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Abstract: Since 2011, pelagic sargassum blooms (S. fluitans and S. natans) have impacted
coastal communities, aquaculture, tourism, and biodiversity across the Tropical Atlantic
region. Whilst the initial event is generally attributed to an anomalous North Atlantic
Oscillation (2009–2010), the drivers of sargassum movement and proliferation remain
unclear. This research gap is particularly evident in West Africa, where annual and seasonal
sargassum variability is under-researched, and a lack of consensus exists on seasonal
and annual trends. This paper addresses these gaps by (1) providing a first attempt
at characterising the seasonal and annual trends of sargassum biomass in the Eastern
Tropical Atlantic, through using satellite imagery to create a time-series for 2011–2022; and
(2) exploring the hypothetical drivers of movement and proliferation of sargassum for
this area, through assessing its co-variation with potential drivers including atmospheric,
oceanic, and policy, establishing a historical timeline of events. The time-series analysis
reveals an annual biomass peak in September and a second peak between March and May.
The exploration of potential drivers reveals that alongside sea surface temperature there are
multiple factors that could be influencing sargassum biomass, and that further research is
necessary to clarify primary and secondary drivers. The results contribute to understanding
drivers, impacts, and predictions of sargassum blooms in the Eastern Tropical Atlantic. We
anticipate that our findings will enable sargassum-affected areas to better anticipate the
size and timing of sargassum events in West Africa and offer researchers a new perspective
on possible drivers of proliferation within the wider Tropical Atlantic region.

Keywords: atmospheric; macroalgae; oceanic; policy; remote sensing; trends; West Africa

1. Introduction
The appearance of large sargassum blooms in the tropical Atlantic presents a new

environmental challenge for affected communities. Since 2011, ocean surface blooms and
beach landings of the holopelagic sargassum species S. natans and S. fluitans have been
impacting coastal communities in the Caribbean, the Gulf of Mexico, the equatorial Atlantic
and the Gulf of Guinea [1]. Wind and currents aggregate sargassum plants into large rafts
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or windrows of varying size and shape [2]. As they approach land, these large rafts create
nearshore and onshore environmental challenges, including impacts on biodiversity and
species population dynamics such as mortality of benthic flora and fauna; changes to beach
nourishment; beach erosion and shore stability; pollution; oxygen depletion; reduced light;
and deterioration of water quality [3,4]. For example, Rodríguez-Martínez et al. (2019) [5]
showed that in Mexico’s Caribbean coast 78 faunal species died due to sargassum, water
quality deterioration extended at least 480 m from shore, and that sargassum may have
a deleterious impact on coral reefs. Affected coastal communities can also experience
challenges from sargassum events, particularly socio-economic ones relating to the fish-
ing and tourism industries [6,7], as well as public health threats (including pulmonary,
neurological, and cardiovascular conditions) [8]. In Ghana, it was found that sargassum
blooms disrupt livelihoods as sargassum-entangled nets leads to low fish catch and that
beached sargassum impacts aesthetics and creates an odour; this has direct socio-economic
impacts as communities have had to undertake food/fish rationing, take out loans, wear
nose/face masks, and seek alternative income options [9]. However, sargassum influxes
can also present an opportunity for communities. There is ongoing exploration into the
valorisation of sargassum as animal feed, biofuel, bioplastics, fertiliser, construction blocks
and more [10,11], as well exploration into disposal and carbon sequestration [12]. Whilst
there is a goal to valorise sargassum, and understanding the movement, proliferation and
variability of blooms works towards this, there are constraints and challenges associated
with this. These include that the supply of sargassum is unpredictable and variable; that
there are difficulties harvesting, transporting, and storing sargassum; and that the composi-
tion is variable and may contain micro-pollutants [13]. Due to these spectra of impacts and
opportunities, sargassum influxes are of consequence to coastal Atlantic communities.

Sargassum blooms have high annual variability, and in the Western Tropical Atlantic,
the seasonality of sargassum has been largely established with consensus that the season
spans the boreal spring and summer months [1,14,15]. However, the seasonality of sargas-
sum influxes is not yet established for other regions, including West Africa and the Gulf
of Guinea. Ody et al. (2019) [2] noted that sargassum aggregations were observed from
September to November 2017 near the West African coast and across the North Tropical At-
lantic. In the Western and Central Tropical Atlantic, multiple seasonal forecasting systems
have been developed for sargassum transport and beach landings. For example, Marsh
et al. (2021) [16] used an ocean model hindcasting to predict the movement of blooms in the
Central Atlantic, Eastern Caribbean and Jamaica; Marechal et al. (2017) [17] used surface
current models to develop the Sargassum Watch System (SaWS) for the Lesser Antilles; and
Wang and Hu (2017) [14] used hindcasting to provide early warnings for the Caribbean
Sea and Central West Atlantic. The Centre for Resource Management and Environmental
Studies (CERMES) also produces a sub-regional sargassum outlook bulletin which is a
3-monthly island-scale forecast for the Eastern Caribbean. Forecasting work is at a relatively
advanced stage for the Western and Central Tropical Atlantic, so that it is now possible
to review and critique extant forecast models [18]. Despite rapid growth in research and
forecasting of pelagic sargassum in the Western and Central Tropical Atlantic, there remains
uncertainty about the nature, extent, timing, and driving processes of sargassum influxes
and events in the Eastern Tropical Atlantic [19].

Sargassum research from the Eastern Tropical Atlantic is not at such an advanced
stage, with tens of sargassum monitoring papers (compared to hundreds of papers relating
to the Western Tropical Atlantic). Notable contributions that focus on prevalence and
composition assessment include Addico and DeGraft-Johnson (2016) [20] and Oyesiku and
Egunyomi (2014) [21], both of which sampled beached sargassum along the coasts of Ghana
and Nigeria, respectively, for chemical composition analysis. Adet et al., (2018) [22] used
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satellite observations from the Moderate Resolution Imaging Spectroradiometer (MODIS)
sensor using fluorescence values to detect near-shore blooms and beach landings along
the West African coast from Sierra Leone to Nigeria from 2011 to 2016; due to cloud cover
the study’s analysis was restricted and in some years as few as 2 months were analysed,
limiting the potential to assess seasonality and annual variability from the data. In Nigeria,
Solarin et al. (7 2014) [7] surveyed beaches in 2011 and 2012 and observed that sargassum
events coincided with the rainy season (May–August). The limited research in West Africa
has focused mostly on beaching events, rather than open-ocean blooms and data collection
is typically short-term with no seasonal or annual variation characterised.

Research on open-ocean blooms in the Eastern Tropical Atlantic contains some sig-
nificant disagreement, e.g., on the transport pathways and origins of the blooms affecting
coastal West Africa. For example, Gower and King (2020) [23] acknowledge that sargassum
influxes are extending to the Gulf of Guinea from the Tropical Atlantic or Amazon plume.
Contrastingly, Brooks et al. (2018) [24] and Franks et al. (2016) [25] suggest that blooms are
exported from the Gulf of Guinea to the Tropical Atlantic. Oviatt et al. (2019) [26] bring
these ideas together to suggest a third option, notably that sargassum enters the Gulf of
Guinea by the equatorial counter current and is circulated south before being returned to
the Tropical Atlantic via the South Equatorial Current. These contrasting suggestions on
transport pathways and bloom origins highlight uncertainties surrounding the movement
of sargassum in West Africa.

Drivers of sargassum blooms have been researched to date with a focus on the
Caribbean or Western Central Tropical Atlantic. Multiple theories explaining sargassum
growth and dispersal exist, such as the role of nutrient-rich waters from the Amazon River
Plume (propagated by deforestation, agro-industrial and urban activities), warmer sea
surface temperatures, and equatorial upwelling combined with a southern-shifting inter-
tropical convergence zone [27,28]. Iron and phosphate from Saharan dust transported to the
Caribbean have also been theorised to be a further source of nutrients [29]. Alongside this,
a negative phase of the Atlantic Meridional Mode (AMM) and El Niño Southern Oscillation
(ENSO), stronger trade winds, and stronger north-westward nutrient transport appear
relevant to increases in sargassum blooms and secondary winter blooms [27]. The United
Nations Environmental Protection (UNEP) has summarised and categorised many of these
proximal factors (potential drivers) into causal pathways, which are as follows: sargassum
exists elsewhere, transfer to a new consolidation region, persistence/proliferation in new
consolidation region, and separation and transport to the Caribbean; these highlight that
there are many hypotheses and uncertainties of the processes surrounding why/how sar-
gassum is transferred and persists [30]. Other hypothesised explanations include warming
temperatures, climate change, changes in wind regimes, and exceeding biosphere tipping
points [1,31,32]. In Ghana, an investigation into community perceptions of sargassum
showed that some coastal communities assume that sargassum blooms are driven by oil
and gas exploration activities (which began in 2010 shortly before sargassum appeared)
although the authors challenge these assumptions [9]. Overall, a lack of long-term large-
scale sargassum bloom data for the Eastern Tropical Atlantic has prevented investigation
into the drivers and causes of sargassum blooms. The result is limited investigation into
the movement and perpetuation of the blooms in the Eastern Atlantic region, and failure to
consolidate potential theories for this region.

A final challenge for detecting and monitoring sargassum in the Eastern Tropical
Atlantic is the accessibility of useable satellite data over West Africa. The intertropical con-
vergence zone is associated with dense cloud cover which prevents optical satellite imagery
from being used easily in the Eastern Tropical Atlantic, as noted by Marsh et al. (2021) [16].
Other satellite sensors which could overcome cloud barriers, such as microwaves, do not
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provide high enough spatial and temporal resolution data which means sargassum mats
cannot be well detected. Due to the size and distribution of each sargassum mat a near
daily monitoring with moderate resolution (<100 m) dataset would be optimal for moni-
toring pelagic sargassum. Although many freely variable satellite sensors meet the spatial
resolution requirements nearer the coast (e.g., Landsat and Sentinel 2), achieving a near
daily temporal resolution is challenging. Consequently, there is a lack of characterisation
of seasonal and annual variability, investigation into drivers, forecasting and agreement
on transport pathways. Collectively, these research gaps hinder effective management
of pelagic sargassum events (as defined by Fidai et al., 2020 [19]) in the Eastern Tropical
Atlantic region.

Whilst the trigger for the initial sargassum seeding event (from the Sargasso Sea to the
Tropical Atlantic) is largely undisputed (anomalous North Atlantic Oscillation 2009–2010),
the drivers of movement and causes of proliferation within and across the Eastern Tropical
Atlantic remain unclear. Knowledge gaps remain about the annual and seasonal variability
of sargassum in this region, specifically on the coast of West Africa. This paper addresses
these two research gaps, by (1) providing a first attempt at characterising the seasonal and
annual trends of sargassum influxes in Eastern Tropical Atlantic, and (2) exploring the
hypothetical drivers of movement and proliferation.

To achieve this, the following research questions are addressed: (i) what datasets and
methods are suitable to detect oceanic sargassum in the Eastern Tropical Atlantic? (ii) How
much floating sargassum is there in the Eastern Tropical Atlantic, and what is the seasonal
and annual variability? And (iii) were there any large-scale atmospheric, oceanic, or other
events that co-vary with the presence of sargassum biomass in the Eastern Tropical Atlantic
region between 2011 and 2022?

2. Methods
2.1. Location

The area investigated follows the coastline from Guinea as western bound through
Sierra Leone, Liberia, Cote D’Ivoire, Ghana, Togo, Benin, Nigeria in the east, and south to
Cameroon, Equatorial Guinea, Gabon, Congo, Democratic Republic of Congo and ending
in Angola, south of Luanda. The Tropical Atlantic Ocean along these coastlines including
the Gulf of Guinea and Bight of Biafra is collectively referred to as the Eastern Tropical
Atlantic in this study (shown in Figure 1).

This study area was selected as it is an under-researched region affected by sargassum
blooms and beach deposits, and has communities whose livelihoods are highly vulnerable
to sargassum impacts [19]. Due to the speculation around the effects of river discharge
and nutrients, the major rivers joining the Atlantic system in the region were included
(Volta, Sanaga, Niger, Congo, Cavalla, and Ogooué rivers). The study region was further
split into two sub-study areas: the North (from Guinea to Gabon) and the South (from
Gabon to Angola). This separation was identified as the South study area experiences lower
sargassum biomass and it enables investigation into temporal and spatial variability of
sargassum biomass within the Eastern Tropical Atlantic. The North study area is focused
on the Gulf of Guinea and the South on where the Congo River joins the Atlantic Ocean.
The years 2011–2022 were selected as reports of a significant increase in sargassum biomass
and the Great Atlantic Sargassum Belt in the Tropical Atlantic were identified from 2011,
and has persisted through this time period [1].
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Figure 1. Map showing study location, where the ‘North’ study area is highlighted in green and the
‘South’ in purple. The sargassum detection and methods were undertaken in ocean areas only; the
boxes are representative of the boundaries of the gridded satellite imagery used for detection. The
locations of where the major rivers join the Atlantic are also indicated with red dots.

2.2. Sargassum Detection and Quantification
2.2.1. Sargassum Detection Methods

To identify the most appropriate method for detecting sargassum in the study region,
a literature search was undertaken to find empirical publications that detect pelagic sargas-
sum using remote sensing methods in Google Scholar and Scopus literature search engines
(search terms: “sargassum + detection + Atlantic”; “sargassum + remote sensing + Atlantic”;
“sargassum + monitoring + Atlantic”). Relevant publications (remote sensing-based, em-
pirical, on pelagic sargassum in the Tropical Atlantic, with full text access) were read
(n = 18), and their detection method(s) was(were) noted, along with the study location,
sensor/satellite used and any associated limitations of the method. These were then com-
piled and summarised into a table which is presented in the Supplementary Material
(Section S1, Table S1). Based on this exploration, the index selected for use in this work
was the Alternative Floating Algae Index (AFAI) using the Moderate Resolution Imaging
Spectroradiometer (MODIS) satellite.

AFAI = Rrc,NIR − R′
rc,NIR (1)

R′rc,NIR = Rrc,RED + (Rrc,SWIR − Rrc,RED)× (λNIR − λRED)/(λSWIR − λRED)

AFAI was first developed by Wang and Hu (2016) [33] and it examines the red-edge
reflectance to detect floating vegetation. The formula for AFAI is outlined above (1) where
Rrc refers to Rayleigh-corrected reflectance, NIR near infrared wavelength (748 nm), SWIR

shortwave infrared wavelength (869 nm), and RED the red wavelength (667 nm).
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The output of this method is three classifications for pixels: ‘no-observation’,
‘sargassum-containing’ and ‘sargassum-free’; operational implementation of this method
involved four main steps. The first step to create the ‘no-observation’ classification was
achieved by applying Formula (1) to the MODIS images, then masking clouds and cloud
shadows, sunglint, and removing ambiguous pixels such as no-data pixels, thereby creat-
ing a ‘no-observation’ classification, where pixels containing these features were masked.
Additionally, images which contained more than 50% cloud coverage were removed as the
outputs would be unreliable. In the second step, the AFAI classification was undertaken
to identify ‘sargassum-containing’ pixels. This was done by creating a sargassum-free
ocean background image by applying a four-degree polynomial surface fit to smooth the
masked image. The sargassum-free ocean background smoothed masked image was then
subtracted from the AFAI masked image to generate background AFAI values with a
median filter. Then, the AFAI global-scope threshold (1.79 × 10−4) was applied to segment
the image to determine sargassum-free and sargassum-containing pixels. Next, linear
unmixing of sargassum-containing pixels was undertaken using minimal and maximal
sub-pixel coverage to estimate the fractional sargassum coverage within a pixel. In the third
step, data binning of individual valid sargassum-free and sargassum-containing pixels
into grids at monthly intervals for the period 2011–2022 was undertaken to calculate the
mean sargassum fractional coverage for each month and grid to enable a time-series of area
coverage for each study area to be produced.

2.2.2. Sargassum Biomass Relationship

Finally, Wang et al. (2018) [34] established an index-biomass density model where
MODIS AFAI values correspond to sargassum density which enables calculation of sargas-
sum biomass per area. The model was developed from in situ measurements of sargassum
biomass weight per area, where the wet weight of a 1 m2 quadrat was measured, and
digital photos were taken and used to calculate the areal density. The AFAI-Biomass density
model was developed by converting the in situ data to MODIS AFAI using simulations
(considering maritime and coastal aerosol types for atmospheric conditions) and applying
a regression model to the satellite-derived AFAI. The model was applied directly to per-
centage coverage maps from AFAI outputs to create a wet biomass estimate for the study
areas across the time period. The model gives a time-series of monthly wet sargassum
biomass estimations in metric tons at 50 km spatial resolution (provided by the Optical
Oceanography Lab at the University of South Florida).

2.2.3. Spatio-Temporal Variation of Sargassum Biomass

The time-series graphs are presented and discussed in the results section, the mag-
nitude of the peaks and annual accumulation are calculated, as well as linear regression
(using Santer’s Method [35,36]) to determine trend over time, and the significance of the
trends (using Python 3.8.10), for each study region (North and South). This linear regression
method was chosen as it improves upon standard linear regression by addressing the issue
of autocorrelation in residuals by modelling the autocorrelation structure using the lag-1
autoregressive model and adjusting the standard errors accordingly, which is particularly
important when working with time-series data as it cannot be assumed that residuals are
independent and identically distributed overtime. This method increases the statistical
robustness of the trend analyses as it compensates for autocorrelation and improves the
standard error calculation, making p-values more accurate; it is also broadly used in climate
science trend analysis including in the IPCC AR6 report [35,36].
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2.3. Assessing Co-Variance

To explore co-variance of potential events and sargassum biomass, a variety of data
were used covering the period 2011–2022. Potential drivers were identified from existing
literature and included nutrient inputs, ocean events and atmospheric events. Data which
represent these categories are included and, where monthly data are available, statistical
trend analysis and co-variation analysis (after detrending) were undertaken in Python
(3.8.10). Time-series ocean data including sea surface temperature, the North Atlantic
Oscillation (NAO) index, and ocean salinity, were collated and presented using Python
3.8.10 or Microsoft Excel software. Where monthly data were available for each study area,
a cross-correlation analysis was undertaken (using Python 3.8.10) to identify any temporal
lags between the biomass time-series and the potential drivers. A historical timeline was
established from 2011 which includes standalone oceanic events, extremes, and long-term
trends (Supplementary Material see Section S2, Table S2). This qualitative approach enables
a broad exploration of potential drivers and events over the entire time period (2011–2022),
which allows a bigger picture of how the events may be interlinked across the time period.
Table 1 summarises the events, the datasets used, and their sources.

Table 1. Summary of factors assessed for co-variance, including a description and data source. All
URLs and data were accessed and downloaded in May 2023.

Data Description/Data Type and Processing Data Source

Ocean

North Atlantic
Oscillation (NAO)

Monthly NAO index (calculation based on the
Rotated Principle Component Analysis by
Barnston and Livezey 1987 [37]).
Downloaded in ASCII format and processed in
MS Excel.

National Oceanic and Atmospheric
Administration (NOAA)
URL: https://www.cpc.ncep.noaa.gov/
products/precip/CWlink/pna/norm.
nao.monthly.b5001.current.ascii.table
(accessed on 1 July 2023)

Sea surface
temperature

Daytime Sea Surface Temperature
(measured in Celsius) derived from MODIS
Aqua Satellite data.
Downloaded in csv format and processed in MS
Excel and Python.

Giovanni NASA Earth Data, Aqua MODIS
Global Mapped 11 µm Daytime Sea
Surface Temperature (Data Product:
MODISA_L3 m_SST_ Monthly_9
km_vR2019.0)
URL: https://giovanni.gsfc.nasa.gov/
(accessed on 1 July 2023)

Sea salinity

Salinity, measured as monthly mean, measured
in kilograms, for sea surface up to 5.0 mdeep.
Downloaded in netCDF format and processed in
ArcGIS Pro and Python.

Behringer and Leetmaa (1998) [38] from
NCEP Global Ocean Data Assimilation
System (GODAS) data provided by the
NOAA Physical Sciences Laboratory,
Boulder, Colorado, USA, URL:
https://psl.noaa.gov (accessed on
1 July 2023)

Atlantic Meridional
Overturning
Circulation (AMOC)

The AMOC system of ocean currents circulates
water within the Atlantic Ocean, moving warm
water and nutrients across the globe; it is
important for heat transport. Here, trends and
anomalies trends are noted and discussed.
Information/data from empirical publications.

Srokosz and Bryden (2015) [39]

El Niño Southern
Oscillation (ENSO)

Measured by the Southern Oscillation Index
(standardised index based on sea level pressure
differences between Tahiti (French Polynesia)
and Darwin, (Australia)).
Downloaded in csv format and processed in MS
Excel and Python.

National Oceanic and Atmospheric
Administration (NOAA)
URL: https://www.ncei.noaa.gov/access/
monitoring/enso/soi (accessed on
1 July 2023)

https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/norm.nao.monthly.b5001.current.ascii.table
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/norm.nao.monthly.b5001.current.ascii.table
https://www.cpc.ncep.noaa.gov/products/precip/CWlink/pna/norm.nao.monthly.b5001.current.ascii.table
https://giovanni.gsfc.nasa.gov/
https://psl.noaa.gov
https://www.ncei.noaa.gov/access/monitoring/enso/soi
https://www.ncei.noaa.gov/access/monitoring/enso/soi
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Table 1. Cont.

Data Description/Data Type and Processing Data Source

Oil spills Major events in the Atlantic and West Africa.
Information/data from empirical publications.

Ogbuka et al. (2022) [40]; Fosu (2017) [41];
Stout et al. (2017) [42]

Atmospheric

Saharan Dust

Aerosol Optic Depth (a measure of the aerosols,
including dust, distributed within a column of air
from the instrument to the earth’s surface) derived
from MODIS Terra data.
Downloaded in csv format and processed in
MS Excel and Python.

Platnick et al. (2015) [43] from Giovanni NASA
Earth Data, (Data Product: MYD08_M3 v6.1)
URL: https://giovanni.gsfc.nasa.gov/
(accessed on 1 July 2023)

Volcanic eruptions
Volcanic eruptions in the Atlantic region,
which were also associated with ash, gas clouds or
material production.

Smithsonian Institution, Global Volcanism
Program
URL: https://volcano.si.edu/ (accessed on
1 July 2023)

Nutrient inputs
Volcanic eruptions (see above)

Suspended sediment

Diffuse attenuation coefficient for downwelling
irradiance (derived from MODIS Aqua data) measures
how light dissipates with depth in water. Additionally,
any notable impacts/events on water pollution quality
or policies which came into effect 2009 onwards in the
West African region were considered.
Downloaded in csv format and processed in MS Excel
and Python.

DOI: 10.5067/AQUA/MODIS/L3M/KD/2022
from Giovanni NASA Earth Data
URL: https://giovanni.gsfc.nasa.gov/
(accessed on 1 July 2023)

3. Results and Discussion
3.1. Sargassum Detection

Through investigating existing detection methods and assessing their limitations
(Supplementary Material see Section S1), we conclude that the most appropriate method
for this study region is to apply AFAI using MODIS data. The reasons for this include
that the study region is large and includes open ocean, and MODIS data offer complete
temporal coverage for the time period and full spatial coverage of the ocean study region
as well, allowing a single sensor and dataset to be used. Despite the coarse resolution
associated with this method, as the Eastern Tropical Atlantic is frequently impacted by
cloud cover, the compositing method employed is advantageous in enabling an estimate of
sargassum biomass in a monthly period. Additionally, it overcomes many of the limitations
of FAI including differentiating cloud from sargassum, and the lower signal to noise
ratio compensates for the lower resolution. This method also allows calculation of wet
biomass to be estimated, going beyond percentage cover or area estimation that most other
methods offer. A potential weakness of AFAI is that it considers all floating vegetation in
the region and does not differentiate between sargassum and Trichodesmium, for example,
thus the output can be used as an indicator of sargassum but it may also include other
floating vegetation. Wang and Hu (2016) [33] indicate that AFAI extracts 95% of sargassum-
containing pixels, but the biomass calculation has a relative uncertainty of ~12% (illustrated
in Figure 2).

https://giovanni.gsfc.nasa.gov/
https://volcano.si.edu/
https://giovanni.gsfc.nasa.gov/
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Figure 2. Time-series of monthly wet biomass (in metric tons) detected in the North study area (top)
and South (bottom) of the Eastern Tropical Atlantic using AFAI and MODIS between January 2011
and August 2022. Including the Santer linear regression trend line (red dashed). Standard deviation
is also plotted (shaded areas), with the lower bound set to zero for any negative values (due to a large
standard deviation).

3.2. How Much Floating Sargassum Is There in the Eastern Tropical Atlantic, and What Is the
Seasonal and Annual Variability?

The time-series analysis revealed distinct patterns and variation between the North
study area and the South study area (Figure 2).

3.2.1. Magnitude of Peak Biomass of Sargassum in the Eastern Tropical Atlantic

The linear regression indicates a statistically significant increase in biomass over the
time period 2011–2022 in the North study area; and non-statistically significant increasing
trend in the South study area. It is apparent that both study areas have distinct biomass
patterns, volumes, and trends; as such, their co-variance with potential drivers has been
explored separately (see Supplementary Material for the combined dataset Figure S1), with
the South study area overall experiencing less biomass than the North. The magnitude
of the peaks in each study area are vastly different, the peak in the North study area
was nearly 19 times greater than the South, as the maximum biomass in the North was
2,672,800 tons in September 2020, and 141,717 tons in the South in March 2017. This
is due to sargassum being transported from the Atlantic Ocean via the Guinea Current
in the North study area; once deposited on the beach, only a small amount of biomass
remains available for transport to the southern part of the study area. Comparatively, Wang
et al., (2019) [1] showed that for the entire Great Atlantic Sargassum Belt (Gulf of Mexico,
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Caribbean, Tropical Atlantic across to Sierra Leone) there was a peak of over 20 million
tons in June 2018. While recognising that we are comparing different years, this suggests
that about 13% of peak Great Atlantic Sargassum Belt biomass was found in the North
study area—clarifying the importance of understanding annual and seasonal variable for
West Africa.

3.2.2. Seasonality of Sargassum in the Eastern Tropical Atlantic

In the North study area, most years appear to experience a first (smaller) peak (most
commonly between March and May but varying between February and June) and a second
(larger) peak in September. Seven of the eleven complete years (2015–2021) experienced
a peak in the month of September, with October, March, or August peaking in the other
four years. The September peak ranged between 1,180,470 tons in 2019 and 2,672,800 tons
in September 2021. The smaller peak earlier in the year occurred in eight of the eleven
years which ranged from 107,532 tons in February 2011 to 822,123 tons in April 2015.
There were two peaks in 2012, however it is anomalous in that the earlier peak in March
(347,256 tons) was greater than the peak in September (283,776 tons). This first attempt
at providing a seasonal assessment of sargassum biomass for the North study area (from
Guinea to Gabon) has significant implications for sargassum management in the associated
11 West African countries (see discussion below).

Despite initial assessments of differing biomass patterns in the North and South study
areas, both exhibit two annual peaks: one dominant and one smaller. In the South, the
timing of the dominant peak is less consistent; for six of the eleven years, it occurred in
July or August, while in the other years, it fell between January and April, ranging from
24,286 tons in April 2021 to 141,717 tons in March 2017. The minor peak was very varied
by month across the year, with no clear pattern, and 2016, 2017 and 2019 experienced two
minor peaks; minor peak months included January (×2), February, March, May, July (×3),
August (×2), November and December. The year 2018 experienced a lot of fluctuation with
no clear peaks.

It is challenging to draw statistical inference between anthropogenic and ecological
drivers of biomass peaks due to the aggregate nature of sargassum biomass data, although
we explore co-variance of drivers below in Section 3.3. However, there is a clear seasonality,
which overlaps with impacts on communities; for example, during the peak months when
biomass increases it disrupts fishers’ access to the sea and fishing activities [9].

3.2.3. Annual Sargassum Biomass Accumulation in the Eastern Tropical Atlantic

In the North study area, the years with highest annual biomass accumulation were
2017 (6,450,252 tons), 2015 (5,668,610 tons) and 2014 (5,532,239 tons), which is unexpected
as 2020 is the year with the highest September peak in monthly biomass (Figure 3). In
the South study area, 2019, 2017 and 2011 have the highest biomass accumulation of
441,534 tons, 366,749 tons, 301,008 tons, respectively. Wang et al. (2018) [34] showed that
the years that reported the highest biomass in the Great Atlantic Sargassum Belt were 2015
and 2018. This shows that the biomass accumulations in the Eastern Tropical Atlantic are
not necessarily congruent with the Western Tropical Atlantic; it is possible that this is due
to variation in data availability and monitoring capabilities. To offer a sense of decadal
change for the years with complete data (2011–2021), a linear regression was applied to
annual accumulation, for the North (R2 = 0.42, Slope = 392,417.27, p-value = 0.0306), which
indicates a statistically significant increasing trend, and South (R2 = 0.008, Slope = −2752.20,
p-value = 0.7892) which is non-significant decreasing trend.
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Figure 3. Annual accumulation of wet sargassum biomass for the Eastern Tropical Atlantic North
and South study areas, January 2011–August 2022.

The time-series analysis is limited by gaps in the dataset impact annual biomass accu-
mulation figures. Gaps in the dataset are observed for 8 months in the North study area and
7 months in the South during the study period, and these occurred due to high cloud cover
in the images. Where five of these are consecutive in 2020 it makes identifying a second
peak impossible and offers an explanation for this year not having the highest biomass. It
also highlights the challenges surrounding the intertropical convergence zone and dense
cloud cover in the region for monitoring. There is a need for alternative monitoring and
detection methods in this region for more reliable and higher resolution analysis. Another
consideration is the depth of the mats, as the method used for determining biomass aggre-
gations does not consider the vertical direction, meaning that this time-series is indicative
of the lower bound estimations.

To summarise the annual and seasonal variability identified in the time-series, in the
North study area (from Guinea to Gabon) there is an increasing trend with two peaks
annually, a primary peak in September and a minor peak between March and May. In
the South study area, there is no statistically significant trend, but there are also usually
two peaks, with a primary peak most commonly occurring in July or August and usually
one or more minor peaks occurring at another time in the year.

3.3. Does Sea-Surface Temperature, Atmospheric and Riverine/Coastal Nutrient Inputs Co-Vary
with Sargassum in the Eastern Tropical Atlantic Region Between 2011 and 2022?

In this section, we explore if sea-surface temperature, atmospheric, and river-
ine/coastal nutrient inputs co-vary with sargassum biomass in both the North and South
study areas. This is achieved through using the data outlined in Table 1, applying linear
regressions, and exploring connections to existing empirical literature. The UNEP Sar-
gassum White Paper [30] categorises proximal factors into causal pathways. Proximal
factors are those elements that change local levels of abundance or affect the movement
of the sargassum. We do not suggest that proximal factors contribute to the presence or
absence of sargassum. The factors explored here are broadly categorised into these path-
ways, including ‘sargassum exists elsewhere’, ‘transfer into a consolidation region’, and
‘persistence/proliferation in a new consolidation region’, and we further these categories
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with the addition of ‘transport within a consolidation region’. To support this a historical
timeline of events has been established (Supplementary Material see Section S2).

Sea Surface Temperature (SST): There is a statistically significant increasing trend in
SST in the North study area (p-value = 0.007), and no statistically significant trend in
the South study area (p-value = 0.18) (Figure 4). These trend results indicate a potential
co-variance with sargassum biomass as they indicate similar trends. Magana-Gallegos et al.
(2023) [44] found that in an ex situ environment, different sargassum morphotypes respond
to temperature differently; with maximum growth at 28 ◦C for S. fluitans III, 22–25 ◦C for
S. natans VIII, and S. natans I at 25 ◦C, all three experienced decreased growth at 31 ◦C. To
explore temperature-temporal lags a cross-correlation was undertaken (Supplementary
Material Figure S2); it was found that the correlation for –5 months (where biomass leads
the biomass by 5 months) has a statistically significant correlation (correlation = 0.5617,
p-value = 0.00), meaning that changes in the biomass are followed by changes in SST
5 months after. Additionally, a lag of 7 months was also statistically significant
(correlation = 0.4256, p-value = 0.00), meaning that changes in North SST are followed by
changes in biomass 7 months after. For the South study area, the cross correlation indicated
no statistically significant time lag. It is important to note that there could be simultaneous
factors constraining growth at the same time in the south. The annual average sea surface
temperatures for the Eastern Tropical Atlantic in all years fall in the range of 25.6–26.7 ◦C in
the south and 27.34–28.23 ◦C in the north; this variation could be indicative that different
morphotypes are dominant and thrive in each of the study regions. These observations
raise further questions: could this suggest that (i) sargassum grows and reproduces outside
of the Eastern Tropical Atlantic region in cooler waters and are transported to the east;
or (ii) sargassum grows in the region but not at the maximum rate? Sargassum biomass
and sea surface temperature appear to experience a positive co-variation in the north, but the
mechanisms of this require further investigation along with further statistical analysis to
overcome any potential spurious correlations.

Figure 4. Cont.
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Figure 4. Monthly sea surface temperature for the Eastern Tropical Atlantic for North (green) and
South (purple) study areas, and Santer linear regression analysis (red dashed line).

Saharan dust: To estimate Saharan dust in the Eastern Tropical Atlantic, aerosol op-
tical depth (AOD) serves as an indicator (Figure 5). The regression analysis indicates no
statistically significant trends in AOD for both the North and South study areas, with
non-significant decreasing trends observed. This suggests no co-variance between sargassum
biomass and AOD from 2011 to 2022. However, there are notable coincidences; 2013 had the
lowest AOD in the North study area, and the third lowest in the South, correlating with
low biomass in both areas. Conversely, 2015 was the peak year for AOD in both regions
and also saw the second-highest biomass in the North. Monthly AOD trends reveal that
January-March typically have the highest AOD peaks in the North, with March 2012 also
experiencing a biomass peak. In the South study area, August consistently has the highest
AOD, except in 2014, suggesting that biomass peaks occur one month earlier than AOD
peaks. Cross-correlation analysis for both North and South study areas shows that there
are multiple monthly lags which are statistically significant (see Supplementary Material
Figure S3), indicating that there is the potential for delayed or cumulative effects of AOD on
biomass accumulation; this pattern may also suggest a distributed lagged response (which
could be seasonal), or it may reflect autocorrelation within the time series themselves; alter-
natively, some significant lags could arise due to spurious correlations. Saharan dust is a
source of nutrients for sargassum growth due to the iron (Fe), nitrogen (N) and phosphorus
(P) contents [29,45]. Fe in particular was found to boost sargassum growth; Fe becomes
abundant after rain episodes due to Saharan dust deposition; it supports sargassum growth
as it is coupled with oceanic P and N cycles and it limits primary production [45]. Xu-Yang
et al. (2022) [46] found that Saharan dust deposits transported across the Atlantic contained
essential nutrients including iron, calcium, and potassium. Whilst some of the literature
acknowledges the role of Saharan dust nutrients, it has been considered less critical than
riverine and upwelling sources and upward fluxes; in the Eastern Tropical Atlantic the
equatorial and northwest African upwelling systems could also be sources of Fe, N and P,
as well as external nutrients from rivers such as the Congo [1,26,27,31]. However, Xian et al.
(2020) [47] indicated higher concentrations of Saharan dust in West Africa compared to the
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Caribbean, implying greater significance for the Eastern Tropical Atlantic. Based on the
statistical trends, the existing literature, and detailed data analysis, we cannot confidently
conclude co-variance between dust and sargassum biomass in both study areas. Therefore,
the relationship between Saharan dust and biomass warrants further investigation.

Figure 5. Monthly AOD (2011–2022) for each study area, North (green) and South (purple), with
Santer linear regression trend line (red dashed line).
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Water quality and river pollution Nutrients from various sources, including rivers like
the Congo, may stimulate sargassum growth in the Eastern Tropical Atlantic, transported
by the Canary and Benguela Currents [26]. Here we explore the anthropogenic interaction
and pollution of rivers in the Eastern Tropical Atlantic. West Africa has several water
resource policies, including Ghana’s National Water Policy June 2007 which promotes
efficient use of fertiliser to reduce water pollution; similar legislation addressing water
pollution and use includes the Water Resources Commission Act 1996, and Nigeria’s Water
Resources Master Plan 2013. In Ghana, small-scale illegal gold mining (known locally as
galamsey) has gained popularity since the gold price increase in 2008, and wastewater from
the process discharged back into rivers usually contains mercury, phosphate, lead, copper,
and iron pollutants and threatens water quality and aquatic life [48–50]. Similarly, Nigeria’s
Minerals and Mining Act 2007 allows water use for mining but lacks effective enforcement
and regulation, resulting in environmental impacts [48]. Macroalgae such as sargassum
sequester large amounts of trace metals and many of these relating to wastewater from
mining have been found in sargassum; therefore, there is the potential for the interaction of
blooms and water pollution [51,52]. Iron particles can promote the growth of sargassum
species (S. vulgare), while phosphate correlates with increased fertility [53,54]. Mercury is
associated with dissolved organic matter release from sargassum [55]. Consequently, rivers
feeding into the Atlantic may carry pollutants that support sargassum growth.

To explore this, the diffusion attenuation coefficient for downwelling irradiation (The
diffusion attenuation coefficient for downwelling irradiation (KD) is a measure of how
light dissipates in water, it is an indicator of turbidity and is related to the concentration of
scattering particles in the water column.) (KD) is used (Figure 6) as an indicator for water
pollution, turbidity, and suspended sediment. The regression indicates a weak positive
trend that is not significant for the North study area, and for the South study area, there is
a borderline statistically significant increasing trend (p-value = 0.05). This suggests there is
likely no co-variance of KD and sargassum biomass for the time period 2011–2022. KD is
generally higher in the South study area (where the Congo River joins the Atlantic) peaking
in 2015 (KD > 0.159), with a significant biomass in 2017 and 2020; 2017 is the second highest
year for biomass indicating potential co-variance, however no co-variance is observed with
the other peak years. Comparatively, the North study area has generally lower KD with
peaks in 2016 and 2019 which may precede biomass peaks in 2017 and 2020.

Monthly peaks in KD occur most commonly in the north in November and vary
in the south, often peaking in August and July, suggesting possible co-variance with
sargassum biomass peaks. A source of uncertainty in the data is distance from coast,
turbidity and sediment are expected to increase near the coastline and decrease off-
shore. Studies should compare sargassum biomass and KD close to the coastline verses
in the open ocean. Complex nutrient circulation patterns and delays in heavy metal
uptake by sargassum mean that co-variance is challenging to confirm from these data;
thus, more in-depth research is required to confirm the impact of riverine nutrients on
sargassum blooms.
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Figure 6. Monthly KD (2011–2022) for each study area; North (green) and South (purple) with Santer
linear regression analysis (red dashed line).

3.4. Are There Any Other Large-Scale Atmospheric, Oceanic, or Other Events That Co-Vary with
Sargassum in the Eastern Tropical Atlantic Region Between 2011 and 2022?

In this section we explore events which may co-vary with sargassum biomass in
the Eastern Tropical Atlantic, including ocean salinity, NAO, volcanic eruptions, AMOC,
ENSO and oil spills. The events explored are motivated by existing hypotheses and
suggested areas for further research in academic studies, or they emerge from empirical
data documenting perceptions of local communities. The analysis combines quantitative
and qualitative assessments which are discussed to draw out preliminary areas for further
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research, and further explored in the historical timeline (Supplementary Material Section
S2). We continue to explore these events in the context of the categories for proximal factors
into causal pathways outlined in the UNEP Sargassum White Paper [30]. For these events,
it was not possible to access data specific to the North and South study areas separately,
highlighting a need for more information and research in these areas.

Salinity: The impacts of salinity on sargassum growth have previously been explored
with publications suggesting that low salinity hinders pelagic sargassum growth [56], but
Machado et al. (2022) [57] note that this research was based in the Sargasso Sea and may not
apply to Atlantic blooms and may vary between morphotypes. Similarly, for S. muticum,
another species of sargassum, Steen (2004) [58] found that in low salinity growth and
reproduction are slower. Beyond this, there appear to be limited empirical publications on
salinity and pelagic sargassum blooms. As such, the co-variance of salinity is explored for
the Eastern Tropical Atlantic. Figure 7 shows there is no statistically significant trend. The
upper bound or maximum salinity also has no statistically significant trend, but examining
the minimum value shows a statistically significant increasing trend (p-value = 0.006). The
significant increasing trend of minimum salinity might indicate favourable conditions for
sargassum biomass particularly as the trend of sargassum in the North study area also has
increasing in biomass; however, the lack of trend in mean and maximum salinity suggests
that there are other mitigating factors to consider. We suggest that our analysis indicates
that there is potential co-variance of pelagic sargassum and salinity, supporting previous
studies, but that further exploration is required.

Figure 7. Annual salinity: mean, minimum and maximum values for the Eastern Tropical Atlantic.
Linear regression results: Mean: slope = −1.3781 × 10−8, R-squared = 0.0479, p-value = 0.4944,
Standard Error = 1.9432 × 10−8, Intercept = 0.0453. Min: slope = 2.7081 × 10−7, R-squared = 0.5461,
p-value = 0.0060, Standard Error = 7.8070 × 10−8, Intercept = −0.1665. Max: slope = −7.8427 × 10−9,
R-squared = 0.0238, p-value = 0.6320, Standard Error = 1.5877 × 10−8, Intercept = 0.0421.

NAO: Johns et al. (2020) [31] identified that the NAO anomaly of 2009–2010 exported
sargassum from the Sargasso Sea to the Tropical Atlantic. The NAO is an oscillation of sea-
level pressure between the Icelandic Low and Azores High, resulting in changes in pressure
which impacts the location of the jet stream and therefore ocean surface currents and wind
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fields. In positive phases, there are stronger trade winds, a northerly shift of the westerlies,
and milder winters; in negative phases there are weaker trade winds, more southern
westerlies, and cooler and wetter winters [31]. Given the established connection between
NAO and the initial movement of sargassum blooms in 2011, the NAO between 2011 and
2022 was considered to determine any potential continued influence on the movement
of sargassum in the Eastern Tropical Atlantic region (Figure 8). It can be observed that
there were major negative NAO events (below −2) in June 2012, October 2012, July 2015,
May 2019, and October 2021. There were major positive events (above two) in April 2011,
December 2011, December 2015, May 2018, and November 2020. Years with major negative
peaks (2012, 2015, 2019, 2021) and years with positive peaks (2011, 2015, 2018, 2020) appear
to have no co-variance with wet biomass estimates for either study area. The linear regression
indicated no statistically significant trends in NAO across the time period (p-value = 0.9885).
To explore this further, a cross-correlation analysis was undertaken (see Supplementary
Material Figure S4), and it was found that the North study area had multiple lags at 2,
6 7, 8 and 9 months (7 being most significant) suggesting NAO changes are followed by
changes in biomass. However, it also showed some statistically significant negative lags
which could either be spurious or reflecting seasonality. Similarly, the South study area
only had a –12 month statistically significant lag which could also be spurious, reflective
of an annual cycle, due to seasonal autocorrelation, or not meaningful. Given the lack of
clear co-variance in both study regions, we suggest that NAO positive and negative phases
are likely not a causal pathway of sargassum biomass occurrence in the Eastern Tropical
Atlantic, however it is vital to consider that indirect NAO factors such as wind-driven
nutrient transport or ocean circulation could still play a role in the causal pathways of
sargassum in the regions.

Figure 8. Monthly NAO index 2011–2022 (monthly values in blue, annual average shown in
black). Linear regression: slope = −1.09 × 10−6, R-squared = 1.46 × 10−6, p-value = 0.9885,
Standard error = 7.59 × 10−5, intercept = 0.9539.

Volcanic eruptions: Iron is an important external input for primary production in surface
water areas as it is a limiting factor of algae growth in a wide range of aquatic environments;
examples of external inputs include mineral dust and volcanic ash [59,60]. In the North
Atlantic, a decrease in surface water dissolved iron with an increase in latitude has been
observed due to declining atmospheric inputs, and this has been associated with iron
stress [61,62]. Similar to Saharan dust, volcanic aerosols can enter the ocean system and
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Fe, P and N can facilitate sargassum growth [45]. In the Atlantic region since 2010 there
have been five volcanic eruptions with a volcanic explosivity index > 2. These were in 2010,
2011, 2014, and two in 2021 (see historical timeline in Supplementary Materials Table S2). It
is hypothesised that these eruptions contribute a nutrient source, particularly supplying
iron, and the effects of this on sargassum biomass may not be immediate and could be
delayed; for example, we see biomass peaks in 2011, 2015 and 2017, after eruptions. We
theorise that the temporal lag is caused by the time it takes for the aerosols to travel and
rain episodes to occur, and for the subsequent release and dissolution of the nutrients into
the ocean, enabling sargassum growth. More research is needed to explore this mechanism
and the long-lasting impacts of eruptions on nutrient cycles and algae growth.

AMOC: The AMOC is a transport mechanism moving heat from low to high latitudes
in the Atlantic Ocean, where there is a northward flow of warm water and a colder deeper
southward return flow. Multiple reports have shown that Atlantic circulation is likely
to change in a warming climate including the 2001 Intergovernmental Panel on Climate
Change (IPCC) report showing that AMOC could weaken. Srokosz and Bryden (2015) [39]
showed that there was a low AMOC event in 2009–10 where it declined 30%, followed
by a general weakening over the next decade. The decline in AMOC was associated with
changes in the heat content of the ocean and weather. Sargassum blooms appeared shortly
after this decline and have propagated; therefore, there could be co-variance of sargassum
biomass increasing as AMOC declines. However, it is challenging to distinguish the effect of
AMOC from other ocean and atmospheric factors such as sea surface temperature, currents
and wind.

ENSO: The impact of ENSO cycles on sargassum bloom seasons has been established
in the Gulf of Mexico, where it has been shown that cold ENSO events supported an
increase in the seasonal presence of sargassum, transporting them to the Gulf of Mexico
and maintaining them [63]. However, the effect of ENSO on the Eastern Tropical Atlantic
has not been established. The Southern Oscillation Index (Figure 9) shows El Nino phases
(negative) and La Nina phases (positive); the statistical tests indicate a weak increasing
trend suggesting that positive La Nina phases are increasing; however, it is not statistically
significant. Particularly strong El Nino phases can be observed in the latter part of 2015
and early 2016, and some co-variation can be seen with the North study area where 2015
was a high biomass year; however, there is no co-variation with the South study area. Strong
positive phases can be observed in early 2011 and the end of 2020 into early 2021; 2020 was
also a high biomass year for the North study area where it reached its maximum peak. It
appears that there is no direct co-variation with ENSO and sargassum biomass in the Eastern
Tropical Atlantic, however, studies have suggested that ENSO has a role in the monsoon
season in West Africa and that there is a Pacific–Atlantic relationship [64]. The data do
not show a consistent or clear co-variance for ENSO and sargassum biomass in the Eastern
Tropical Atlantic.

Oil spills: Almeda et al. (2018) [65] demonstrated a connection between oil spills and
harmful algal blooms in the Gulf of Mexico, where they found that bloom-forming algae
increased in concentration and grazers of phytoplankton decreased. They suggest that
oil spills and dispersants disrupt predator–prey controls in plankton food webs creating
‘loopholes’ in the system for other species to thrive. Powers et al. (2013) [66] note that a
pool of oil from the Deepwater Horizon spill in the Gulf of Mexico came into contact with
large floating sargassum mats causing impacts in three ways: it exposed organisms living
in sargassum to high concentrations of oil and contaminants; the application of dispersant
caused sargassum to sink, causing oil and dispersant to transport vertically; and it created a
low-oxygen environment around the mat potentially impacting and stressing animals using
the mat as a habitat. These publications indicate that there are two potential scenarios for
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sargassum: that they could thrive due to ecosystem alterations where there is a ‘loophole’
after an oil spill, or that they are sunk and removed from the surface due to oil spills. It
is possible for both scenarios to co-exist. The Gulf of Guinea is a very active area for oil
and gas exploration and the historical timeline established (Supplementary Material Table
S2) shows three significant oil spills in 2010, and others in Nigeria in 2011 and 2014. The
coincidence of oil spills, commencement of oil extraction from a new oil field in Ghana, and
the appearance of sargassum at around the same time has led some communities in Ghana
to believe they are connected, but there is no evidence to suggest this perception is true [9].
Many oil spills are unreported in West Africa, hindering our capacity to assess co-variance
and establish a holistic timeline [67]. As there is limited evidence for co-variance of oil
spills and sargassum, a causal pathway for it cannot be confidently identified. Instead, we
propose an additional pathway, as sargassum mats have been shown to sink and move
vertically, and there is the potential for oil spills to impact ‘transport within a consolidation
region’. More research is needed to understand the relationship between oil spills and
sargassum growth and transport.

Figure 9. Monthly Southern Oscillation Index for 2011–2022 El Nino phases (negative, red) and
La Nina phases (positive, blue). Linear regression: slope = 7.47 × 10−5, R-squared = 0.0109,
p-value = 0.2127, Standard error = 5.97 × 10−5, intercept = −54.683.

3.5. Co-Variation Discussion Summary

Nine different factors were assessed for co-variance with sargassum biomass through
using numerical qualitative data and descriptive reasoning. The factors were also inves-
tigated for their causal pathway based on the UNEP typology [30]; this, along with the
outcome of the co-variation assessment, is summarised in Table 2.

From this initial work, it is likely that salinity and AMOC experience co-variance with
sargassum biomass in the Eastern Tropical Atlantic. As no co-variance and no causal path-
way could be established for NAO, the results suggest that it is not a driver of sargassum
for the Eastern Atlantic Region, but its role in triggering the initial entry to the system
is acknowledged (as shown by [31]). There is the possibility that salinity, Saharan dust,
volcanic eruptions, AMOC, ENSO and water quality/river pollution are supporting the
proliferation or transport of sargassum within the Eastern Atlantic region. More work is
needed to explore the nature of these relationships to either confirm its presence and to
better understand the functional mechanisms, or to resolutely confirm it is not relevant.
This is particularly true where variables are contentious, notably water quality/river pollu-
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tion and oil spills. As oceanic events, atmospheric events, and policy are intertwined and
co-exist in the same space and time it is challenging to distinguish their effects from each
other. This furthers the need for more exploration on drivers, specifically in the Eastern
Tropical Atlantic, including more comprehensive detection of oil spills, exploration of the
connectivity between oceanic and atmospheric events and rainfall with sargassum biomass,
and water pollution monitoring with biochemical analysis to determine sargassum uptake
of nutrients and pollutant metals.

Table 2. Summary of factors explored for co-variance with sargassum biomass in the Eastern Tropical
Atlantic. Confidence in co-variance was established quantitively where possible and qualitatively
based on the evidence explored (including regression analysis and existing literature); ‘L’ indicates
low confidence, ‘M’ indicates medium confidence, and ‘H’ indicates high confidence. ‘N.O/U’ or
‘N.D/U’ indicate the driver has no observed/determined co-variance/pathway or is unknown.
Drivers listed in italics indicate exploration based on quantitative data observations with qualitative
judgements; drivers listed in standard font were explored through reanalysing data from literature
and qualitative assessments; water quality/river pollution uses both.

Driver
Co-Variance Causal Pathway

Temporal
Co-Variance

Temporal
Delay

None
Observed/
Unknown

Persistence/
Proliferation

Transfer to
New

Transport
Within

None
Determined/

Unknown

Sea surface
temperature H H N.D/U

Salinity M H
NAO N.O/U N.D/U

Saharan Dust L H
Volcanic eruptions L H

AMOC H L L L
ENSO N.O/U L L

Oil Spills N.O/U H
Water quality/river

pollution L L L

4. Conclusions
For the first time, this paper characterises the seasonal and annual trends of sargassum

bloom influxes in West Africa. We have shown that there is a statistically significant
increasing trend of sargassum biomass in the northern part of the Eastern Atlantic Region
(the coast from Guinea to Gabon), and a non-statistically significant trend in the southern
Eastern Atlantic region (from Gabon to Angola). We have also shown that the North and
South study regions have varying peak seasons, with the North typically in September
and the South most commonly in July or August. Both regions also experience a second
smaller peak, which varies in the South but is usually in March-May for the North. For the
North region, 2017 had highest biomass accumulation and in the South it was in 2019 (with
2017 s). However, there are challenges with this detection method, particularly associated
with cloud cover in the intertropical convergence zone. To enable effective management of
sargassum blooms, there is a need for alternative methods to overcome the challenge that
cloud cover presents and to address the gaps in the dataset.

This paper has also undertaken novel exploratory work generating hypotheses about
the drivers of movement and proliferation of sargassum in Eastern Tropical Atlantic. This
research shows that a variety of atmospheric and oceanic events co-vary with sargassum
biomass. This does not prove causal relationships, but it highlights areas for future research
into the drivers of movement and proliferation of sargassum biomass. We theorise that
there is not a single dominating driver or causal pathway of sargassum, but there are
many contributing factors and simultaneous compounding events occurring within the
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system that have created the opportunity for sargassum to be transported across the region
and proliferate. This work shows that to better understand the drivers of movement and
proliferation of sargassum, research should explore the relative roles of (1) sea surface
temperature, (2) sea salinity, and (3) nutrient inputs from natural and anthropogenic
sources.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/phycology5020017/s1, Table S1. Summary detection indices and
sensors, with associated publications and noted limitations. Abbreviated sensors: MODIS: Moderate
Resolution Imaging Spectroradiometer, Terra (T) and Aqua (A); MERIS: Medium Resolution Imaging
Spectrometer; OLCI: Ocean and Land Colour Instrument (OLCI), Sentinel-3 Instrument; VIIRS: Visible
Infrared Imager Radiometer Suite; MSI: MultiSpectral Instrument, Sentinel-2 instrument. Table S2.
Historical Timeline of Oceanic, Atmospheric and Policy Events. Where entries are categorised by
colour: blue represents oceanic events, red volcanic, yellow oil, green atmospheric, grey policy. VEI:
Volcanic Explosivity Index; SOI: Southern Oscillation Index; NAO: North Atlantic Oscillation. Figure
S1. Biomass of combined study areas. Figure S2: Cross-correlation and Lag Analysis Graphs for
North study area (top) and South study area (bottom), between SST and sargassum biomass. Figure
S3: Cross-correlation and Lag Analysis Graphs for North study area (left) and South study area
(right), between AOD and sargassum biomass. Statistically significant lags (p-value < 0.05) are in
red, non-significant lags are in grey. Figure S4: Cross-correlation and Lag Analysis Graphs for North
study area (top) and South study area (bottom), between NAO and sargassum biomass. Significant
lags noted in red. References [2,15,17,22,23,33,68–80] are cited in the Supplementary Materials.
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