intensification of the Guinea Current (GC)
and local cooling, since the GC carries cool water from the African coast to center of the

basin.
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The dominant seasonal SST, with low temperature in the eastern equatorial Atlantic,
characterizes the formation of the Atlantic Cold Tongue (ACT) (CANIAUX et al., 2011). In
May-June, the ACT develops rapidly when the ITCZ shifts northwards over the eastern
Atlantic, with cross-equatorial southerlies intensifying, and reaches its peak in July—August
(OKUMURA and XIE, 2004). The ACT is reduced through weakening of the southerly
cross—equatorial winds from September onward (DEPPENMEIER ef al., 2016). The
covariability of the trade winds over the western part of the basin with SST and heat content
in the eastern TA was analysed by De Almeida and Nobre (2012). These mechanisms
compose the Bjerknes feedback (BF), which is responsible for the ACT mode. The ACT has a
positive feedback phase peaking during boreal summer, when the Bjerknes feedback is
stronger. The Bjerknes feedback consists of three components, which the first one is the
influence of SST anomalies in the eastern part of the equatorial Atlantic basin on zonal winds
(Bjerknes, 1969). The second is the effect of the zonal winds anomalies in the western
equatorial Atlantic on the Heat Content (HC) of the eastern equatorial Atlantic, and the third
one the local effect of the HC anomalies on overlying SSTs in the cold tongue region

(DEPPENMEIER et al., 2016).

The west and east of the TA are not independent of each other, and they are related in
a high dynamic system. Strength and position of the South Atlantic anticyclone impact on
timing of the ACT (CANIAUX et al., 2011), consequently it influences the SST variability
over the TA. Moreover, the oceanic pathway consists of westward propagating of the TIWs
along the equatorial Atlantic, forced by equatorial zonal wind stress anomalies (SERVAIN et?

al., 1982; HORMANN and BRANDT, 2009).
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Figure 1 — Schematic of surface and subsurface tropical Atlantic Ocean currents from MODIS/Aqua-SST. North
Equatorial Current (NEC), North Equatorial Countercurrent and Undercurrent (NECC, NEUC), South Equatorial
Current with northern, central and southern branches (nSEC, cSEC, sSEC), South Equatorial Undercurrent
SEUC), Equatorial Undercurrent (EUC), North Brazil Current (NBC), North Brazil Undercurrent (NBUC), GD
(Guinea Domes), Angola Domes, and the NBC anticyclonic ring (R) displacement. Colored map represents the

average SST (June, July and August 2009).
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Source: The Author

The main objective of this study is to estimate and analyse the response of the spatial
and temporal distribution of Chl to the surface circulation of the Tropical Atlantic Ocean. To
achieve this purpose, specific goals were performed: (1) quantifying the main patterns of
variability of the surface currents and Chl in the Tropical Atlantic. (2) analysing the
oceanographic processes that command the variability of currents and Chl in the Tropical
Atlantic and assess the relationship of these variables. This work brings an overview of the
study area, a description of the analysis tools, the results and discussion are presented through

two manuscripts submitted to scientific journals, as the main conclusions and perspectives.
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2 THE STUDY AREA

This study focuses on the TA, comprised the region from 20°S to 20°N in latitude, and
from 70°W to 20°E in longitude (Figure 2). The purpose here is to introduce the area of study
with a view of the main physical characteristics that influence the dispersion of Chl in the TA.
The Chl concentration is high along the coast region, mainly due to the contribution of the

large rivers, and the upwelling areas (Figure 2).

The large rivers discharges are a very important nutrients source into the ocean,
increasing phytoplankton biomass and can lead to substantial CO, uptake (KORTZINGER,
2003; REGNIER et al., 2013). In the TA the largest rivers discharges are: Amazon, Orinoco
and Congo plumes. The Amazon River is the largest terrestrial freshwater source for the
Atlantic, which contributes with 20 — 30% of the total fluvial flow (WISSER et al., 2010).
The Amazon minimum discharge is in November (~0.8 x 10 m3s‘1) and maximum, in late
May (2.4 x 10° m3s’1) (LENTZ, 1995). The Orinoco is the third largest river in the world, with
discharges of approximately 0.03 x 10° m’s™' (PERRY et al., 1996; DAGG et al., 2004), and
the Congo plume extends hundreds of km offshore (DENAMIEL et al., 2013; HOPKINS et
al., 2013).

In the TA are three significant areas of upwelling: coastal Senegalo-Mauritanian
upwelling, northern Gulf of Guinea, coastal upwelling of Benguela and the equatorial
divergence. Upwelling is subsurface waters, cold and rich in nutrients ascend to the surface,
which provides a good condition for phytoplankton growth. The highest Chl concentration
(Figure 3) along the African cost is associated with the upwelling phenomenon in the east
coast and the equatorial divergence. Further northwest, in the Senegalo-Mauritanian
upwelling region, the wind regime is responsible for quasi-permanent Ekman pumping and
coastal upwelling between the Cape Verde frontal zone (~21°N, Mauritania) and the Cape
Verde Archipelago and Cape Roxo (~12°N) (CAPET et al., 2017). In the northern Gulf of
Guinea, the cooling has been correlated with the Guinea Current intensification (BAKUN,

1978), and at the equator it is forced by wind regime (PICAUT, 1983). The Benguela
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upwelling occurs along shore due to the winds stress, that generally peaks in the warm season

and east boundary currents (CHAVEZ and MESSIE, 2009).

Figure 2 — Schematic representation of the main surface currents in the study area. A MODIS/Aqua Chl image of
the period Jul/2002 to Oct/2018 is used to highlight the largest discharges of rivers in the TA and regions of

upwelling.
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Climatologically, the Chl is confined to the continental shelf along the South
American coast during December, January and February (Figure 3a) from 2003 to 2017,
where the maximum Chl concentration is over the Amazon plume region. The Amazon plume
is influenced by the North Brazilian Current (NBC) that carries nutrients from this river to the
northwest along the Brazilian Shelf (MULLER-KARGER et al., 1988). Ffield (2005)
identified that the Amazon River freshwater flows northwest, merging with the Orinoco River
plume from July to December (LENTZ and LIMEBURNER 1995; LENTZ 1995).The
Amazon plume has a great influence on the north of the South American coast, the Equatorial
Atlantic Ocean and the Caribbean, in regard to phytoplankton biomass (SMITH and
DEMASTER, 1996). In March, April and May the Chl climatology extends beyond the

continental shelf in the northwestward direction (Figure 3b) along the NBC flow. However,
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from June to August (Figure 3c) the Chl concentration extends beyond the continental shelf in
a retroflection pattern towards eastward direction. In September, October and November
climatology, the Chl concentration is high along the NBC retroflection that carries nutrients
from the Amazon plume (Figure 3d). During the austral spring through fall, when the
retroflection of the NBC takes place and during high-discharge periods, the Amazon plume
reaches 3°N — 10°N, and it is carried eastward by the NECC (FRATANTONI and
GLICKSON, 2002).

In eastern of the basin, the Congo River contributes to the discharge of nutrients in the
TA, which the maximum flow occurs in November-January with plume extending hundreds
of km offshore (DENAMIEL et al., 2013; HOPKINS et al., 2013). Likewise, the Figure 3a
shows a maximum Chl concentration at the Congo plume in about 6°S. Moreover, according
to Jouanno (2011), at 4°S and 5°E a maximum pattern of Chl is associated with Congo River

plume and coastal upwelling (SIGNORINI ez al. 1999).

The figure 3c shows a well-defined pattern of the Chl climatology, and the Chl
dispersion westward along the ACT region under the influence of surface currents and trade
winds. The ACT develops over the eastern Atlantic, with the cross-equatorial southerlies
intensifying in July—August (OKOMURA and XIE, 2004), as shown in the figure 3c, but it is
reduced from September onward (DEPPENMEIER et al, 2016). The ACT develops rapidly
when the ITCZ shifts northward over the eastern Atlantic in May—June with cross-equatorial
intensified southerlies. The ACT peak is in July—August (OKUMURA and XIE, 2004), and it
is reduced from September onward (DEPPENMEIER et al, 2016). Consequently, the seasonal
main peak of Chl concentration occurs in June to August and the secondary in December, also
the highest concentrations cover the area from 20°W to 10°W and between 1°S to equator

(JOUANNGO, 2011).
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Figure 3 — SeasonalChlorophyll a climatology from 2003 to 2017 (a) December, January and February, (b)
March, April and May, (c) June, July and August, (d) September, October and November, for the study area.
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3 DATA AND METHODS

In the present study, I used data of surface currents, zonal and meridional components

and Chl over the TA in order to analyze the mean modes of variability.

3.1 DATA

Surface currents

The knowledge of the zonal (u) and meridional (v) components of the surface currents
are very important to understand the ocean dynamics. The study of surface current contributed
for many oceanographic applications, which are necessary for monitoring the role of
horizontal advection on plankton dynamics (GARCON et al., 2001) and its dispersion along
the ocean. One database of surface currents applied in this study is from satellite data. The
surface currents are a direct computation of global surface currents using satellite Sea Surface
Height (SSH), wind-driven, and Sea Surface Temperature (SST). The model calculates a
surface current averaged over the top 30m of the upper ocean, using a quasi-steady
geostrophic model together with an eddy viscosity based wind-driven geostrophic component
and a thermal wind adjustment. Besides that, a dynamically improved model for the equatorial
region has been developed and implemented in the 1/3 degree OSCAR (Ocean Surface
Current Analyses) system, and many smaller-scale features are now observable in the higher
resolution model. The area used for the analysis of the surface circulation is comprised to the
region of 20°S and 20°N, 70°W and 20°E in the Tropical Atlantic. Data from January 1993 to
December 2017 was used on a 1/3° grid and obtained from the Ocean Surface Current
Analyses OSCAR/NOAA (National Oceanic and Atmospheric Administration) archives

resolution (http://www.oscar.noaa.gov).

The OSCAR project attempts to better understand air-sea momentum exchange using
satellite observations with simplified physics to calculate global ocean currents (DOHAN,
2017). OSCAR currents combine Ekman and geostrophic currents based on QuikSCAT
(Quick Scatterometer) winds, and TOPEX (Topography Experiment). Poseidon sea level


http://www.oscar.noaa.gov/
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height measurements (BONJEAN and LAGERLOEF, 2002). Johnson et al. (2007) found that
the OSCAR product provides accurate estimates of zonal and meridional time-mean
circulation, and in the near-equatorial region reasonably accurate estimates of zonal current
variability, when comparing with moored current meters, drifters, and shipboard acoustic

doppler current profiler (SADCP) instruments.

Chlorophyll a (Chl)

The phytoplankton biomass has been studied as a key component in the oceanic
carbon cycle and the Earth's climate system (BEHRENFELD and FALKOWSKI, 1997).
Spatial patterns of Chl distribution in the surface ocean are a result from regional and global
physical processes, which influence on the phytoplankton growth. Chl concentrations have
typically been the main biophysical variable derived from satellite imagery. The ocean color
imagery has proven to be effective for deriving biophysical variables as the ocean
phytoplankton, at temporal and spatial scales, which are difficult to obtain with oceanographic

surveys (SATHYENDRANATH et al., 2001).

Chl concentration images by the MODIS (Moderate Resolution Imaging
Spectroradiometer) sensor produced by NASA Ocean Color Group are based on the OC3
(Ocean Color version 3) algorithm that returns the near-surface Chl concentration in mg m™.
This algorithm is calculated using in situ measurements of Chl and remote sensing
reflectances (Rrs) in the blue, green and red bands (O’REILLY et al., 1998). The Chl
algorithm product employs the OC3/0C4 (OCx) band ratio algorithm merged with the color
index (CI) of Hu er al. (2012). The CI algorithm is a three-band reflectance difference

algorithm formed between the Rrs in the blue, green and red bands, as follow:

(}L reen— (}L ue)
CI = Rrs (Agreen) — [RTS (Appye) + (iref——(lb’;ie) * (RTS (Areqd ) — (Abue) | 1)
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Respectively the Ay, Agreen and Areq are the instruments-specific wavelengths closest to 443,
555 and 670 nm. The Chl in logarithmic scale is derived by the OCx algorithm, which it is a

fourth-order polynomial relationship between a ratio of Rrs and Chl.

i
A‘ ue
logo(Chl) = ag + Y71, a; <10910 (;27;1;:))) @

Where the Rrs (blue and green) values and the coefficients (ag to as4) are sensor- specific.

Monthly composites of Chl obtained from the Aqua MODIS sensor with spatial
resolution of 4km were downloaded from the NASA web server (accessible at
https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/), covering the period of January 2003-
December 2017.

3.2  ANALYSIS TOOLS

Analysis Tools Climatology is commonly used as the study of our climate. The
monthly climatology produces a mean value for each month, over a specified time range. The
interannual variability is analysed from anomalies, which are calculated by subtracting

monthly climatological values from observed data, as follow:

Anomaly = Xobs — Xclimatology 3

3.2.1 Wavelet Analysis

To analyse the time series was applied the wavelet analysis, which provides a suitable

tool for non-stationary series. The wavelet detects the intermittent periodicities in the time—
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frequency domain. Kumar and Foufoula-Georgiou (1997) described the geophysical

applications and Daubechies (1992, 1999), a theoretical treatment of wavelet analysis.

3.2.2 Empirical Orthogonal Function analysis (EOF)

The EOF is often used to identify the main modes of variability in climate studies,
once the interactions between physical processes in the atmosphere-ocean system are operate

on a wide range of data, with large spatial and temporal scales.

The EOF decomposes a multivariate data set into modes, which represent variability in
time and space from the original data, a method based on multivariate analysis. This statistical
method is used to extract intrinsic characteristics in which vary spatially and temporally

reducing several dimensions into a few (WILKS, 1995).

To calculate the EOF it is necessary to transform the data matrix into three
dimensions, considering N maps for each time 7=/...//, where each map contains location
measurements m = [ ... M, since all locations also contribute to the analyses. The spatial
matrix M has latitudes and longitudes, forming a tri-dimensional matrix with time N, f =
[latitudes x longitudes x time]. Besides that, it is necessary to perform combinatorial analysis
in matrix f between latitudes and longitudes, in order to create another matrix F with two

dimensions (F = M x N), as follow:

F{(1) Fy(2).. F{(N)
PR B@. M @

Fu(1) Fy(2)- Fy(N)

Where M rows represents the position m, and N columns represent time (7).
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The covariance matrix (Cov) is calculated by the matrix F multiplied to its transpose F', as

follow:
Cov=FxF' 5)
<F1F1> <F1F2> <F1FM>
< FyFy> <FyFy> .. <FyFy>

The linear combination <F_iF_j> is the covariance between the time series Fi and Fj, where

i, j =1...M is the location in the matrix, calculated by the equation:

1
<FFj>=<FjF;>= — L1Fi(OF(t) (7)

The Singular Value Decomposition (SVD) method calculates eigenvectors and their
corresponding eigenvalues (YODER et al., 2003).The SVD is based on the concept that any
matrix M x N can be written by the product of three matrices: a matrix U (M x M), one
diagonal matrix S (M x N) and one transposed matrix (V') of the matrix V (M x N). The SVD

is calculated as follow:

F=UxSxV' 8

To perform the matrix A :

A= SV 9)
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Resulting in a matrix A that contains the diagonal of eigenvalues Ay:

11 0 0
A= 0 AZ 0 (10)
0 0 Ak

Each eigenvalue 4y is proportional to the percentage of the variance of F, being represented by

the mode k as follow:

A
Z?:l li

o, = % variancemodek = * 100 11

In general, each kK mode accounts for a variance gy, where A is the eigenvalue of the
I eigenvector. The projecting coefficients obtained by the expansion of the sample data to

the eigenvectors are the principal components, also called expansion coefficients (VAUTARD

etal., 1992).

The EOF generates modes of variability where, the first mode (EOF1) represents the
maximum fraction of the total variance and its first Principal Component (PC1) is the time
evolution associated to this pattern. The second mode (EOF2) is unrelated to the EOFI,
represented by the largest variance of the remaining dataset. In the third mode (EOF3),
similarly, there is not related to the previous modes (EOF2 and EOF1). Thus, the principal
components (PC1, PC2 and PC3 ...PCn) are associated to the temporal patterns for each
mode (EOF1, EOF2, EOF3 ... EOFn), representing the variability of spatial modes in the
time (WILKS, 1995).
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4 RESULTS AND DISCUSSION

The results are presented in three sessions (4.1, 4.2 and 4.3). The sections 4.1, 4.2
show the results from two scientific articles produced throughout the present study, the first
one about surface currents modes and the second one about Chl modes in TA. The last

section, 4.3, shows the final results about the coupled mode between surface currents and Chl.

4.1  EMPIRICAL ORTHOGONAL FUNCTION ANALYSIS OF SATELLITE-
DERIVED CURRENTS IN THE TROPICAL ATLANTIC

The EOF analysis was applied to 24 years of current speed, zonal and meridional
components, which allows identifying the main space-time variability in the TA through the
EOF analysis. The EOF mode and its respective PCs were performed to the surface current
velocities as to the zonal and meridional components. In this section, the results are restricted
to 15°S to 15°N in the TA, which was necessary due to computational limitation. The analysed
results allowed quantifying the main modes of surface currents in the TA. Associated to each

PC I perform the wavelet analysis to detect the main patterns of variability.

EOF ANALYSIS OF THE MERIDIONAL COMPONENTS

Figures 4-6 represent the main patterns identified in the meridional component. In the

EOF1, the meridional component explained 18.77% of the total variance (Figure 4).
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Figure 4 — First EOF mode of 24 years of the surface meridional component, the SCF in percentage, and the first

PC1.
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The main characteristic of the EOF1 shows a spatial pattern with alternating positive
and negative cores of the meridional component. This pattern is confined to the Western
Tropical North Atlantic (WTNA), which is a region characterized by strong variability of the
NBC retroflection and rings (JOHNS et al., 1998). These structures indicate the high
variability of this region, associated to NBC retroflection and rings detachments, as well its
westward propagations along the Guyana coast (DIDDEN and SCHOTT, 1993; WILSON et
al., 2002). In approximately 50°W, where there is the Amazon River, I identify a negative
core (southward movement) at the west of the river mouth and a positive core at the east.
These alternating cores reach approximately 55°W, which is a predominant limit identified as
the NBC retroflection (JOHNS et al., 1990; FRATANTONI and GLICKSON, 2002). In the
eastern Tropical Atlantic this pattern weakens, and it is not well defined as in the western

basin.
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The spatial pattern of EOF2 of the meridional component (Figure 5) corresponded to
11.98% of the covariance. As in the EOF1, the main characteristic of the second mode shows
a spatial pattern of alternating positive and negative cores, also confined to the WTNA,
however expanding and weakening towards the eastern Atlantic. I identify a positive core
(northward movement) at the river mouth position, followed by negative core displaced to the
west. The last positive core more west can indicate the NBC retroflection, in this case
positioned approximately at 60°W. Comparing the last positive core at west in the WTNA, in
the EOF2, with the respective position in EOFI1, I identify a westward shift of these
alternating signals. The eastern part of the basin shows similar pattern, but weaker in
comparison with the WTNA. Nevertheless, the EOF2 exhibits stronger variance in the eastern
basin than in the EOF1. The spatial pattern of the second mode in the east side of the basin is

well defined, with alternating positive and negative signals, confined between 5°S and 5°N.

Figure 5 — Second EOF mode of 24 years of the surface meridional component, the SCF in percentage, and the

PC2.
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The EOF3 explained 10.29% (Figure 6) of the total variance. Similar to the first modes
1 and 2, the main spatial pattern of the third mode also shows alternating positive and
negative cores in the WTNA. I identify a negative core at the east of the river mouth position,
followed by positive core in the west. In this case, high variance exists to the west, with
continuous alternating positive and negative signals. The eastern part of the basin shows

alternate pattern, but not well defined as in comparison with EOF2.

The EOF4 of the meridional component corresponded to 8.97% (not showed), EOF5
retains 5.57% of the total variance (not showed) and showed similar pattern to the EOF1. In
these modes, I identify the low variance with too continuous alternating cores of positive and
negative values, along the equatorial region. However, these structures are better defined in
the three first modes. The PCs are associated with each mode, they showed very similar

pattern with high frequency oscillations.

Figure 6 — Third EOF mode of 24 years of the surface meridional component, the SCF in percentage, and the

PC3.
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The main difference between these signals in the WTNA, in the modes 1 to 5, is the
zonal shift of these structures and their relative intensities, corroborating with the high
dynamics identified in this region, as the NBC retroflection (east to 7°N and 52°W) and
formations of anticyclonic eddies. Except in the EOF2 and EOFS5, where visible structures of
opposite signals are stronger and evident. In the EOF5 the structures in the eastern basin are
strong, well defined and they propagate across the Atlantic basin, interacting with the WTNA
structures. Despite these patterns in the eastern part of the basin have been detected with
monthly data, they present structures like TIWs. According Legeckis (1977) and Legeckis et
al. (1983) the TIWs have a wavelength of about 1000 km and a period of 30 days. Also,
Evans et al. (2009) have identified these structures using monthly SST and chlorophyll data.
Therefore, these structures found in EOFs 1 to 5 present the same pattern found in Decco et
al. (2016). The TIWs propagate westwards of the thermal equator (DECCO et al., 2016),
loading energy as heat from tropical regions to other regions of the world (COX, 1980;
WEISBERG and HORIGAN, 1981). Sea level fluctuations associated with TIWs are strong in
the regions between 2°N to 5°N and 2°S to 5°S, and at west of 10°W (HAN et al., 2008; VON
SCHUCKMANN et al., 2008).

WAVELET ANALYSIS OF THE MERIDIONAL COMPONENTS

For extracting more information about the variability of the principal components, the
wavelet analysis is applied and identifies the dominant periodicities from the PCs for the
meridional component. The wavelet analyses of the PCs 1, 2 and 3 (Figure 7) exhibit the

periodic components of variability in the time series.

The wavelet of the PC1 showed a strong peak in the variance in 2000 with periodicity
about 12 months and intraseasonal peaks in 2002, 2003, 2005, 2008 and 2012. The PC2
showed intraseasonal peaks between 2002, 2003, 2005, 2007, 2011, 2012. A strong and
continuous variance signal with about 36 month-period is identified in the years from 2002 to
2008. In the PC3 the strong intraseasonal variance is identified in 2001/2002 and strong
annual anomalous signal between 2003 and 2004 and 2007/2008.
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Figure 7 — The wavelet transform of the Principal Components (PC1, PC2 and PC3) from the EOF1, EOF2 and

EOF3 respectively of the meridional component along the Tropical Atlantic.
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EOF ANALYSIS OF THE ZONAL COMPONENTS
The following results (Figures 8, 9, 10) show the EOF analysis of the zonal

components. The EOF of the first three zonal components account for more than 80% of the

total variance.

The EOF]1 corresponded to 50.73% of the total variance (Figure 8). The spatial pattern
shows a negative signal between 5°S - 5°N, which cover the ¢cSEC position (3° - 5°S). This
large and negative signal is associated with the central branch of the cSEC and part of this
negative pattern also covers the area of the northern nSEC, which is about 2°N and 3°N
(URBANQO et al., 2008). This negative signal also flows along the north of Brazilian coast,
representing the NBC. Further north, between 5°N-7°N, the EOF1 shows a positive signal

flowing eastward, from approximately 51°W to 12°E (Figure 8), which can be associated to
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the NECC position. The NECC flows generally eastward between about 3°N — 10°N
(HORMANN et al., 2012), bounded at north by the westward North Equatorial Current
(NEC) and at the south by the westward nSEC.

Figure 8 — First EOF mode of 24 years of the surface zonal component, the SCF in percentage, and the PC1.
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The EOF2 of the zonal component explained 8.23% of the total variance (Figure 9).
The EOF2 shows a positive signal in the WTNA. This positive signal exists along the north
Brazil coast. North of the positive signal in the WTNA, there is a negative signal
approximately 7°N - 8°N, which is associated with the NECC. In other words, the EOF2
shows a zonal dipole with a positive signal in the west and a negative in the eastern TA. The
negative signal in the eastern TA covers the area of the cold tongue, near African coast. The
formation of the ACT is the dominant seasonal SST signal in the eastern equatorial Atlantic
(CANIAUX et al., 2011). This zonal dipole is associated with the BF, once the BF is stronger
when the cold tongue shows a positive phase peaking during boreal summer (De ALMEIDA
and NOBRE, 2012; DEPPENMEIER et al., 2016).
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The ACT reaches its peak in July-August (OKOMURA and XIE, 2004), from
September onward, the upwelling is reduced through weakening of the southerly cross—
equatorial winds (DEPPENMEIER ef al., 2016). De Almeida and Nobre (2012) have
analysed the covariability of the trade winds over the western part of the basin, with SST and
heat content in eastern TA. These mechanisms compose the Bjerknes Feedback (BF), which is
responsible for the ACT mode. The ACT has a positive feedback phase peaking during boreal
summer, when the BF is stronger. The negative signal identified in the eastern TA (Figure 9)
evidences that, it could be a response to the first BF component, once that the westward zonal
currents are forced by the intensification of the southeasterly winds. Also, the strongest
variance in the PC2 of the zonal component coincides with a negative phase of the Atlantic
Nifo in 2004-2005. Besides that, the positive signal in the west (Figure 9) shows an inverse

signal, associated to the warm pool region.

Figure 9 — Second EOF mode of 24 years of the surface zonal component, the SCF in percentage, and the PC2.
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The EOF3 represents 5.67% of the total variance (Figure 10). Approximately between
3°S and 5°N, a predominant negative signal, indicating a westward flow, crossing the Atlantic
basin, and then flowing north-westward along the north Brazil coast, as the NBC position.
Further South, between 3°S - 5°S, a positive signal indicates eastward flow, from the
Brazilian coast to African coast. In this case, this signal could be related to a meridional shift
of the cSEC. At north, the positive signal is established at 5°N -7°N approximately from the
50°W to 10°W (Figure 10), related to the NECC position.

Figure 10 — Third EOF mode of 24 years of the surface zonal component, the SCF in percentage, and the PC3.
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WAVELET ANALYSIS OF THE ZONAL COMPONENTS

For the zonal component, the wavelet analyses of the PC1 presents the strongest
variance signal with 12-month and 6-month period mainly in 2004-2005 and 2008-2009
(Figure 11). The years 2004-2005 were marked by the negative phase of Atlantic Nifio,
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respectively explain strongest south easterly winds and strong positive zonal currents
anomaly. The strong variance identified in 2008 coincides with a strong negative anomaly in

the PC1 and a positive phase of Atlantic Nifo.

In the PC2, the dominant periodicities of strongest variance are in the annual band,
between 1997 and 1999, and for 32-month period from the 1996 to 1999 and a strong
interannual signal in the years 2008 to 2011. In PC2 also were identified intraseasonal peaks

in the variance in 1998, 2001, 2009 and 2012.

For the wavelet analyses in the PC3, two intraseasonal peaks were showed in 1996 and
2004, one for 16-month period between 2004 and 2007, and another for 24-month period
during 2010 and 2011 (Figure 11).

Figure 11 — The wavelet transform of the Principal Components (PC1, PC2 and PC3) from the EOF1, EOF2 and

EOF3 respectively of the zonal component along the Tropical Atlantic.
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EOF ANALYSIS OF THE SURFACE CURRENT VELOCITIES

The next results show the EOF of the current speed (Figures 12, 13, 14), which explain

about 43% of the total variance. The EOF1 of current speed (~ 30.0%) shows a dominant

negative signal covering a broad area between 5°S-5°N and crossing the Atlantic basin (Figure

12). This signal is related with the cCSE, which flows towards the west. In contrast, a positive

and weak signal at 7° N exists but it is not well defined as a pattern of current.

Figure 12 — First EOF mode of 24 years of the surface current speed, the SCF in percentage, and the PC1.
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The EOF2 retains 8.16% (Figure 13) of the total variance. This mode highlights the

zonal dipole in the equatorial region, as detected in the second mode of the zonal currents.

The negative signal covers the region of the cold tongue in the eastern equatorial Atlantic

(CANIAUX et al., 2011), which is controlled by BF.
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In contrast, on the western of the TA, the positive signal covers the warm pool region,

and to the north a positive signal is associated with NBC retroflection feeding the NECC.

The EOF3 represents 5.60% of total variance, (Figure 14) of the total variance. The
spatial pattern in the western TA shows high variability, with alternating signals of positive
and negative values, however it is not a well-defined pattern. In the eastern TA there are well-
defined structures of alternating signals of negative and positive anomalies, between 5°S at

5°N. (Figure 14).

Figure 13 — Second EOF mode of 24 years of the surface current speed, the SCF in percentage, and the PC2.
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The EOF3 represents 5.60% of total variance, (Figure 14) of the total variance. The
spatial pattern in the western TA shows high variability, with alternating signals of positive
and negative values, however it is not a well-defined pattern. In the eastern TA there are well-
defined structures of alternating signals of negative and positive anomalies, between 5°S at

5°N. (Figure 14).

Figure 14 — Third EOF mode of 24 years of the surface current speed, the SCF in percentage, and the PC3.
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WAVELET ANALYSIS OF THE SURFACE CURRENT VELOCITIES

Since the PCs showed similar pattern with high frequency oscillations, wavelet
analyses were performed for the PCs of each mode of surface currents (Figure 15). The PC1

wavelet analyses showed the stronger variance mainly between 2004 and 2005 with about 6-
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months periodicity. The negative phase of the Atlantic Nifio present in 2004-2005 could
explain the strong variance in the surface current velocities in these years, as identified in the
PC1 of the zonal components. The PC2 showed a peak for 36-month period between 2004
and 2005. The PC3 showed three dominant periodicities of strong variance, the first was
between 1996 and 1997 for 16-month period, the second was during the 2004 and 2005 with
16-month periodicity, and the third for the 24-month period between 2010 and 2011.

Figure 15 — The wavelet transform of the Principal Components (PC1, PC2 and PC3) from the EOF1, EOF2 and

EOF3 respectively of the surface current speed along the Tropical Atlantic.
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4.2 SPATIAL AND TEMPORAL VARIABILITY OF CHLOROPHYLL a
CONCENTRATION IN TROPICAL ATLANTIC USING EMPIRICAL
ORTHOGONAL FUNCTION ANALYSIS OF SATELLITE IMAGES

In this section are presented the main modes of Chl concentration variability,
identified through the EOF analysis. The EOF of Chl was applied to the domain of 20°S to
20°N in the TA. Despite the Chl spatial resolution to be 4km, in this analysis it was applied to
1/2 degree in order to reduce computational efforts. The EOF modes and their respective PCs
were performed to the Chl (mg m™) anomaly in log;o scale. The analysed results allowed

quantifying the main variability modes of Chl in the TA.

The Figure 16 shows the main patterns identified in the Chl concentration. In the
EOFI1, the spatial pattern explained 15.36% of the total variance (Figure 16). The main
characteristic of the first mode shows two dominant positive signals in the spatial pattern. One
of these dominant positive signals is confined to the WTNA, covering the area between 18°N
—5°S and 60°W- 55°W. This high variance of Chl is associated with the Amazon River plume
position, once the discharge of continental waters rich in nutrients are transported through the
NBC northwestward, between 50°W-60°W (SILVA et al., 2009). The WTNA is also
characterized as a particularly high-energy marine system by the NBC retroflection and rings
variability (JOHNS er al., 1998). Besides that, at the 7° N, the EOF1 shows a weaker positive
signal from approximately 51° W to 30° W (Figure 16), covering the region of the NECC
position. This signal is associated with the NECC, which carries eastward the Amazon plume

nutrients during the austral spring through fall (FRATANTONI and GLICKSON, 2002).

Further northeast, a dominant positive anomaly occurs between 20°N- 10°N and about
28°W — 7°W along the northwest African coast, covering the Senegalo-Mauritanian upwelling
region (Figure 16). In this case, according to Capet ef al. (2017) the wind regime is
responsible for the coastal upwelling between the Cape Verde Archipelago (~18°N) and Cape
Roxo (~12°N). Conversely, a weak positive signal covers the region of the ACT and crossing
the TA along the equator (10°E - 30°W) from 2°N to 10°S (Figure 16). However, Jouanno
(2011) identified the main peak of Chl concentration from 20°W to 10°W and between 18°S
and equator in June-August. This signal may be weak due the high cloud cover in the

equatorial band. Additionally, the equatorial upwelling also increase the Chl concentration in
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this region by the nutrient flux into the mixed layer from the subsurface waters. Nutrient
supply is a limiting factor for photosynthesis, since the solar radiation has abundant
availability along the equator (LONGHURST, 1993). Thus, it was expected a dominant
positive signal occur in the region that covers the ACT and equatorial upwelling (Figure 16).
The temporal amplitude of this mode exhibited positive intraseasonal peaks in the late of

2004, 2009, 2010, 2011 and 2016 (Figure 16).

Figure 16 — The first EOF mode for Chl anomaly using Aqua-MODIS Chl (mg m™) in log,, scale, during 2003—

2016 in the TA, the SCF in percentage, and the PCI.
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The spatial pattern of EOF2 of Chl concentration (Figure 17) corresponded to 9.45%
of the total covariance. As in the EOF1, the main characteristic of the second mode shows a
spatial pattern of dominant positive signal, also confined to the WTNA. In contrast, in the

EOF2 I identify a westward shift of this signal (between 55°W to 65°W). Further south, at
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7°N a weak positive sign extends eastward, which can be associated with a transport of

Amazon plume by the NECC.

Another weak positive signal of Chl is in approximately 8°S, near to the Congo River
discharge. Besides that, another centre of Chl anomalies was located in an area with the
geographical coordinates of about 13°S - 20°S at 10°E (Figure 17). In this case, the positive
signal occurs along shore of the Benguela upwelling. According to Liu and Wang (2013) the
Benguela upwelling region is affected mainly by the stronger mixing of the water column

bringing deeper nutrients upward, in turn favouring a phytoplankton bloom.

The PC of EOF2 showed that a maximum of Chl anomaly occurred in 2010 and the

minimum Chl was observed in 2005 (Figure 17).

Figure 17 —. The second EOF mode for Chl anomaly using Aqua-MODIS Chl (mg m™) in logy, scale, during
2003-2016 in the TA, the SCF in percentage, and the PC2.
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The EOF3 retains 7.20% (Figure 18) of the total covariance, showing a dominant
positive signal similar which was found in EOF1, covering the area between 7°S at 12°N and
40°W at 35°W (Figure 18). The third mode shows a similar pattern to the EOF1, but weaker
positive signal near the African coast (10°E- 30°E), confined between 8°S to 1°N (Figure 18).
Thereby, I identified that this region covers the ACT and equatorial divergence, which is
associated with the highest Chl concentrations from 20°W to 10°W and between 1°S and
equator (JOUANNO, 2011). Furthermore, according to Jouanno (2011) at 4°S and 5°E a
maximum pattern of Chl is associated with the Congo River plume and coastal upwelling

(SIGNORINTI et al., 1999).

The PC of EOF3 showed a pattern with high frequency oscillations in comparing on
EOF1 and EOF3. The PC3 showed three dominant periodicities of strong variance, the
periods between the years of 2007-2008, 2009-2010 and 2016 (Figure 18).

Figure 18 — The third EOF mode for Chl anomaly using Aqua-MODIS Chl (mg m™) in log;, scale, during 2003—
2016 in the TA, the SCF in percentage, and the PC3.
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The EOF4 represents 4.85% (Figure 19) of the total variance. The spatial pattern in the
western TA shows high variability with positive signal from 60°W to 30°W at 10°N. A
dominant centre of Chl is confined between 50°W and 45°W, which covers the NBC
retroflection area (Figure 19). According to Bourles er al. (1999), the NBC expands and
retroflects eastward between 5°N and 10°N during the predominant period of the Southeast
trade winds. Seasonally, the NBC retroflection carries waters from the Amazon River plume
and feeds the NECC (RICHARDSON and REVERDIN, 1987, FONSECA et al., 2004;
COLES et al., 2013). Consequently, it causes a bloom in the middle of the TA basin. The PC
of the EOF4 exhibited a dominant positive intraseasonal peak in 2016 (Figure 19).

Figure 19 — The fourth EOF mode for Chl anomaly using Aqua-MODIS Chl (mg m™) in log;o scale, during
2003-2016 in the TA, the SCF in percentage, and the PC4.
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4.3 COUPLED EOF BETWEEN SURFACE CURRENTS AND CHLOROPHYLL a

In this section are presented the main coupled modes of variability between surface
currents and Chl concentration, identified through the EOF analysis. In order to reduce
computational efforts, the both surface ocean currents and Chl data were used with a spatial
resolution of 1 degree in the TA. The time period used in this analysis was between 2003 and
2017. The EOF analysis of the cross-covariance matrix between surface currents and Chl
revealed three main modes. The first three modes explained 42.08% of the total covariance
between surface currents and Chl, with 25.22, 9.92 and 6.24% of the signal explained by
EOF1, EOF2, and EOF3 respectively.

The first mode (EOF1) explained 25.22% of the covariance (Figure 20) and the PClI
surface current signal was correlated with Chl. The main characteristic of the first mode is a
spatial pattern with positive anomalies of currents and Chl over the equatorial Atlantic and

Amazon plume region.

EOF]1 presented positive surface current anomalies, covering the area between 10°S
and 10°N and 35°W and 10°E (Figure 20).This pattern is associated with an east-west axis of
positive Chl anomalies over the equatorial Atlantic. Thereby, the surface currents were
positively correlated with Chl concentration, covering the cSEC flow and the divergence
equatorial area. The equatorial divergence variability is linked with larger-scale climate
variability by tropical ocean—atmosphere feedbacks (SARAVANAN and CHANG, 2004), and
with longer-time-scale global variability through the Atlantic Meridional Overturning
Circulation (AMOC). Besides that, equatorial divergence is globally important since the
upwelling is strong and primary productivity is high where wind-driven surface currents

diverge (CHAVEZ and BARBER, 1987; VOITURIEZ and HERBLAND, 1981).

Moreover, the corresponding EOF]1 spatial pattern of surface current near the Brazilian
coast shows also positive anomalies from 35°W to 50°W, along the NBC flow and Amazon
plume area (Figure 20).This pattern is associated with a northwestward axis (50°W) of
positive Chl anomalies, covering the Amazon plume. Similar structures were also detected by
Molleri et al. 2010, who identified the first dispersion pattern at the Amazon plume flowing to

northwest along the South American coast, from January to April, by the NBC.
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Figure 20 — First coupled EOF mode of covariance matrix between surface current and Chl (mg m~) in logyo

scale, the SCF in percentage, and the PC1.
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The PC1 of both surface currents and Chl are positively correlated (0.8) and in phase,

evidencing that in the EOF1, when the currents intensify the Chl concentration is higher.

The EOF2 (Figure 21) explained 9.92% of the covariance. The main spatial pattern of
surface currents shows negative anomaly along the equator, delimited by two positives axis,
one to the north and another to the south. This spatial pattern is associated to the positive
anomaly, restrict to the east of the basin, south of equator, between 10°W and 20°E, of the
main Chl spatial pattern, covering the region of the ACT near the African coast. These
patterns are associated with the ACT variability, which develops rapidly when the cross-
equatorial southerlies intensify and reaches its peak in July-August (OKUMURA and XIE,

2004). From September onward, the ACT is reduced by the southerly cross—equatorial winds
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weakening (DEPPENMEIER e al., 2016). Consequently, the seasonal main peak of Chl
concentration is during the period from June to August from 20°W to 10°W (JOUANNO,
2011). Furthermore, the EOF2 showed a dominant positive anomaly for Chl from the Amazon
mouth in the WTNA, and a weak signal of positive anomaly in the retroflection centred at

50°W and an eastward propagation along 6—8°N.

Figure 21 — Second coupled EOF mode of covariance matrix between surface current and Chl (mg m™) in logo

scale, the SCF in percentage, and the PC2.
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The PC2 of the surface currents are opposite to the Chl, highlighting the negative
response of the Chl to the surface currents in the EOF2. The EOF patterns confirm in the
region of the NBC that exists a negative signal in currents associated to a positive signal in
the Chl pattern. Also, positive signals of the currents in the middle of south Atlantic are

associated to negative Chl anomalies.
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The spatial pattern of EOF3 (Figure 22) retains about 6% of the covariance and
exhibited the surface current structure similar to the EOF2 (Figure 21). However, the EOF3
shows a dominant positive anomaly of surface current in the Congo plume region. This
pattern is associated with positive anomaly of Chl in the spatial pattern covering the Congo
River discharge. According to Hopkins et al. (2013), the Congo plume extends between 400
and 1000 km northwest or west—southwest out into the open south Atlantic. This Congo
plume variability is associated with the current intensity and direction, such as the Angola and

Benguela Coastal currents.

Further south of the equator, at east (between 30°W and 10°E), a positive Chl anomaly
pattern is found. This pattern can be associated with the ACT variability when the ITCZ
migrates southward, from March to April in around 5°S (GEYER et al., 1996).

Figure 22 — Third coupled EOF mode of covariance matrix between surface current and Chl (mg m'3) in logg

scale, the SCF in percentage, and the PC3.
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The PC3 shows that the most time the Chl is responding positively to the surface

currents, with exception of 2005 and 2010, when strong anomalies are detected in the Chl.
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5 CONCLUSIONS

This work aims to contribute to a better understanding of the surface circulation
dynamics and Chl concentration in the TA. Specifically, the main objective of this work is to
analyse the Chl concentration response to the surface currents variability in the TA. Three
analyses were performed using monthly data. The EOF of surface circulation, with 24 years
and the EOF of Chl with 14 years. In the last analysis of the coupled EOF between surface
currents and Chl, I used 15 years of both variables, once the database of Chl was actualized to

more recent years.

In the surface current speed analysis, I can infer the dominant role of the zonal
component in the TA. EOFlof surface currents speed (~30%) showed a dominant negative
signal covering a large area crossing the Atlantic basin, related to the cCSE which flows
westward. The EOF2 (8.16%) showed the importance of the zonal dipole, similar in the
spatial pattern and variance to the zonal EOF2 (8.23%) of the zonal component. This pattern
in the western of TA covers the area of the Warm Pool and the cold tongue area at the eastern
of the TA. Thus, the large-scale surface circulation in the TA is characterized by strong zonal
variability and this upper-ocean zonal current system, which is very important for the

interhemispheric and west-to-east exchange of heat and nutrients.

At the equatorial region, the wind-driven surface currents divergence increases the
primary productivity and Chl is carried by cSEC along the equatorial Atlantic. Close to the
American shelf, the NBC carries Chl from the Amazon plume water, rich in nutrients,
northwestwards, arriving at the Caribbean and the Central Equatorial Atlantic Ocean

(HELLWEGER and GORDON, 2002).

In the east of the TA, the high variance of Chl is associated with ACT variability that
develops by cross-equatorial southerlies intensification. In the Congo plume region, to the
west of the basin, a positive variance of Chl is associated with a positive variance of surface
currents. This result corroborates with Hopkins et al., 2013, who has identified that the Congo

plume extends between 400 and 1000 km northwest or west—southwest to the open ocean.

The main results of this work are the coupled modes presented in section 4.3, which
provide the co-variability between surface currents and Chl over the TA, which revealed three

main coupled modes that explained 42.08% of the total covariance.
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The coupled first EOF between surface currents and Chl evidence the main patterns of
positive anomalies as the equatorial divergence and the Amazon plume dispersion,
representing about 25% of covariance. The PCs for each variable are positively correlated and
in phase, evidencing that this pattern of Chl can be monitored by the patterns of currents in

the TA.

The second coupled EOF that retains about 9% of covariance is characterized by an
axis of negative anomalies in the equatorial region, followed by positive anomalies at north
and south. This pattern is associated to a low Chl distribution in the center of the basin and the

Chl positive anomalies are restrict to the Congo plume region, at east.

The third coupled EOF pattern presents a similar spatial pattern as in the EOF2,
however this pattern of positive and negative anomalies axes is shifted to the south. In this
pattern is possible to identify that the positive current pattern anomaly, at south of equator, is
strong and extends from the African coast, crossing the basin to the west. This pattern is
associated to a distribution of Chl that also extends from the African coast to near the

Brazilian coast.

Despite this pattern represents a low covariance between currents and Chl, about 6%
of covariance, when this pattern occurs it is favourable to an increase of Chl in the whole

basin.

Knowledge of the heterogeneity of Chl concentration and surface circulation in
oligotrophic waters is essential for understanding the dynamics of marine ecosystems. As the
main optical variable, Chl plays an important role in biogeochemistry of phytoplankton
photosynthesis. Besides that, the ocean surface circulation plays an important role in climate
dynamics, thermohaline circulation, mass and heat distribution and also reflects the patterns

of ocean-atmosphere fluxes, evaporation and precipitation, heat and energy.
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6 PERSPECTIVES

This study can contribute for coupled modes analysis of Chl and altimetry of the
Tropical Atlantic. The first results were published in a scientific journal, and these last results

are still in process and discussion, to be published as a scientific manuscript.

Moreover, this study has the potential base line for further investigations, associated to
large-scale climatic variability, circulation dynamics, air-sea heat fluxes once the light
absorption by chlorophyll leads to the modification of the penetrating heating flux in the
water column, CO, uptake as the primary production is an important sink of CO, and
ecological impacts on the food chain, once phytoplankton is food for other plankton and small
fish, as well as larger animals. The knowledge of the ocean dynamics is necessary for
understanding the effects that control the interannual climatic variability and interactions

between tropics and subtropics (SCHOUTEN et al., 2005).

Besides that, this work also contributes to the further research on biogeochemical
cycles in the TA once phytoplankton plays a crucial biogeochemical role, converting CO; and
nutrients into particulate organic and inorganic matter via photosynthesis and
biomineralization, respectively (DONEY et al., 2010). Thereby, the photosynthesis process 1is
determinant in the carbon cycle due to they regulate the carbon export to the sediments

(SARMIENTO and GRUBER, 2006).

Therefore, the results of this work contribute to the understanding of the surface
currents dynamics, zonal and meridional transport variability of Chl concentration, and ocean-
atmosphere interaction processes. Thus, this study allows predicting the dispersion of Chl by

the surface currents in the TA.
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