
1 

 

Seasonal and Interannual Drivers of Sargassum Inundations in the 

Northern Gulf of Guinea 

Clovis Thouvenin-Masson1, Julien Jouanno1 

1IRD, LEGOS, Toulouse, France 

Correspondence to: Clovis Thouvenin-Masson (clovis.thouvenin-masson@univ-tlse3.fr) 5 

Abstract: Sargassum strandings have become recurrent along the northern Gulf of Guinea (n-GoG) and are reported in the 

literature as having significant societal impacts, particularly on fisheries. However, persistent cloud cover frequently hampers 

satellite detection in this region, complicating efforts to monitor and study the phenomenon. To overcome this limitation, we 

combine remote-sensing observations with process-oriented numerical simulations that represent Sargassum transport, growth, 

and stranding. This approach provides new insights into the seasonal cycle and the interannual variability of coastal arrivals 10 

since 2011. Both observations and the model reveal a semiannual cycle of arrivals along the n-GoG, with peaks in March-

April-May and September-October-November. Our results suggest that arrivals in the n-GoG depend primarily on the 

advection of Sargassum from the eastern Tropical Atlantic (e-TA), whereas local growth appears to play only a minor role.  

Indeed, a prior build-up of biomass preconditions n-GoG Sargassum intrusion events: off Sierra Leone for spring events, and 

within the ITCZ for autumn events. In both seasons, transport toward West Africa occurs via the North Equatorial Counter 15 

Current (NECC) and the Guinea Current (GC), and is particularly strong in autumn, with an advection time of about three 

months between the e-TA and the n-GoG coasts. After crossing Cape Palmas, Sargassum is driven shoreward by the prevailing 

southerly winds, which both promote coastal accumulation and maintain Sargassum north of the Equator. Without this wind-

driven transport, Sargassum would remain embedded in the GC, spread more broadly across the Gulf of Guinea (GoG), and 

could recirculate southward through the South Equatorial Current (SEC). Coastal stranding acts as an additional regulator of 20 

the regional distribution by removing biomass from the open ocean and limiting its persistence near the coast. At interannual 

timescales, variability is controlled first by the amount of Sargassum biomass in the e-TA and second by their latitudinal 

position and likelihood of crossing Cape Palmas, especially in autumn. Both factors appear to be linked to the Atlantic 

Meridional Mode (AMM), with negative phases favoring entry into the GoG.  

1 Introduction 25 

Pelagic Sargassum has become a major oceanographic and societal issue in the tropical Atlantic over the last decade. Since 

2011, large strandings have been reported in the Caribbean (Franks et al., 2012; León-Pérez, et al., 2021), along the Brazilian 

coast (Amorim et al., 2025a; Sissini et al., 2017), and on West African shores (Sowah et al., 2022a). The floating species 

involved are Sargassum natans and Sargassum fluitans, long known from the Sargasso Sea (Carpenter and Cox, 1974; 
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Niermann, 1986). Since 2011, persistent populations have also proliferated in the tropical belt, forming the “Great Atlantic 30 

Sargassum Belt” (GASB), which extends from West Africa to the Caribbean and Gulf of Mexico (Wang et al., 2019). The 

GASB is widely regarded as the main source of the exceptional mass strandings observed since 2011 on Caribbean coasts.  

Stranding events are now frequent and widespread and are considered a new natural hazard for tropical Atlantic coasts (e.g., 

Bernard et al., 2021; Jouanno et al., 2025b). Although floating Sargassum provides habitat and nursery grounds for many 

species (Witherington et al., 2012), its impacts at the coast are largely negative. Accumulated biomass depletes oxygen levels, 35 

degrades water quality, and harms seagrasses and corals (van Tussenbroek et al., 2017), while stranded Sargassum releases 

hydrogen sulfide and ammonia. In Mexico in 2018, more than 70 species died and water quality deterioration extended 

hundreds of meters offshore (Rodríguez-Martínez et al., 2019). At the same time, interest is growing in the use of this biomass 

for fertilizer, animal feed, biofuels, construction blocks, and bioplastics, although variable supply, logistical constraints, and 

compositional variability remain major challenges (Chávez et al., 2020; López Miranda et al., 2021; Maneein et al., 2021; 40 

Milledge and Harvey, 2016; Azcorra-May et al., 2022; Robledo et al., 2021; Thompson et al., 2020). 

In West Africa, stranded biomass is thought to be lower than in the Caribbean (Jouanno et al., 2025b), but the quantities washed 

ashore are still substantial and cause significant nuisance. A recent regional review further documents the ecological, socio-

economic and health impacts of these events, and highlights the limited adaptive capacity and fragmented management 

responses across West Africa (Saba et al., 2025). Reported impacts include foul odors, clogged fishing nets, reduced fish 45 

catches, and engine failures. In this region, tourism and small-scale fisheries are especially vulnerable, and cleanup costs are 

high for governments (Yaw Atiglo et al., 2024).  

The emergence of the North Equatorial Recirculation Region (NERR; Figure 1) as a key reservoir of the seasonal Sargassum 

proliferation has been documented by satellite since 2011 (Gower et al., 2013) and is now considered a central component of 

the GASB system (Johns et al., 2020; Jouanno et al., 2021, 2025a; Wang et al., 2019). Although the drivers of the post-2011 50 

proliferation remain debated, there is evidence that circulation anomalies associated with the extreme 2009-2010 NAO may 

have advected Sargassum southward from the Sargasso Sea to the Tropical Atlantic where it encountered conditions favorable 

to its proliferation and maintenance for more than 15 years (Johns et al., 2020; Jouanno et al., 2025a). Once aggregated along 

the ITCZ in the tropical Atlantic, Sargassum is transported mainly by currents and wind drift toward the Caribbean (Putman 

et al., 2018, 2020;  Brooks et al., 2018). However, recurrent arrivals have also been observed in the Gulf of Guinea (Fidai et 55 

al., 2025), which suggests that some of this Atlantic biomass ultimately reaches West African coasts. 

Despite growing impacts, research in the Eastern Tropical Atlantic remains sparse compared to the Caribbean: only about 3.5 

% of Sargassum studies published since 2010 focus on West Africa (Yaw Atiglo et al., 2024). Nevertheless, the studies 

conducted so far allow us to map the extent of the affected coastline (Figure 2) Chemical and morphological analyses of 

beached biomass in Ghana and Nigeria have confirmed the presence of mixed populations of S. natans and S. fluitans (Addico 60 

and deGraft-Johnson, 2016; Oyesiku and Egunyomi, 2014). Surveys in Nigeria indicated that arrivals coincided with the rainy 
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season (May-August), suggesting a link with monsoon dynamics (Solarin et al., 2014). Satellite-based detection along the 

coast from Sierra Leone to Nigeria between 2011 and 2016 confirmed the recurrence of nearshore aggregations, although 

cloud cover associated with the ITCZ hampered the analysis (Adet et al., 2017). Reported influx severity varies regionally: 

Ghana, Nigeria and Ivory Coast are most frequently described as heavily impacted, whereas Benin is rarely documented (only 65 

DGEC and MCVDD, 2020). A recent synthesis by Fidai et al. (2025) provided the first systematic attempt to characterize 

seasonal and interannual variability of Sargassum influxes in the e-TA, including the GoG. Their results revealed peaks in 

September and in March-May, demonstrating that the regional seasonality differs from the well-established boreal spring-

summer peak observed in the Caribbean. They also highlighted contrasting views on transport pathways: some authors argue 

for input from the Amazon plume and western sources, whereas others suggest export from the GoG itself toward the tropical 70 

Atlantic (Brooks et al., 2018; Fidai et al., 2025; Franks et al., 2016; Gobert et al., 2025). These findings underscore that, 

although Sargassum has become a regular feature of West African coasts, its seasonal cycle, variability, and drivers remain 

poorly understood compared with those of the western basin. 

In this study, we investigate when and why Sargassum reaches the northern n-GoG by documenting its seasonal climatology 

and interannual variability since 2011, and by identifying the physical and biogeochemical conditions that produce unusually 75 

strong Sargassum stranding events. We use 1/12° NEMO-Sarg simulations (Jouanno et al., 2021) of the equatorial and north 

Atlantic to represent transport, growth and stranding dynamics of the Sargassum and complement them with Lagrangian 

trajectory analysis using PARCELS software (Delandmeter and Van Sebille, 2019a) to characterize typical pathways and the 

sources of extreme arrivals. This combined framework provides a coherent picture of Sargassum dynamics in the n-GoG.  

 80 

Figure 1: Schematic of circulation, source regions, and analysis boxes. The Great Atlantic Sargassum Belt (GASB, green shading), the North 

Equatorial Recirculation Region (NERR, red contour) and principal currents — North Equatorial Current (NEC), North Equatorial 

Countercurrent (NECC), Guinea Current (GC), South Equatorial Current (SEC) — are shown. Boxes denote e-TA (blue dashed), Cape 

Palmas gate (purple dashed), and the n-GoG analysis region (red). Arrows sketch typical wind forcings. 
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2 Methods 85 

2.1 Remote-sensing detection of Sargassum cover 

Pelagic Sargassum cover were derived from ocean-color sensors, primarily MODIS aboard NASA Aqua (since mid-2002) and 

Terra (since 2000) satellites, and processed by Descloitres et al. (2021). Weekly and monthly averages of fractional coverage 

were computed by averaging daily values on a 1/4° grid, while the number of valid daily observations was retained as an 

indicator of sampling reliability. A well-known limitation of optical satellite detection is its strong sensitivity to cloud cover 90 

and sun glint, both of which frequently obscure the ocean surface in the tropics and reduce the number of valid retrievals 

(Podlejski et al., 2022; Wang and Hu, 2016). This limitation is particularly severe during the boreal summer rainy season in 

the GoG, when persistent cloudiness affects much of the region. In addition, nearshore areas are often excluded during 

processing because of adjacency effects and mixed signals from land, shallow waters, and suspended sediments, which can 

generate false positives if not properly masked (Wang and Hu, 2016).  95 

2.2 Simulations of Sargassum dynamics 

To account for the transport and growth-decay properties of Sargassum, we rely on the NEMO-Sarg1.0 model (Jouanno et al., 

2021). This model explicitly couples the transport of pelagic Sargassum with a physiological module representing growth, 

nutrient uptake, and mortality. It is embedded within the NEMO ocean-circulation framework. NEMO-Sarg has already been 

applied and validated in several contexts. In particular, it has demonstrated its ability to reproduce the emergence of the GASB 100 

(Jouanno et al., 2025a) and seasonal forecast experiments have shown predictive skill at lead time of up to seven months 

(Jouanno et al., 2023). However, because the model does not fully reproduce the observed interannual variations in biomass 

over recent years, as discussed in Jouanno et al. (2025a), we use here a version nudged towards 7-day averages of Sargassum 

fractional cover derived from MODIS observations (see Sect. 2.1) following the approach described in Jouanno et al. (2025b). 

Nudging is applied west of 15°W, leaving the e-TA and the GoG free to evolve dynamically and biologically. This strategy 105 

allows the model to realistically represent the seasonal and interannual supply of Sargassum to the e-TA and GoG. Transport 

is represented as the sum of surface currents from GLORYS12, stokes drift, and a windage contribution equal to 0.1% of the 

10 m wind speed, derived from the ERA5 reanalysis. Table 1 summarizes the main forcings, their origin, and their use in this 

study.  

 110 
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Table 1: Summary of the forcings used in the SARG12 simulation and in this study. The forcings used in the sensitivity 

experiments are described below. 

Variables Source 
Temporal 

resolution 
Reference paper 

Ocean currents, 

temperature, salinity 
GLORYS 1/12° Daily (Lellouche et al., 2021) 

Nutrients (NO₃, PO₄, 

NH₄, Fe) 
NEMO-PISCES ¼° Monthly  

 

(Berthet et al., 2019) 

Solar radiation, 10 m 

winds, stokes drift  
ERA5 Daily (Hersbach et al., 2020) 

 115 

Sensitivity experiments were designed to identify the main sources of variability in Sargassum dynamics in the n-GoG. The 

reference simulation (SARG12) is compared with two sensitivity experiments in which a single process is modified. All 

simulations use identical ocean physics, biogeochemistry, atmospheric forcing, and model domain relative to the reference 

configuration. In SARG12-nostranding, coastal biomass loss due to stranding is suppressed, allowing assessment of the role 

of stranding in shaping the simulated Sargassum distribution within the GoG. In SARG12-nowind, both Stokes drift and 120 

windage are excluded, isolating the contribution of wind-driven processes to Sargassum transport. A summary of the 

experiments is provided in Table 2.  

Table 2: List of model experiments and differences between them.  

 

Experiment Purpose Nudging (west of 15° W) Windage+Stokes Stranding 

SARG12 

Baseline simulation, with 

realistic year-to-year supply and 

full physics 

Interannual monthly MODIS 

observations  

 

ON ON 

SARG12-

nostranding 

Quantify the role of beaching 

losses 
Same as SARG12 ON OFF 

SARG12-

nowind 

Quantify the role of direct wind 

forcing on transport 
Same as SARG12 OFF ON 

     

 125 
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2.3 Study domains  

To diagnose how remote Sargassum stocks may contribute to coastal arrivals, we defined fixed geographic boxes, shown in 

Figure 1. The n-GoG is our target region, where we compute a monthly mean Sargassum cover index. Two additional regions 

are used to characterize potential upstream pathways feeding the coast: a box around Cape Palmas and a broader eastern 

tropical Atlantic box (“e-TA”) that samples the NECC/GC corridor. 130 

Within each box, we analyze candidate drivers of n-GoG arrivals, including physical variables such as currents, winds, sea 

surface temperature and salinity, chlorophyll, and the Sargassum fractional cover itself. To relate upstream signals to 

downstream coastal peaks, simple time offsets are applied between boxes; these lags are defined in sect. 3.2. 

 

Table 3: Definition of the boxes shown in Figure 1 135 

 

Region (name) Longitude (°E) 
Latitude 

(°N) 
Purpose / metric 

Northern Gulf of Guinea Coast (n-

GoG) 
[-7.5 7] [2 7] 

Target signal: coastal mean Sargassum fractional 

coverage 

Cape Palmas [-8.5 -7.5] [2 7] Gateway: Sargassum crossing near the cape 

Eastern tropical Atlantic  

(e-TA) 
[-25 -7.5] [0 7] Equatorial stock: NECC/GC source region 

 

 
   

2.4 Backward Lagrangian experiments 

The transport pathways of floating Sargassum reaching the n-GoG are investigated using the Lagrangian framework Parcels 

(Amorim et al., 2025b; Delandmeter and Van Sebille, 2019b). Particles were integrated backward in time from locations where 

Sargassum was present in the model. For each simulation year, particles were seeded at mid-month in April and October, 140 

corresponding to two representative seasons of Sargassum occurrence in the n-GoG. Seeding was performed at all surface grid 

points within the n-GoG where the simulated Sargassum fractional coverage exceeded 2×10⁻⁵, ensuring that particles 

originated only from locations where Sargassum biomass was present in the model. Particles were then advected backward for 

120 days using GLORYS surface currents. A windage contribution equal to 1 % of the 10 m wind velocity was included to 

represent the combined effect of windage and Stokes drift on floating Sargassum. Particle trajectories were integrated using a 145 

fourth-order Runge–Kutta scheme with a 6-hour time step. To diagnose the dominant pathways, all trajectory positions were 

accumulated in 0.1° × 0.1° spatial bins. For each grid cell, we computed both (i) the mean advection time required for particles 

to reach that location and (ii) the fraction of trajectory occurrences, defined as the number of trajectory points passing through 

https://doi.org/10.5194/egusphere-2026-2727
Preprint. Discussion started: 11 June 2026
c© Author(s) 2026. CC BY 4.0 License.



7 

 

the cell normalized by the total number of trajectory points. These diagnostics provide complementary information on the 

characteristic transport timescales and the preferred transport corridors linking the tropical Atlantic to the n-GoG. 150 

2.5 Forward Lagrangian experiments 

To further assess the role of wind forcing in shaping Sargassum pathways from the e-TA toward the GoG, we performed a set 

of idealized forward Lagrangian experiments using the same Parcels framework and numerical settings as in Sect. 2.4. In 

contrast to the backward experiments, particles were seeded in the source region and integrated forward in time in order to 

quantify their subsequent dispersion and their potential to reach the GoG under different forcing assumptions. 155 

For each month from January 2010 to December 2023, particles were released at mid-month in the e-TA. Seeding was restricted 

to surface grid cells where the simulated Sargassum fractional coverage exceeded 2 × 10⁻⁵, so that particles were released only 

from locations where Sargassum was present in the model. Particles were then advected forward for 360 days. Two 

configurations were considered: a no-wind experiment, using GLORYS surface currents only, and a wind-forced experiment, 

using effective surface currents including the wind-driven contribution equivalent to 1 % of the 10 m wind velocity, consistent 160 

with the parameterization adopted in Sect. 2.4 to represent the combined effects of windage and Stokes drift. 

3 Results 

3.1 Comparison of the model with observations and previous reports 

Several studies have documented Sargassum arrivals along the n-GoG coast since 2011, with recurrent spring and/or autumn 

peaks (Figure 2,bottom). For the Guinea-Sierra Leone sector, national and UNEP syntheses report first detections in 2011 and 165 

typical occurrences from June-October, and later emphasize the 2017 season highlighted by regional surveys (Environment 

Protection Agency, 2015; Ody et al., 2019). In Ivory Coast, coastal monitoring recorded strandings at Grand-Bassam in June 

2014 (REEM-CI, 2021) and widespread landfalls from Grand-Bassam to Tabou in May-June 2016 (Komoe et al., 2016), while 

academic studies place the climatological peak in May and identify 2011 as the year of the first national observations (Aka et 

al., 2018). 170 

Farther east, site-specific strandings in Ghana, notably at Egyambra and Mumford, were reported from January to August 2015 

by Addico and deGraft-Johnson (2016), and were later complemented by surveys conducted between 2017 and 2019 at 

Mumford, Komenda and Elmina, partly focused on Sargassum vulgare (Akrong et al., 2021). Additional studies report major 

inputs in 2011-2012 (Ackah-Baidoo, 2013; Fidai et al., 2020), as well as a spring event in 2020 (Marsh et al., 2021). Satellite 

and drifter analyses also identified groundings events near Ghana in March 2011-2012 (Johns et al., 2020). For Togo and 175 

Benin, available sources indicate year-round presence in 2013 (Issifou et al., 2014) and arrivals beginning in April in Benin 

(DGEC and MCVDD, 2020). In Nigeria, studies document spring-summer strandings in 2012 (April-July) in Ondo State 

(Oyesiku and Egunyomi, 2014), and a prolonged sequence from May 2011 to August 2012 along Lagos-Ogun coast (Solarin 
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et al., 2014). Interviews conducted at Badagry, Gberefu and Ajido suggest that the main events occur in autumn (Areola et al., 

2024), while an offshore occurrence near the Bonga field was reported in February 2014 (Dirisu et al., 2021); Overall, most 180 

sources describe a main Sargassum season extending from March to October, with occasional persistence into November-

December.  

 

Figure 2: Temporal and spatial distribution of coastal Sargassum in the Northern Gulf of Guinea (N-GoG), 2010–2024. Top) Time series of 185 
coastal Sargassum fractional coverage. The black line shows daily model-based mean coverage, while the grey line represents satellite 

observations. The dashed red line indicates the percentile-based event threshold. Blue circles mark detected spring Sargassum events. 

Bottom) Map of documented Sargassum strandings along the N-GoG coastline, from Liberia to Nigeria. Points are color-coded by season 

of occurrence: blue (spring), yellow (summer), red (autumn), black (winter), and grey (undated). Numbers correspond to references in the 

bibliography (right). 190 
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Satellite observations are consistent with this seasonality and regional distribution (Figure 3b,e,h,k), with Sargassum arrivals 

detected mainly in spring and autumn, particularly along the coasts of Ivory Coast and Ghana. In some years, Sargassum is 

also observed during summer, likely reflecting biomass that persisted from the spring season rather than newly formed arrivals. 

The remote sensing detections also show recurrent signals farther south, off the coast of the Congo (see, for example, Figure 

3h), which, to our knowledge, are not supported by in situ reports and are therefore likely to correspond to false detections. In 195 

addition, two very strong coastal peaks in the satellite record, in September 2021 and November 2023 (Figure 2,top, gray line) 

appear anomalously large and may be overestimated, as no corresponding extreme events have been reported in the literature 

for these dates. 

Compared with satellite observations, the reference SARG12 simulation reproduces the main seasonal and interannual 

occurrences of coastal Sargassum strandings in the n-GoG between 2010 and 2024 reasonably well (Figure 2, top). In 200 

particular, the model captures the major spring events reported in 2012, 2014, 2015, 2017, and 2022, with realistic timing and 

amplitude relative to satellite-derived fractional coverage estimates (Figure 2, top, gray line). Several autumn strandings are 

also reproduced, including those of 2014, 2018, 2021, and 2023, although their intensity is sometimes overestimated (2014, 

2018) or underestimated (2021, 2023). Notably, the model fails to reproduce the spring 2020 peak, which is documented in 

observations and reported in the literature (Marsh et al., 2021). The model also shows a mismatch from late 2022 to early 2023, 205 

when simulated peaks occur earlier than those inferred from satellite data. Both datasets indicate the highest coastal 

concentrations during boreal autumn along the n-GoG coasts, in agreement with reports of strandings in the literature (Akrong 

et al., 2021; Fidai et al., 2023; Oyesiku and Egunyomi, 2014; Solarin et al., 2014).  

Direct comparison between the model and reported coastal strandings remains limited, because relatively few events are 

documented in the literature, especially in recent years. In addition, satellite detection is affected by cloud cover and land 210 

contamination, resulting in patchy observational coverage (Figure 3, right column). These limitations call for caution when 

interpreting discrepancies between the model and the observations. Nevertheless, the overall agreement in seasonality and 

spatial distribution provides confidence in the ability of NEMO-Sarg to reproduce the main patterns of Sargassum transport 

and arrival in the GoG. 

 215 
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 220 

Figure 3: Left: modeled Sargassum FC from SARG12. Middle: satellite Sargassum FC from MODIS. Right: mean number of valid satellite 

observations per month. From top to bottom: boreal winter (DJF), spring (MAM), summer (JJA), autumn (SON). Note the data sparsity 

along the n-GoG coast, with <15 valid observations per month on average, which limits direct satellite-based assessment in this region. The 

period 2010 to 2024 is considered for both model and observations.   

3.2 Origins of the Sargassum reaching the n-GoG: Lagrangian advection 225 

The seasonal distribution shown in Figure 3 suggests that Sargassum observed along the coast of the GoG originate from the 

e-TA. To test this hypothesis and estimate the transport timescales of the Sargassum reaching the n-GoG during the two main 

inundation seasons (April and October), we performed backward Lagrangian experiments. Particles were seeded in areas where 

Sargassum was observed in the e-TA region (see Table 3 for description of the regions). The mean advection time (in days) 

required for particles released along the n-GoG coast to reach upstream locations along the backtracked trajectories are shown 230 
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in Figure 4a,c, while the density of trajectory points, expressed as the fraction of total trajectory occurrences in each grid cell 

and highlighting the preferred transport pathways, is shown in Figure 4b,d.  

In both seasons, the backtracking experiments reveal a dominant west-to-east transport pathway linking the e-TA to the n-

GoG through the NECC and GC corridor. The trajectory-density maps show that most particles originate from offshore regions 

of the e-TA and is transported toward the coast over timescales of about two to three months. This lag provides a physical 235 

basis for the time offsets used in the subsequent interannual-variability analysis (Section 3.5).  

Seasonal differences nevertheless emerge in the spatial structure of the dominant pathways. For particles reaching the coast of 

the n-GoG in April trajectories are more broadly distributed across the eastern tropical Atlantic (Figure 4b), suggesting that 

multiple upstream regions may contribute to the coastal Sargassum signal. By contrast, for particles reaching the n-GoG coast 

in October, trajectory density is more concentrated along a narrower corridor extending from 8° N and following the West 240 

African coasts.  

 

 

Figure 4: Backtracking diagnostics of coastal Sargassum in the n-GoG derived from Lagrangian simulations. Panels show results aggregated 

over all available years for two representative months: April (a–b) and October (c–d). Mean advection time (days) from coastal release 245 
locations to the upstream positions of the backtracked trajectories are shown in (a,c). Colors indicate the average travel time required for 

floating Sargassum to reach each 0.1° x 0.1° grid cell. Relative density of trajectory points per grid cell (b,d) is expressed as a fraction of the 

total number of trajectory points. This metric highlights the spatial distribution and preferential pathways of the backtracked trajectories. 

Higher values reveal the dominant transport corridors linking the e-TA to the n-GoG. 
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 250 

3.3 Seasonality of Sargassum arrivals in the northern Gulf of Guinea 

Since 2011, the seasonal cycle of Sargassum influxes in the n-GoG has followed a persistent pattern (Figure 2): a first peak 

occurs in boreal spring (MAM), followed by a summer lull and then by a second peak in autumn (SON). The Lagrangian 

diagnostics presented in Section 3.2 indicate that transport from offshore regions of the e-TA to the n-GoG typically occurs 

over timescales of about two to three months, implying that coastal arrivals reflect oceanic conditions that developed several 255 

weeks to months upstream. We now examine the climatological factors underlying this seasonal pattern in each season (Figure 

5). 

 

Figure 5: Climatological Sargassum distribution and environmental conditions. (left) Mean Sargassum Fractional Coverage. (center) Surface 

currents (m s⁻¹). (right) 10 m winds (vectors) over wind speed (m s⁻¹). From top to bottom: DJF, MAM, JJA, and SON seasons.  260 
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During boreal winter and early spring, the ITCZ is located close to the equator and begins to migrate northward, while the 

West African monsoon and trade winds remain weak (e.g., Grodsky and Carton, 2003). The NECC is developing and can be 

intermittent; in its western part it may even reverse westward (Johns et al., 2020). Near Sierra Leone, the GC is present but 

weak and flows southeastward; the NECC and GC converge near Cape Palmas, while winds are directed toward the coast 265 

(Figure 5b,c). Spring arrivals of Sargassum in the GoG reflect conditions established during late winter and mainly originate 

from two sources (Figure 5a). First, a residual pool inherited from the previous winter, often trapped off Guinea and Sierra 

Leone during winter, is advected by the GC. This pathway is partly weakened by southwesterly winds, which push Sargassum 

toward the coast and oppose southeastward advection along the Sierra Leone - Liberia coast (Figure 5c). A fraction of this 

winter stock is also carried westward, seeding the NERR toward Brazil. Second, because the ITCZ lies farther south in spring, 270 

Sargassum tends to accumulate near the equator within the convergence zone. Sargassum located sufficiently far south may 

enter the eastward-flowing NECC and cross Cape Palmas, although transport efficiency remains limited. 
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Figure 6: Seasonal climatologies of the physical surface environment in the eastern tropical Atlantic and Gulf of Guinea, averaged over all 

years of the analysis period. From left to right: sea surface temperature (SST), sea surface salinity (SSS), and chlorophyll (chl). From top to 275 
bottom: boreal winter (DJF), spring (MAM), summer (JJA), and autumn (SON). 

 

Within the GoG during MAM, weak wind forcing leads to minimal coastal upwelling: SST therefore remain high (~28 °C; 

Figure 6d) and nutrient-rich subsurface waters are not supplied to the surface (Figure A1; Hardman-Mountford and McGlade, 
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2002). Chlorophyll-a remains low (Figure 6f), and growth is reduced in these nutrient-poor conditions. At the same time, 280 

southerly winds (Figure 5c), through windage and Stokes drift, tend to push Sargassum northward against the coastline, 

favoring nearshore accumulation and stranding while limiting export deeper into the Gulf. 

In summer, the West African monsoon winds reach their maximum. This drives the seasonal coastal upwelling off Ivory Coast 

and Ghana and produces cooler SSTs (~25–26 °C, Figure 6g; e.g., Binet, 1997;Djakouré et al., 2024). Rainfall and major river 

discharges (e.g., Niger, Volta) may supply nutrients (Figure A1), but this effect could be counterbalanced by strongly freshened 285 

nearshore waters (salinity often < 34) and higher turbidity, which reduce light availability; together, these conditions are 

thought to be less favorable for Sargassum growth. In addition, there is little further advective supply through Cape Palmas 

because upstream Sargassum west of the cape disappear under the same unfavorable conditions (Figure 6h, discussed in sect. 

4.1). The summer decline in Sargassum biomass is strongest in the western Gulf, particularly along the coasts of Ivory Coast 

and Ghana, consistent with field observations (e.g., Komoe et al., 2016). In the eastern Gulf (Togo–Benin–Nigeria), by 290 

contrast, Sargassum arrive later because of the transit time from Cape Palmas and may remain near the coast, where southerly 

winds favour retention and stranding, in line with reported observations (Areola et al., 2024; Issifou et al., 2014; Solarin et al., 

2014).  

Meanwhile, during late summer, the basin-scale circulation sets the stage for the autumn influx. Strengthened southeasterly 

trade winds and the monsoon intensify the NECC, which reaches its annual maximum and feeds directly into the GC, itself 295 

strongest along the West African coast during the rainy season (Binet, 1997;Djakouré et al., 2024). Because of the three-month 

advection delay, the coastal Sargassum peaks observed in boreal autumn reflect the strong eastward transport established in 

late summer across the e-TA. In boreal autumn (September-November), the supply to the n-GoG is therefore fed by Sargassum 

advected eastward across the basin (Figure 5g). Sargassum accumulate along Guinea and Sierra Leone and are then advected 

southeastward by the GC toward Cape Palmas. There, because the coastline changes orientation, the GC partly detaches from 300 

the coast and veers slightly southward (Figure 5h), a feature known to reinforce upwelling off Ivory Coast (e.g., Djakouré et 

al., 2017; Marchal and Picaut, 1977). Combined with prevailing southerly winds that push Sargassum northward (Figure 5i,l), 

this configuration reduces efficient eastward export and promotes strong coastal accumulation and major strandings in Ivory 

Coast and Ghana, creating an accumulation area for Sargassum, as illustrated in Figure 7. 

Coastal and equatorial upwelling maintain relatively cool, nutrient-enriched surface waters until early autumn (Djakouré et al., 305 

2017, Figure A1), and chlorophyll-a remains elevated after the summer peak (Figure 6l), which supports persistence. By late 

autumn (November), the ITCZ shifts southward and both the NECC and GC weaken (Figure 5k), reducing further advection; 

most of the biomass then remains nearshore and strands, consistent with the widespread strandings reported in November. In 

early winter, reversal of the GC can advect Sargassum northwestward. A persistent biomass often remains offshore of Sierra 

Leone and may bloom again in late winter, acting as a seed population for the following season in the Atlantic. 310 
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Figure 7: Example of the accumulation conditions near Ivory Coast during autumn 2021. Coloured shading shows Sargassum fractional 

coverage from SARG12 simulation, blue arrows indicate 10 m wind, and black arrows surface currents. The main arrival of Sargassum along 

the Ivory Coast shelf occur in September–October (b–c). From August (a), strong southerly winds push Sargassum northward toward the 

coast, where currents weaken in October because GC detaches from the coast (c), favouring retention and accumulation Sargassum along 315 
the Ivory Coast shelf until November (d). 

3.4 Sensitivity of the Sargassum distribution in the GoG to winds and stranding  

The mechanisms controlling Sargassum accumulation in the n-GoG are further investigated through analysis of sensitivity 

experiments designed to isolate two key processes: the loss of Sargassum though stranding on the shoreline and the wind-

driven transport due to windage and Stokes drift. These experiments allow us to quantify how coastal sinks and wind forcing 320 

influence the spatial distribution, persistence, and seasonal cycle of Sargassum reaching the n-GoG. 
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Figure 8: Influence of stranding processes and wind forcing on Sargassum occurrence in the n-GoG. (a) Monthly climatology of mean 

Sargassum fractional cover in the n-GoG for SARG12 (blue) and the sensitivity experiments SARG12-nostranding (orange) and SARG12-325 
nowind (red). (b-c) Spatial distribution of climatological differences in coastal Sargassum fractional cover between the sensitivity 

experiments and the reference simulation, showing SARG12-nostranding minus SARG12 (b) and SARG12-nowind minus SARG12 (c). 

Positive values (red) indicate an increase in Sargassum cover relative to the reference simulation. 

3.4.1 Effect of stranding 

In SARG12-nostranding simulation, in which stranding losses are disabled, coastal Sargassum persists much longer in the 330 

coastal strip of the GoG because biomass loss at the shoreline is strongly reduced. This appears as a clear shift of the n-GoG 

distribution toward higher values. Consistently, the seasonal cycle shows that Sargassum remains present for longer in the 

ocean and decays more slowly after the seasonal peak, whereas in the reference simulation coastal concentrations rapidly 

decrease once the forcing relaxes and/or the upstream supply weakens (Figure 8a). The difference map further confirms 

widespread positive anomalies along the n-GoG coastline (Figure 8b), indicating that stranding is a major sink required both 335 

to remove coastal Sargassum after the peak seasons and to keep coastal proliferation geographically confined between Ivory 

Coast and Nigeria (Figure 8b). 

3.4.2 Effect of wind forcing 

Removing wind forcing (SARG12-nowind run) fundamentally alters circulation of Sargassum. In the e-TA, Sargassum shifts 

about ~2° southward, highlighting the role of winds in maintaining Sargassum at higher latitudes (Figure 8c). Around Cape 340 

Palmas, the absence of wind opposition to the GC also facilitates south-eastward advection. These two factors make the cape 

cease to act as a selective gateway: Sargassum enters the n-GoG every year, even when western biomass supply is weak, 

resulting in much higher Sargassum concentration in n-GoG, all year (Figure 8a,c). East of the cape, Sargassum remain 

embedded in the core of the GC and are advected eastward near ~4°N, whereas in the wind-forced experiment trajectories are 

concentrated within a narrower coastal band, with enhanced coastal accumulation and strandings around Cape Palmas (Figure 345 

9). This contrast highlights the role of winds in deflecting Sargassum out of the GC and toward the coast after Cape Palmas, 

thereby creating the accumulation trap near Ivory Coast and enabling strandings (Section 3.3). Simulated nearshore 

concentrations along the Ivory Coast–Ghana coast are comparable to those in the reference run despite a much larger basin-
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wide biomass (Figure 8c), further emphasizing the regulatory role of stranding on coastal Sargassum abundance. A secondary 

consequence of the absence of winds is the emergence of a southern pathway that is absent in the reference simulation: most 350 

of the Sargassum continues toward Cameroon, and forward Lagrangian experiment show that part of it turns south along the 

GoG margin and reaches about 5°S before recirculating westward within the SEC (Figure 9h). The southern GoG then becomes 

invaded by Sargassum, where it can proliferate year-round under favourable conditions, leading to a strong increase in biomass 

(Figure 8c). We discuss this pathway further in Section 4.3. Taken together, these results show that wind forcing plays an 

essential role in Sargassum circulation by (i) setting the latitudinal position of Sargassum in the e-TA, (ii) enabling 355 

accumulation along the n-GoG coasts, and (iii) preventing southward propagation that would otherwise lead to basin-wide 

proliferation.  
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Figure 9:  Forward trajectory density from the e-TA, shown for four advection-time classes: 0–1 month (a–b), 1–2 months (c–d), 2–3 months 360 
(e–f), and 3–12 months (g–h). Left panels show the wind-forced experiment, right panels the no-wind experiment. Colors indicate trajectory 

density, expressed as the fraction of trajectory occurrences in each 0.1° x 0.1° grid cell, shown on a logarithmic scale. 

3.5 Interannual Variability of Coastal Sargassum in the n-GoG 

We now examine the main drivers that control the interannual variability of Sargassum arrivals in the n-GoG. To do so, we 

performed a composite analysis and distinguish spring and autumn seasons.   365 

3.5.1 Composite definition 

We define “low-Sargassum” and “high-Sargassum” years from SARG12 simulation using a monthly index computed over the 

n-GoG. First, surface Sargassum fractional cover is averaged monthly over the n-GoG box for the period 2010–2024. High 

Sargassum years are identified when this monthly mean exceeds its 75th percentile, computed over the full 2010–2024 period. 
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Consecutive above-threshold months within the same season are merged into a single episode. Seasons are defined as winter 370 

(December–February), spring (March-June), summer (July-August), and autumn (September-November), although only 

spring and autumn are analyzed here. Low-Sargassum years are defined as years with mean fractional cover remaining below 

the threshold throughout the season. Atmospheric and oceanic variables (winds, currents, SST, SSS, nutrients, SSH) are then 

composited as monthly means.   

We apply simple time lags consistent with the expected Sargassum advection times estimated from the Lagrangian experiments 375 

(Section 3.2). We therefore relate coastal arrivals in the n-GoG at month M to upstream conditions in the Cape Palmas box 

one month earlier (M − 1), and in the e-TA box two to three months earlier (M − 2 to M − 3), in order to account for the delayed 

influence of transport through the NECC/GC pathway. For the AMM, we retain the minimum value over the six months 

preceding each event, as this metric was shown to correspond to the southernmost position of Sargassum in the e-TA during 

the prevailing season (Figure C1). 380 

The results show that coastal influxes depend primarily on the advection of biomass from the e-TA. Two factors appear to be 

particularly important: (i) the basin-scale abundance of Sargassum in the e-TA (Figure 10e,f), and (ii) the AMM (Figure 10a,b). 

By contrast, local environmental conditions within the Gulf, such as salinity and nutrient availability, appear to play only a 

secondary role, although they may modulate Sargassum survival once established near the coast (Figure D1). Below, we detail 

how these factors drive year-to-year differences in Sargassum arrivals during boreal spring (MAM) and autumn (SON). 385 
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Figure 10: Interannual relationships between coastal Sargassum fractional coverage (FC) in the n-GoG and large-scale controls, for MAM 

(left) and SON (right). (a, b) Minimum Atlantic Meridional Mode (AMM) index over the preceding 6 months versus coastal FC. (c, d) Cape 

Palmas FC versus coastal FC. (e, f) Equatorial Sargassum stock in the e-TA versus coastal FC. Coloured symbols indicate years with western 

supply (blue for MAM, orange for SON), whereas grey symbols indicate years without western supply. Linear regressions and corresponding 390 
R2 values are shown for western-supply years only. 

3.5.2 Interannual variability in spring   

The amount of Sargassum reaching the n-GoG in boreal spring is partly determined by the biomass advected across Cape 

Palmas (r² = 0.34, Figure 10c). This input is strongly correlated with the Sargassum stock along the Sierra Leone–Liberia coast 

at the end of winter (r² = 0.83, not shown), which is itself conditioned by the intensity of the preceding winter bloom. The 395 

AMM plays a key role by modulating the latitudinal position of the offshore Sargassum stock (r² = 0.54, Figure 10a). During 

negative AMM phases, the ITCZ shifts southward, displacing offshore biomass toward lower latitudes and creating a secondary 

source of Sargassum between 0 and 5°N as shown by the Lagrangian trajectories experiment (Figure 4). Low AMM conditions 

also enhance the meridional wind across the equator and thereby strengthen the NECC by about 0.15 m/s on average (Figure 

11, right column), favoring the eastward entrainment of the Sargassum. Residual pools near Sierra Leone are also more 400 

efficiently advected southward during negative AMM phases, because the ITCZ displacement modifies wind convergence and 

reduces the Stokes drift and windage that normally oppose the GC (Figure B1). 
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Conditions within the Gulf itself appear to be less influential, as indicated by the weak correlations found with other local 

variables (Figure D1: r2 < 0.12 for all parameters).  405 

 

Figure 11: MAM (March–May) composites and contrasts between high- and low-Sargassum years. Seasonal mean Sargassum fractional 

coverage for January, February, March, and April is shown from top to bottom. The left column shows the high-Sargassum composites, the 

middle column the low-Sargassum composites, and the right column their difference (high minus low). Surface currents are superimposed 

in the left and middle columns, while current differences are superimposed in the right column.  410 
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3.5.3 Interannual variability in autumn 

In boreal autumn, the AMM appears to be the main large-scale driver of interannual variability in coastal Sargassum arrivals 

in the n-GoG (r2 = 0.83, Figure 10b). The AMM influences this transport in several ways. During negative AMM phases, the 

ITCZ shifts southward, displacing the Sargassum band to slightly lower latitudes and strengthening the NECC (Figure 12c). 415 

These conditions favor eastward advection of the offshore stock toward Cape Palmas and increase the probability that 

Sargassum converge along the Sierra Leone–Liberia coast before entering the GoG (Figure 12c). At the same time, wind 

anomalies reduce the northward windage and Stokes drift that would otherwise oppose this transport, although this effect 

appears secondary (Figure B1). In addition, the AMM also affects the magnitude of the offshore Sargassum stock itself earlier 

in the year, consistent with the broader link between AMM variability and Sargassum development in the tropical Atlantic 420 

(Skliris et al., 2022). In autumn, the AMM therefore controls both the position and intensity of the upstream reservoir and the 

efficiency with which this reservoir is advected toward the n-GoG. By comparison, conditions within the Gulf seem to play a 

secondary role (Figure D1), except possibly near Nigeria, where the persistence of spring Sargassum through summer, as in 

2014 and 2017, may provide an additional local biomass source. This is further supported by the relationship at Cape Palmas 

(Figure 10d): coastal Sargassum in the n-GoG is closely linked to the flux crossing this section (r² = 0.55), showing that the 425 

key control is the amount of offshore biomass advected into the Gulf, not local conditions after entry. 
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Figure 12: Same as Figure 11, but for autumn (SON) 
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4. Discussion 

This study examined the year-to-year drivers of Sargassum arrivals in the n-GoG. Climatologically, two main influx periods 430 

dominate: spring (MAM) and autumn (SON). In spring, arrivals originate primarily from the winter bloom maintained off the 

Guinea–Sierra Leone coast and along the Sierra Leone–Liberia sector; Sargassum is then transported eastward by the 

developing GC, with a secondary, more southerly offshore source emerging during negative AMM years. In autumn, arrivals 

are mainly fed by large stocks from the e-TA that are advected eastward by a strengthened NECC. Within the n-GoG, 

prevailing southerly winds push Sargassum toward the coast, favoring stranding and limiting further southward propagation. 435 

In SON, Sargassum often accumulates off Ivory Coast under strong southerly winds and weakened nearshore currents (Figure 

7), which retain biomass near the coast. As stranding progressively increases and environmental conditions deteriorate later in 

the season, most of this Sargassum eventually disappears. 

Two main factors dominate the interannual signal: (i) the basin-scale Sargassum supply in the tropical Atlantic, and (ii) the 

latitudinal position of the Sargassum as they approach the Sierra Leone–Liberia coast, which is controlled by the 440 

AMM/ITCZ/NECC configuration. The first determines whether a minimum biomass threshold is exceeded; the second 

determines whether Sargassum is steered far enough south to be entrained past Cape Palmas into the n-GoG. Local conditions 

within the Gulf, including salinity, nutrients, windage, and stranding, modulate survival only after these two basin-scale 

controls are met. 

In autumn (SON), arrivals depend strongly on the AMM: negative AMM phases shift the ITCZ southward, increase meridional 445 

wind shear, and strengthen the NECC, thereby favoring the positioning and eastward transport of Sargassum along the Sierra 

Leone–Liberia margin toward Cape Palmas. In spring (MAM), arrivals depend mainly on the winter–spring stock already 

present along the Sierra Leone–Liberia coast, which is set by the preceding winter bloom and downstream retention. A low 

AMM may also establish a secondary Sargassum source within the ITCZ, increasing the offshore biomass available for 

transport toward the Gulf. Yet because the ITCZ is already climatologically located far south in late winter and spring, 450 

advection around Cape Palmas is generally favourable during this season, making the AMM a secondary rather than dominant 

control. 

4.1 Sargassum persistence off Sierra Leone and the role of the winter bloom 

Observational and modelling studies identify the Sierra Leone–Guinea sector as a recurrent winter reservoir of Sargassum that 

seeds the subsequent spring influx and, through recirculation, contributes to the wider Atlantic belt (Berline et al., 2020; Johns 455 

et al., 2020; Wang et al., 2019, Jouanno et al. 2025a). Basin-scale satellite climatologies and back-trajectory analyses show a 

buildup of biomass in the eastern and central tropical Atlantic from late winter into spring, with downstream retention off 

Guinea and Sierra Leone and subsequent export both westward and eastward as the NECC strengthens seasonally. 

Several mechanisms may explain the late-spring to summer decline of the bloom in the Guinea–Sierra Leone region. First, 

regional upwelling relaxes from late spring into summer and autumn, reducing the supply of nutrient-rich subsurface waters 460 
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and therefore limiting growth potential  (Binet, 1997; Djakouré et al., 2017). Second, the peak of the West African monsoon 

brings intense rainfall that freshens coastal waters from July onward, with salinity frequently below 34 (Thouvenin-Masson et 

al., 2024) and increase turbidity, creating less favourable conditions for Sargassum survival. Although rainfall and river 

discharge may also enhance nutrient inputs, the strongest river outflows generally occur in autumn, so this effect may not 

compensate for the adverse summer conditions. Third, the monsoon wind-wave regime may increase mortality through 465 

fragmentation and enhanced stranding (Laval et al., 2025).  

4.2 The future of Sargassum arrivals in the n-GoG 

Regarding long-term evolution, three points emerge from the literature. First, the tropical Atlantic Sargassum baseline has 

remained higher since 2011, which by itself increases the likelihood that seasonal biomass exceeds the supply threshold and 

therefore raises the risk of n-GoG invasion (Berline et al., 2020; Johns et al., 2020; Wang et al., 2019). Second, forced trends 470 

in the AMM/ITCZ background state over the Atlantic remain uncertain: theory and models suggest a narrowing and meridional 

shift of the tropical rain belt, whose sign over the Atlantic depends on aerosol forcing, hemispheric energy contrasts, and 

AMOC changes  (Byrne et al., 2018; Calvin et al., 2023; Donohoe et al., 2013; Hwang and Frierson, 2013). A tendency toward 

a more northerly mean ITCZ would reduce the frequency of negative AMM-like seasons, and which are favourable to a 

weakening of Sargassum delivery into the n-GoG, whereas a southward displacement of the ITCZ, for example under a 475 

weakened AMOC, would favour the transport of the Sargassum in the GoG. Future n-GoG inundation risk will therefore 

depend on the combined evolution of (i) the basin-wide Sargassum baseline, likely to remain higher than before 2011, and (ii) 

the frequency of negative AMM configurations. 

4.3 Southern (“SEC”) export pathway 

A southward export pathway from the GoG into the SEC, and then toward northeastern Brazil and occasionally back into the 480 

NECC, has been proposed from drifter syntheses and connectivity analyses (Beron-Vera et al., 2022; Franks et al., 2016; Johns 

et al., 2020). In our reference simulations, however, this pathway does not emerge as a robust feature. Strong southerly 

monsoon winds and wave-driven drift trap Sargassum against the n-GoG coast, while downstream losses through stranding 

and senescence east of Cape Palmas further reduce the likelihood of coherent export south of the Equator. By contrast, the 

SEC branch does emerge in our no-wind experiment, indicating that wind drift is the main barrier to this route. Additional 485 

idealized Lagrangian advection experiments both with and without wind forcing (Figure 9) further support this interpretation. 

They show that some trajectories can cross into the Southern Hemisphere and seed the southern Gulf of Guinea, where 

environmental conditions may then become favourable for Sargassum proliferation, whereas this southward pathway is 

strongly reduced when wind forcing is included. The SEC pathway may therefore be considered conditional: it may become 

active only under unusually large biomass surpluses in the n-GoG or under anomalous alongshore wind conditions, but it does 490 

not appear to represent a common present-day pathway for Sargassum.  
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Satellite observations also provide little support for this pathway, since any southward leakage would likely take the form of 

thin, low-fraction filaments that are difficult to detect under the persistent cloud cover of JJA–SON. Although some satellite 

composites occasionally indicate floating material near the Congo River mouth, we found no peer-reviewed field reports 

confirming Sargassum there. Given the high turbidity and CDOM of the Congo plume, these signals are likely affected by 495 

false detections, consistent with the known limitations of ocean-colour Sargassum retrievals in optically complex waters. 
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Appendix A 

 515 

Figure A1: Seasonal climatologies of the biogeochemical surface environment in the eastern tropical Atlantic and Gulf of Guinea, averaged 

over all years of the analysis period. From left to right: phosphate, iron, and chlorophyll. From top to bottom: boreal winter (DJF), spring 

(MAM), summer (JJA), and autumn (SON). These fields provide the seasonal biogeochemical context potentially favorable to Sargassum 

development and maintenance upstream of the Gulf of Guinea.  

 520 
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Appendix B 

 

Figure B1: Difference of Sargassum quantities (colors) and difference of wind forcing between years with Sargassum and years with few 525 
Sargassum in n-GoG, during spring (a) and autumn (b). 
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Appendix C 

 

Figure C1: Relationship between the minimum Atlantic Meridional Mode (AMM) index over the six months preceding the target month and 530 
the southernmost position of Sargassum in the eastern tropical Atlantic, estimated here from the latitude of the southernmost 6-month 

barycenter. Left: April target (AMM minimum over October–March). Right: October target (AMM minimum over April–September). Each 

point corresponds to one year, with the year indicated next to the marker. The black line shows the linear regression, and the corresponding 

statistics are reported in each panel. 

 535 
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Appendix D 

 

Figure D1: Relationships between coastal Sargassum fractional coverage (FC) in the northern (n-GoG) and local biogeochemical and 540 
physical conditions, for MAM (left column of each pair) and SON (right column of each pair). Rows show chlorophyll (Chl), dissolved iron 

(Fe), ammonium (NH4), phosphate (PO4), nitrate (NO3), sea surface salinity (SSS), sea surface temperature (SST), and sea surface height 

(SSH). Each marker corresponds to one year (2010–2023), labeled by year. Solid lines indicate linear regressions, and the corresponding R2 

values are given in each panel. 

 545 
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