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Abstract. In contrast to the average low biological productivity across most of the Southern Ocean, the Kerguelen region

is one of the few subantarctic regions to host massive phytoplankton blooms, extending hundreds of kilometers offshore.

These blooms play a crucial role in the Southern Ocean carbon cycle and support a diverse ecosystem of patrimonial and

commercial significance. The Kerguelen blooms are associated with a subsurface iron source that supplies surface waters both

on the Plateau and offshore. The mechanisms of iron enrichment have only been partially elucidated. The resuspension of5

iron-enriched sediments over the Plateau, transported offshore by the Antarctic Circumpolar Current, is one mechanism that

has been studied in the past years. However, the Kerguelen Islands host a glacier system, and two of the outlet glaciers of

Kerguelen’s Cook Ice Cap are likely to provide iron-enriched lithogenic material downstream to the coastal waters of the Golfe

des Baleiniers. Whether the circulation is able to connect the glacier outlets to the open ocean, and how much of the offshore

bloom extension can be reached by glaciogenic iron is not known. Using in situ and satellite data, including observations10

from the recent SWOT satellite mission, we reconstruct the horizontal advection of iron and show that glaciogenic iron supply

reaches up to one third of the spatial extent of the offshore bloom onset. These findings have significant implications in the

context of ongoing ice cap mass loss and glacier retreat observed on Kerguelen and other Southern Ocean islands under climate

change.

1 Introduction15

Phytoplankton is a key component of the biogeochemical cycles of the oceans and serves as a backbone of marine trophic webs.

Phytoplankton growth is subject to nutrient limitation, being confined to the euphotic surface layer which is regularly depleted

of nutrients (Sarmiento and Gruber (2006)). Ocean currents influence phytoplankton growth and distribution in particular by

supplying nutrients vertically or horizontally, thus acting as a “dynamic landscape” (Lévy et al. (2015)). Therefore, when

studying the distribution, abundance and phenology of primary producers, particular attention must be paid to the circulation20
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processes that enable nutrient supply (Lévy (2008)). While most of the ocean’s primary producers are limited by macronutrients

(nitrate and/or phosphate), about 25% of the global ocean is iron-limited with high concentrations of macronutrients (Boyd

and Ellwood (2010)). Indeed iron, a trace metal present in very low concentrations in the ocean (10−9 to 10−12 mol.L−1),

is required for cellular processes such as photosynthesis, respiration or macronutrient utilization (Twining and Baines (2013),

Moore et al. (2013), Lohan and Tagliabue (2018)). The Southern Ocean is the largest High Nutrient, Low Chlorophyll (HNLC)25

region of the world’s ocean (Boyd et al. (2007), Martin et al. (1990)). The limitation of its primary productivity by iron has been

attested by numerous artificial (e.g. Boyd et al. (2000), Martin et al. (2013)) and natural iron fertilization experiments (e.g. Blain

et al. (2007), Blain et al. (2008) or Bowie et al. (2015) at Kerguelen; Planquette et al. (2011) near Crozet Islands; Boyd et al.

(2005) and Ellwood et al. (2014) east of New Zealand; Bowie et al. (2009) south of Tasmania; or Korb et al. (2008) and Venables

and Meredith (2009) in South Georgia). Indeed, contrasting with the average low biological production of the Southern Ocean,30

some of its regions, benefiting from external iron supply, host massive seasonal phytoplankton blooms. If the condition of

sufficient iron is met, the removal of light limitation in spring can stimulate the growth of primary producers - leading to a

bloom (Pellichero et al. (2020)). Biological consumption can then rapidly deplete the nutrient, ending the bloom. This raised

the question of the external iron sources and of their relative contributions to the fertilization of Southern Ocean blooms

(Tagliabue et al. (2017)). In a traditional view, iron was considered to be supplied to the ocean through either atmospheric dust35

deposition (Johnson et al. (1997), Jickells et al. (2005)), continental margin sediment (Elrod et al. (2004), Moore and Braucher

(2008)), or hydrothermal vents (Tagliabue et al. (2010)) inputs. In the Southern Ocean, the importance of sedimentary iron

has been indicated by model-based (Tagliabue et al. (2009),Tagliabue et al. (2014)), satellite-based (Ardyna et al. (2017))

and in situ-based studies (Chever et al. (2010), Bowie et al. (2015)). Hydrothermal vents have been shown to contribute to

sustaining Southern Ocean blooms and ecosystems above ocean ridges (Tagliabue et al. (2010), Ardyna et al. (2019), Sergi40

et al. (2020)). Although long overlooked, continental ice shelves, icebergs, and sea ice have gained interest and are now

considered as significant sources of iron (Boyd and Ellwood (2010), Raiswell et al. (2018)). Glaciers and ice sheets have been

shown to deliver iron, extracted from the continental bedrock by erosion, to coastal and open ocean waters through basal melt

(Raiswell et al. (2006), Raiswell et al. (2008), Gerringa et al. (2012), Bhatia et al. (2013), Kanna et al. (2020)). Phytoplankton

blooms have been shown to colocalize with water discharge from glaciers, and attributed to iron inputs (Arrigo et al. (2015),45

Arrigo et al. (2017)). In some cases, the influence of glacial iron inputs has been shown to extend far beyond the coastal area

(e.g. Arrigo et al. (2015)). However, in the Southern Ocean, most studies have focused on the impact of Antarctic ice sheets

and sea ice on primary productivity near the Antarctic shelf (e.g. Schallenberg et al. (2016), Arrigo et al. (2017), Person et al.

(2021)). The contribution to Southern Ocean primary productivity of glaciers located on Southern Ocean islands has thus been

poorly studied and remains largely unknown (see Van Der Merwe et al. (2019), as well as Holmes et al. (2019), Holmes et al.50

(2020) for some of the few studies at subantarctic latitudes, on Heard Island).

Located in the Indian section of the Southern Ocean, the region surrounding the French Southern Lands of Kerguelen

illustrates these scientific questions. The Kerguelen Plateau is a northwest-southeast topographic structure of volcanic origin

and of approximately 500 meters depth, englobing the Kerguelen Islands to its north and the Heard and McDonald islands to

its south. The Kerguelen Plateau acts as a topographic barrier to the strong, eastward-flowing Antarctic Circumpolar Current55
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Figure 1. Absolute dynamic topography (ADT) and streamlines derived from altimetry (DUACS multisatellite product) in the Kerguelen

region, 2004-2023 climatology of February to April months. Bathymetric contours (500 and 2,000m depth) are shown. The arrow linewidth is

proportional to the speed of geostrophic currents. The three other seasonal climatologies were found to be similar and are shown in Appendix

A.

(ACC; Donohue et al. (2016)). As it approaches the Plateau, two thirds of the ACC is deflected north of the Kerguelen Islands,

transporting Sub-Antarctic Surface Waters (SASW), but other branches of the ACC flow between the Kerguelen and Heard

Islands, transporting Winter Waters (following the Polar Front), or further south of Heard Island (in the form of the Fawn

Trough Current; Park et al. (2008), Park et al. (2014), Pauthenet et al. (2018)). Some of the region’s main circulation features

are illustrated in Fig.1.60

The Kerguelen region is home to massive seasonal blooms that can be divided into two sub-regions based on bathymetry,

and therefore, on distance from continental iron sources. On one hand, a significant bloom develops over the Plateau, i.e. an

area with shallow bathymetry (less than 500m depth) (Blain et al. (2007), Mongin et al. (2008)). On the other hand, a massive

bloom develops east of the Islands, over the open ocean, beyond the continental margin and slope (i.e. approximately beyond

2,000 m depth). We hereafter refer to these blooms as coastal and offshore blooms, respectively. The spatial extension and65

seasonality of these blooms are illustrated on Fig.2.

The origin of the iron fertilization of the Kerguelen coastal and offshore blooms has been addressed by several successive

in situ experiments. Cruise ANTARES 3/F-JGOFS, conducted in October 1995, concluded that iron from rivers and coastal

weathering, as well as from the continental margin sediments, supplied the area of the coastal bloom (Blain et al. (2000),

Bucciarelli et al. (2001)). This observation was confirmed and refined by subsequent cruises. KEOPS1 (Kerguelen Ocean and70

3

https://doi.org/10.5194/egusphere-2025-2145
Preprint. Discussion started: 4 June 2025
c© Author(s) 2025. CC BY 4.0 License.



Figure 2. Surface chlorophyll-a (Chl-a) concentration over the Kerguelen region, derived from ocean colour satellite products (GlobColour

multisatellite product), 2004-2023 seasonal climatologies. Bathymetric contours (500 and 2,000m depth) are shown. From November to Jan-

uary (Austral spring and summer) (a), massive coastal (<500m depth) and offshore (>2,000 m depth) phytoplankton blooms are observable.

From February to April (late summer and autumn) (b), a less intense bloom is localized over the Northern Plateau. During the rest of the year

(c and d) the biological productivity of the region is low.

Plateau Compared Study 1) conducted in January 2005 (Blain et al. (2007), Blain et al. (2008)) led to the first iron budget over

the area of the coastal bloom (Chever et al. (2010)). KEOPS2, conducted from October to November 2011 highlighted the

lateral heterogeneity of iron budgets (Bowie et al. (2015), Quéroué et al. (2015), Van Der Merwe et al. (2015)). In addition,

offshore phytoplankton was shown to be fertilized through a lateral transport of iron from the Plateau, during austral spring

and summer. In particular, d’Ovidio et al. (2015) demonstrated the significant contribution of horizontal advection processes to75

the transport of iron from the shallow water areas of Kerguelen to the offshore bloom. Importantly, KEOPS2 put forward the

hypothesis of an iron supply from glacio-fluvial processes on Kerguelen (Van Der Merwe et al. (2015)).

The Kerguelen Islands indeed present several glaciers discharging into its coastal waters. On the main island of the archipelago,

Grande Terre, the Cook Ice Cap, covering ca. 400 km2 in 2020, features about a dozen outlet glaciers (Verfaillie et al. (2021)).

In particular, North of the Polar Front, the weathering and ice melting of Naumann and Valot glaciers discharging into the80

Golfe des Baleiniers are likely to provide iron-enriched lithogenic matter to the coastal waters of the Golfe. However, the

contribution of this glaciogenic iron input to both coastal and offshore ecosystems is left to be understood. More specifically,

as part of the MARGOCEAN project , this study reconstructs the fine scale (1-100km, days-months) iron supply pathways and

bloom patchiness from surface drifters and remote sensing data, thus complementing the in situ biogeochemical measurements
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carried out during the MARGOCEAN cruise, which was held from January to February 2024 aboard the RV Marion Dufresne85

(doi.org/10.17600/18002958). Our study in particular aims at answering the following question: to what extent does glacio-

genic iron supply over the Golfe des Baleiniers reach the region of the offshore phytoplankton bloom? In order to achieve this,

we sample the coastal circulation in the Golfe des Baleiniers by using surface drifters deployed during the MARGOCEAN

cruise. Away from the coast, we reconstruct plumes of horizontal iron transport using a Lagrangian methodology combined

with remote sensed ocean color and altimetry data (Ardyna et al. (2017), d’Ovidio et al. (2015)). We also use this study as a90

first test case for the novel high resolution SWOT altimetry mission, and test whether SWOT observations reduce altimetry

biases for fine-scale features.

2 Material and Methods

2.1 Satellite products

This study combines the use of altimetry and ocean color data, providing a thorough representation of Kerguelen circulation and95

phytoplankton patchiness. Geostrophic velocities and surface chlorophyll-a concentrations (Chl-a) are extracted from different

products distributed by the European Copernicus Marine Environment Monitoring Service (CMEMS) and the satellite altimetry

database AVISO (CNES).

2.1.1 Altimetry

Regional sea surface heights and geostrophic surface currents are obtained through an altimetry multi-satellite product (SEALEVEL_GLO100

_PHY_L4_MY_008_047, DOI: 10.48670/moi-00148) produced by the CNES-CLS operational system DUACS (Data Unifica-

tion and Altimeter Combination System, https://duacs.cls.fr/). The product processes data from several altimeter missions and

has spatial and temporal resolutions of, respectively, 1/4° and one day. DUACS altimetry has a process resolution of ∼150km

in wavelength (∼70km eddy diameter, Morrow et al. (2023)). The use of DUACS altimetry to study mesoscale iron trans-

port pathways at regional scales has been validated by previous studies (e.g. d’Ovidio et al. (2015) over Kerguelen). DUACS105

geostrophic velocities are extracted over the period 2014-2023.

Furthermore, this study makes use of the recently launched SWOT satellite (Sea Water and Ocean Topography), developed

through a CNES-NASA collaboration (Morrow et al. (2023)). Thanks to a novel SAR-In radar interferometric wide-swath

technology, SWOT enables the visualization of structures of 7-15km diameter (15-30km wavelength): its resolution is thus five

to ten times greater than DUACS (Morrow et al. (2019), Morrow et al. (2023)). We use L4 MIOST SWOT products (Ubelmann110

et al. (2021), Ballarotta et al. (2023)) at a horizontal resolution of 2km as inputs in the Lagrangian model detailed below, and

compare the obtained results with DUACS. Similar to DUACS, MIOST processes data from several altimetry missions, but

also includes SWOT swath data.
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2.1.2 Ocean colour

Satellite surface Chl-a concentrations are analyzed with the multimission Copernicus Global Ocean Color dataset (OCEAN-115

COLOUR_GLO_BGC_L3_MY_009_103, DOI:10.48670/moi-00280) produced by ACRI-ST. Copernicus GlobColour prod-

uct has temporal and spatial resolutions of, respectively, one day and 4km. L3 processing level products are extracted over the

period 2004-2023 so as to draw daily chlorophyll climatologies of the Kerguelen coastal and offshore blooms. L3 products

enable to preserve the signal of fine scale chlorophyll variability, buffered by interpolation algorithms of higher processing

levels, while the use of a long period for the climatology statistically reduces the cloud-covered area. Analyses are performed120

over a wide area encapsulating the offshore bloom ([66,90]°E, [45,55]°S). Fine scale filamentous chlorophyll structures are

observed over the Golfe des Baleiniers both with GlobColour products and with Sentinel 3A and 3B data from Ocean and

Land Color Instrument (OLCI, Level 2 WFR, Copernicus Sentinel data 2023), the latter allowing a higher spatial resolution

(∼300m). The products are generated and maintained by EUMETSAT. The high resolution S3 data is extracted on a daily basis

over the months of January to March 2024, thus matching the period of the MARGOCEAN cruise.125

2.2 Surface CARTHE drifters

The use of satellite altimetry is combined with that of 10 CARTHE drifters (Consortium for Advanced Research on Transport

of Hydrocarbon in the Environment, Novelli et al. (2017), Novelli et al. (2018)), deployed during the MARGOCEAN cruise.

The use of surface drifters is a common method to study fine-scale circulation processes, especially when trying to capture

submesoscale motions close to the surface and below the resolution of altimetry. The use of surface drifters was first applied to130

study the submesoscale-driven dispersion of contaminants (e.g. Poje et al. (2014), Novelli et al. (2018), D’Asaro et al. (2020)).

Subsequently, drifters have been used to sample submesoscale dynamics (Novelli et al. (2017), Schroeder et al. (2011), Berta

et al. (2015)). In this work, CARTHE drifters are chosen for their compactness and ease of use. CARTHE have been shown from

tank tests to be consistent with the flow in the upper 0.60 m, and their toroidal shape was designed to minimize windage (Novelli

et al. (2017)). Two transects, orthogonal to the coastal iron plume and consisting of 5 drifters each, are deployed in the Golfe135

des Baleiniers on February 6 and February 12, 2024 respectively (Berta et al. (2024)). The trajectories of the drifters, equipped

with a GPS transmitter, are monitored. Inertial oscillations are filtered out using a running mean (Berta et al. (2015)), with

a time window equal to the inertial period at Kerguelen latitudes (ie, approximately 16 hours). Previous studies have shown

that the average transport within the mixed layer is better approximated by Lagrangian methods using surface geostrophic

velocities (rather than total velocities) (Lehahn et al. (2007), Lehahn et al. (2018)). Given that, especially at Kerguelen latitudes,140

wind stress is a major component driving the circulation of the surface layer, the Ekman velocity is subtracted from the total

drifter velocity in order to estimate drifter geostrophic velocities. Indeed, geostrophic velocities integrate information about

the circulation in the mixed layer (where the iron is distributed), while the influence of the Ekman component is limited to

the surface layer, and strongly decreases with depth (Venables and Meredith (2009)). Daily, surface modeled Ekman velocities

are obtained from the Copernicus-GlobCurrent product (MULTIOBS_GLO_PHY_MYNRT_015_003, DOI: 10.48670/mds-145

6

https://doi.org/10.5194/egusphere-2025-2145
Preprint. Discussion started: 4 June 2025
c© Author(s) 2025. CC BY 4.0 License.



00327). DUACS geostrophic velocities are compared to the drifters’ geostrophic velocities in the study region (Appendix

B).

2.3 Lagrangian model

2.3.1 A Lagrangian model of iron delivery from the Golfe des Baleiniers to the offshore bloom

Using surface geostrophic velocity fields derived from DUACS altimetry, a Lagrangian experiment of tracers’ advection is150

performed using the LAMTA (LAgrangian Manifolds Tracking Algorithm) software (Rousselet et al. (2024)). Lagrangian

trajectories are derived by applying a fourth-order Runge-Kutta scheme with a time step of 6 hours. Virtual particles are

initialized over a regular grid of 0.01 degree horizontal resolution ([66,90]E,[45,55]S). Following the methodology detailed in

Ardyna et al. (2017), each particle in the study region is advected backwards in time in order to check their potential origin

from an iron source. The time of integration is set to 60 days, which is the order of magnitude of the duration required for155

glaciogenic and Plateau iron to reach the region of the offshore bloom. Among these trajectories, we are particularly interested

in particles originating from iron sources in order to determine delivery pathways. Thus, in each advection experiment, the

parcels that are found to originate from the glaciogenic and Plateau iron sources (detailed in the Results section) are given a

timestamp indicating the duration, in days, of their last contact with the source. Due to iron removal processes, the iron content

of the water parcels we advect diminishes (Ardyna et al. (2017)). The period of 60 days corresponds to a total reduction of the160

initial iron content to about 0.1%. Sensitivity tests are performed for advection periods corresponding to iron reductions of 1%

and 0.5%.

2.3.2 Comparison with surface chlorophyll maps

We calculate the spatial contribution of iron deliveries to the extent of offshore blooms. To do this, we focus our analysis on

the early phytoplankton blooms. For each year between 2014 and 2023, we identify a period of ten days corresponding to165

the onset of the offshore bloom: using the phenology of the offshore bloom in each year, we determine the date on which the

offshore chlorophyll concentration exceeds the annual average chlorophyll concentration. We then consider a period of ten

days centered on this date as the period of the onset of the offshore bloom, later defined as the early offshore phytoplankton

bloom. The dates of the onset of the offshore bloom range from October 18 to November 12. The iron plumes are advected

for 60 days prior to the onset of the offshore bloom: we therefore assume that there is no biological consumption of iron170

along its transport. Furthermore, focusing on the period of the early offshore phytoplankton bloom allows us to neglect passive

advection of phytoplankton cells as a mechanism responsible for the spatial extent of the bloom (d’Ovidio et al. (2010)). Both

iron deliveries and surface chlorophyll concentration maps are converted into binary grids. A statistical threshold of chlorophyll

concentration is used to define the area of the offshore bloom. In addition, the iron plumes are horizontally extrapolated to the

nearest n pixels (pixel size: 0.01° longitude and latitude). Sensitivity tests are performed on both the choice of the threshold175

for chlorophyll concentrations (median, 60th and 70th percentiles) and the extrapolation width for iron plumes (0.1, 0.16 and

0.2 degree squares centered on the initial iron trajectories). The sensitivity tests allow a measure of the uncertainty of the
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statistics (an illustration of the sensitivity tests is provided in Appendix C). The iron and chlorophyll fields are compared using

a correlation matrix. We define a true prediction or true positive as a pixel that is part of both the iron plume and the offshore

bloom. Conversely, we define a false prediction or false positive as a pixel that is part of the iron plume but not part of the180

offshore bloom. Furthermore, we consider that a pixel belonging to the offshore bloom is reached by an iron supply plume if it

also belongs to the extrapolated iron plumes. Finally, we also distinguish the case of pixels belonging to the offshore bloom that

are not reached by iron plumes in the experiment (corresponding to false negatives in the correlation matrix). The bathymetry

is obtained from the ETOPO Global Relief model at a 30-Arc Second resolution (NOAA National Centers for Environmental

Information. 2022: ETOPO 2022 15 Arc-Second Global Relief Model. DOI: 10.25921/fd45-gt74).185

3 Results

3.1 Seasonal and interannual persistence of a chlorophyll-enriched plume connected to the Golfe des Baleiniers

We observe a chlorophyll enriched plume connected to the Golfe des Baleiniers from high resolution surface chlorophyll maps,

computed between January and February 2024 over the northern Kerguelen coast (Fig. 3b). The plume extends northeastward

from the Golfe and follows the western flank of the Polar Front. A similar spatial pattern is observed as we compute 20-year190

January-February Chl-a climatologies over the Kerguelen region and quantify the proportion of years in which the average

January-February chlorophyll at a given site is above the threshold of 0.75mg.m−3. (Fig. 3a). We find that the majority

(>60%) of the years have a high chlorophyll concentration plume extending from the Golfe des Baleiniers. Thus, the observed

chlorophyll-enriched plume appears to be persistent on an interannual basis. Furthermore, this area connected to the Golfe des

Baleiniers is the only area of the Kerguelen region that consistently shows blooms during the months of January-February,195

demonstrating its uniqueness compared to the rest of the Kerguelen region. We use the interannually persistent phytoplankton

plume extending from the Golfe des Baleiniers to delineate the area where the plume leaves the shallow Plateau to join the

open ocean. This area is hereafter referred to as the “Golfe des Baleiniers outflow” (GdB outflow for short) and is enclosed

in the Northern Plateau (bathymetry less than 500m; area shown in Figure 3d). The GdB outflow area is deliberately located

further away from the coast for methodological consistency. Indeed, conventional altimetry products (used in section 3 of the200

results) do not enable an adequate representation of the circulation in the first hundred meters from the coast. Therefore, the

eastern, western and northern boundaries of the GdB outflow area correspond to the contour of the 0.5 mg.m−3 chlorophyll

concentration of the coastal bloom, averaged over the months of January and February between 2004 and 2023; its southern

boundary corresponds to a distance from the coast where the DUACS altimetry is considered valid (Appendix B). Using 20-

year Chl-a climatologies, we compute the phenology of the bloom over the GdB outflow area and compare it to the phenologies205

of the entire coastal bloom, as well as to a fraction of the offshore bloom (considered as a control). The results are shown in

Figure 3c. For the offshore bloom (grey curve and area), continental iron sources are distant: iron is rapidly depleted and

the bloom declines in mid-December. Conversely, both the coastal bloom (blue curve and area) and the GdB outflow bloom

(red curve and area) reach a stationary phase after a peak in December and only end in early autumn when light becomes

limiting again. This phenology is consistent with a persistent local supply of iron that prevents iron limitation from terminating210
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Figure 3. a) Ratio of years, between 2004 and 2023, for which January-February averaged chlorophyll concentrations exceed the threshold

of 0.75mg.m-3 (data from GlobColour ocean colour product). b) High resolution surface Chl-a map on 2024-02-12 (data from Sentinel 3A

ocean colour product). c) 20-year phenology of three blooms shown on map d): the coastal bloom (blue curve and area corresponding to the

500m bathymetry threshold), the GdB outflow bloom (red curve and area), and a part of the offshore bloom (used as control, gray curve and

area). On graph c), the uncertainties shown as an envelope are obtained from the interannual variability.

bloom development. Moreover, the seasonal bloom appears to be stronger, in terms of magnitude, over the GdB outflow area

than over the entire coastal area. Our hypothesis is that most of the Northern Plateau benefits from a single iron source (the

resuspension of sediments), whereas the Gdb outflow benefits from an additional iron source (the glaciers), which would

explain the difference of magnitude between the two areas.

Our observations are consistent with the hypothesis of a sustained iron supply to the Golfe des Baleiniers, causing a coastal215

bloom that persists on a seasonal and interannual basis and extends from the Golfe. Next, we investigate the circulation mech-

anisms at the origin of the phytoplankton plume.

3.2 Horizontal advection at the origin of the chlorophyll plume connected to the Golfe des Baleiniers

Several circulation-related mechanisms could account for the iron supply to the phytoplankton plume connected to the Golfe

des Baleiniers. According to a glaciogenic iron input hypothesis, iron is supplied by horizontal surface advection. To test the220

hypothesis of a horizontal advection pathway connected to the Golfe des Baleiniers, two arrays of surface drifters are deployed
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perpendicular to the chlorophyll plume. We are interested here in the trajectories and velocities of the first array of drifters

deployed in the shallow bathymetry area of the Golfe des Baleiniers (deployment positions indicated on Figure 4).

Within a few weeks of their deployment in coastal waters, all the drifters are advected into the open ocean Fig.4). Their

trajectories appear to have a strong eastward component, consistent with the prevailing wind direction at Kerguelen latitudes:225

indeed, the surface drifters are strongly influenced by the Ekman drift. Two advective branches can be distinguished. First, an

eastward-flowing branch that joins the western flank of the Polar Front. Second, a northeastward-flowing branch that crosses the

Polar Front under the strong influence of the westerlies. In order to compute the drifters’ geostrophic velocities, we subtract the

Ekman component, revealing the existence of a fine-scale geostrophic circulation pathway connecting the Golfe des Baleiniers

to the open ocean, and showing a remarkable correspondence with the direction of the chlorophyll plume. In the Golfe des230

Baleiniers, the geostrophic currents are oriented towards the east (zonal geostrophic velocity >0, meridional geostrophic ve-

locity close to zero). Further away from the Golfe, along the trajectories of the drifters, the geostrophic currents are oriented

northeastward (geostrophic u,v>0). This observation is coherent with the hypothesis that the observed chlorophyll plume is

due to horizontal advection processes. Moreover, the duration of the trajectory from the Golfe des Baleiniers to the open ocean

(of the order of the week), is consistent with the hypothesis of the horizontal transport of a tracer from the coast (as was shown235

using radium isotopes by Van Beek et al. (2008) and Sanial et al. (2015)), rather than a passive advection of phytoplankton

cells.

Our results support the hypothesis that a horizontal surface advection pathway allows glaciogenic iron to leave the Golfe

des Baleiniers. During the bloom months, iron is locally consumed by phytoplankton, hence the observed chlorophyll plume.

However, in winter or early spring, in the absence of biological consumption, glaciogenic iron is transported to the open ocean,240

raising the question of its influence on the offshore bloom onset. In order to assess this influence, we reconstruct the pathways

of glaciogenic iron supply to offshore ecosystems using a Lagrangian model.

3.3 Glaciogenic iron pathway to the offshore bloom

We define two areas considered as respectively glaciogenic and Plateau iron sources. The source of glaciogenic iron is included

in the Northern Kerguelen Plateau, representing 5% of the Northern Plateau area (4,800 km2 out of 106,100). The glaciogenic245

iron source is defined as the GdB outflow area, considering the high surface chlorophyll concentration filament as a proxy for

glaciogenic iron. The Plateau iron source is defined as in Ardyna et al. (2017), corresponding to the iron originating from the

entire Northern Kerguelen Plateau, using a bathymetry threshold of 500m. Using a Lagrangian model with altimetry-derived

geostrophic velocity fields from DUACS products as input, we reconstruct the glaciogenic and Plateau iron supply pathways

from their respective source areas to the open ocean. The iron supply from both sources is modeled in early spring for ten250

consecutive years. Each year, iron transport is modeled for 60 days prior to the onset of the offshore bloom (see Material and

Methods), allowing a representation of the early spring iron supply pathway, without considering biological consumption on

its trajectory.

First and foremost, we observe that the advective iron plumes reconstructed by Lagrangian analysis match the horizontal

extent of the offshore bloom and reproduce some mesoscale structures of plankton patchiness Fig.5). We further evaluate the255
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Figure 4. Purple arrows: total velocities obtained from the trajectories of the CARTHE drifters (shown as black curves). Black arrows:

geostrophic velocities obtained by subtracting from the total velocities the Ekman velocities (obtained from the GlobCurrent product). Red

crosses indicate drifter deployment positions. A surface Chl-a map on 2024-02-12, the day of the deployment of the second array of drifters

(Sentinel3 OLCI data), is shown in the background. The velocities are averaged over two areas shown as black boxes. A fine-scale geostrophic

circulation pathway is shown to connect the Golfe des Baleiniers to the open ocean; furthermore, the geostrophic velocities are aligned with

the direction of the chlorophyll plume, indicating that the plume most likely results from horizontal geostrophic transport.

adequacy of the reconstructed iron advective plumes in matching the fine-scale offshore bloom patchiness. We calculate the

ratio, with respect to the total iron plume areas, of zones supplied with iron and corresponding to bloom patches (see Material

and Methods). The proportion of correct bloom localisation predictions (or true positives) represents (87+/-6)% of the total

iron plume areas, being 4 to 13 times higher than the proportion of false positives Fig.6). On an interannual basis, we evaluate

the area of the early offshore bloom that is reached by glaciogenic and Plateau iron transport plumes Fig.7). We find that260

(28+/-6)% of the early offshore bloom area is reached by the glaciogenic iron advective plumes, while about 40% is reached

by the Plateau iron plumes, with 10% of the bloom being influenced by iron originating from the Plateau and not crossing the

GdB outflow Fig.7). In fact, although the GdB outflow, considered as the glaciogenic source area, represents a small fraction

of the Northern Plateau, there is a large overlap between the glaciogenic and Plateau iron plumes (representing about 70% of

the Plateau plume area). Furthermore, iron deliveries and surface chlorophyll concentrations are seasonally averaged (from 31265

October to 31 January). The seasonal offshore bloom covers the whole area where the statistics are calculated, and on seasonal

average, glaciogenic iron plumes reach about 45% of the offshore bloom, while 55% is reached by the Plateau iron supply

pathways (results not shown). In both cases, a significant fraction of the offshore bloom is not reached by any of the iron

advective plumes.
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Figure 5. a) Iron transport pathways from the GdB outflow (glaciogenic source, red plume) and the Northern Plateau (blue plume) using

multisattelite DUACS altimetry product. The GdB outflow area is encapsulated within the Northern Plateau, so the glaciogenic iron transport

pathways are included in the Plateau iron transport pathways. Iron transport is modeled for a 60-day period prior to the onset of the 2023

offshore bloom. b) Map of surface chlorophyll concentrations over the offshore bloom area, averaged over a 10-day period centered on day

2023-11-08, identified as the onset of the 2023 offshore bloom. The offshore bloom area is considered to extend beyond the continental

margin and slope, and in practice is defined by using the bathymetric threshold of 2,000m (the shallower regions appear as hatched in the

figures). c) Comparison of the spatial extent of the Plateau iron plumes (blue plume) with the extent of the offshore bloom (gray patch). A

statistical threshold (here, the 60th percentile) is used to delineate the offshore bloom. d) Same as c), but with the glaciogenic iron plumes

(red plume).

3.4 Fine-scale advective iron supply including SWOT observations270

The Lagrangian advective plumes of glaciogenic and Plateau iron inputs are reconstructed using the SWOT altimetry data

(Fig.8) to compare the improvements of SWOT over traditional altimetry in representing fine scale biogeochemical structures.

We use the recently made available SWOT-merged MIOST product, a multi-satellite product combining SWOT and DUACS

data (Ubelmann et al. (2021), Ballarotta et al. (2023)). Due to data availability, the iron deliveries reconstructed with the

SWOT-merged product cover only one year, i.e. the 2023 spring bloom. The potential improvement of resolution brought by275

SWOT does not change qualitatively the conclusions we reached with the DUACS conventional product. Both Lagrangian

plumes, reconstructed using either the SWOT-merged MIOST product (Fig.8) or DUACS (Fig.5), are able to reach similar

proportions of the phytoplankton bloom through an advective iron supply from continental (coastal and continental margin)
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Figure 6. Quantification of the adequacy of the reconstructed iron supply pathways in explaining the fine-scale spatial distribution of the

offshore bloom. The red bars indicate correct predictions of bloom location, that is, water parcels supplied with iron and locally corresponding

to bloom patches. Conversely, the gray bars indicate incorrect predictions of bloom location, i.e. water parcels supplied with iron and not

corresponding to bloom patches. Both metrics are expressed as a ratio of the total iron plume areas, averaging the statistics of the glaciogenic

and Plateau iron plumes. Statistics are computed for each year between 2014 and 2023 (right panel), and the multi-year average is shown

(left panel). Standard deviations, computed over an ensemble of 27 sensitivity tests (see Materials and Methods), allow to quantify the

uncertainty of the metrics. Error bars above histograms indicate a measure of the uncertainty of the area of the iron delivery plume, based on

the sensitivity tests.

sources. Using either the SWOT-merged product or DUACS, about half of the 2023 spring bloom is reached by the Plateau iron

inputs, while the other half remains unexplained by these iron supplies (Fig. 9, right panel). The only metrics in which SWOT280

higher precision seem to play an important role is the reduction of false positives in the extension of the predicted plume. For

this case, the proportion of iron plume areas that do not overlap with bloom locations decreases by 30% when estimated with

SWOT (Fig.9, left panel, grey bar). We conclude that DUACS conventional products are largely reliable for this case in respect

even without the inclusion of SWOT wide swath observations, possibly because the dominant mesoscale circulation in the

area has scales large enough to be well resolved by DUACS. Other regions with smaller and weaker mesoscale eddies, like for285

instance the Mediterranean sea (Escudier et al. (2016)), may be a better case study for exploring SWOT improvements.
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Figure 7. Quantification of the contribution of glaciogenic and Plateau iron supply to the spatial extent of the Kerguelen offshore bloom.

The red bars indicate the proportion of the bloom’s spatial extent covered by iron pathways originating from the glaciogenic source (GdB

outflow). The total contribution of the North Kerguelen Plateau (including coastal processes) can be visualised as the sum of the red and blue

bars (the latter indicating the influence of iron originating from the Plateau and not crossing the GdB outflow). The area of the bloom covered

by neither of the iron supplies is shown in purple. Statistics are computed for each year between 2014 and 2023 (right panel) and the multi-

year average is shown (left panel). Standard deviations, computed over an ensemble of 27 sensitivity tests, allow quantifying the uncertainty

of the metrics (see Materials and Methods and Appendix C). Error bars above histograms correspond to a measure of the uncertainty of the

spatial extension of the bloom.

4 Discussion

Phytoplankton blooms in the Southern Ocean provide a wide range of ecosystem services, from supporting fisheries and

species of patrimonial value to contributing to climate regulation (Bindoff et al.). Identifying the sources of iron that fertilize

these blooms, as well as how these sources may evolve in the context of climate change, is crucial for predicting the future290

dynamics of Southern Ocean primary producers and the ecosystems that depend on them (Hutchins and Boyd (2016), Hutchins

and Tagliabue (2024)). In this context, assessing the contribution of the cryosphere-mediated iron supply to marine ecosystems

is essential. However, this process has long been overlooked, particularly at subantarctic latitudes. Here, we present a case

study highlighting the significance of glaciogenic iron supply and provide the first assessment of its pathways to the coastal

and offshore phytoplankton blooms in the Kerguelen region.295

Our study focuses on the Golfe des Baleiniers, where two glaciers are likely to discharge lithogenic iron (e.g. Raiswell et al.

(2006),Raiswell et al. (2008), Gerringa et al. (2012), Bhatia et al. (2013), Van Der Merwe et al. (2019), Kanna et al. (2020),
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Figure 8. a) Iron transport pathways from the GdB outflow (glaciogenic source, red plume) and the Plateau (blue plume) using the SWOT-

merged L4 MIOST altimetry product. Iron transport is modelled as in Figure 5, but with MIOST as the input of the Lagrangian model. b)

Map of surface chlorophyll concentrations over the offshore bloom area averaged over a 10-day period centered on day 2023-11-08 as in

Figure 5. c) Comparison of the spatial extent of the sedimentary iron plumes (blue plume) with the extent of the offshore bloom (gray patch).

d) Same as c), but with the glaciogenic iron plumes (red plume).

Holmes et al. (2019), Holmes et al. (2020)). We observe a coastal phytoplankton bloom persistent on an interannual basis,

extending from the Golfe des Baleiniers. The bloom exhibits a distinct seasonality that persists into early autumn, in contrast to

the phenology of other blooms in the Kerguelen region Fig.3). We show that the phytoplankton-rich plume is consistent with a300

horizontal advection of iron. More specifically, by sampling the coastal circulation with drifters, we demonstrate the existence

of a fine-scale circulation exiting the Golfe, that remarkably matches with the direction of the plume Fig.4). We further assess

the influence of glaciogenic iron transport pathways on the distribution of the early offshore phytoplankton bloom. We find

that about one third of the early offshore bloom is reached by glacial iron supply pathways, supporting the rationale that

glaciogenic iron supply routes significantly influence the development of blooms Fig.7). We also evaluate the adequacy of the305

recently available SWOT-merged MIOST product in reproducing iron advective pathways, comparing it with the traditional

DUACS altimetry, and find similar performances, probably due to the fact that most of the dominant mesoscale dynamics have

a spatial scale large enough to be detected by the nadir altimetry satellite constellation.

A significant part of the offshore bloom (about 60%) is not reached by the advective iron plumes (Figures 5 and 7). This is not

surprising because several other iron sources and associated transport pathways not considered in this study could also influence310
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Figure 9. Comparison of the SWOT-merged MIOST product vs DUACS in explaining the fine-scale spatial distribution of the offshore

bloom (left panel) and the spatial extent of the Kerguelen offshore bloom (right panel). The statistics shown on the left (resp. right) panels

are identical to those of Figure 6 (resp. Figure 7).

the development of the offshore bloom. Hydrothermal sources close to oceanic ridges (Yesson et al. (2011)) have been shown

to influence bloom development in the Southern Ocean (Ardyna et al. (2019), Sergi et al. (2020)), but their importance in the

Kerguelen region remains poorly understood. We also hypothesize an influence of iron originating from the Crozet Archipelago,

located northwest of Kerguelen, i.e. upstream of the ACC (Planquette et al. (2007), Planquette et al. (2009)). This contribution

may play a role especially in the northern part of the Kerguelen offshore bloom which, according to our Lagrangian model,315

remains poorly reached by advective iron plumes from the Northern Kerguelen Plateau. The Central Kerguelen Plateau (defined

here as south of the Kerguelen Islands, separated from the Northern Plateau by the Polar Front) could also be a possible source

of iron for the offshore bloom, although its influence is expected to be small due to weaker current fields (Fig.1) and hence

to the possible presence of recirculation features. A counterclockwise circulation, as hypothesized by Van Beek et al. (2008),

would be dominant over the Central Kerguelen Plateau, and entail northwestward currents, reducing the potential transport of320

iron from the Central Plateau to the region of the offshore bloom. Finally, some of the other Kerguelen glaciers that discharge

over the south and west coasts of Kerguelen may represent another source of iron to the offshore bloom unaccounted for in our

study. The local circulation constrains the transport of the material originating from these glaciers in a narrow band along the

coast, before it reaches the northern part of the Plateau (Park et al. (2008)). The iron supply from the glaciers located on the

west and south coasts of Kerguelen has yet to be documented. A similar approach as done here for the GdB outflow, with an325

increase in the duration of the advection, could be considered to study the probable iron pathways associated with the glaciers.
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However, following this rationale, part of what is labeled here as the Plateau iron source also contains iron of glacial origin.

Conversely, the glaciogenic iron plume originating from the GdB outflow is likely to be supplied by a combination of coastal

processes (including the glaciers) and sediments from the continental margin. Therefore, our results should be considered as

an order of magnitude of the influence of glaciogenic iron on the offshore bloom.330

Our results, which focus on horizontal stirring of iron sources, do not rule out the influence of vertical processes. In fact,

horizontal and vertical processes often act in concert when supplying nutrients to the euphotic layer (Lévy et al. (2018),

Mahadevan (2016), McGillicuddy (2016)). Thus, several studies (e.g. Calil et al. (2011), Taylor and Ferrari (2011), Haëck et al.

(2023)) have evidenced an increased phytoplankton abundance along fronts, which are regions prone to vertical velocities. Fine

scale eddies and fronts may enhance primary production by enabling an upward flux of nutrients to the euphotic zone, when335

the induced vertical velocity field reaches the nutricline. In principle, this could be the case for the surface chlorophyll filament

depicted in Figure 4. Although high resolution modeling and ad hoc field experiments could help elucidate this point, SAR

images from SWOT, which may contain signs of surface divergence associated with vertical cells (Wang et al. (2019)), do

not show any hint of vertical processes (Appendix D), further confirming the dominant role of horizontal transport. A second

vertical process that we did not address directly but that could contribute to the enhancement of surface chlorophyll in synergy340

with lateral dispersion is the entrainment effect associated with the seasonal shallowing of the mixed layer (Bowie et al. (2015)

Supplementary Material).

In our study, we aim at unveiling the existence of a transport pathway connecting the open ocean phytoplankton blooms to

a potential iron source of glaciogenic origin. Making a biogeochemical iron budget is beyond the scope of the study, given

that the quantification of the flux of glaciogenic iron to the Golfe des Baleiniers is the object of in situ MARGOCEAN345

measurements and soon to come papers (in a similar way to Van Der Merwe et al. (2019) on Heard Island). A strong limitation

of our study is the independence of the areas defined as iron sources from initial iron concentrations and of iron removal rate.

In fact, despite numerous measurements in the vicinity of Kerguelen, there is little information on the spatial variability of

iron inputs on the northern Kerguelen Plateau at such small scales, which prevents us from delineating iron sources based on

in situ measurements, or balancing the iron advective plumes with the amount of iron at the source. A number of complex350

biogeochemical reactions may influence the concentration of dissolved iron while it is being transported from its sources to the

open ocean, among which are complexation to organic ligands and scavenging (Boyd and Ellwood (2010), Gledhill (2012)).

In this study, we indirectly take into account removal processes by performing sensitivity tests on the duration of the advection

experiment (see Materials and Methods). We use several thresholds of duration to account for our lack of knowledge of the

amount of iron reaching the open ocean (see Material and Methods and Appendix C).355

This study provides insight into the projected effects of climate change on the iron supply to the Kerguelen bloom. The

Kerguelen Cook Ice Cap (CIC) has experienced a negative surface mass balance, thinning, and decrease of its area in recent

decades. The area of the Cook Ice Cap decreased by 20% between 1963 and 2001, with the ice retreat accelerating since the

1990s (Berthier et al. (2009)). Over a more recent period, between 2000 and 2010, the mass balance of the ice cap showed a

tremendous decrease of (-1.59+/-0.19)m w.e.yr−1, accompanied by a significant thinning of the ice cap of (0.4+/-0.1) m.yr−1360

(Favier et al. (2016)). The loss has been shown to be even more pronounced for some of the outlet glaciers of the CIC (Favier
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et al. (2016)). While a similar situation has been reported for other subantarctic glaciers (e.g. Chinn (1996) or Kirkbride

and Warren (1999) in New Zealand; Gordon et al. (2008) in South Georgia; Thost and Truffer (2008) on Heard Island), the

Kerguelen Cook Ice Cap is considered to be experiencing one of the most accelerated melting rates in recent records. Verfaillie

et al. (2021) found a possible disappearance of the Cook Ice Cap by the end of the century under the RCP8.5 global emissions365

scenario of CMIP5 model projections. Therefore, the supply of iron by glaciers is expected to significantly increase in the short

term, through an increased weathering beneath glaciers due to ice mass loss (Li et al. (2019),Li et al. (2022)). One would expect

the iron supply from Cook Ice Cap glaciers to increase strongly in the short term in response to climate change, followed by

far less supply in the medium and long term as the ice area disappears, until the iron source eventually dries up. Conversely,

hydrothermal (if existing) and non glaciogenic Plateau iron sources are very unlikely to evolve in the framework of climate370

change, as described in the general case by Hutchins and Boyd (2016). Climate change would hence entail a modification of

the current iron external supply to Kerguelen ecosystems.

However, the evolution of iron sources is one way in which climate change could affect the iron supply to the Kerguelen

blooms. In recent decades, Ryan-Keogh et al. (2023) measured an increase in iron stress in Southern Ocean phytoplankton,

which they attributed to changes in stratification and nutrient supply on the one hand, and to complex changes in biogeochem-375

ical feedbacks on the other. The biogeochemical iron cycle consists of several complex processes, each of which is more or

less likely to evolve in the coming decades. Their cumulative effect on the iron cycle is a fortiori unknown (Hutchins and Boyd

(2016)). For example, there is little consensus on the response of biological iron demand to ocean warming. Indeed, South-

ern Ocean phytoplankton are known to exhibit significant stoichiometric plasticity, developing photoacclimation strategies to

economise on iron use in low light and iron environments (Twining and Baines (2013)). In addition, the impact of climate380

change on the fine-scale circulation, and hence on iron transport pathways from Kerguelen continental iron sources to offshore

blooms, is difficult to assess. On a larger scale, in the Southern Ocean, westerly winds, which influence the transport and merid-

ional position of the Antarctic Circumpolar Current (Beadling et al. (2020)), have been shown to intensify and shift poleward

(Chapman et al. (2020)). In addition, fine scale processes have been shown from satellite data to intensify since the 1990s

due to increased wind stress (Martínez-Moreno et al. (2019), Martínez-Moreno et al. (2021)). These trends can be expected to385

persist with climate change. A recent study showed that, depending on global emissions scenarios, the northernmost extent of

Winter Waters could shift strongly to the south of the Kerguelen Islands, implying major modifications to the circulation in the

region (Azarian et al. (2024)).

Code and data availability. This study was conducted as part of the MARGOCEAN project and cruise (doi.org/10.17600/18002958). The

GPS positions of CARTHE drifters used in this study were published in SEANOE (https://doi.org/10.17882/103561). The Lagrangian soft-390

ware used is available through GitHub at https://github.com/OceanCruises/SPASSO/.
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Figure A1. Absolute dynamic topography (ADT) and streamlines derived from altimetry (DUACS multisatellite product) in the Kerguelen

region, 2004-2023 seasonal climatologies as averages of a) November to January months; b) February to April months; c) May to July

months; d) August to October months.

Appendix A: Additional description of the region of study

Appendix B: Evaluation of DUACS velocity fields against in-situ drifter data in the study region

The DUACS geostrophic velocity fields were compared with the in-situ measurements of geostrophic velocities provided

by the CARTHE drifters. We compared the velocities over three areas. The first two areas correspond respectively to the395

eastward and northward-flowing branches of the phytoplankton filament, shown on 4 and respectively correspond to the areas

[69.5,70.5]° E, [-49.25,-48.5]° N and [70.5,71.5]° E, [-48.5,-47.5]° N. The third case corresponds to the open ocean. DUACS

velocities poorly correlated with drifter velocities close to the coast (eastward-flowing branch). In fact, DUACS indicated

negative meridional and zonal geostrophic velocities in the Golfe des Baleiniers, which is contradictory with in-situ data

(positive zonal geostrophic velocity and near-zero meridional geostrophic velocity). This is not surprising as DUACS data are400

acknowledged to be unreliable in coastal waters. However, further away from the coast (northward flowing branch and open

ocean), DUACS velocities correlated much better with drifter velocities. This observation was taken into consideration when

determining the "GdB outflow" area, considered as a glaciogenic iron source in the Lagrangian advection experiment. More

precisely, the southernmost extent of the GdB outflow area corresponds to the latitude 47.5°S, which is the northernmost limit

of the area labeled as "northward flowing branch".405
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Figure B1. Scatterplots comparing DUACS and CARTHE drifters zonal and meridional geostrophic velocities in three areas: the east-

ward (top) and northward (middle) flowing branches of the phytoplankton filament as well as the open ocean (bottom). The eastward and

northward-flowing branches are indicated on 4 as black boxes, and respectively correspond to the areas [69.5,70.5]° E, [-49.25,-48.5]° N and

[70.5,71.5]° E, [-48.5,-47.5]° N.

Appendix C: Illustration of the sensitivity tests performed when comparing the spatial extents of iron plumes and

phytoplankton blooms

Here we illustrate the sensitivity tests used in Results section 3. We carried out tests on three parameters that influenced the

spatial extent of the offshore bloom and of the iron delivery plumes as shown on Fig. C1. The impact of parameter choice on

the uncertainty of the statistics is displayed as error bars in Figures 6, 7 and 9.410

Appendix D: Use of SWOT SAR data to investigate the existence of divergence mechanisms over the Golfe des

Baleiniers

Surface divergence mechanisms may indicate transport processes associated with upward vertical circulation, and can be

observed using the SWOT satellite’s SAR instrument by analyzing surface roughness (Wang et al. (2019)). Here we provide a

map of surface roughness over the Golfe des Baleiniers, at the moment of the MARGOCEAN cruise. The analysis of surface415

roughness over the Golfe des Baleiniers does not show any sign of surface divergence associated with vertical processes. This

observation points towards a dominant role of horizontal advective processes in the Golfe des Baleiniers.
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Figure C1. Illustration of the influence of parameter choice (resp. chlorophyll thresholds, extrapolation width and iron content thresholds) on

the spatial extent of the offshore bloom (panels a to c) and of the iron plume (panels e to i). We relied on statistical thresholds of chlorophyll

concentrations to define the spatial extent of the offshore bloom (panels a-c). We therefore tested the influence of the choice of threshold on

our results by using three different thresholds, corresponding to the 70th (a) and 60th (b) percentiles and to the median (c). We extrapolated

the iron plumes to the nearest n pixels (pixel size: 0.01° longitude and latitude) (panels d-f). We therefore tested three values for n (5, 8 and

10) corresponding to an extrapolation to 0.10°x0.10° (d), 0.16°x0.16° (e) and 0.20°x0.20°(f) squares centered on the initial iron trajectories.

Three durations of iron advection were tested (panels g-i). The durations correspond to iron reductions of 0.1(g), 0.5(h) and 1% (i) with

respect to concentrations at the source.
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Figure D1. Surface roughness (sigma0) observed over the Golfe des Baleiniers on 2023-09-09, using SWOT L3 data obtained with a SAR

instrument.
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