10

15

20

https://doi.org/10.5194/egusphere-2026-3097
Preprint. Discussion started: 23 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

A Lagrangian framework to simulate Sargassum transport and
growth

Elena Gianotten', Meike F. Bos', Darshika Manral!-?, Fabio Nauer’, Erik Zettler’, Linda
A. Amaral-Zettler>*, and Erik van Sebille'

nstitute for Marine and Atmospheric research, Utrecht University, Utrecht, Netherlands

2Deltares, Department of Data Science and Water Quality, Delft 2600 MH, The Netherlands

3Royal Netherlands Institute for Sea Research, Den Burg, Netherlands

“Institute for Biodiversity and Ecosystem Dynamics, University of Amsterdam, Amsterdam, The Netherlands

Correspondence: Erik van Sebille (E.vanSebille@uu.nl)

Abstract. Blooms of the seaweed Sargassum have been reported in the Tropical Atlantic Ocean and Caribbean Sea since
2011. Large-scale inundation events of this seaweed in coastal regions have a negative impact on both the economy and
the environment. To predict the timing, location and quantity of Sargassum strandings, model frameworks that link open
ocean distributions to coastal regions are required. Here, we develop an open-source customizable Lagrangian simulation
framework and growth model for Sargassum that combines transport by currents, wind and waves with a biological modelling
framework that includes dynamic growth limitation depending on temperature, nitrate availability and salinity. The framework
can use satellite detections of the Sargassum Watch System (SaWS) to initialise virtual Sargassum particles in the Tropical
Atlantic Ocean. We demonstrate that the combination of physical transport and biological growth strongly affects Sargassum
distribution, with substantial variability on spatio-temporal scales. We show that temperature is the strongest growth-limiting
parameter, and in particular that elevated surface temperatures, together with low salinity from the Amazon River plume, play

a crucial role in Sargassum decline.

1 Introduction

The Sargasso Sea is a region in the North Atlantic Ocean that has been named after a brown, floating seaweed species, called
Sargassum (Phaeophyceae, Ochrophyta). While Sargassum had been abundant in the Sargasso Sea for centuries, a recent shift
has occurred. Since 2011, large blooms of Sargassum have been reported in the Atlantic Ocean and the Caribbean Sea (Wang
et al., 2019). Pelagic Sargassum in the tropical Atlantic comprises two species — S. fluitans (Bgrgesen) Bgrgesen and S. natans
(Linnaeus) Gaillon — which together include three dominant genotypes: S. fluitans 111, S. natans 1, and S. natans VIII. Although
early classifications were based on morphology (Winge, 1923; Parr, 1939), recent genetic studies confirm that these forms
represent closely related but distinct lineages (Amaral-Zettler et al., 2017).

In recent years, the widespread presence of Sargassum in the tropical Atlantic has led to large-scale beaching events and
was also detected by satellites using remote sensing techniques (Gower et al., 2013; Amaral-Zettler et al., 2017; Debue et al.,

2025). As the Sargassum distribution extends from the Gulf of Mexico to West Africa, it is referred to as the Great Atlantic
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Sargassum Belt (Wang et al., 2019). Although 15 years of multidisciplinary research has improved our understanding of the
timing and causes of these blooms, uncertainty remains regarding their specific drivers and projections (Editors, 2025).

Although Sargassum rafts in the open ocean contribute positively to the diversity of pelagic habitats (van Tussenbroek
et al., 2024), Sargassum beaching events can create low-light and hypoxic or anoxic conditions, thereby negatively impacting
coastal regions (Van Tussenbroek et al., 2017). Such events have occurred on the coastlines of Caribbean Islands, the Gulf
of Mexico, northern Brazil and the western coast of Africa and impact tourism, the fishing industry, human health and local
coastal environments (Chavez et al., 2020; Oxenford et al., 2021; Debue et al., 2025).

To limit the negative impacts of Sargassum inundation events, accurate predictions of timing, location and quantity of
strandings are required. Two complementary methods have been developed for this: firstly, remote sensing, to detect Sargassum
accumulations in the open ocean and secondly, modelling, to forecast Sargassum transport and growth (Debue et al., 2025).
Here, we develop a framework that combines the two, and focuses on the modelling component. Understanding Sargassum
dynamics and eventually predicting strandings requires combining the physical transport and biological growth and mortality
of Sargassum rafts (Marsh et al., 2021; Jouanno et al., 2021; Corbin and Oxenford, 2023; Bonner et al., 2024; Debue et al.,
2025; Beron-Vera et al., 2026).

Near-surface ocean circulation is the primary mechanism driving the spatial distribution of Sargassum in the Atlantic Ocean
(Wang et al., 2019). As Sargassum rafts float on the surface, the direct effects of wind (windage) and waves (Stokes drift) also
influence their movement (Putman et al., 2020; Manral, 2025). Interactions between the morphological properties of Sargassum
rafts and physical transport mechanisms cause biophysical feedbacks. These feedbacks complicate modelling of raft dynamics,
as the variation in size, mass and density of Sargassum rafts in turn affect the transport mechanisms (Brooks et al., 2019;
Putman et al., 2020; Marsh et al., 2022; Bonner et al., 2024; Beron-Vera et al., 2026).

While Sargassum can have high growth rates, unfavourable physico-chemical conditions can strongly limit this rate. This
growth limitation has been included in models before, for example in Jouanno et al. (2021), Podlejski et al. (2024), Bonner
et al. (2024), and Jouanno et al. (2025). Empirical studies of pelagic Sargassum morphotypes have demonstrated remarkably
high growth rates, including biomass doublings within a two-week period (Corbin and Oxenford, 2023; Magafia-Gallegos
et al., 2023b). One of the main hypotheses of the Sargassum bloom in the Tropical Atlantic is thus the favorable environmental
conditions there, such as high nutrient input from upwelling waters, Saharan dust deposition, and river outflows, and the ele-
vated temperatures linked to climate change (Wang et al., 2019). However, variability in observed growth rates is high because
environmental (physico-chemical) conditions such as temperature, salinity, nutrient availability, and incoming solar radiation
influence Sargassum growth (Hanisak and Samuel, 1987; Debue et al., 2025; Magafia-Gallegos et al., 2023b). Furthermore,
Sargassum growth rates vary among different genotypes (Corbin and Oxenford, 2023; Magafia-Gallegos et al., 2023b) and
conducting growth experiments on these pelagic organisms under controlled conditions is difficult, because it is challenging to
keep the organisms alive in culture (Magafia-Gallegos et al., 2023a).

In the context of these challenges, our primary aim is to develop a customizable Sargassum growth model that can be
implemented in a Lagrangian ocean modelling framework to compute Sargassum growth during transport. We then use this

framework to explore the sensitivity of the basin-scale distribution of Sargassum to inclusion of a biological growth model
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and transport for the year 2024. The variety in reported growth rates, physiological differences between morphotypes and
uncertainty regarding growth limitation by physico-chemical factors underline the relevance of such a customizable framework,

which could bridge between modelling studies and experimental studies.

2 Methods
2.1 Horizontal transport

We use Parcels v4.0.0 (Delandmeter and Van Sebille, 2019) to simulate the dispersion of virtual Sargassum raft particles in the
Atlantic Ocean, as they are advected by ocean currents, Stokes drift, and direct wind-induced drag (windage). The horizontal

displacement of a virtual Sargassum raft particle is calculated by:

t+AL
2480 =a(®)+ | (ocsan(@.7) + siohes(@,7) + Vuinale, 1) dr, (M)
t

where x(t) is the position of the particle at a simulated time ¢. Vyceqn (€, 7) is the corresponding horizontal surface velocity,
based on a hydrodynamic velocity field of the ocean, vsiokes(, 7) is the horizontal velocity due to wave-driven Stokes drift,
and vinq(x, 7) is the horizontal velocity due to direct windage. The integral is solved using 2nd order Runge-Kutta integration,
with a timestep of 10 minutes.

For the coastal boundary conditions, particles are considered stranded when they reach a grid cell where the zonal or merid-
ional ocean velocity is exactly 0. The transport and growth of these stranded particles are stopped. Table B1 gives an overview

of all the default simulation settings, which will be further explained in the rest of this section.
2.1.1 Stokes drift

As Sargassum rafts float on the surface, they are exposed to waves and therefore to wave-induced Stokes drift (Stokes, 1847;
van den Bremer and Breivik, 2018), where a parcel on the surface will experience a net drift velocity in the direction of
wave propagation. However, unlike for example microplastics or phytoplankton, Sargassum rafts cannot be treated as passive,
point-like particles (Beron-Vera, 2021). This large vertical extent of Sargassum rafts and its variability over space and time
complicates incorporating a realistic Stokes drift component.

The vertical extent of Sargassum rafts is typically between 0.1 and 0.5 m with a maximum of 1 m (Ody et al., 2019). Manral
(2025) measured depth extents of Sargassum rafts ranging from 0.1 to 0.8 m during the Weeds of Change research expedition
64PE535 aboard the R/V Pelagia, in the northern tropical Atlantic between Pointe-a-Pitre, French Antilles and Mindelo, Cabo
Verde, from June 13 to July 12, 2024.

Here, we compute the depth-dependent Stokes drift by integrating the vertical Stokes drift profile over the vertical extent of

the raft. The analytical solution for the vertically integrated Stokes decay function based on a Philips spectrum was derived by
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Li et al. (2017). The resulting depth-integrated Stokes drift velocity of a Sargassum raft, v siokes (@, T) is given by:

D 2l 3 k,)—D(z > k
VStokes (ma t) = VStokes (mz=07t) ( Ow;:’ p) — ( L p) ) (2)
ower upper

where Vstokes(€.—0,t) is the wave-induced Stokes drift velocity at the ocean surface. Depth extent z is defined positive
downward, with z = 0 at the ocean surface. The function D(z,k,) is the vertically integrated Stokes decay factor and is given
by:

1

D(z,kp) = o
P

{1 TR ? " \/E(Qkpz)3/2 orfe (m) — (1+2ky2) e—2k,,zH , 3)

where k;, = wg /g and wy, = 27 /T, with g = 9.81 m s~2. Here, k, is the peak wave number, w,, is the peak wave frequency and
T, is the peak wave period. The parameter 3 = 1, corresponding to a Phillips spectrum and erfc denotes the complementary
error function.

For the rest of this study, we use zypper = 0 m and 26 = 1 m as the upper and lower extents of the Sargassum raft,
although these parameters are user-adjustable in the framework. The analytical results of the depth-integrated Stokes drift are
shown in Figure A1, which illustrates the decay of Stokes drift with increasing vertical extent of a raft for different wave

periods.
2.1.2 Windage

Due to the buoyant nature of Sargassum, rafts are slightly exposed above the water column, causing Sargassum rafts to experi-
ence an additional force from wind-induced drag; also called leeway (Allen and Plourde, 1999; Johns et al., 2020; Marsh et al.,

2021; Podlejski et al., 2024; Johnson et al., 2020; Putman et al., 2020; Van Sebille et al., 2021):
Vwind = C(vwindlo - vocean) 3 (4)

where vind,, i the wind speed 10 m above the surface. Estimates of the windage parameter c typically range from ¢ = 0.33%
to ¢ = 3% for Sargassum (Debue et al., 2025). In this study, we use a windage coefficient of ¢ = 1% of the relative wind speed

(see also Table B1).
2.2 Biological growth

In experimental studies, Sargassum growth rates are commonly calculated according to the formulation of Hanisak and Samuel
(1987):

= logy (W /W;)

t ’ ®)

where, p is the specific growth rate expressed as doublings per day, based on the initial weight of the plant (I¥;) and the weight
at time ¢ (W}). By basing our biological modelling framework on this empirical expression, we facilitate direct implementation

of measured specific growth rates. Our base variable is biomass change (in percentage) rather than absolute biomass:

B(t+ At) = B(t) (S timax—m) At .
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where B is the biomass change of a particle, fi.x is the maximum specific growth rate of Sargassum, f is the local total
growth factor, m is a mortality rate and At the time step of the simulation.

1

Here, we use fimax = 0.095 day™, which is the maximum specific growth rate for S. fluitans III, measured by Magafia-

Gallegos et al. (2023b). To avoid negative values of biomass, the mortality term m = 0.025 day !

is proportional to B.
The total growth factor f varies in time and space, within a range of [0,1]. It is a multiplication of three growth factor
functions that prescribe Sargassum growth under influence of temperature (7°), external nitrogen availability (/V) and salinity

(S):

f=fr-fn-fs. @)

All growth factor functions can have a maximum value of 1, indicating no growth limitation and optimal growth conditions;

and a minimum value of 0, indicating total growth limitation and no growth.
2.2.1 Temperate limitation

The dependency of Sargassum growth on temperature is based on laboratory culture experiments of Sargassum under varying
sea surface temperatures (Hanisak and Samuel, 1987; Magafia-Gallegos et al., 2023b). Following, Jouanno et al. (2025) it is

given by:

T(x,t) — Tope \
o X/ “opt T(x,t)<T,
P ( ( Tmin - Topt ’ (:B7 ) o Pt
fr= ot , (8)
T(x,t _TO t
o X/ “opt . T(x,t) > Topt,
eXP ( ( Tmax - Topt ) > (m ) opt
where T'(x,t) is the local temperature experienced by the particle, T, is the optimal temperature for Sargassum growth,
and Tihin and Ti,x are the minimum and maximum temperatures allowing Sargassum growth. The values used in this study

are listed in Table B1), but they are user-adaptable in the framework to facilitate exploration of the sensitivity to growth and

selected subspecies.
2.2.2 Nitrogen limitation

The response of Sargassum to the external availability of the nutrient nitrogen is also incorporated into the biological modelling
framework. In the ocean, dissolved nitrogen is predominantly present in the form of nitrate (N O3 ). Following the approach of
Bonner et al. (2024), a dependence of Sargassum on external nitrate availability is included via the Monod equation. This is an
empirical mathematical model for the growth of organisms and is modelled as:

PR CX)
kx4 [NO3|(z,t)

€))

where [NO3 |(z,t) is the local nitrate concentration experienced by the particle and k is the nitrate uptake half saturation,
also referred to as the half velocity constant. This parameter defines the nitrate concentration at which the growth rate is reduced

to half of its maximum value (14/ ftmqaz = 0.5).
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Bonner et al. (2024) used a value of kx = 0.000129 mmol m ™3, to optimize for their specific model configuration. However,
this value was not empirically derived and is relatively low compared to typical nitrate concentrations. Given the sensitivity of
growth to the choice of ky, its value remains uncertain. Therefore, we conducted a sensitivity analysis to assess the influence

of k on model behaviour and to derive a suitable parameter value (see Section 3.1.2).
2.2.3 Salinity limitation

Finally, Hanisak and Samuel (1987) reported a strong reduction of growth of pelagic Sargassum species under low salinity

conditions. To capture this observed behaviour, we use the formulation of Jouanno et al. (2025):
fg = exp (—0.02 (Sopt — S(x,t))Q) , (10)

where S(z,t) is the local salinity experienced by the particle and S, is the optimal salinity.

The Sargassum growth factor dependencies described by Equations (8), (9) and (10) for S. fluitans are visualised in Figure
A2. The associated default model parameters used here can be found in Table B1. We focus here on S. fluitans due to the
availability of data in the literature and the significantly higher abundance of S. fluitans over S. natans in the rafts (70% vs.

30%, respectively) during the expedition.
2.3 Hydrodynamic and biogeochemical datasets

The hydrodynamic and biogeochemical data used in our framework comes from the Copernicus Marine Service (E.U. Coper-
nicus Marine Service Information, 2024a, b, ¢). The wind velocities come from the Copernicus Climate Data Store (Hersbach
et al., 2023). See Table B2 for an overview of the variables and models that were utilized, together with the associated sources,
spatial resolutions, temporal resolutions and types of grid. Most of the datasets have a 1/12° horizontal resolution, which is
much larger than the typical size of Sargassum rafts (Ody et al., 2019).

As we focus on the surface transport of Sargassum, we only use the uppermost grid layer of the ocean models, which has an

extent of 1.011m — thicker than the raft depth extents mentioned by Ody et al. (2019) and Manral (2025).
2.4 Particle initialisation
2.4.1 Satellite-based initialisation

To initialise Sargassum particles at locations where actual Sargassum has been detected, our framework can use satellite images
of the Sargassum Watch System (SaWS) of the University of South-Florida. The SaWs composite FA-UNET-DENSITY-7DAY
images provide floating algae density at a spatial resolution of ~ 1 km (see the top row in Figure 1 for three example images).
The density of floating algae is calculated as a mean of the past seven days, and is based on the U-Net method described by Hu
et al. (2023). Black pixels in the images indicate insufficient data due to clouds.

We convert a composite of all twelve of these SaWs images to a release map of virtual Sargassum raft particles through

the following steps: First, the RGB value and brightness are computed for every pixel. A brightness threshold of 60 was



175

180

185

190

195

200

https://doi.org/10.5194/egusphere-2026-3097
Preprint. Discussion started: 23 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

determined manually to include all pixels showing Sargassum while effectively excluding ocean water and cloud-covered
areas. Additionally, a dilated landmask based on the brown colour of the image was created to filter pixels on land and within
20 km (corresponding to approximately 2 grid cells of input data) from the coast. This ensures that particles are only initialised
in the open ocean. Finally, a virtual particle is initiated at every 8" pixel (so at every 8 km) where Sargassum is detected
(Figure 1) — which is the resolution of the hydrodynamic model data.

Here, the virtual Sargassum particles are released uniformly and with equal B(0). While information on Sargassum abun-
dance is lost this way, it avoids having to introduce an unknown scaling between density of floating algae and Sargassum
biomass. This is a common approach in Lagrangian modelling of Sargassum (Debue et al., 2025). The interactive notebook

supports changing the B(0) on a per-particle level.
2.4.2 Basin-wide initialisation

For spatio-temporal analyses on a basin scale, we also create a larger release grid, spanning the region (100°W, 25°S) to (16°E,
45°N). We release 17,871 virtual particles uniformly at every 1/2° within the Atlantic Ocean on the first day of each month in
2024.

3 Results
3.1 Satellite-based simulations
3.1.1 Validation of Lagrangian transport

Our primary focus in this study is on Sargassum transport and growth in July 2024, to allow comparison with experimental
results of R/V Pelagia Expedition 64PE535 (part of Weeds of Change project). To validate the transport model, we perform a
model simulation initialised from the SaWS satellite images on 1 July 2024 and compare the distribution of simulated particles
after 31 days with the Sargassum distribution detected by the SaWS one month later on 1 August 2024 (Figure 2).

While the virtual particle distribution is slightly more converged than the satellite distribution, the distributions in Figure 2
agree reasonably well. The simulation captures the areas of Sargassum convergence in the Central Atlantic (55°W-15°W in
Figure 2) especially well. The simulation shows higher Sargassum spread north of 20°N, but this could also be a bias in the
satellite detection due to to cloud coverage in that region at the release date (black in Figure 1b). A total of 171 particles (2.11%
of the 8096 released) have stranded, mostly on the Northern Caribbean Islands and the West African coast.

3.1.2 Optimizing nitrate dependency of growth model

To define a suitable nitrate dependency for the growth model, we examine the nitrate conditions encountered by the particles
during transport by computing the temporal mean nitrate concentration sampled along each trajectory. The resulting distribution

of mean nitrate concentrations is shown in Figure 3a.
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a) SaWs image - Gulf of Mexico

b) SaWS image - Central Atlantic
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c) SaWs image - Central-East Atlantic

d) SaWS-based release locations of 8,096 virtual particles on 1 July 2024
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Figure 1. Three of the twelve SaWS satellite images (a-c) used to create a map(d) of release locations for virtual Sargassum particles (green

dots). Black pixels in satellite images (a-c) indicate that there is insufficient data due to clouds. The grey rectangles on the map (d) indicate

the twelve regions for which SaWS satellite images are available.
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Figure 2. Converted Sargassum distribution detected by SaWS on 1 August 2024 (purple) and simulated Sargassum particle distribution on

1 August 2024 initialised on 1 July 2024 (green). Particles in red have stranded before the end of the simulation. These account for 2.11% of

all particles.
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Figure 3. Analysis of the nitrate growth model. a) Distribution of time-averaged nitrate concentrations sampled along trajectories, shown with

a logarithmic y-axis. b) Boxplots of time-averaged nitrate growth factor over trajectory for simulations with different uptake half saturation

values (ky in mmol m ™). Vertical lines indicate medians and diamonds indicate means.
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Figure 4. Boxplots of time-averaged total growth factor and time-averaged growth factors of temperature, nitrate and salinity for the simu-

lation with kx = 0.001 mmol m 3. Vertical lines indicate medians and diamonds indicate means.

To assess how Sargassum growth responds to the choice of k, we perform three simulations with different values of k:
with kx = 0.000129 mmol m~3 (Bonner et al., 2024), with ky = 0.001 mmol m—3, and with ky = 0.01 mmol m—3. Note
that we use mmol m~3 throughout this study, as this is the units in which the nitrate fields are provided in the Copernicus
Marine Service datasets. We compute the time-averaged nitrate growth factor along the trajectory of each virtual particle,
initialised based on the SaWs map of 1 July 2024.

The distributions of time-averaged nitrate growth factors (Figure 3b) shows that kx = 0.000129 mmol m~2, as applied in
Bonner et al. (2024), results in a very high time-averaged growth factor; implying that Sargassum growth is hardly limited
by nitrate. In contrast, a kx-value of 0.01 mmol m ™2 results in a very strong growth limitation, making nitrate availability
unrealistically restrictive. The simulation with kx = 0.001 mmol m~3, gives an intermediate response with growth limitations
of 0.6-0.8; and we choose this value for the rest of our simulations. Note, however, that the value of &y can readily be adapted

in our open-source notebook at https://doi.org/10.5281/zenodo.20441020.
3.1.3 Growth limitation and biomass change

To further evaluate this choice of k, we compare the along-trajectory growth factors of temperature, nitrate and salinity (Figure
4). The boxplots show that, for these parameter choices, the growth-limiting effect of nitrate availability is slightly weaker than
the growth-limiting effect of temperature, but stronger than that of salinity. The total growth factor (bottom boxplot in Figure
4) indicates that the total growth is substantially limited, with typical growth at only 40% of the maximum possible growth.
Other studies have also found that temperature is the most important limitation to growth, followed by nitrate and then salinity

(Wang et al., 2019; Magafia-Gallegos et al., 2023a; Podlejski et al., 2024; Debue et al., 2025).

10
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Figure 5. Change in biomass of virtual Sargassum particles on 1 August 2024, relative to their initial biomass on 1 July 2024. Each particle

is plotted at their final location on 1 August 2024.

220 The biomass change (B) of virtual Sargassum particles during transport (Figure 5) shows spatial variation throughout the
Atlantic Ocean. The biomass of all the virtual particles has increased by the end of the simulation, with an average of 145%.
Only 1.4% of the virtual particles experience a decrease in biomass (red particles in Figure 5), mostly around Florida and the
Northeast Caribbean Islands, while the biomass change is more than 300% near Africa. In general, biomass increases going

eastward.
225 3.2 Basin-wide simulations

To put the results of the simulation of satellite-based particle initialisation for July 2024 into a broader spatial and temporal

perspective, we also compute the biomass change for the entire (sub)tropical Atlantic Ocean and for each month in 2024 (Fig-

11



230

https://doi.org/10.5194/egusphere-2026-3097
Preprint. Discussion started: 23 June 2026 EG U h .
© Author(s) 2026. CC BY 4.0 License. spnere

(co) ®) Preprint repository

BY

Biomass change in January 2024 Biomass change in February 2024 Biomass change in March 2024

iomass change in June 20

B = =

Biomass change in November 2024

0 100 200 300 400 500
Biomass change [%]

Figure 6. Maps of biomass change after 31 days of simulations for the entire (sub)tropical Atlantic Ocean. Particles are plotted at their initial
location. Green values above 100% indicate an increase of biomass over the 31 days; red values below 100% indicate a decrease in biomass.

The twelve simulations are started on the first day of every month in 2024.

ure 6). In general, these maps of biomass change reveal strong spatial and temporal variability in growth conditions throughout
the (sub)tropical Atlantic.

Virtual Sargassum particles that start in the dark green areas experience changes in biomass of up to 400-500% within one
month. Such regions are present throughout the year near the Cape Verde Islands and along the Equatorial Atlantic between
June and January. Particles that start in the Caribbean Sea and the central Atlantic Ocean between November and June also

experience biomass increases, with values higher than 200% between November and April.

12
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Figure 7. Spatial maps of the along-trajectory growth factors of temperature ( fr; left column), nitrate (fx; second column) and salinity (fs;
third column), as well as the total growth factor (f; wight column) for particles released on 1 July 2024 and 1 October 2024. Particles are

simulated for 31 days and plotted at the location of their start positions.

Red areas in Figure 6 indicate regions where the biomass at the end of the simulation is less than 100%, indicating that the
growth factor is on average lower than the mortality rate ({tmax ) < m in Equation (6)). The most prominent of these negative
growth areas is in the northern subtropical gyre, especially between December and May — when it is apparently too cold for
the simulated Sargassum particles. Other growth-limited areas are near the Amazon and Mississippi rivers outflow throughout
the year. Between March and May, growth is strongly limited in the equatorial region. Between August and October, particles
that start in or near the Caribbean region experience a decrease in biomass.

To assess what causes the spatial variability in Sargassum growth in Figure 6, we create maps of the trajectory-averaged
individual growth factors for the months of July 2024 and October 2024 (Figure 7). These maps show large variations.

Very clear is that the temperature growth factor (left column in Figure 7) is much lower in the eastern Caribbean in Octo-
ber 2024 than in July 2024. This is because of the very high temperatures in this area in late summer — temperatures that are far
higher than the optimal temperature for Sargassum growth. This seasonality is reversed in the Northern Gulf of Mexico, where
the temperature growth factor is lower in July 2024 than in October 2024.

As expected, nitrate limits growth mostly in the oligotrophic subtropical gyre (second column in Figure 7), while there is no
limitation (fy = 1) in the Canary upwelling zone, and little limitation along the equator and in the Amazon and Mississippi

outflow plume. There is little difference between the spatial patterns in July 2024 and October 2024.
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Salinity does not limit growth in most of the basin (third column in Figure 7), except for relatively small but very pronounced
regions in the Amazon, Niger and Mississippi outflow and off the West-African continent and north of the Gulf Stream. Salinity
is so low in these regions that it reduces fg to near-zero, implying that there is no growth of Sargassum (and hence a decrease
in biomass due to mortality) in these regions.

These three growth factors then multiply to the total growth factor (right column in Figure 7), which shows unlimited growth
only in the eastern equatorial Atlantic Ocean and near the Canary Islands. In most of the western Tropical Atlantic Ocean, on

the other hand, growth is limited to only 20-60% of its maximum potential.

4 Conclusions and discussion

In this work, we present a customizable Lagrangian simulation framework and growth model for Sargassum. The virtual
Sargassum particles are advected by currents, windage and depth-integrated Stokes drift. The biological model includes growth
limitation by temperature, nitrate availability and salinity. To account for mortality and sinking of Sargassum, a constant
mortality rate is also included. The model is available as an interactive Jupyter notebook at https://doi.org/10.5281/zenodo.
20441020, which supports both near-real-time simulations using the Copernicus Marine Service ocean forecasts, as well as
exploring sensitivity to model parameters such as growth limitation and depth extent of the rafts.

Our results indicate that the combination of physical transport and biological growth significantly affects Sargassum distribu-
tion. For example, the satellite-based simulation of July 2024 shows a widespread Sargassum distribution near the Caribbean,
yet with little to no increase in biomass. In contrast, near the African coast the distribution is spatially restricted, but the biomass
increase on the virtual particles is large, in agreement with the recent finding by Beron-Vera et al. (2026). This highlights that
environmental differences across the Atlantic Ocean play a significant role, and that spatial distribution is a crucial factor for
the prediction of increases in Sargassum biomass.

As seen in Figure 2, the Sargassum distribution from the satellite-based initialisation after 31 days agrees reasonably with the
distribution detected by satellites on 1 August 2024. The model also provides an estimate of Sargassum that strands on coasts
vs. remaining drifting on the timescales considered in this simulation. However, there are some local differences, which may
be related to the quality of the hydrodynamic data (Wang et al., 2019; Van Sebille et al., 2021; Jouanno et al., 2021), limitations
in detection of Sargassum by remote sensing techniques such as cloud coverage and the spatial resolution of satellite imagery
(Debue et al., 2025), and uncertainties in the transport itself because the physical properties (size, density and shape) of a
Sargassum raft can differ from those of an idealized and infinitesimally small fluid tracer (Beron-Vera, 2021).

Our biological growth model shows that, on a basin-scale, the growth factor dependency on temperature is the most important
for Sargassum growth. The high sea surface temperatures in July 2024 and October 2024 were likely a main contributor to the
termination of the Sargassum bloom that year. Similar conclusions were drawn by Podlejski et al. (2024), who also marked
temperature as the most important driver of Sargassum growth and found that high sea surface temperatures north of Brazil

interrupt the annual growth of Sargassum. The timing and intensity of this warming likely contributes to the interannual
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variation in Sargassum blooms (Wang et al., 2019). Although the salinity-dependent growth factor has a small effect on basin-
scale (Figure 4), the maps in Figure 7 showed that salinity can have a strong growth limiting effect locally.

Upwelling areas, coastal areas and river plumes have a high nitrate growth factor, while the open ocean is less favourable for
growth. Jung et al. (2025) investigated nitrogen fixation in corals and also found a strong correlation with ocean circulation,
specifically with upwelling near the equator, and highlight that deep water adds more phosphorus than nitrogen, creating an
environment with excess phosphorus. Excess phosphorus increases the activity of nitrogen fixating microbes, thereby increas-
ing the amount of nitrogen in the ocean that algae can use. Jung et al. (2025) therefore argue that Sargassum thrives during
periods of strong equatorial upwelling. This conclusion is in line with the patterns in Figure 6, where areas with high biomass
growth coincide mainly with upwelling areas. Additionally, these results indicate that it is reasonable to neglect phosphorus as
a limiting factor in the biological model. Similar conclusions were drawn by Lapointe et al. (2021).

While multiple studies have investigated the effect of nutrients on Sargassum (Lapointe et al., 2021; Magafia-Gallegos et al.,
2023a; Theirlynck et al., 2025; Jung et al., 2025), there is currently less attention for the effect of salinity. However, our results
indicate that the relatively fresh waters, brought into the Atlantic Ocean by the Amazon River, have a larger impact than the
effect of additional nutrient supply. The occurrence of low salinity likely contributed to the termination of the Sargassum bloom
season in 2024. These results underscore the need for further investigation into the response of Sargassum to salinity.

Our results demonstrate that, on timescales of several weeks, biological growth contributes substantially to the Sargassum
distribution. As a consequence, growth should be incorporated into predictive models to improve estimates of Sargassum
biomass reaching coastal regions or washing ashore. More accurate predictions could support more effective offshore and
onshore collection projects, as well as circular use methods and valorization attempts (Oxenford et al., 2021).

Especially since Sargassum growth varies strongly temporarily and spatially, our framework could be used as a preliminary
diagnostic tool to assess whether growth should be included in specific forecasting applications. It can provide an indication of

the scales (in time and in space) at which Sargassum biomass will increase significantly.

Code and data availability. All code to replicate this study - and also to adapt the framework - is available on Zenodo at https://doi.org/10.
5281/zenodo.20441020.

Appendix A: Additional figures
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Table B1. Model parameters for the Lagrangian modelling framework for Sargassum growth used here.

Parameter Description Value
Atgim Integration timestep 10 minutes
Atout Output timestep 2 hours
Tsim Total duration of simulation 31 days
Zupper Upper depth extent of Sargassum raft 0.0 m
Zlower Lower depth extent of Sargassum raft 1.0 m

c Windage coefficient 0.01

Mmax Maximum growth rate 0.095 dayf1
m Mortality rate 0.025 day~*
Topt Optimal temperature at which growth is max 27.5°C
Tinin Lower temperature limit below which growth ceases 20.0 °C
Trax Upper temperature limit above which growth ceases 31.0°C
Sopt Optimal salinity at which growth is max 36.0 psu

kn Nitrate uptake half saturation 0.001 mmol/m?

Table B2. Input variables, datasets, sources and model characteristics. Peak wave period is in the original data referred to as the wave period

at spectral peak.

Variables

Model

Source

Resolution /

Grid

Zonal & meridional velocity (U, V),

potential temperature (T), salinity (S)

NEMO Global Ocean Physics Analysis
and Forecast (GLO12 PHY_001_024)

Sea surface wave stokes drift zonal &

meridional velocity, peak wave period

Global Ocean Waves Analysis and
Forecast (WAV_001_027)

Mole concentration of nitrate (NO3')

Global Ocean Biogeochemistry Analy-
sis and Forecast (BGC_001_028)

Zonal & meridional wind velocities,

10 m above sea surface

Global Ocean Hourly Reprocessed
Sea  Surface Wind and  Stress
from  Scatterometer and Model

(WIND_GLO_PHY_L4_MY_012_006)

E.U. Copernicus Marine Ser-  1/12°
vice Information (2024a) Daily
E.U. Copernicus Marine Ser-  1/12°
vice Information (2024b) 3-Hourly
E.U. Copernicus Marine Ser-  1/4°
vice Information (2024c¢) Daily
E.U. Copernicus Marine Ser-  1/8°
vice Information (2024d) Hourly
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