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Resumo

A clorofila-a (Chl-a) é utilizada como um indicador para estimar a biomassa do
fitoplancton que, enquanto base da cadeia alimentar marinha, desempenha um papel crucial na
avaliacdo da saude e da produtividade dos ecossistemas marinhos. Este estudo tem por objetivo
avaliar a variabilidade sazonal e interanual da Chl-a e investigar alguns mecanismos
subjacentes a estas alteracfes. Utilizando imagens de satélite MODIS-Aqua, captadas
mensalmente com uma resolucdo de 4 km, o estudo fornece informacdes sobre a distribuicao
espacio-temporal da Chl-a e da temperatura da superficie do mar (SST). Os resultados revelam
padrdes sazonais distintos, com 0 maximo de Chl-a a ocorrer em janeiro (cerca de 0,32 mg/m3)
e valores minimos observados em agosto (aproximadamente 0,15 mg/m3) em Cabo Verde.
Estas variabilidades sazonais na Chl-a sdo acompanhadas por alteracfes correspondentes na
SST, com temperaturas maximas a ocorrer em setembro (cerca de 27 °C) e temperaturas baixas
em janeiro (aproximadamente 23 °C). A analise também identifica anos anormais, como 2010,
2011, 2015 e 2018, caracterizados por desvios dos padroes médios sazonais de Chl-a. Além
disso, observa-se uma mudanca de regime na Chl-a a partir de 2013, com uma tendéncia geral
de aumento até 2022. Além disso, a analise demonstra a relacdo entre a variabilidade da Chl-a
e da SST nos pequenos pelagicos e no atum, respetivamente. Estes resultados podem ajudar as
partes interessadas na pesca sustentavel e na conservacdo em Cabo Verde. Uma maior
integracdo das variaveis ambientais pode melhorar os modelos de previsdo e a compreensao da

dindmica da Chl-a em Cabo Verde.

Palavras-chave: Fitoplancton, concentracao de clorofila-a, temperatura da superficie do mar,

variabilidade espacio-temporal, Arquipélago de Cabo Verde.



Abstract

Chlorophyll-a (Chl-a) is used as a proxy to estimate the biomass of phytoplankton
which, as the base of the marine food web, plays a crucial role in assessing the health and
productivity of marine ecosystems. This study aims to evaluate the seasonal and interannual
variability of Chl-a and investigate the parallel changes in SST as an indicator of some physical
process in the ocean. By using satellite imagery from MODIS-Aqua, captured monthly at a 4
km resolution, the study provides insights into the spatio-temporal distribution of Chl-a and
Sea Surface Temperature (SST). The results reveal distinct seasonal patterns, with maximum
Chl-a occurring in January (around 0.32 mg/m?) and minimum values observed in August
(approximately 0.15 mg/m?) in Cabo Verde as well as an inverse relationship between Chl-a
and SST. These seasonal variabilities in Chl-a are accompanied by corresponding changes in
SST, with peak temperatures occurring in September (around 27 °C) and low temperatures in
January (approximately 23 °C). The analysis also identifies abnormal years, such as 2010,
2011, 2015, and 2018, characterised by deviations from the seasonal average Chl-a patterns.
Additionally, a regime shift in Chl-a starting in 2013 is observed, with an overall increasing
trend until 2022. Furthermore, the analysis demonstrates the relationship between Chl-a and
SST variability in small pelagic fish and tuna respectively. These findings can help
stakeholders for sustainable fishing and conservation in Cabo Verde. Further integration of
environmental variables can enhance models predictive and the understanding of Chl-a

dynamics in Cabo Verde.

Keywords: Phytoplankton, Chlorophyll-a concentration, Sea Surface Temperature, Spatio-

Temporal variability, Cabo Verde Archipelago.
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Figure index

Figure 1 : Surface Chl-a (mg/m?®), derived from SeaWiFS with 9 km resolution, the red square
superimposed CV islands, the African coast productive in red color which gradually degrades
towards the open sea in blue colour as well as a signal of productivity around the islands of CV
(Lathuiliére et al., 2008). 10

Figure 2: Mean surface ocean currents and features, the red lines represent the direction of the
surface currents and the red dotted line represents the front of the CV, the black dotted line
represents the islands of the CV (Cardoso et al., 2020). 11

Figure 3: Schematic of the approach used to compute the (2002 - 2022) annual/monthly mean
map for the Chl-a and the SST images, the small squares inside the satellite images represent
pixels containing values dependent on the Chl-a or SST signal (source: Kodjo Olivier
ASSOKPA, 2023). 13

Figure 4: Chl-a concentration variability around CV from Modis-Aqua satellite images. (a) Mean
surface Chl-a map from 2002 to 2022 over African coast including the CV Islands from Modis-
Aqua product (in mg/m?). The three boxes (Black, red, blue) represent contrasted regions of
Chl-a. (b) Variability of mean Chl-a values for the three boxes from 2002 to 2022 (the open
ocean in blue curve, the CV in red curve and the high productive near the African coast in black

curve). 16

Figure 5: Percentage of missing value in the monthly Chl-a satellite image from 2002 to 2022 for
the three boxes. 17

Figure 6: SST concentration variability around CV from Modis-Aqua satellite images. (a) Mean
surface SST map from 2002 to 2022 over African coast including the CV Islands from Modis-
Agqua product (in mg/m3). The three boxes (Black, red, blue) represent the various change in
productivity. (b) Variability of mean SST surface values for the three boxes from 2002 to 2022
(the open ocean in blue curve, the CV in red curve and the near African coast in black curve).

19

Figure 7: Percentage of missing value in the monthly SST satellite image from 2002 to 2022. 20

Figure 8: Seasonal variability of Chl-a and SST from Modis Aqua from 2003-2022 by surface
monthly mean over CV, the green line represents the Chl-a seasonal variability and the orange

line represents the SST seasonal variability and the black dashed line the mean Chl-a. 21
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Figure 9: Monthly climatology of surface Chl-a 2002 to 2022 over CV Island from Modis-Aqua

product (the values vary 0 to 1 mg/m? as shown in the colour bar). 22

Figure 10: Monthly climatology of SST from 2002 to 2022 over CV lIslands from Modis- Aqua
product (the values vary 20 to 30 °C as shown in the colour bar). 23

Figure 11: Chl concentration variability over CV Islands from Modis-Aqua satellite images with
six (6) different locations identified in red dots. (a) Spatial distribution of mean surface Chl-a
over CV with the red dot being the specific locations, (b) Seasonal variability of Chl-a in the 6
locations by surface monthly mean. 25

Figure 12: SST variability over CV Islands from Modis-Aqua satellite images with six (6)
different locations identified in red dots. (a) Spatial distribution of mean surface SST over CV
with the red dot being the specific locations, (b) Seasonal variability of SST in the 6 locations
by surface monthly mean. 26

Figure 13: Seasonal variability of Chl-a from Modis-Aqua in CV for 2010, 2011, 2015, 2018 and
mean (the green lines which change colour from dark to light represent respectively the years
2018, 2015, 2011 and 2010 and the red line is the mean). 27

Figure 14: Mean surface Chl-a map of every month over CV Islands from Modis-Aqua product
in 2010 and 2018. 28

Figure 15: Mean surface SST map of every month over CV lIslands from Modis-Aqua product in
2010 and 2018. 28

Figure 16: Interannual variability of SST and Chl-a from Modis-Aqua in CV from 2003-2022.
The green line represents Chl-a interannual variability and the orange line represents SST

interannual variability and the black dashed line the mean Chl-a. 29

Figure 17: Hovmoller diagram of Chl-a and SST from 2003 to 2013 and 2013 to 2022 (the white
line in the middle is CV islands). 30

Figure 18: Interannual variability of Chl-a from Modis-Aqua in CV from 2003-2022 in the 6

locations. 31

Figure 19: Interannual variability of SST from Modis-Aqua in CV from 2003-2022 in the 6
locations. 31

Figure 20: Trend analysis for Chl-a and SST from 2002 to 2022. (a) Mean monthly Chl-a (mg/m?®)

with a linear regression fitted showing trend over CV from 2003-2022 from surface mean Chl-
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a Modis-Aqua satellite images. (b) Mean monthly SST (°C) with a linear regression fitted
showing trend over CV from 2003-2022 from surface mean Chl-a Modis-Aqua satellite
images. The orange line represents the time series from 2002 to 2013, the blue represents the
time series from 2013 to 2022 and the dotted red line is the linear regression line. 32

Figure 21: Interannual variability of Chl-a (mg/m®) and Total fisheries landing (tonnes) in CV
from 2003 to 2022. The green line represents the Chl-a, the blue line represents the Total
landing and the black dashed line is the mean Chl-a. 33

Figure 22: Correlation between Chl-a, SST, small pelagic fish, and Tuna total catch. (a)
Correlation between Chl-a (mg/m?®) and total small pelagic fish landing (tonnes) in CV from
2003 to 2022. (b) Correlation between SST and total small pelagic fish landing (tonnes). (c)
Correlation between Chl-a and the total tuna landing (tonnes). (d) Correlation between SST
and the total tuna landing (tonnes). The blue dots are the correlation, the black line represents
the regression line and the standard deviation is represented by the grey color, source: Modis

Agua Satellite image and IMar Data. 34
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1. Introduction

The oceans cover more than 70% of the earth's surface. These vast expanses of water
are not only home to abundant marine life but also have a considerable influence on the Earth's
climate. The relationship between ocean ecosystems and global climate change is attracting
much attention (Spring, 2019; Siswanto et al., 2020). As the base of the marine food web,
phytoplankton plays a fundamental role in the biogeochemical cycling of elements by
converting inorganic elements into organic components. Phytoplankton are advected
microalgae and therefore dependent on marine currents. They can photosynthesize using light
and nutrients such as NOsz (Nitrate), PO4 (Phosphate), Si (Silicate), Fe (Iron) and carbon dioxide
(CO2) available in the water to produce oxygen and organic matter. As primary producers of
the sea, a lot of marine organisms, including fish, depend on them for their nutrition. They also
contribute also to roughly half of the fixed carbon on the planet by absorbing atmospheric CO>
and producing 50% of dioxygen (O>) essential for life on the earth’s surface (Martin, 2014). In
the current scenario of climate change, a noticeable decrease in primary production on a larger

scale has been observed. (Boyce et al., 2010).

Chlorophyll-a is the pigment found in algae and other photosynthetic organisms. The
concentration of Chl-a is an indicator of the biomass of phytoplankton in the ocean ecosystem
(Behrenfeld & Falkowski, 1997). Estimating the number of microscopic phytoplankton and
associated primary productivity over large ocean areas is extremely difficult for ships (Dierssen
& Randolph, 2012). However, satellite remote sensing of ocean color has provided a reliable
data source to study phytoplankton dynamics from intra to interannual timescales (Vantrepotte
& Mélin, 2009; Krasnopolsky et al., 2016). And so, Chl-a is one of the seawater components
that are detected from space using ocean color techniques. SST can have an indirect impact on
Chl-a by physiologically influencing marine organisms and acting as an indicator of the
physical processes that modulate nutrient availability. And so, high SST reinforces ocean
stratification which limits vertical mixing and upwelling of nutrients needed by phytoplankton.
In addition, high SST accelerates the metabolisms of marine organisms, impacting their
physiology and population dynamics, including that of phytoplankton and consequently Chl-a
which is used as a proxy. These processes will be reversed with low SST. El Nifio-Southern
Oscillation (ENSO) can also affect Chl-a, with EI Nifio events reducing and La Nifia events
increasing concentrations which can be all the way round depending on the region (whether in
the open ocean or in the coastal area). Satellite remote sensing helps monitor these parameters,

while climate change alters SST and nutrient availability, affecting Chl-a and ecosystem
1



dynamics. Changes in Chl-a and SST have cascading effects on marine ecosystems, affecting

higher trophic levels and biodiversity.

Wind speed also affects Chl-a in the ocean. When the strong wind can mix the water
and bring nutrients up from the depths to the surface (Masunaga & Schneider, 2022). This
phenomenon, known as wind-induced upwelling, favours the availability of nutrients and
consequently the growth of phytoplankton. On the other hand, powerful winds can hinder
phytoplankton growth. Although it may seem beneficial at first sight, this upwelling can
actually limit the development of phytoplankton. Deep waters are often too cold for optimal
growth, with phytoplankton thriving in warmer conditions. In addition, turbulent mixtures can
drag phytoplankton to great depths, depriving them of the light necessary for photosynthesis.
The impact of winds depends on their duration, intensity and the specific phytoplankton species
present (such as diatoms and dinoflagellates, whose single-cell structure makes them more

sensitive to cold water and change).

Rainfall can temporarily affect Chl-a by diluting Chl-a in water, decreasing its
concentration. This dilution effect occurs when rainwater mixes with the surface water,
reducing the overall Chl-a. This can be particularly evident in areas with low initial nutrient
levels, where the dilution effect of rainfall can have a more pronounced impact (Shafeeque et
al., 2019). Heavy rainfall events can bring nutrients into the water though land draining,
stimulating the phytoplankton growth. When rainfall delivers these nutrients to the water, it
can enhance the availability of resources for phytoplankton, leading to an increase in Chl-a

levels.

Chl-a is one of the reliable indicators of global fishery yields (Friedland et al., 2012).
It reflects the export of energy from the pelagic food web to higher trophic levels. Changes in
Chl-a levels can have a direct impact on the abundance and distribution of phytoplankton,
subsequently influencing the availability of food resources for fish. Higher Chl-a indicates
increased phytoplankton productivity, providing more prey for zooplankton and small fish.
This food abundance can lead to larger fish populations and higher fishing yields. On the
contrary, low Chl-a can indicate a decline in phytoplankton productivity, leading to a reduction

in available food and potentially lower fish populations and fisheries productivity.

The Cabo Verde (CV) archipelago, the focus area of this study, presents diverse
hydrographic conditions due to the confluence of some ocean currents and the proximity of

coastal upwelling. However, the islands are mainly located in the inter-gyre region between

2



the west oligotrophic zone and east mesotrophic zone near the African coast. The Canary
Current (CC) and the North Equatorial Current (NEC) are the main surface currents influencing
the archipelago. On the other hand, the southern side of the islands is seasonally influenced by
the NECC due to the movement of the Intertropical Convergence Zone (ITCZ), which produces
changes in the wind regime (Ramos et al., 2012). And so, a crucial frontal zone occurs near the
archipelago mixing NACW and SACW (North Atlantic Central Water and South Atlantic
Central Water).

The literature has shown a large-scale decrease in Chl-a around CV from 1992 to 2005
(Lathuiliére et al., 2008), especially during 2000-2004 (Ramos et al., 2012). The actual spatio-
temporal variability of Chl-a and the trend are still unknown causing the problem of a lack of
knowledge about the dynamics of Chl-a. There is also a lack of study about how the Island
Mass Effect (IME) can affect the phytoplankton enrichment around CV. The IME encompasses
a range of biological and physical processes near islands and reefs, characterized by plumes of
concentrated Chl-a detected upstream and propagating downstream. And so, two questions will
be addressed in this work to solve this problem. Firstly, what are the seasonal and interannual
variability of Chl-a across CV Island? And secondly, what is the parallel relationship with SST

variability?
Objectives of the work

The main purpose of this study is to evaluate the phytoplankton enrichment variability
over CV Archipelago. Specifically, it aims:

e To characterize the seasonal and interannual variability of Chl-a and the trend based on
analysis of satellite images over 20 years from 2002 to 2022.

e To investigate the parallel changes in SST as an indicator of some physical process in
the ocean.

The study of Chl-a variability in CV is essential for understanding the health and
productivity of the marine ecosystem, supporting sustainable fishing. It also allows assessing
the impacts of climate change, managing coastal tourism and recreational activities, and
ensuring the security of water resources. The results can be used by stakeholders, including
policymakers, environmental agencies, fisheries managers, tourism operators and local

communities, to make informed decisions and implement effective management strategies.



2. Literature review

Studies have highlighted environmental factors such as SST, wind speed on
phytoplankton growth and nutrient availability, ultimately impacting fisheries’ productivity

and distribution in marine ecosystems.
2.1. Variability of Chl-a around Islands

Chavez et al. (2011) has shown the increase in global marine primary production in
recent decades. They also discussed how recent in situ and satellite time series of primary
production can be linked to interannual variability in the ocean. The increase in phytoplankton
around small islands has been documented worldwide (Falco et al., 2022). This increase has
been reported since the late 1950s and is known as the IME (Doty and Oguri, 1956). According
to Hamne and Hauri (1981), IME refers to a spectrum of biological and physical processes in
the immediate vicinity and downstream of islands and reefs (Cardoso et al., 2020). Martinez
and Maamaatuaiahutapu (2004) studied phytoplankton blooms in the Marquesas Islands during
the period of Sea-viewing Wide Field of View Sensor (SeaWiFS) activity, from September
1997 to February 2002. They showed that bloom was explained by the dynamic interaction of

circulation and topography.

Gove et al. (2016) focused on coral reefs, proving that IME is an almost ubiquitous
feature in 91 % of tropical Pacific coral reef ecosystems, creating 'hotspots’ of phytoplankton
biomass throughout the upper water column near islands, also known as oceanic oases.
According to Doty & Oguri (1956), phytoplankton productivity increases steadily as one
approaches the coasts of oceanic islands, which is attributed to the IME. Jena (2016)
investigated the phenomenon of IME using remote sensing observations on the sub-Antarctic
shelf of Kerguelen in the Southern Ocean. He analyzed climatological Chl-a datasets from the
Moderate Resolution Imaging Spectroradiometer (Aqua-MODIS) and the SeaWiFS to
characterize the increase in surface area in the downstream section of the shelf along the Polar
Front (PF). The results showed distinct plumes (Chl-a > 0.5 mg/m?) during the austral spring-
summer propagating up to~1800 km offshore to 98 °E along the downstream northern section
of the NKP (North Kerguelen Plateau). Satellite remote sensing data sets are well suited to

observing and quantifying the seasonal extent of phytoplankton blooms.

Messie et al. (2022) discuss a new type of IME called "delayed IME" which occurs
when diazotrophs slowly use excess phosphate and iron after a classical island effect while
being advected away from islands. The fertilizing impact of islands on phytoplankton may

4



therefore be largely underestimated in the oligotrophic ocean. Andrade et al. (2014) showed
that IME is a recurrent feature affecting both local and regional scales in the Juan Fernandez
Archipelago (JFA). However, they did not explore the potential impacts of climate change or
human activities on IME.

Chl-a variability was characterized by Lathuiliere et al. (2008) on seasonal and intra-
seasonal time scales along the northwest coast of Africa from 1992 to 2005 using SeaWiFS

ocean color data. They found a large-scale decrease in Chl-a concentration Chl-a around CV.
2.2. Some mechanisms that affect Chl-a

Ramos et al. (2012) found that the seasonal and interannual variability of phytoplankton
concentration in the Cabo Verde region is influenced by a synergy of factors that vary
according to the general oscillation of physical parameters in the subtropical North Atlantic.
The distribution of Chl-a showed a strong increase during October and November, followed
by a less pronounced increase during February in certain locations around the islands. This is
linked to the arrival of water from upwelling systems, the seasonality of the monsoon,
geostrophic circulation and mesoscale structures in the region. Interannual analysis shows a
decreasing trend in Chl-a in the area. It is also linked with the presence of Sahara Dust in
winter. Dust particles from the Sahara Desert in North Africa affect Cabo Verde at surface
level from October to March (Gama et al., 2015). Dust can have a positive impact on marine
ecosystems, as it contains nutrients such as iron, which can stimulate the growth of
phytoplankton.

2.2.1. Relationships between Sea Surface Temperature (SST) and Chl-a

In their research, Pradhan et al. (2006) explored the variability of Chl-a in the
Mauritanian upwelling, establishing a strong link between Chl-a and SST. They observed that
Chl-a is high during winter and spring when SST is lower, and conversely, Chl-a decreases as
SST increases during summer and autumn. This inverse relationship has been explained by the
effect of convection which tends to be more active in winter and spring. In addition, this study
highlighted interannual fluctuations, in particular the anomalous 1998-1999 event, attributed
to the EI Nifio-Southern Oscillation (ENSO), which resulted in low Chl-a levels alongside high
SST values. Falco et al. (2022) found that the IME results in different SST regimes depending
on the size and altitude of the islands, with large islands showing upwelling/downwelling zones
and small islands showing local cooling due to interactions between currents and islands. IME

also leads to the formation of shadow zones, which causes the stratification and warming of
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surface waters and a reduction in net primary productivity (NPP). Martinez and

Maamaatuaiahutapu (2004) also observed a strong correlation between SST and Chl-a.

Martinez et al. (2018) studied 18 years (1997 — 2014) of satellite images, ocean data
reanalyses and Lagrangian diagnostics to characterize the high biological activity in the
Marquesas. They discussed the influence of tropical instability waves (TIWSs) on phytoplankton
biomass near the Marquesas Islands in the Pacific Ocean. Thus, they showed that SST and
phytoplankton are negatively correlated in the Marquesas archipelago, meaning that lower SST
is linked to higher phytoplankton concentration. However, they suggested that the increase of
phytoplankton during La Nifia events may not be caused by TIWSs bringing iron-rich waters
from the equator, but rather by local processes such as thermocline uplift or coastal upwelling
induced by stronger trade winds. Therefore, SST is not a direct driver of phytoplankton
variability, but rather an indicator of TIW activity and large-scale forcing in the region. Finally,
they concluded that whatever the conditions, the influence of tropical instability waves (TIWSs)

is to disperse, stir up and, therefore, modulate the shape of the existing phytoplankton plume.

Behrenfeld et al. (2006) found a strong correspondence between multivariate ENSO
index (MEI) variability and NPP anomalies, indicating that climate effects on ocean biology
are mediated by changes in upper ocean temperature and stratification, which influence the
availability of nutrients for phytoplankton growth. They have shown that surface warming in
permanently stratified ocean regions is accompanied by reductions in productivity. Caldeira et
al., (2002) found that changes in global ocean NPP over the last decade are due to changes in
the permanently stratified low-latitude oceans and are closely linked to coincident climate

variability.

Faye et al., (2015) investigated the climatological seasonal cycle of sea surface
temperature (SST) in the northeastern tropical Atlantic (7-25 °N, 26-12 W) using a mixed
layer heat balance in a regional ocean general circulation model. The region, which experiences
one of the extensive SST cycles in the tropics, forms the central part of the Guinea Gyre. They
concluded that the relationship between SST and phytoplankton growth is not linear or
uniform, as other factors, such as light availability, nutrient supply, grazing pressure, and
horizontal advection, also influence the phytoplankton dynamics. Therefore, SST is not a direct
proxy for Chl-a, but rather a useful variable to understand the physical processes that affect the

marine ecosystem in the Atlantic North-Eastern Tropical Upwelling System (ANETUS).



Fernandez-Gonzélez et al. (2022) conducted four microcosm experiments in the
tropical and subtropical Atlantic, where phytoplankton communities were exposed to different
combinations of SST and nutrient conditions. They found that nutrient supply has a much larger
effect than SST on phytoplankton growth and biomass, and that the effect of SST is reduced
under nutrient-limited conditions. They also found that phytoplankton assemblages from
warmer regions are not more vulnerable to increased SST, and that warming may enhance their
ability to exploit nutrient injections. They suggested that the low temperature sensitivity of
phytoplankton growth in oligotrophic regions may be due to ecological and physiological

constraints, such as grazing pressure, low cell abundance, and depleted nutrient quotas.
2.2.2. Impacts of Wind Speed on Chl-a

Cassianides et al. (2020) carried out research to explain the physical mechanisms
involved in the phytoplankton blooms observed in the north and south of the Marquesas
archipelago, a region where the waters are rich in nutrients and poor in Chl-a (HNLC). A
combination of satellite observations and 2D Lagrangian simulations was used to illustrate the
role of island fertilization and mesoscale oceanic activity in these events. The Lagrangian
simulations highlighted the key role of surface currents in the spatial coverage and dispersion
of Chl-a plumes from the islands. The Chl-a plumes revealed contrasting dynamic regimes in
the archipelago, with more mesoscale eddies in the south and smaller-scale dynamic activity

in the north.

Lazaro et al. (2005) detected and described the seasonal patterns of the main current
systems in the CV region, such as the North Equatorial Counter Current, the Mauritania
Current, the Canary Current, the North Equatorial Current, and the Guinea Dome, using
satellite altimetry data. They concluded that the phytoplankton blooms were triggered by the
upwelling of nutrient-rich water induced by the negative Sea Surface Height (SSH) anomalies
associated with the Equatorial Atlantic Oscillation (EAO) cold phase. The upwelling was

enhanced by the seasonal relaxation of the trade winds and the northward shift of the ITCZ.

Fernandes et al. (2005) provided a characterization of the main current systems in the
northeast tropical Atlantic and their variability, seasonal distribution of SST and Chl-a by
analyzing a time series of remote sensing data. Demarcq & Somoue, (2015) examined the
factors determining phytoplankton net primary production (NPP) in the Canary Current

Upwelling System (CCUS), one of the most productive coastal upwelling systems in the world.



2.3. Relationships between Chl-a, SST, and Fisheries

Friedland et al. (2012) identified different environmental factors that affect the fishery
yields of 52 large marine ecosystems (LMESs) around the world. They found that net primary
production (NPP), a measure of the amount of organic matter produced by phytoplankton, is
not a good predictor of fishery yields at a global scale. And so, suggests that other factors, such
as Chl-a, particle export ratio, and mesozooplankton productivity, are more important for
determining the transfer of energy from primary producers to higher trophic levels and
ultimately to fishery yields. Furthermore, they showed that fishery yields are influenced by
temperature and latitude, with higher yields associated with colder and higher latitude

ecosystems.

Erauskin-Extramiana et al. (2019) presented the results of their models, showing
historical trends and future projections of tuna distribution and relative abundance. They
indicated that most tuna species have shifted poleward in response to environmental changes,
and that larger shifts are expected by the end of the century. They also showed that temperate
tuna and bigeye tuna are expected to decline in the tropics and move towards the poles
(Andrade & Garcia, 1999), while skipjack and yellowfin tuna are expected to become more
abundant in tropical areas and in the EEZ (Exclusive Economic Zone) of most coastal

countries.

Li et al. (2014) provided valuable information on the distribution patterns and
environmental influences on chub mackerel in China's coastal waters. By combining fisheries
and remote sensing data, the study helps to better understand where chub mackerel are likely

to be found and how environmental factors play a role in their habitat preferences.

Understanding Chl-a variability in CV using remote sensing is very important because
there is not enough research on this subject. Chl-a is a key factor in determining the health and
productivity of marine ecosystems. CV has amazing coastal ecosystems and valuable marine
resources that need to be looked after. That is why it is important to keep a close eye on Chl-a
in these waters to make sure that all is well. Thanks to remote sensing, we can cover vast areas
and track changes over time without breaking the bank. This study is noteworthy because it
can fill in the gaps and help us better understand how Chl-a levels change throughout the year
and in different places in the waters of CV may be related with changes in fisheries. This means
smarter decisions to protect these magnificent marine environments and keep them thriving for

the future.



3. Materials and Methods
3.1 Study site

The CV archipelago is located on the eastern edge of the North Atlantic, about 450-600
km of the west coast of Africa and 1400 km South-southwest (SSW) of the Canary Islands. It
is limited by parallels 14240’ and 17°30’ of north latitude and through meridians 2130’ and
25300’ of west longitude. The archipelago is formed by ten islands, nine of which are
inhabited, and thirteen islets, which occupy a total area of 4033 km? and an exclusive economic
zone (EEZ) that extends over approximately 700,000 km? (Morais et al., 2021). The current
population of CV is 571,191 as of Tuesday, January 10, 2023, based on Worldometer
elaboration of the latest United Nations data. The archipelago has a maximum elevation of
2829 m on Fogo Island; geologically, it is made up of sub-aerial, predominantly basaltic,
emissions from lava flows and pyroclastic materials (i.e., slag, bagacin, or lapilli and ash).
Therefore, soils are generally coarse-textured and thin, with a reduced ability to retain water.
Globally, CV has an average temperature of 25 °C, presenting, like other Sahelian countries,
two seasons: A dry season, from December to June, and a wet season, from August to October.
July and November are considered transitional months. More than 75 % of the average annual
precipitation, around 300 mm, occurs in August and September. However, the CV archipelago
presents islands with a predominantly arid climate and others with a predominantly semi-arid
climate. The rainy season has an average duration of 15 to 25 days in the arid areas, and 45 to
55 days in the semi-arid areas (Morais et al., 2021). Being situated in close proximity to the
West coast of Africa, the CV Islands experience the effects of coastal upwelling, distinct from

the local upwelling around the islands, as depicted in Figure 1.
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Figure 1 : Surface Chl-a (mg/m?®), derived from SeaWiFS with 9 km resolution, the red square superimposed
CV islands, the African coast productive in red color which gradually degrades towards the open sea in blue

colour as well as a signal of productivity around the islands of CV (Lathuiliére et al., 2008).

3.2. Surface current around Cabo Verde

The large-scale circulation around CV is dominated by the eastern branch of the North
Atlantic subtropical gyre, which consists of the Azores Current, the Portugal Current, the CC
and the North Equatorial Current (NEC) as shown in Figure 2. North of 22 °N, the large-scale
circulation along the coast is directed southward in the subtropical gyre. South of 20 °N, a
cyclonic recirculation gyre drives a predominately poleward circulation along the coast, as
unlike the coastal jet. The equatorial current system influences the recirculation gyre. Its
southern branch is fed by the eastward-flowing North Equatorial Counter Current (NECC).
The position of this current has a large seasonal cycle. It is located near 5 °N in winter and
reaches 10 °N in the summer. Thus, the coastal boundary deflects the NECC during summer,
and a large part of the flow is directed poleward along the shore. In winter, the NECC flows
eastward, south of the African peninsula into the Guinean Gulf. The CV Frontal zone separates

the subtropical gyre and the recirculation gyre.
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Figure 2: Mean surface ocean currents and features, the red lines represent the direction of the surface currents
and the red dotted line represents the front of the CV, the black dotted line represents the islands of the CV
(Cardoso et al., 2020).

3.3. Bathymetry and topography

CV is a horseshoe-shaped archipelago facing west, made up of two main groups: the
Windward Islands (north) and the Leeward Islands (south) (Ramalho, 2011). The islands can
be divided into a northern chain (Santo Antéo, Sdo Vicente, Santa Luzia and S&o Nicolau) and
a southern chain (Sal, Boa Vista, Maio, Santiago, Fogo, and Brava). Bathymetry reveals
shallow areas and seamounts around the islands. The eastern islands have a flat topography,
while the western islands are higher. The size of the archipelago varies from island to island,
with Santiago being the largest and Santa Luzia the smallest. Distances between islands range
from 8 to 270 kilometres.

3.4. Data

The study used monthly Chl-a* and SST? products from Aqua-MODIS Level 3, with a
spatial resolution of 4 km from 2002 to 2022. Of all the ocean color sensors available, MODIS
is currently the most widely used for studying ocean biology (Muskananfola et al., 2021). The

data were tested and validated using in situ measurements for several studies.

Satellite images of Chl-a and SST were used to produce monthly and annual mean

surface maps and Hovmoller diagrams. A Hovmodller diagram is a handy graph used in earth

1 https://hermes.acri.fr/index.php?class=archive
2 https://oceancolor.gsfc.nasa.gov
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sciences to track how a particular variable changes over time and along specific lines of
longitude or latitude, allowing to spot patterns and trends in the data across different locations
and periods. These images were also used to generate time series for analyses of temporal
variability. Annual data from the the Institute of Marine Research (IMar), was used to assess
the impact of variability in Chl-a and SST on the catch of tuna and small pelagic fish in
particular. The data concern the comparative evolution of artisanal and industrial fisheries

landings by species group from 1999 to 2022 (in tons).
3.5. Methods

The satellite images were analyzed using Python programming language to evaluate
Chl-a and SST's spatiotemporal variability and conduct time series analysis. Since the year
2002 is not complete it was removed before the time series analysis. The localization map was
made by QGIS software. The average maps were computer based on the schematic (Figure 3).
They were calculated (for the whole 2003 - 2022 period, as well as for each month in the same

multi-annual period) using the following equation:

n
Xy) =) Xi(xy,t) (Eq: D
i=1
Where:

e X(x,y) is the monthly mean value or monthly climatology value at position (X, y);

e Xi(x, vV, t)is the t" value of the data at (X, y) position,

e n is the number of monthly data used to calculate the monthly climatology (i.e., from
2002 to 2022 = 20 months of January, 20 months of February ...) and annual
climatology (from 2002 to 2022 = 20 x 12). If Xi is an empty pixel, that pixel is not

considered.
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Figure 3: Schematic of the approach used to compute the (2002 - 2022) annual/monthly mean map for the Chl-a
and the SST images, the small squares inside the satellite images represent pixels containing values dependent
on the Chl-a or SST signal (source: Kodjo Olivier ASSOKPA, 2023).

In this study, three distinct boxes, each painted in different colors (red, blue, and black)
were defined, all crafted to be the same size. These boxes were positioned to evaluate the
distribution of productivity in three key zones: the oligotrophic zone, the CV Island, and the
high productivity zone downward the Senegalese coastal upwelling region. The three zones are
outlined in a 3 ° x 2.8 ° box, aligned with the unique shape of the CV archipelago. This
approach ensures consistency for representation and comparison between the different zones.
In addition, six stations were defined within the CV area. Four stations were positioned closely
to the island locations further north, while an additional two stations were located far from the
Islands not far from the equator. This arrangement aims to evaluate the islands' influence on

productivity and the relation between SST and Chl-a in CV water.

The correlation analyses were carried out using the Pearson correlation which assesses
the linear relationship between two continuous variables. It measures the strength and direction
of the linear relationship using a scale from -1 to 1. A correlation of +1 indicates a perfect
positive correlation, -1 indicates a perfect negative correlation, and O indicates no linear

correlation. The equation is the following one:

. ny, XY =3 XY Y (Eq: 2)

\/(nz x2— (¥ X)Z)*(nz vz-(x v))

Where:

e n is the number of observations,

o XY is the sum of the product of the x-value and y-value for each monthly data,
13



o X is the sum of the x-value,

o Y is the sum of y-values,

o X? is the sum of the squares of the x-values and
o Y2 is the sum of the squares of the y-values.

Main Python Packages Used

We ran experiments on a computer with hardware specifications, shown in Table 1.
Additionally, the language of Python programming, and several Python packages such as

Numpy, Pandas, Cartopy, Matplotlib, and Sklearn were used for data analysis.

Table 1: Hardware and Python packages specifications

Components Specification
Memory 16384 MB RAM
11th Gen Intel(R) Core (TM) i7-1185G7 @
Processor 3.00GHz 1.80 GHz
Disk Capacity 500 GB
Operator System Windows
Operator System Type 64-bit

Numpy, Pandas, Matplotlib, Sklearn,

Python Packages Seaborn, SciPy, Cartopy.
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4. Results

4.1. Regional Variability of Chl-a and SST
4.1.1. Variability of Chl-a

The monthly average of satellite images of Chl-a from Modis-Aqua for 2002-2022 was
used to assess the variability of Chl-a around Cabo (Figure 4). It provides valuable information
on the spatial and temporal distribution of Chl-a c in the study area, which extends from the
African coast to the open ocean (-30° West). Figures 4a and 4b show the analysis of the mean
surface Chl-a map and the time series of interannual Chl-a data, respectively. The monthly
percentage of missing values for satellite images of Chl-a for the three boxes, as shown in
Figure 5, reveals a notable concentration of missing data, mainly during the summer months.
To better understand the different Chl-a enrichment scenarios, three boxes of identical size

were defined: a black box, a red box and a blue box (Figure 4a) in 3 contrasted regions.

The result reveals distinct patterns of Chl-a, highlighting the spatio-temporal variability
of Chl-a at the surface. Of the three boxes, the black box representative of the upwelling region
stands out as having consistently higher Chl-a, ranging from 1 to 5 mg/m?, than the red and
blue boxes. This high concentration in the black box indicates a region of increased

phytoplankton biomass and productivity.

In contrast, the blue box in the extreme north-west shows no Chl-a signal with 0 mg/m?3.

This indicates a region of low phytoplankton biomass and low productivity (oligotrophic).

The red box around the CV archipelago, located between the black box (productive
zone) and the blue box (non-productive zone) and lower latitude, shows intermediate
concentrations of Chl-a ranging from 0.1 to 1 mg/m®. This indicates a moderate level of
biomass and phytoplankton productivity in this region. The presence of CV Island plays a vital

role in the productivity observed.
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Figure 4: Chl-a concentration variability around CV from Modis-Aqua satellite images. (a) Mean surface Chl-a
map from 2002 to 2022 over African coast including the CV Islands from Modis-Aqua product (in mg/mq). The
three boxes (Black, red, blue) represent contrasted regions of Chl-a. (b) Variability of mean Chl-a values for the
three boxes from 2002 to 2022 (the open ocean in blue curve, the CV in red curve and the high productive near

the African coast in black curve).
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Figure 5: Percentage of missing value in the monthly Chl-a satellite image from 2002 to 2022 for the three
boxes.

4.1.2 Variability of SST

The variability of SST around CV was assessed using the monthly mean of Modis-
Agua satellite images for 2002-2022 (Figure 6). Analysis of these images provides valuable
information on the spatial and temporal distribution of Chl-a concentrations in the study area.
More specifically, Figures 6a and 6b show the map of mean surface SST and the time series of
interannual SST data, respectively. Figure 7 shows the monthly percentage of missing values
for SST satellite images lower than 2 %. Firstly, there is a latitudinal and longitudinal
variability in SST, with temperatures decreasing from low to high latitudes. This gradient is
represented by the colour scale ranging from red to green to blue, where red indicates warmer

temperatures and blue represents cooler temperatures.

In addition to the latitudinal variability, the map shows the presence of coastal

upwelling. The coastal upwelling is depicted by the blue colour, which extends from the
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northeast coast towards the northwest, reaching the waters of CV and the surrounding areas.
Coastal upwelling occurs when cold, nutrient-rich waters rise to the surface, influencing the
local SST distribution. This upwelling contributes to the cooling of the coastal waters, leading

to lower SST values along the affected regions.

The spatial distribution of SST, as shown in Figure 6a, impacts on the interannual
variability of SST within the three boxes depicted in Figure 6b. The red box experiences higher

temperatures than the other boxes.

On the other hand, the black box, which is influenced by coastal upwelling, exhibits the
lowest temperatures among the three boxes. The upwelling brings cold to the surface, leading

to cooler SST values in this region.

Regarding SST, the blue box has values in between the red and black boxes. Both
latitude effects and the lesser impact of coastal upwelling influence its intermediate

temperature range.
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Figure 7: Percentage of missing value in the monthly SST satellite image from 2002 to 2022.

4.2. Local Variability of Chl-a and SST
4.2.1. Seasonal Variability of Chl-a and SST in Cabo Verde

The analysis provided insights into the seasonal variability of Chl-a and SST in CV, as

depicted in Figure 8.

From the monthly climatologies, the results show that the maximum Chl-a values were
recorded in January, reaching approximately 0.32 mg/m?3. In contrast, the minimum values
were observed in August, with concentrations around 0.15 mg/m?. This indicates a unimodal
variability in Chl-a concentration, characterised by an increase during winter and Spring and a

decrease during summer and Autumn.

SST also exhibits a unimodal pattern, with values increasing during summer and
Autumn, reaching a high value in September at around 27 °C. Conversely, SST values
generally decrease during winter and Spring, reaching a minimum value in March at
approximately 23 °C. This delayed response of SST is due to the physical property of water,
which reacts more slowly to heating than the atmosphere. The inverse relationship between
SST and seasonal Chl-a might be explained by winter convection, which deepens the mixing

layer and brings nutrients to the surface. Moreover, the advection of nutrient-rich water from
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the Senegalese coast due to trade winds and the cooling effect in winter might further explain

this inverse relationship.
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Figure 8: Seasonal variability of Chl-a and SST from Modis Aqua from 2003-2022 by surface monthly mean
over CV, the green line represents the Chl-a seasonal variability and the orange line represents the SST seasonal
variability and the black dashed line the mean Chl-a.

The monthly climatologies of surface Chl-a and SST, as illustrated in Figures 9 and 10, provide
a visual representation of the inverse relationship observed in the seasonal variability of these
two variables, as presented in Figure 8. Thus, Figure 9 presents a pronounced Chl-a signal
during winter and spring, characterized by a prominent and widespread presence over CV in
January. In contrast, the signal reduces considerably during summer and autumn. Figure 10, on

the other hand, demonstrates an inverse situation compared to Figure 9 regarding SST.
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Figure 9: Monthly climatology of surface Chl-a 2002 to 2022 over CV Island from Modis-Aqua product (the
values vary 0 to 1 mg/m? as shown the colour bar).
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4.2.2. Seasonal Variability of Chl-a and SST around 6 different locations

Following the evaluation procedure for spatial and temporal productivity variability
around the CV islands, Chl-a and SST were analysed at six locations, as shown in Figures 13
and 14. This examination provided valuable insights into the variations of Chl-aand SST across

these specific areas.

Firstly, Chl-a were found to decrease progressively from the coast of the islands
towards the open sea. Interestingly, a consistent seasonal pattern of Chl-a variability was
observed at all six locations, with the variability becoming more pronounced as one moves
away from the islands. The Chl-a ranged from 0.1 to 0.45 mg/m? (Figure 11b). Locations 1, 2,
3 and 4, closer to the northern region's islands, had higher Chl-a values (Figure 11b). Notably,
Location 4, next to Boa Vista Island, notably recorded the most significant mean seasonal
variability in Chl-a (Figure 11b). This corresponds effectively to the strong enrichment signal
around Boa Vista Island observed in Figure 11b. In contrast, sites 5 and 6, located further south

and further from the islands, had lower mean Chl-a values.

Secondly, the variability of SST at the six stations showed the same seasonal pattern
with an increase in SST during the summer and a decrease in SST during the winter (Figure
12b). As shown in Figure 12b, stations 5 and 6 located at 14.5° N recorded the highest SST
values compared to the four other locations. The SST ranged from 22 to 28 ° C (Figure 12b).
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Figure 11: Chl concentration variability over CV Islands from Modis-Aqua satellite images with six (6)

chl (mg.m-3)

different locations identified in red dots. (a) Spatial distribution of mean surface Chl-a over CV with the red dot

being the specific locations, (b) Seasonal variability of Chl-a in the 6 locations by surface monthly mean.
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Figure 12: SST variability over CV Islands from Modis-Aqua satellite images with six (6) different locations
identified in red dots. (a) Spatial distribution of mean surface SST over CV with the red dot being the specific
locations, (b) Seasonal variability of SST in the 6 locations by surface monthly mean.
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4.2.3. Interannual variability and regime shift of Chl-a and SST

The analysis of seasonal variability in Chl-a in CV identified anormal years in terms of
Chl-a dynamics, specifically 2010, 2011, 2015, and 2018, as illustrated in Figure 13. These
years stood out from the seasonal average in terms of Chl-a patterns. In particular, 2018 and
2015 exhibited Chl-a values above the seasonal average, while 2010 and 2011 had Chl-a values
below the average. In particular, the years 2010 and 2018, with the Chl-a signals being much

more pronounced in 2018 and less prominent in 2010 (Figure 14).

The distribution of Chl-a across all months was higher in 2018 and lower in 2010
compared to their respective seasonal averages. Notably, January 2018 displayed Chl-a values
surpassing 0.5 mg/m?.

Figure 15 depicts the seasonal distribution of SST in 2010 and 2018. In 2018, the SST
was colder than the normal range from January and this trend continued until June. Conversely,
in 2010, surface waters were warmer than usual, with a notable generation of warm waters

observed in September.

The analysis of Figures 13, 14, and 15 reveals an interplay between Chl-a, SST, and
their variation in 2010, 2011, 2015, and 2018. The elevated Chl-a levels in 2018 appear to align
with the colder SST trend observed in the same year, while the warmer SST in 2010 correlates
with reduced Chl-a.
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Figure 13: Seasonal variability of Chl-a from Modis-Aqua in CV for 2010, 2011, 2015, 2018 and mean (the
green lines which change colour from dark to light represent respectively the years 2018, 2015, 2011 and 2010

and the red line is the mean).
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Figure 14: Mean surface Chl-a map of every month over CV Islands from Modis-Aqua product in 2010 and
2018.

Figure 15: Mean surface SST map of every month over CV Islands from Modis-Aqua product in 2010 and
2018.
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The analysis of interannual variability in Chl-a reveals a regime shift starting in 2013
(Figure 16). From this year onwards, the maximum and minimum values of Chl-a increased
significantly, indicating an overall rise in Chl-a until 2022. Furthermore, 2010, 2011, 2015,

and 2018 are part of a longer-term variability characterized by regime shifts.

Similarly, the interannual variability of SST identifies 2010, 2015, and 2018 as typical
year with high average temperatures in 2010 (25.6 °C) and low SST values in 2015 and 2018
(24 °C). These years align with the anormal Chl-a variability. The trend analysis of Chl-a and
SST 2002 to 2022 demonstrates an inverse relationship between these two variables. As SST

increases, Chl-a tends to decrease.

Figure 17 presents the Hovmoller diagram depicting Chl-a and SST from 2003 to 2013
and from 2013 to 2022. The diagram reveals a consistent presence of Chl-a enrichment around
the islands. The influence of coastal upwelling is also evident, influencing productivity in the
waters of CV, as illustrated in the Chl-a Hovmdller diagram for 2018. The SST Hovmoller

diagram demonstrates a relatively consistent interannual variability pattern.
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Figure 16: Interannual variability of SST and Chl-a from Modis-Aqua in CV from 2003-2022. The green line
represents Chl-a interannual variability and the orange line represents SST interannual variability and the black
dashed line the mean Chl-a.
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Figure 17: Hovmoller diagram of Chl-a and SST from 2003 to 2013 and 2013 to 2022 (the white line in the
middle is CV islands).

4.2.4 Interannual variability of Chl-a and SST around 6 different locations

Figures 18 and 19 illustrate the interannual variability of Chl-a and SST at the six
different locations. The patterns observed in the interannual variability of Chl-a are consistent
with the seasonal variability of Chl-a at these locations (Figure 18). Locations 1, 2, 3, and 4,
closer to the islands, exhibit higher annual average Chl-a than locations 5 and 6. This aligns
with the general trend observed in the seasonal variability, where proximity to the islands
contributes to higher Chl-a values. Conversely, locations 5 and 6, situated further away from
the islands, record lower Chl-a. In addition, Figure 18 confirms the regime shift observed in

Figure 16, but this time for all six stations.
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Similarly, the interannual SST variability at the six locations follows the same pattern

as the average SST values around CV (Figure 19). Additionally, locations 5 and 6 consistently

demonstrate higher SST values than locations 1, 2, 3, and 4.
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Figure 18: Interannual variability of Chl-a from Modis-Aqua in CV from 2003-2022 in the 6 locations.
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Figure 19: Interannual variability of SST from Modis-Aqua in CV from 2003-2022 in the 6 locations.
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4.3. Trend analysis

The analysis of the Chl-a and SST time series from satellite data allowed for trend
analysis over the entire dataset (Figure 20). Chl-a shows a relatively increasing trend (Figure
20a). However, the series shows significant interannual variability. Similarly, a relatively
increasing trend is observed for SST (Figure 20b). Although there is no direct relationship
between the variation in SST and Chl-a, however there is a similarity in the trend of the two

series of dataset.
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Figure 20: Trend analysis for Chl-a and SST from 2002 to 2022. (a) Mean monthly Chl-a (mg/m?) with a linear
regression fitted showing trend over CV from 2003-2022 from surface mean Chl-a Modis-Aqua satellite images.
(b) Mean monthly SST (°C) with a linear regression fitted showing trend over CV from 2003-2022 from surface
mean Chl-a Modis-Aqua satellite images. The orange line represents the time series from 2002 to 2013, the blue
represents the time series from 2013 to 2022 and the dotted red line is the linear regression line.

4.4. Possible relationships between Chl-a variability and High Trophic Level
4.4.1. Interannual variability of Chl-a and total fisheries landing in Cabo Verde

The analysis of Chl-a variability and total fisheries landing in CV reveals a notable
similarity in their patterns. High Chl-a years align well with years of large fish catches in CV,
while low productivity years correspond to years of low fish catches. For example, the years
2015 and 2018, which were characterized by high fish catches, also exhibited high Chl-a as
depicted the (Figure 21). Conversely, 2005, 2008, 2011, 2016, 2017, 2019, and 2020, marked
by a decrease in fish catches, also displayed reduced Chl-a.
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Figure 21: Interannual variability of Chl-a (mg/m?3) and Total fisheries landing (tonnes) in CV from 2003 to 2022.
The green line represents the Chl-a, the blue line represents the Total landing and the black dashed line the mean
Chl-a.

4.4.2. Chl-a and SST Variability and Small Pelagic Fish and Tuna

The relationships between Chl-a, SST variability, and the higher trophic levels were
evaluated, focusing on small pelagic fish and tuna (Figure 22). Thus, a strong positive
correlation was observed between Chl-a and the overall catch of small pelagic fish, showing a
correlation coefficient 0.72 (Figure 22a). In addition, Figure 22b illustrated a moderate
negative correlation between SST and the total catch of small pelagic fish, characterized by a
correlation coefficient -0.49. Furthermore, Figure 22c showed also a strong positive correlation
between Chl-a and the total tuna catch, yielding a correlation coefficient 0.78. Moreover,
Figure 22d depicted a moderate negative correlation between SST and the total tuna catch, with
a correlation coefficient -0.45. Overall, Chl-a had a stronger positive correlation with tuna and
small fish catch than the SST which had moderate negative correlation. Also, a significant p-
value less than 0.05 has been observed for all the correlations.
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Figure 22: Correlation between Chl-a, SST, small pelagic fish, and Tuna total catch. (a) Correlation between Chl-
a (mg/mq) and total small pelagic fish landing (tonnes) in CV from 2003 to 2022. (b) Correlation between SST
and total small pelagic fish landing (tonnes). (c) Correlation between Chl-a and the total tuna landing (tonnes).
(d) Correlation between SST and the total tuna landing (tonnes). The blue dots are the correlation, the black line
represents the regression line and the standard deviation is represented by the grey color, source: Modis Aqua

Satellite image and IMar Data.
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5. Discussion
5.1. Regional Variability of Chl-a and SST

The climatological map and time series of Chl-a and SST data provides insights into
the spatio-temporal variability of phytoplankton biomass and its productivity in the study area
(Figure 4 and 6).

The high concentration of Chl-a observed in the area within the black box (Figure 4),
as compared to the other two areas of the red and the blue boxes, can be explained by its
proximity to the Senegalese coast, which is characterized by the presence of coastal upwelling.
This phenomenon is consistent with the findings in the Bohai Sea, where coastal enrichment
of Chl-a is observed due to the upwelling of nutrient-rich water (Zhang et al., 2017).
Additionally, nutrient inputs from terrestrial runoff may contribute to the high enrichment of

Chl-ain coastal waters, as seen in the study of the North Sea (McQuatters-Gollop et al., 2007).

Conversely, the blue box, located far from the coast and lacking intensive mixing
processes, exhibits negligible Chl-a concentrations. Without sufficient nutrient supply,

phytoplankton productivity is limited, leading to low Chl-a concentrations.

The red box exhibits intermediate Chl-a concentrations and can be attributed to the IME
and the associated oceanic physical processes. Islands can create localized hydrodynamic
features that enhance primary productivity (Falco et al., 2022). These features include the
upwelling of nutrient-rich deep waters to the surface, eddies that concentrate nutrients and
organic matter, and turbulence and mixing that promote nutrient exchange. In addition, islands
can form fronts and convergence zones and provide sheltered areas, helping to increase primary

productivity and support diverse marine ecosystems.

The observed spatial distribution of SST and its possible influence on Chl-a align with
previous studies on productivity in upwelling areas. Coastal upwelling is known to enhance
productivity in marine ecosystems, and such upwelling is evident in the SST patterns observed
in the study area. This aligns with the findings of Minas et al. (1986) that highlight the
relationship between upwelling and increased productivity.

The influence of warm equatorial waters on the study area's SST distribution also aligns
with previous research (Ramos et al., 2012). Proximity to the equatorial region exposes the
study area to higher solar radiation, contributing to warmer SST. The input of warm equatorial
waters further influences the SST distribution, affecting the distribution of Chl-a.
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Furthermore, the percentage of missing values for Chl-a and SST (Figure 5 and 7)
displays a divergent pattern. While Chl-a data exhibit significant missing values, particularly
during certain seasons like summer, SST data demonstrate lower instances of missing values.
The substantial absence of data in the Chl-a images can be attributed to sensor-related
challenges and the presence of clouds over CV, especially during summer. This data deficiency
has been mentioned in various studies, including Cardoso et al.'s work in 2020. Nonetheless,
satellite imagery remains an essential tool for Chl-a estimation. The Modis Aqua satellite
images used in this study have been extensively validated due to their suitable spatial
resolution, prolonged temporal coverage, validation against in-situ measurements, and
widespread use in scientific research (Wang et al., 2015; Li et al., 2017; Hu et al., 2012;
Cardoso et al., 2020). This affirms its value for analysing Chl-a variability in marine

ecosystems.
5.2. Local Variability of Chl-a and SST

The analysis reveals a distinct seasonal pattern in Chl-a and SST at CV. The Chl-a
shows a unimodal variability, with maximum values in winter and minimum values in summer.
Similarly, SST follows a unimodal pattern, with higher temperatures observed in summer and
lower temperatures in winter (Figure 8). According to studies conducted in the regions by
Pradhan et al. (2006), the enrichment during winter has been explained by two processes that
have a coherent relationship between SST and Chl-a, namely convection and advection from
upwelling. The presence of Sahara dust in winter also increases nutrients. And so, one might
question whether this inverse relationship between Chl-a and SST are linked to more
significant winter convection or the influx of waters through advection from the Senegalese
upwelling. However, based on the SST maps, this influence might be regional, suggesting that

upwelling occurs more sporadically.

In general, SST appears to be distributed according to latitude and longitude (Figure
10). However, they appear to be strongly influenced, possibly by the surface currents that carry
the cold, nutrient-rich coastal waters back to CV from January to June. In contrast, the second
phase which runs mainly from August to November, is characterised by warmer temperatures

that the high solar radiation can explain.

Analysis of variability in Chl-a and SST at the six sites provides valuable information
on these parameters' spatial and seasonal dynamics (Figure 11 and 12). The observed decrease
in Chl-a from coastal areas to the open sea suggests a decreased gradient in phytoplankton
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biomass (Figure 11). The stations (1, 2, 3 and 4, Figure 11) closest to the islands had higher

Chl-a values. In contrast, the more remote sites (5 and 6) had lower Chl-a.

A hypothesis can be formulated that this enrichment near the islands is a result of IME
(nutrient availability, water mixing processes, and the influence of local environmental factors
such as rainfall). Islands can favor nutrient enrichment through local upwelling phenomena or
by acting as sources of nutrients from terrestrial run-off. These favorable conditions encourage
phytoplankton growth and lead to high levels of Chl-a. It is possible that sites (5 and 6) do not
benefit as much from the influence of the islands in terms of nutrient input and mixing
processes. The lower Chl-a in these locations could be the result of limited access to nutrient-
rich waters and environmental conditions that are less favorable to phytoplankton growth.

However, this remains a hypothesis that needs to be verified.

The seasonal trends observed in figures 18 & 19 for SST align with those for Chl-a,
indicating a close relationship between the two parameters. Figure 18 validates the identified
shift in regime as shown in Figure 16, extending this observation to all six stations. The fact
that stations 5 and 6, located further south, recorded the highest SST values can be attributed
to the effects of latitudinal solar radiation.

Analysis of abnormal years in terms of Chl-a in CV provides insight into significant
deviations from the seasonal average. It highlights the dynamic nature of phytoplankton
biomass in the region. The years 2010, 2011, 2015, and 2018 are anomalous years with distinct
Chl-a patterns (Figure 13).

In 2018 and 2015, higher concentrations of Chl-a were observed compared with the
seasonal average. The higher Chl-a values suggest a high availability of nutrients and increased
biological activity and also climate change. These years can be periods of increased
productivity, potentially indicating favorable conditions for phytoplankton growth likely due
to the strengthening of surface currents that have brought back rich coastal waters in these

years. This remains a hypothesis since it was demonstrated in this work.

On the other hand, 2010 and 2011 exhibited lower Chl-a concentrations compared to
the seasonal average. These years may have experienced environmental conditions that limited
phytoplankton growth, such as reduced nutrient availability or weakening of the surface

current.
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A notable difference between January 2018 and January 2010 is the enrichment of the
Chl-a observed in January 2018. This indicates a substantial increase in phytoplankton biomass

during this specific month compared with January 2010.

Furthermore, SST patterns in 2010 and 2018 diverged. In 2018, colder than normal
temperatures were observed from January to June, indicating a potential influence on the Chl-
a enrichment observed during this period. In contrast, 2010 experienced a generation of warm
waters in September, which may have contributed to the lower Chl-a concentrations observed
that year.

Overall, the analysis highlights the importance of local factors such as proximity to
islands shaping spatial and seasonal variability in Chl-aand SST in CV. In addition, expected
years of Chl-a and the corresponding SST patterns highlight the interaction between
environmental factors and biological productivity in CV. These results highlight the
importance of considering physical and biological processes when studying the dynamics of

marine ecosystems.

Furthermore, analysis of the interannual variability of Chl-a reveals a significant change
in the Chl-a regime from 2013 onwards, with a steady increase in Chl-a values over time
(Figure 16). Among the years examined, 2010, 2011, 2015 and 2018 are standard years with
notable variability in Chl-a. Remarkably, these fluctuations correspond to changes in Chl-a and
exhibit similar variability as observed in SST. Trend analysis further highlights the inverse
relationship between Chl-aand SST. As SST increases, Chl-a tends to decrease, and vice versa.
This leads to the hypothesis that the variability in SST could potentially serve as a proxy for
identifying processes such as convection and advection, which might impact phytoplankton
growth and Chl-a dynamics in the study area. And also, the regime shift might be explained by
the environmental change in the regions which still need to be demonstrated.

Hovmoller diagrams provide further evidence of Chl-a enrichment around CV
Archipelago. These diagrams illustrate the temporal and spatial patterns of Chl-a and SST,

highlighting areas of higher productivity and the influence of physical processes.

The islands’ proximity plays an important role in the evolution of Chl-a. These results
are in line with observations of seasonal variability, further reinforcing the influence of
proximity to islands on Chl-a and SST. The presence of coastal upwelling, and nutrient-rich
water near the islands contributes to higher Chl-a. Overall, the consistent patterns observed in

both the interannual and seasonal variability of Chl-a and SST underline the strength of these

38



relationships on different time scales and in different locations. Proximity to islands appears to

be a key factor in variability in Chl-a and SST.
5.3. Trend analysis

The trend analysis reveals an upward trend in both Chl-a and SST from 2003 to 2022
(Figure 20). Although there is no direct link between the variation in SST and Chl-a, a
similarity in the trend displayed by both data series can be observed. This result appears to
contrast with the study by Boyce et al. (2010), which reported a global decline in phytoplankton
biomass, and those of Lathuiliére et al. (2008). It should be noted that Lathuiliére et al. (2008)
identified a large-scale decrease in Chl-a around CV based on SeaWiFS data from 1992 to
2005. However, global observations might not necessarily align with regional observations due

to the presence of the CV islands, which can create specific conditions.

Moreover, it is important to note that the findings of Lathuiliére et al. (2008) are
inconsistent with those of the present study, and the sensors used are not the same. Therefore,
the hypothesis that can be proposed considering the slightly increasing trend in Chl-a and SST
is related to an environmental change, which could potentially be confirmed by the regime shift
discussed further. Additionally, it should be emphasized that there is pronounced interannual

variability at the endpoints of the series, which could impact the observed trend.
5.4. Chl-a Variability and High Trophic Level

The analysis of Chl-a and total landings from the CV fishery reveals a consistent pattern
(Figure 21). Years of high Chl-a correspond to years of high fish catches, indicating a possible
close link between phytoplankton abundance and fish populations. Increased primary
production, facilitated by a distinctive input of nutrients such as upwelling and nitrogen
fixation, contributes to increased fish resources around the islands (Shiozaki et al., 2014).
Conversely, years of low Chl-a correspond to a reduction in fish catches, suggesting less
favourable conditions for phytoplankton, and possibly zooplankton growth and subsequent
impacts on fish populations. The decline in fish landings observed from 2019 onwards further

suggest the link between Chl-a variability and fishing dynamics.

The positive correlation between Chl-a and the catch of small pelagic fish in CV
supports the results of Li et al. (2014), who studied the distribution of chub mackerel in Chinese
coastal waters. Their study aligns with the positive correlation observed in CV, suggesting the
role of Chl-a in supporting prey availability for small pelagic fish. The negative correlation

between SST and tuna catch in CV is consistent with research conducted by Erauskin-
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Extramiana et al. (2019) and Andrade & Garcia (1999). These two studies confirm the negative
correlation observed in CV, indicating that SST variability can influence tuna distribution and

availability.

Chl-a depicted a strong correlation with fish landings, whereas SST showed a moderate
correlation (Figure 22). This supports the idea that Chl-a serves as a proxy for primary
production. Furthermore, fishing pressure can also vary from year to year, depending on
changing demands that may increase or decrease. The question of fishing pressure is evident
in the decrease in fishing dataset in 2019 and 2020, hypothesized to be due to the COVID-19
pandemic. Establishing a link between Chl-a and fisheries data can pose problems because Chl-
ais an indicator of primary productivity, and its direct influence on the upper marine food chain
involves initial interactions with zooplankton. Moreover, Chl-a is considered according to
Friedland et al. (2012), like an indicator of energy transfer from primary producers like

phytoplankton to higher trophic levels and ultimately to fishery yields.

In this study | focused on the spatio-temporal variability of Chl-a and SST. By
regulating nutrient availability SST highlights the influence of ocean dynamics in shaping Chl-
a and possible marine ecosystem dynamics in CV. Considering their significance as essential
indicators of phytoplankton abundance and environmental conditions, wind speed,
precipitation, Aerosol Optical Depth, PAR, and CDOM should be considered for further study
in exploring the driving mechanisms in Chl-a variability in CV. Furthermore, biogeochemical
models can also offer data that can complement and validate satellite observations, providing
a more complete understanding of Chl-a dynamics. However, due to the time constraints of
this particular study, we have chosen to focus on Chl-a and SST ocean colour remote sensing
data from Modis-Aqua. In addition, although available daily, meteorological data on wind
speed and precipitation can be combined with daily satellite data to study the daily variability
of Chl-a in the CV region. This integration will allow a more detailed examination of short-

term fluctuations in Chl-a and its relationship with meteorological conditions.
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6. Conclusion

Analysis of climatological maps and time series data of Chl-aand SST provides insights
into the spatio-temporal variability at regional level. And so, the region within the black box
exhibits higher Chl-a concentrations compared to the red and blue boxes, along with lower
SST. The hypothesis put forward is due to its proximity to the Senegalese upwelling. This
phenomenon finds support in similar findings in other regions such as the Bohai Sea. The blue
box, situated far from the coast, displays minimal Chl-a concentrations along with relatively
warm SST. This could be due to potential limitations in convections and advections from the
Senegalese coast. In addition, the red box shows intermediate Chl-a concentrations and
relatively warm SST. This could possibly be attributed to the presence of islands, which give
rise to the phenomenon known as IME. The fact that the red box is located in the warmer low
latitudes and closer to the equator than the other two boxes is hypothesized to explain its higher
SST.

Moreover, the percentage of missing values for Chl-a and SST data exhibits a divergent
pattern. Chl-a data have more missing values, especially during certain seasons like summer.
This is linked to potential sensor issues and the seasonal presence of dust over Cabo Verde.
Despite this, satellite images, particularly Modis Aqua images, remain valuable for Chl-a
estimation, given their extensive validation against in-situ measurements and their widespread

use in scientific research.

Variabilities are evident in both Chl-a and SST, revealing their inverse seasonal and
interannual relationship. This connection has been explained by the possible intensification of
winter convection or the advection of water from the Senegalese upwelling. Chl-a and SST
analysis across six sites shows spatial and seasonal dynamics, with decreasing Chl-a from
coastal to offshore areas, possibly due to limited nutrient access at remote sites. SST trends
match Chl-a, including a change in regime. In addition, from 2013 onwards, a regime shift has
been observed. Also, anomalous Chl-a years (2010, 2011, 2015, 2018) deviate from seasonal
patterns, has been observed, with 2018 and 2015 indicating favorable conditions for
phytoplankton growth due to stronger surface currents, while 2010 and 2011 exhibit lower Chl-
a likely due to environmental constraints. These results underline the dynamic nature of Chl-a
and highlight the importance of understanding regional variability in the context of global

trends.
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Finally, a notable change in Chl-a dynamics has been observed over the last decade
around CV. The upward trend from 2003 to 2022 of Chl-a and SST indicates a possible
relationship between SST and Chl-a. Chl-a depicted a strong correlation with fish landings,
whereas SST showed a moderate correlation.

A relationship between SST and Chl-a variability has been found, indicating that SST
is linked to processes involved in the phytoplankton biomass variability. Warmer SST
conditions result in lower Chl-a while colder SST conditions favor higher Chl-a. And so, warm
conditions cause stratification with block vertical mixing. On the other hand, cold water
promotes the deepening of the thermocline and the availability of nutrients at the surface which
is good for marine organisms.

These results underline the need to continue monitoring efforts and highlight the
complex interactions between environmental factors, Chl-a, SST, and fish populations.
Implementing sustainable fishing practices and preserving fishery resources in CV requires a
comprehensive understanding of these relationships. Further research is needed to study the
factors behind these changes and their implications for marine ecosystems and biogeochemical

cycles.
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7. Recommendations

The results of this study highlight the crucial need for continuous monitoring of Chl-a
and SST in CV. Monitoring of these environmental factors is essential for fisheries managers
and conservationists to obtain valuable information on the productivity and distribution of fish
species in the region. This knowledge can inform decision-making processes and support the
implementation of sustainable fishing practices.

Collaboration with research institutions and organizations is strongly encouraged to
improve data, analysis and interpretation. By encouraging such collaboration, it is possible to
better understand the complex interactions between environmental factors, phytoplankton
biomass and productivity and fish populations in CV.

Another essential aspect is raising public awareness of the importance of monitoring
Chl-a concentrations and SST for sustainable fisheries management. Educating local
communities, fishermen and stakeholders about the benefits of monitoring and how it
contributes to the long-term health and productivity of marine ecosystems is essential.

In addition, it is essential to continually evaluate and adapt fisheries management
strategies based on the lessons learned from observations. This adaptive management approach
will allow adjustments to be made in response to changing environmental conditions, thereby
ensuring the effectiveness of conservation and management efforts in improving

phytoplankton growth.

By implementing these recommendations, CV can improve its fisheries management
and conservation practices, leading to sustainable fishing and preserving of its valuable marine

resources.
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