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Abstract. Simultaneous measurements of marine snow (par-
ticles larger than 600 um) morphologies, estimates of their
in situ sinking speeds, and midwater attenuation in export
plumes were performed for the first time using a biogeo-
chemical (BGC)-Argo float equipped with optical and imag-
ing sensors. The float was deployed and recovered after drift-
ing for 1 year in the sluggish-flow regime of the Angola
Basin. Six consecutive chlorophyll a and particulate mat-
ter accumulation events were recorded at the surface, each
followed by an export plume of sinking aggregates. Objects
larger than 600 um were classified using machine learning
recognition and clustered into four morphological categories
of marine aggregates. Plankton images were validated by an
expert in a few broad categories. Results show that differ-
ent types of aggregates were produced and exported from
the different blooms. The different morphological categories
of marine snow had different sinking speeds and attenuation
for a similar size, indicating the effect of morphology on
sinking speed. However, a typical size-to-sinking relation-

ship for two of the categories and over the larger observed
size range (100 um to a few millimeters) was also observed,
indicating the importance of size for sinking. Surprisingly,
in situ-calculated sinking speeds were constantly in the lower
range of known values usually assessed ex situ, suggesting
a methodological effect, which is discussed. Moving away
from purely size-based velocity relationships and incorpo-
rating these additional morphological aggregate properties
will help to improve the mechanistic understanding of parti-
cle sinking and provide more accurate flux estimates. When
used from autonomous platforms at high frequency, they will
also provide increased spatio-temporal resolution for the ob-
servation of intermittent export events naturally occurring or
induced by human activities.
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1 Introduction

Production, transfer to depth, and remineralization of or-
ganic particles provide a major pathway for the export of
carbon from the ocean’s surface to the ocean interior (Volk
and Hoffert, 1985). Phytoplankton photosynthesis and zoo-
plankton trophic activities produce, in the sunlit ocean, par-
ticulate matter at the basis of marine food webs. Among the
different physical and biological processes determining the
fate of particular matter production, gravitational sinking is
responsible for 90 % of the carbon vertical flux (Boyd et al.,
2019). The mesopelagic, here taken as the 100—-1000 m layer,
is also the starting depth for a myriad of processes, such as
particle fragmentation, packaging, and/or respiration by the
mesopelagic fauna that impact (mostly reduce) the flux as
particle sink (Burd et al., 2010; Giering et al., 2014; Stem-
mann et al., 2004). The faster the sinking, the more carbon
is carried to a depth where it can be stored for a long time
(Boyd et al., 2019; Siegel et al., 2023).

In the common paradigm, large (> a few hundred microm-
eters in size) marine particles were thought to be the main
vector of the carbon flux (Alldredge and Silver, 1988; Honjo
et al., 1982; Stemmann et al., 2002). However, more recently,
particles’ characteristics other than size (e.g., porosity, bal-
lasting, geometry) were assessed to be important in setting
the flux (Cael et al., 2021; Iversen and Lampitt, 2020; Stem-
mann and Boss, 2012; Williams and Giering, 2022). Particles
are often found in the form of aggregates composed of var-
ious lithogenic or biogenic elements (Alldredge and Silver,
1988), and their sinking speed depends on the morphological
properties of the individual aggregates (size, density, geom-
etry), which, in turn, depend on the nature of the produc-
ers and the aggregation/disaggregation processes (Alldredge
and Gotschalk, 1988; Alldredge and Silver, 1988; Iversen
and Lampitt, 2020; Ploug et al., 2008a). The efficiency of
the deep carbon sequestration depends not only on the ag-
gregate sinking speed but also on their attenuation by vari-
ous mesopelagic processes as they penetrate into the twilight
zone of the ocean. A strong vertical flux attenuation in the
mesopelagic is usually observed as a result of respiration and
particle fragmentation by organisms (Burd et al., 2010; Gier-
ing et al., 2014; Stemmann et al., 2004). On one hand, ex-
port of quickly sinking particles may be less attenuated than
that of slowly sinking ones as they spend less time in this
layer, but on the other hand, they may be more prone to flux
feeding by gatekeeper zooplankton at the base of the mixed
layer (Jackson and Checkley, 2011). However, this remains
an open question as sinking speed is not only dependent on
size (Iversen and Lampitt, 2020) but also varies with ballast-
ing (Ploug et al., 2008a, b) and aggregate morphology (Trud-
nowska et al., 2021), which are barely known.

Because the size of particles is easy to measure in situ with
imaging systems (Gorsky et al., 2000; Picheral et al., 2010,
2022; Stemmann and Boss, 2012) or ex situ in experimen-
tal design after production or collection (Iversen et al., 2010;
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Ploug et al., 2010), the majority of previous studies have cal-
culated sinking speeds, from observations or in models, us-
ing a power law relationship between sinking and size (Burd,
2023; Forest et al., 2013; Guidi et al., 2008; Iversen et al.,
2010; Kiko et al., 2020; Kriest and Evans, 2000; Soviadan et
al., 2022; Stemmann et al., 2004). However, the parameters
of this size-to-sinking relationship vary widely as a function
of plankton community composition and aggregation pro-
cesses (Cael et al., 2021; Forest et al., 2013; Laurenceau-
Cornec et al., 2015; Stemmann et al., 2004; Williams and
Giering, 2022). In some cases, the relationship was not ob-
served (Diercks and Asper, 1997; Iversen and Lampitt, 2020)
or showed an opposite pattern (McDonnell and Buesseler,
2010), bringing the nature of the relationship between size
and sinking speed into question or suggesting possible bias
due to the experimental methods used (Williams and Giering,
2022).

For decades, sinking speeds have generally been estimated
experimentally, ex situ on collected (or produced) material
in 81 % of cases, in situ in specific chambers in 14 % of
cases, and in situ by divers in 5 % of cases (Cael et al., 2021;
Williams and Giering, 2022). More recently, sinking speeds
have been calculated by analyzing in situ time series of the
export plume using optical or camera systems (Briggs et al.,
2020; Giering et al., 2020; Stemmann et al., 2002; Trud-
nowska et al., 2021). There is debate about whether in situ or
ex situ methods provide accurate estimates of sinking speed
because in situ estimates tend to be lower (Williams and
Giering, 2022). Potential bias in ex situ experimental design
exists due to physical alteration during collection or produc-
tion or because the selected particles for experiments do not
represent in situ particle assemblages (Williams and Giering,
2022). Conversely, in situ methods provide an estimate of
the bulk particle assemblage, possibly sorted as a function of
size. The latest advancements in optical and imaging sensor
technology have enabled their integration onto autonomous
floats (Accardo et al., 2025; Briggs et al., 2020; Lacour et
al., 2024; Picheral et al., 2022). Additionally, recent progress
in unsupervised image classification now facilitates the clas-
sification of individual aggregates into categories (Accardo
et al., 2025; Irisson et al., 2022; Trudnowska et al., 2021).
When applied to the study of phytoplankton bloom in the
Arctic Ocean, the image classification of the different types
of detritus obtained using the Underwater Vision Profiler 5
deployed from a ship, showed, for the first time, a clear re-
lationship between phytoplankton community structure and
aggregate morphology, with an impact on the sinking aggre-
gate (Trudnowska et al., 2021). Networks of biogeochemical
(BGC)-Argo floats are now deployed with optical sensors to
better estimate and understand processes of carbon flux and
attenuation (Accardo et al., 2025; Henson et al., 2024; La-
cour et al., 2024). Imaging sensors, by providing more quali-
tative data, will bring a substantial increase in our knowledge
of mesopelagic dynamics and the interplay between particles
and plankton at scales varying from local to global (Biard et
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Figure 1. Angola region of the BGC-Argo float deployment with
the trajectory during the 1-year drift. The filled dots correspond to
the six export events, and the colors of the unfilled dots indicate the
period before each export event in the same color except for the last
period, for which it indicates the period after the export. The begin-
ning (11°S, 12°45" E; noted #() of the period before export event 1
indicates the float position at its deployment, and the end (11°10’ S,
11°13’ E; noted #¢) of the period after export event 6 indicates the
position at its recovery.

al., 2016; Drago et al., 2022; Laget et al., 2024; Panaiotis et
al., 2023; Stemmann et al., 2002, 2008).

In this study, we analyze the results of image analysis of
a recovered Underwater Vision Profiler 6 (UVP6) camera
mounted on a BGC-Argo float from May 2021 to April 2022
drifting in the sluggish-flow regime of the Angola Basin.
During the 1-year deployment, the float drifted slowly in a
region with weak currents and low mesoscale activity. Seven
consecutive marine snow production events were recorded
at the surface, and six of them led to an export plume of
sinking aggregates. Unsupervised classification of all the ma-
rine snow aggregates was performed to identify the different
types of particles. The objectives of this work are (i) to au-
tomatically classify in situ images of marine snow, (ii) to de-
scribe the assemblage of marine snow particles at the surface
and in the mesopelagic during the six intermittent produc-
tion and export events, and (iii) to infer marine snow mor-
photype sinking velocities and vertical attenuation in the ex-
port plume. To the best of our knowledge, this work provides
the first estimates of sinking speeds and export attenuation
for different types of particulate materials recorded from a
BGC-Argo float.
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2 Methods
2.1 BGC-Argo float deployment

The BGC-Argo float (WMO 6903096) was deployed on
4 May 2021 at 11°S, 12°45'E during the RV Sonne cruise
S0O283 and was retrieved on 26 April 2022 at 11°10'S,
11°13’E during the RV Meteor cruise M181. The distance
between surfacing every 3 d was on average 16 km 4 11.73,
with four periods (May 2021, June 2021, December 2021,
February 2022) during which the drift could reach 40 km in
3d. In general, the float was programmed to reach a maxi-
mum depth at 1000 m and, when possible, to reach 2000 m
every fourth profile (Fig. 1). When the bottom depth was
shallower than 1000 m, the float maximum depth was set to
be 20 m above seabed. The general pattern of the drifting was
southward, almost reaching 14°S in August 2021, and then
northeastward toward the isobath of 700 m depth, which was
reached in early December 2021. Thereafter, the float drifted
toward the southwest along the 700 m isobath until the end of
December 2021. The float drifted away from the coast toward
the north, up to a latitude of 11° N, at which it was recovered.

2.2 Environmental and satellite data
2.2.1 Float data (CTD, Chl a, Bbp POC)

The float was equipped with several sensors to charac-
terize the properties of the water column. First, to mea-
sure hydrological parameters, the float was fitted with
pressure (DRUCK_2900PSIA), temperature, and salinity
sensors (SBE41CP_V7.2.5). Second, to measure biogeo-
chemical properties, it was equipped with oxygen (AAN-
DERAA_OPTODE_4330), fluorescence (proxy for Chl a),
and backscattering (700 nm, referred to as Bbp particulate or-
ganic carbon (POC), taken as a proxy for all suspended par-
ticles of approximately < 10 um) sensors (ECO_FLBB_2K).
Fluorescence and backscatter were converted to units of
Chl a (mg m_3) and POC (mgC m_3), as in Accardo et
al. (2025). The UVP6 was mounted on the float. All
data (CTD, optical, and UVP6 particle size distribution)
were recorded during the ascent of the float and are
made freely available by the International Argo Program
https://doi.org/10.17882/42182#117069 (Argo, 2025b) (float
with WMO 6903096, last access: 25 March 2025). We did
not apply additional quality control (QC) procedures beyond
those already implemented in the standard Argo QC pro-
tocols, and derived data were calculated as in Accardo et
al. (2025).

2.2.2 Satellite data (SSH, Lagrangian diagnostic)

Several Lagrangian diagnostics were computed at each pro-
file location using velocity data and environmental satellite
products. First, for each station (i.e., profile location), a re-
gion considered representative of the water column sampled
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by the float was defined. In this study, this region is a circu-
lar neighborhood with a radius » of 0.1° around each exact
profile location. Then, the circular shape was filled with vir-
tual particles at the surface separated by 0.01° (resulting in
~ 300 particles). Following this, the next step was to com-
pute several Lagrangian diagnostics for each virtual particle.
This led to about 300 values for each sampling station, which
were averaged together, providing a given diagnostic around
each profile location. The choice of using a circle around the
float profiling location is done to smooth the errors associ-
ated with the velocity field uncertainty, as shown in previ-
ous studies (Baudena et al., 2021; Chambault et al., 2019;
Ser-Giacomi et al., 2021). The velocity field used was de-
rived from both altimetry and assimilation model delayed-
time data and includes the geostrophic and the Ekman com-
ponents (Copernicus Marine Environment Monitoring Ser-
vice (CMEMS) product MULTIOBS GLO PHY REP 015
004-TDS). It was used to advect each virtual particle (within
the representative water parcel) from the profile day until an
advective time (7) was reached, ranging between 5 and 45d
backward in time. For each advective time, a diagnostic mean
value was available for each profile. Diagnostics were numer-
ous, so only those which provided significant results are de-
veloped here. The first one used was the finite-time Lyapunov
exponent (FTLE; d~!). This metric is useful for identifying
frontal features (Baudena et al., 2021). In this study, a front is
defined as a physical barrier at the surface that separates two
water volumes with different hydrographic properties, which
were likely very far from each other in the previous days.
FTLEs were calculated as in Shadden et al. (2005), and the
main parameter that was considered was the initial separation
between two virtual particles. The second diagnostic used
was the Lagrangian chlorophyll @ (mgm™), i.e., the mean
chlorophyll content along the backward particle trajectory.
These metric estimations were computed thanks to satellite
data of surface chlorophyll a concentrations, which were pro-
vided by CMEMS on the Copernicus website (delayed-time
satellite product OCEANCOLOUR GLO BGC L4 MY 009
104-TDS).

2.3 Particle data taken by UVP6

2.3.1 A broad size classification of all particles into two
size categories

A broad size classification was applied on raw size particle
spectrum data (> 100 pm up to a few millimeters) provided
by the UVP6 (without any plankton identification). In this
case, the assumption was made that zooplankton represent
only a small fraction of objects sampled by the UVP6 com-
pared to particles. Size range was then divided into two sub-
classes: micrometric particles (MiPs), integrating the con-
centrations over all size classes between 0.1 and 0.5 mm, and
macroscopic particles (MaPs), integrating the concentrations
of size classes between 0.5 and 16 mm. This lower threshold
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was used because it corresponds to the definition of marine
snow (Alldredge and Silver, 1988). The vertical flux of these
two categories was calculated assuming an empirical rela-
tionship: one to convert particle size to POC and another one
to obtain sinking speed from size (Kriest, 2002). These re-
lationships, referenced as 2a in Table 1 (for mass) and 9 in
Table 2 (for sinking speed), were previously used in studies
of the intertropical Atlantic Ocean (Kiko et al., 2017, 2020).

2.3.2 Unsupervised morphological classification of
marine snow in four categories

All images were retrieved from the Ecotaxa web-
site  (https://ecotaxa.obs-vifr.fr/gui/prj/7608, last access:
25 March 2025). An unsupervised classification method was
applied, following an approach previously used to study ma-
rine snow in the Arctic Ocean (Trudnowska et al., 2021) and
in the Southern Ocean (Accardo et al., 2025).

Prior to the analysis, zooplankton and particle images were
separated by supervised classification and treated indepen-
dently. The first step consists of summarizing the 27 morpho-
logical features that were derived from the individual par-
ticle images. These features (Table S1) describe their size
(e.g., area, perimeter), shade intensity (e.g., mean/median
gray level), shape (e.g., symmetry, elongation), and struc-
ture (e.g., homogeneity or heterogeneity, mostly based on
the variability in gray level). To reach a normal distribution
of each variable, extreme values (below or above the 5th
and 95th percentiles) were flagged as NA — which is inter-
preted as being neutral by the following methods — before
applying the Yeo—Johnson transformation (Yeo and Johnson,
2000). These traits were then summarized via dimensional-
ity reduction using principal component analysis (PCA). The
PCA function scales the features to unit variance prior to the
analysis and creates a multi-dimensional “morphospace” in
which each particle is positioned based on its morpholog-
ical features. As in the work of Trudnowska et al. (2021),
size turned out to be the main morphological trait. Therefore,
we repeated the same procedure, removing all size-related

features (‘“‘area”, “perim.”, “major”, “feret”, “convperim”,
99 ¢

9 < ELINY3

“skeleton_area”, “convarea_area”, “symetrieh_area”, “syme-
triev_area”, “elongation”) to hopefully better distinguish the
particles based on their other morphological traits. To assess
the sensitivity of this classification, we also tested alternative
algorithms within this approach (see “Sensitivity of aggre-
gate classification to the method” in the Supplement). In par-
ticular, we tested UMAP (Mclnnes et al., 2018), a method of
dimensional reduction, to define the morphospace. In con-
trast to PCA, which creates a linear projection, UMAP is
a non-linear dimensional reduction method that has previ-
ously been used in similar contexts (Stolarek et al., 2022;
Teixeira et al., 2022). To ensure comparability with the PCA,
data were scaled prior to the application, and four axes were
retained to define the morphospace. All other parameters
were kept with the same default values (n_neighbors =15,
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min_dist=0.1) since the resulting morphospace separated
the particles as expected.

The second step, classification, was the same for all op-
tions (PCA/ UMAP, with/without size-related features). A k-
means clustering was performed on the particles’ coordinates
on the first four principal components of the morphospace.
The number of clusters (“k”’) was set to four, a value which
provided the best trade-off in several simulations between
partitioning particles into visually clearly distinct groups of
particle morphology and maintaining simplicity in the fol-
lowing analysis. See “Marine snow classification” in the Sup-
plement for a test of k = 5 and 10 to assess the impact of this
choice on the result. Finally, the concentration (nbm~3) of
each morphotype was computed by dividing the number of
particles found in each depth bin by the volume sampled by
the UVP6. To study their spatio-temporal distributions, group
concentrations were interpolated according to depth and time
with a resolution of 5m and 1 d respectively.

2.4 Data analysis
2.4.1 Sinking speed and particle vertical attenuation

We calculated the sinking speed for six export plumes
that were detected by successive peaks at different depths
(Fig. 2). Assuming a constant sinking velocity in the upper
1000 m and a Lagrangian drift in a weak-vertical-shear en-
vironment during the short marine snow production events
(on average < 1 month), we followed the published method
developed to survey the evolution of export plumes devel-
oped for optical and imaging systems (Briggs et al., 2020;
Lacour et al., 2024). In this vertical binning approach, more
appropriate for large particles, a Gaussian fit is applied to
the median concentration of different aggregate size classes
per 100m depth bin. For each size class and type of ma-
rine snow, a linear regression was performed on the coor-
dinates in the depth and time of each of the Gaussian fits’
maximums. The value of the slope and the concentrations of
the particles at the different depths were stored if the Gaus-
sian fit was successful for at least three depth layers. The
slope is an indicator of the sinking speed, while the particle
vertical gradients were modeled using a power law model
(N (2) = Nigo- (z/100)~?) with a reference depth at 100 m to
retrieve the b exponent as an indicator of particle attenuation.
This method was initially proposed for POC flux measured in
sediment traps (Martin et al., 1987) and vertical flux obtained
with profiling cameras (Guidi et al., 2008, 2015), but here it
was applied to aggregate concentrations in export plumes, as
in Trudnowska et al. (2021). Due to the non-sinking behavior
or because of the low signal-to-noise ratio in the upper size
range where particles are rare, this approach did not work for
all size classes in all categories.

Finally, sinking speeds as a function of size and aggregate
types were also calculated over the whole deployment with
lagged correlation between time series in two different depth
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layers (0-100 and 300-400 m). The lag with the maximum
correlation indicates the time required for the different par-
ticle communities to sink from the upper layer to the deeper
layer (over an average distance of 300 m).

2.4.2 Canonical redundancy analysis (RDA) of particle
assemblage

For each depth layer, a canonical redundancy analysis (RDA)
was performed based on the abundances of the four marine
snow morphotypes and the above-mentioned environmental
variables to explore the explanatory power of these variables
in structuring marine snow. The RDA is an extension of mul-
tiple regression analysis applied to multivariate data (Legen-
dre and Legendre, 2012). It allows for the representation of
the response variables (abundances of the four categories) in
a “constrained” reduced space, i.e., constructed from the ex-
planatory variables (the environmental variables). For each
RDA, the following variables were used as “supplementary
variables” of the analysis to visualize their correlation with
the environmental structuring of marine snow assemblage
(i.e., to visualize their position in the RDA space). Before-
hand, a Hellinger transformation was performed on the abun-
dances in order to reduce the impact of large concentration
values. Significant axes were identified using the Kaiser—
Guttman criterion (Legendre and Legendre, 1998).

2.4.3 Identification of intermittent production and
export events in a marine snow time series

We determined marine snow production and export events
using their time series in five depth layers (Fig. 2). Major
peaks were found in the different layers at intervals of a
few months. Except for the first surface peak (0—100 m) in
May 2021, the subsequent six surface particle peaks were
followed by peaks in the mesopelagic layer (noted 1 to 6
in Fig. 2). The beginning of each period was set at the start
of marine snow accumulation in the first layer, and the end
was set at the time of the subsequent minimum in the deeper
layers. Throughout the paper, we refer to these six events
as “plumes” or “events”. Apart from these six main peaks,
we observed two small peaks in surface concentrations be-
tween periods 2 and 3 and periods 4 and 5, which translated
into weak peaks in the deeper layer for the first peak. When
converted to biovolume (Fig. S8), these small events became
more visible, suggesting that they were mainly composed of
rare large particles. They were not included in further anal-
ysis because they did not meet the quality criteria for esti-
mating sinking speeds (see Sect. 2.4.1) due to the more noisy
time series of rare large objects.

Biogeosciences, 22, 3485-3501, 2025
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Figure 2. Time series of vertically integrated marine snow (MaP;
all particles > 600 um) concentrations (number m~2) in five lay-
ers in the upper 1000 m depth. The six bloom periods shaded in
gray correspond to six export events that are marked by delayed
peaks in the mesopelagic. The periods are defined for the events in
2021 as 17 July—19 August, 22 August—24 September, 10 August—
13 November, and 23 November-31 December and in 2022 as
28 January—9 March and 13 March—12 April.

3 Results

3.1 Epipelagic time series of hydrological and
biogeochemical properties

Sea surface temperature showed the lowest temperatures
(21-23°C) from July to September 2021, with the highest
temperatures recorded in March and April 2021 (up to 28 °C)
(Fig. 3). Sea surface salinity exhibited low values in Novem-
ber 2021 (< 35), with particularly low levels from March
to April 2022 (< 34.2). Densities within the upper 30m
depth showed their lowest values from May to June, from
mid-October to December 2022, and after February 2022.
The 1025.7kgm™3 isopycnal, used as an indicator of up-
welling (Korner et al., 2024), was shallow (20-30m) be-
tween July and October 2021 and from December 2021 to
mid-February 2022. It reached its maximum depth in May—
June, December 2021, and early March 2022. The high-
est Chl a concentrations were always found in the upper
30 m, with an important deep chlorophyll maximum (DCM)
around 30—40 m depth. The DCM oscillated within this depth
range following the increase in the 1025.7 kg m ™ isopycnal,
displaying periods of intensification along with an upward
movement towards the surface (notably in August 2021, Oc-
tober 2021, and February 2022, concomitantly to export pe-
riods 2, 3, and 5). From May to July 2021, the peak of small
particles (or Bbp POC) followed the DCM; thereafter, un-
til the end of the deployment (May 2022), it extended from
the surface down to the 1025.7kgm™3 isopycnal. During
three periods of strong export (periods 1, 3, and 5), elevated
Bbp POC (> 3 mgC m~3) was observed extending down to a
depth of 100 m.

Biogeosciences, 22, 3485-3501, 2025

Y. D. Soviadan et al.: Marine snow morphology drives sinking and attenuation in the ocean interior

3.2 Full-depth (0~1000 m) time series of Bbp POC,
MiP, and MaP

Small particles detected by the Bbp sensor (a few mi-
crometers) and the MiP flux detected by the UVP6
(0.1 <ESD < 0.5 mm) showed remarkably similar temporal
patterns with different vertical extensions, notably during the
export events. Throughout the deployment they showed the
highest values in the upper 100 m depth (Fig. 4a-b). A dis-
tinct midwater peak was observed from May to June 2021
between 250 and 300 m depth for Bbp POC and from 300
to 400 m for MiP. Very high Bbp POC (> 20 mgC m~?) and
MiP (> 20 mgC m~—2d~!) were observed from 400 to 600 m
depth at the time when the float was in a shallow region in
December 2021. Apart from this deep occurrence, the Bbp
POC vertical extent reached 250 m at maximum during pe-
riods 1, 3, and 5. The MiP penetrated deeper into the water
column down to 300 m depth during all export periods (al-
though more in periods 1, 2, 3, and 5 during August 2021,
October 2021, December 2021, and February 2022 respec-
tively).

In contrast, large particles, as indicated by the MaP
(> 500 um) flux, showed a distinct spatio-temporal pattern,
with the highest values occurring in the upper 100 m depth
(100400 mgC m~2 d~ 1), differently from the Bbp POC and
MiP, which showed maximum concentrations in midwater
layers. Following July 2021, the MaP flux exhibited six inter-
mittent events (> 100mgCm~2d~!, Fig. 4c), during which
export plumes showed oblique patterns extending from the
surface down to the mesopelagic, particularly in August (pe-
riod 1), September (period 2), October (period 3), and De-
cember (period 4) 2021 and February (period 5) and April
(period 6) 2022. These occurrences, notably in October 2021
and February 2022, reached depths down to 1000 m, leading
to a 2-fold increase in the computed flux during the export
compared to the situation before and after.

3.3 Image classification of marine snow > 600 um into
four morphotypes

To depict the nature of the sinking aggregates, we classi-
fied them by performing k-means clustering on the coordi-
nates of particles along the four retained PCA axes. Within
this continuous morphospace, we identified four morpho-
types (shown in Fig. 5a), selected as a suitable compro-
mise between contrasted groups and contextual knowledge,
to explain their nature. Cluster 1 corresponds to medium-
sized and bright aggregates named flakes (mean perimeter,
1.86 um; mean circularity, 0.33; mean brightness, 202.46;
Fig. 5). Cluster 2 contains large and dark particles named ag-
glomerates (mean perimeter, 2.06 um; mean circularity, 0.38;
mean brightness, 174.91). Cluster 3 contains medium-sized
and elongated aggregates named strings (mean perimeter,
1.84 um; mean circularity, 0.30; mean brightness, 180.69).
Cluster 4 is composed of small and circular aggregates
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Figure 3. The 0-100 m 2D time series of (a) temperature, (b) salinity, (c) density, (d) dissolved oxygen, (e) chlorophyll a concentration, and
(f) Bbp POC. The black line depicts the 1025.7 kg m—3 isopycnal. The red line represents the mixed-layer depth.

named spheres (mean perimeter, 1.63 um; mean circularity,
0.73; mean brightness, 163.87). More results on marine snow
classification and the sensitivity of aggregate classification to
the method is provided in the Supplement.

3.4 Spatio-temporal distribution of marine snow
morphotypes (> 600 pm)

The different marine snow types showed concentrations
of similar magnitudes varying from 0 to 20000 parti-
clesm™3. Surface concentrations were 2- to 3-fold higher
than in the mesopelagic. From May to July 2021, all par-
ticle types showed reduced concentrations (in particular in
the mesopelagic) compared to the rest of the period, which
showed an intermittent pattern (Fig. 6). The different par-
ticle types shared similar overall spatio-temporal dynam-
ics, mainly at the surface, but also exhibited distinct fea-
tures in the deep layers. At the surface layer and the up-
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per mesopelagic (200—400 m), they all showed concomitant
peaks during the bloom periods. In the deeper mesopelagic,
only agglomerates and spheres showed an increase, with a
time delay increasing with depth.

3.5 Spatio-temporal dynamics of marine snow
assemblage

As illustrated in the RDA composite spaces, marine snow as-
semblages in the surface layer varied with seasons and also
between the surface and mesopelagic layer (Fig. 7). In the
surface layer, contributions to axis 1 reveal the opposite dy-
namics between spheres and strings compared to those be-
tween flakes and agglomerates. Strings dominate from May
to July (before export event 1), spheres from May to October
(from export event 1 to export event 3), and agglomerates
after February (after export event 5). The first two export
events had consistent and homogeneous assemblages dom-

Biogeosciences, 22, 3485-3501, 2025
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Figure 4. Time—depth profiles determined from the BGC-Argo float
for (a) Bbp POC, (b) the MiP flux, and (c¢) the MaP flux (at a log-
arithmic scale) as a function of time and depth, with the six export
periods being illustrated by the vertical dashed red lines. The black
line depicts the 1025.7 kg m~3 isopycnal. The maximum depth of
the float corresponds to the bottom depth, marked by a white mask.
The red line represents the mixed-layer depth.

inated by spheres. Subsequent export periods (3, 4, and 5)
exhibited varying assemblages, mainly dominated by strings
and spheres. The last period (after February), which includes
export event 6, differed greatly in the assemblage, with a
dominance of agglomerates. When comparing periods before
and during an export event in the surface layer, the assem-
blage did not change, except during the first event. In the
deeper layer, the evolution of assemblage composition was
consistent with that at the surface but more contrasted, with
less balanced assemblages, as indicated by the higher con-
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tribution of the first axis (86.9 %) compared to the surface
(51.6 %) (Fig. 7). In the mesopelagic, contributions to this
axis reveal the opposite dynamics between spheres compared
to those between flakes and agglomerates. Apart from export
event 6, all export events were dominated by spheres. A more
pronounced difference between export events 2 (higher pro-
portion of strings) and 3 (higher proportions of agglomerates
and spheres), relative to the surface evolution, is also notable.
A dominance of flakes was not observed.

3.6 Sinking speed and vertical attenuation of the plume

Sinking speeds, inferred from the lagged correlation between
surface and mesopelagic (400-500 m) particle time series,
for all types of particles (MiP, MaP, morphotypes 1 to 4)
were 30md~! (Supplement Table S2). By separating the six
events, and with more size-related classification, more de-
tails can be obtained to break apart this constant estimate.
However, sinking speeds and attenuation in a plume can only
be determined for a given size range if the abundance vari-
ability in the time series is consistent. This was not the case
for each size class and category among the 60 possible cases
(6 plumes x 10 size ranges from 100 pm to 5 mm). Sinking
speeds could be estimated 6 times for flakes, 19 times for
agglomerates, 5 times for strings, and 12 times for spheres.
When averaging the results from the six export events, a
unique size-based relationship is not visible for the differ-
ent morphotypes (Fig. 8a), but agglomerates and spheres
showed the highest sinking speeds. Within the size range
for which sinking estimates were possible for all morpho-
types (ESD from 1.02—-1.29 mm), spheres (46+24md~")
and agglomerates (35 +9md~") also showed higher sink-
ing speeds compared to flakes (16.29 =4 md~") and strings
(18.33+6md™!) (Table S3). When considering the abun-
dance of all particles > 100 um (MiP+MaP), sinking speed
estimates could be performed in 16 cases (mostly for parti-
cles larger than 500 um). Sinking speed increased with size
from a minimum of 10md~! to a maximum of 150 md~".
It is noticeable that sinking speed estimation for the largest
size classes (> 1.02 mm) was not possible when considering
all particles, but it was possible for agglomerates.

The strength of particle abundance attenuation in the
plume increased on average with particle size and showed
a remarkable difference between the different morphologi-
cal types. Spheres had the lowest attenuation, while flakes
and strings had the strongest. For spheres, the attenuation de-
creased as a function of size. For size class 3 (1.02-1.29 mm),
spheres (0.27 £0.23) and agglomerates (0.88 4= 0.3) had the
lowest attenuation compared to flakes (1.86+0.21) and
strings (1.76 £0.1) (see Table S3). Apart from spheres, for
which attenuation decreased significantly with size, no rela-
tionship between attenuation and size was found. Extending
the size range by pooling all particles does not evidence an
allometric relationship.
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of export with different colors. Stations observed prior (in gray) to the export event are encircled according to the color of the event. The
black arrows show the dominant type of marine snow, while the blue arrows show the correlation with environmental variables.

4 Discussion

4.1 Hydrological context and ocean circulation during
the drift

The observed hydrographic characteristics are in general
agreement with the seasonal variability of the region. Sea
surface temperature, primarily driven by surface heat fluxes,
showed the lowest values from July to September and the
highest values in March and April (K&rner et al., 2023; Scan-
nell and McPhaden, 2018). Sea surface salinity, as measured
by the float, was the lowest in November and from March to
April. The timing of freshening is in agreement with the sea-
sonal advection of low-salinity waters with the southward-
flowing Angola Current (Awo et al., 2022; Kopte et al.,
2017). While sea surface temperature shows a dominant an-
nual cycle, upwelling and downwelling near the continental
slope are characterized by both an annual and a semiannual
cycle. Consistent with previous studies, the main upwelling
season happens during the cold period from July to Septem-
ber, while the secondary upwelling season occurs during Jan-
uary to February (Korner et al., 2024). During these peri-
ods, float data indicate denser water with minimum oxygen
concentrations close to the surface. As there is, in general,
good anti-correlation between oxygen and nitrate (Korner et
al., 2024), it is possible that during upwelling periods, low-
oxygen and high-nitrate water enters into the euphotic zone,
fueling the six observed production and export events iden-
tified in the float data. Periods 1 and 2 are within the main
upwelling season, and period 5 is during the secondary up-
welling season. While period 3 might be during the transition
from upwelling to downwelling, periods 4 and 6 are clearly
during the secondary and main downwelling seasons respec-
tively. Note that between April and August 2021, an ex-
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tremely warm event was present in the Angola Basin, which
was associated with record-low productivity between June
and August, partly covering the main upwelling season (Im-
bol Koungue et al., 2024).

During the deployment, the float drifted slowly, with an
average distance between surfacing of 16km in 3d. The
highest drift (40km in 3 d) was observed during periods 3
and 5. ADT shows weak horizontal variability, suggesting
that the eddy field is present but with low intensity (Fig. 4 in
the Supplement). FTLE values generally less than 0.1 d~! in-
dicate weak eddy activity, as generally reported in the region
(Aguedjou et al., 2019). The negative correlation between
all types of particles and FTLE indicates that the bloom
events followed by particle accumulation were more intense
at low horizontal mixing. The intermittent exports are associ-
ated with bloom events that are connected to coastal blooms
during periods 4, 5, and — to a lesser extent — 6. In order
to identify the marine snow export plumes (and thus calcu-
late the sinking speeds and vertical attenuation), we hypoth-
esized that the water parcel encompassing each plume did
not change considerably while the float profiled them. While
this Lagrangian assumption cannot be demonstrated with the
available data set, different supplementary analyses suggest
(Fig. S5, Table S2) that this approximation seems reasonable.
The hydrological properties of the mesopelagic, as well as
the oxygen concentrations, showed a weak variability dur-
ing the study period. Low turbulence was observed in the
region, as shown by relatively low FTLE values and by the
fact that the float did not get trapped in any mesoscale eddy.
In addition, previous studies have shown a weak-vertical-
shear environment in this region (Kopte et al., 2017). The
delayed occurrence of large-particle peaks with depth sup-
ports this 1D hypothesis, as seen in previous studies (Briggs
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et al., 2020; Lacour et al., 2024; Stemmann et al., 2002; Trud-
nowska et al., 2021), which is not observed in the case of
strong mesoscale activities (Accardo et al., 2025). A typical
mesopelagic nepheloid layer (visible on Bbp POC and MiP),
presumably extending from the seafloor, was observed as the
float was drifting along the 700 m depth bathymetry. This
feature was also observed in the MiP but not in the larger
particles (Figs. 4c and 5). Such a size-differentiated distri-
bution across continental shelves has already been observed
elsewhere with combined optical and imaging methods (Dur-
rieu de Madron et al., 1990, 2017). This observation suggests
that the nepheloid layers did not contain any large aggregates
and therefore did not interfere with our sinking estimates for
the large fractions (MaP and the four morphotypes) but may
have for the MiP.

4.2 Dynamics of the six marine snow events

The four marine snow morphotypes were correlated to in situ
or remotely sensed Chl a, suggesting that most of the marine
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snow was of phytoplanktonic origin (Supplement Fig. S5).
Additional material (i.e., phytoplankton in bottles and zoo-
plankton in nets), as available in a previous study (Trud-
nowska et al., 2021), is needed to unambiguously attribute
a morphotype to a specific phytoplankton or zooplankton
community. However, correlation with environmental vari-
ables and the shape of particles suggest possible sources of
the four types of marine snow. Typical dense fecal pellets,
compared to loose marine snow, were not detected by the un-
supervised classification, but they were probably mostly con-
tained in spheres, which contained the most opaque and small
particles. Given the observed lower 0—100 m integrated con-
centration of zooplankton organisms (observed range 10°—
10*ind. m~?) compared to that of marine snow (observed
range 10320 10*ind. m~?), as has generally been found
in other studies (Checkley et al., 2008; Forest et al., 2012;
Gonzalez-Quiros and Checkley, 2006; Stemmann and Boss,
2012; Trudnowska et al., 2021), it is possible that the contri-
bution of fecal pellets to the total detritus was low. A lower
abundance of pellets relative to marine snow was also ob-
served in sediment traps (Durkin et al., 2021), and episodic
export of phytodetritus to the deep layer is a common fea-
ture at many sites (Turner, 2015). The other three categories
are probably mostly phytodetritus. It is likely that the cluster
strings (also named filaments) contained living phytoplank-
ton colonies as they were mostly abundant in the surface wa-
ter at the time when Trichodesmium colonies were detected
before the first export event (Supplement Fig. S4). While we
acknowledge that the classification into four morphotypes
may not represent all existing morphological variability, it
seems appropriate for our case study. Four to five categories
were also useful in other studies (Accardo et al., 2025; Trud-
nowska et al., 2021). Using four instead of five categories
increased the concentration within each category, yielding
more confidence in estimations of the dynamics of marine
snow assemblages, their sinking speeds, and their attenuation
while still differentiating the main morphological features of
particles. In the future, a global compilation of such images
together with other phytoplankton and zooplankton variables
will allow for the refinement of the number of existing mor-
photypes.

According to the float and satellite observations, the
blooms seem to be triggered by different dynamics. Blooms
1,2, and 3 seem to be associated with typical open ocean up-
welling events, as suggested by decreased temperature and
oxygen associated with higher Chl a and Bbp POC. Con-
versely, the other three events (particularly 4 and 6) were
associated with less salty water. Low salinity is possibly an
indicator of coastal input from particle-enriched water stem-
ming as far as the Congo River (Brandt et al., 2023). The float
was closest to the coast and drifted along it (along the 700 m
depth isobath) during period 4. During periods 5 and 6, the
float drifted offshore, and surface Chl a showed filaments ex-
tending from the coast (Fig. S2), corroborating the hypothe-
sis of coastal inputs. The bloom in period 5 was probably as-
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sociated with more nutrients, as suggested by the increase in
the 1025.7 kg m~3 isopycnal. The sequence of events leading
to marine snow accumulation for periods 4 and 6 is less clear,
as the 1025.7 kg m™2 isopycnal was deep and Chl a biomass
was not as high. However, overall significant correlations be-
tween temperature, oxygen, density, and all biogeochemical
variables (Chl a, suspended Bbp POC particles, MiP, MaP,
and all zooplankton taxa; Supplement Fig. S5) suggest that
upwelled water triggered an increase in planktonic produc-
tion.

Apart from the first export event, the different marine snow
morphotypes did not change in their relative contribution be-
fore and during the export events. The main changes in ma-
rine snow assemblages were associated with depth during
all events and at all times (the last event being dominated
by agglomerates). The increase with depth in the proportion
of spheres is related to a clear reduction in filaments and
flakes, as previously observed in other systems (Accardo et
al., 2025; Trudnowska et al., 2021). These changes suggest
that flakes and filaments are less efficiently exported than
dense particles, even if they are larger in size. Although there
were differences between export events in their intensity,
the general pattern of marine snow community composition,
sinking, and attenuation during the first five events was the
same (Supplement Figs. S6 and S7). Such consistency sug-
gests their production by phytoplankton with a constant com-
munity composition, unlike the Arctic bloom, which showed
a succession in primary producer types and marine snow
morphotypes (Trudnowska et al., 2021). Contrasting with
the first five export events, the last export event showed an
increased contribution of agglomerates, possibly due to the
coastal origin from the Congo River, due to the most north-
ern location with a different phytoplankton community com-
position, or because aggregation mechanisms may have been
different during this event (Supplement Fig. S3). The surface
change in the community composition was mirrored in the
mesopelagic layer, probably resulting from sedimentation.
However, neither sinking speeds nor attenuation was differ-
ent from those of the other events.

4.3 Sinking speed and vertical attenuation of different
marine snow categories

Our sinking speed estimates for 500 um—1 mm size range
particles (1050 m d~1) are in the same range as the few other
estimates obtained with time series of export plumes (Briggs
et al., 2020; Lacour et al., 2024; Stemmann et al., 2002; Trud-
nowska et al., 2021) and with in situ devices (Diercks and As-
per, 1997; Iversen and Lampitt, 2020; Jouandet et al., 2011;
Nowald et al., 2009). However, we calculate slower sinking
speeds relative to other ex situ estimates compiled in previ-
ous syntheses, as illustrated by the difference between our
estimates and the hierarchical regression in the data compila-
tion of Cael et al. (2021) (Fig. 8). Our sinking estimates are
in good agreement with the previous model (Kriest, 2002),
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which was developed for miscellaneous aggregates. Thus,
our results confirm that sinking speeds of natural assem-
blages of marine snow differ from ex situ estimates, suggest-
ing that the composition of the particles used in the exper-
iments is biased toward quickly sinking particles (Williams
and Giering, 2022).

Not surprisingly, dense (darker appearances, implying
denser and more compact structures) marine snow particles
(> 500 um) have faster sinking speeds than more porous par-
ticles, a property measured and modeled from experimental
works (Giering et al., 2020) but never reported for in situ
measurement in export plumes. The sinking-to-size positive
relationship was less obvious for a given aggregate morpho-
type because of its limited size range. The full size range was
covered only for flakes, whose sinking speed remained con-
stant with size. However, strings and spheres had increasing
sinking speeds with size. Taken together, these two results
confirm that the sinking-speed-to-size relationship may exist
for certain types of particles but is not universal (Iversen and
Lampitt, 2020; Williams and Giering, 2022) as other mor-
phological factors (here density) are at play. Among the dif-
ferent factors (phyto- and zooplankton community composi-
tion, inorganic ballasting) leading to denser particles (Fran-
cois et al., 2002; Guidi et al., 2016; Trudnowska et al., 2021;
Turner, 2015), our study indicates phytoplankton aggregates
to be principally responsible for the observed stronger ex-
port. Extending the size range to 100 um and pooling all par-
ticles together confirm the size-to-sinking relationship but
with strong variability between export plumes for the small
particles and a limited size range up to the size class of 1.0-
1.63 mm. For the larger size range, sinking can only be es-
timated after classification because non-sinking aggregates
(flakes and fibers) are dominant at the surface, blurring the
time series of all particles.

Carbon fluxes and their vertical attenuation for the differ-
ent morphotypes were not calculated because the four cate-
gories did not match the limited available size-to-POC con-
version factors (Alldredge, 1998; Durkin et al., 2021). In-
stead, export efficiency was addressed from the vertical at-
tenuation of the concentration of the four different categories
in the plume. Abundance attenuation for the four morpho-
types in the plume did not increase on average with particle
size and showed that attenuation varied more with morpho-
types than with size. For a given size class (1.02-1.29 mm),
dense morphotypes (agglomerates and spheres) had the low-
est attenuation, suggesting more efficient transfer to the deep
ocean. The exponent cannot be directly compared to the lit-
erature because of the units but also because previous flux
attenuation exponents were calculated in a vertical frame,
in which depth layers are temporarily disconnected (i.e., at
the time of sampling, the surface layer is decoupled from the
deep layers), while here we consider the number of parti-
cles in the sinking plume as they are consumed by different
mesopelagic processes (Giering et al., 2014; Stemmann et
al., 2004). We believe that following export plumes provides
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amore accurate estimation of the attenuation than calculating
them from vertical profiles, as is commonly done.

Apart from events 4 and 5, we believe that particle spa-
tial gradients in the mesopelagic were low and that the large
variability in the sinking speed estimates arose from other
methodological factors that are important to discuss to im-
prove further studies. First, the quality of the sinking esti-
mates depends on the abundance of particles in situ. Com-
pared to conditions with massive seasonal blooms over a long
period of several months (Lacour et al., 2024), the produc-
tion and export events in the Angola Basin were less than
1.5 months, with on average 10 times lower concentrations.
Both factors yielded a patchy spatial distribution that was
smoothed by using a depth bin of 100 m instead of vary-
ing depth bins (20 to 200 m) (Lacour et al., 2024). This high
variability was amplified as large particles were subdivided
into four morphotypes. Second, the deployment in the An-
gola Basin took place close to coastal upwelling systems.
Offshore-propagating filaments may have had effects on par-
ticle vertical distribution, mainly influencing small particles
(here Bbp POC and MiP). Third, the clustering method is not
sufficiently selective to obtain homogeneous groups among
the aggregates as the overlaps can be seen on the PCA space
(Supplement Fig. S1). This non-perfect classification has the
effect of smoothing the derived estimates of sinking speed
and attenuation.

5 Conclusions

We describe seven bloom events leading to surface accumu-
lation of marine snow based on data obtained from a UVP6
camera mounted on a BGC-Argo float and recovered after 1
year of deployment. Six of them led to an export event with
different types of aggregates and different penetration depths.
For the first time, two core parameters for carbon sequestra-
tion, sinking speeds and vertical attenuation, were calculated
in situ for different sizes and morphotypes. Not all detected
marine snow aggregates are sinking aggregates, despite them
being larger than 1 mm. Within a given size range, we show
that sinking speeds of porous marine snow are slower than
those of dense marine snow, indicating the strong impact
of density on sinking speed. However, we show that size is
still an important property for determining the sinking speed
when considering a larger size range or a specific type of ma-
rine snow. Compared to earlier studies, which could not dis-
tinguish aggregate morphology, the proposed classification
allowed us to calculate sinking speeds of millimetric marine
snow categories, even in cases where the largest fraction of
marine snow was not sinking. Compared to published synthe-
ses on marine particle sinking speeds, our in situ estimates
are consistent with empirical allometric models parameter-
ized for marine aggregates and lower than most ex situ esti-
mates, raising the question of the impact of the methodology.
This study demonstrates the high potential of using cameras
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on autonomous floats to monitor planktonic ecosystems and
assess intermittent export following episodic bloom events
or events induced by marine carbon dioxide removal during
large-scale operations. To better understand particle dynam-
ics and better assess carbon flux, future work should improve
upon the following key methodological aspects: (1) develop
a global library of marine snow images to provide classifi-
cation algorithms adapted for regional and global applica-
tions; (2) establish a size-to-POC conversion factor for the
different types of aggregates; (3) couple BGC-Argo floats
with ship surveys to provide more comprehensive contextual
data than float and satellite data alone, as done in this study;
(4) increase acquisition frequency to detect rare larger par-
ticles; and (5) implement embedded recognition of plankton
and embedded classification of marine snow in cameras since
most floats are not recovered.

Code availability. The software code is available publicly and
can be accessed via the GitHub repository at https://github.com/
dodjisoviadan/angolafloat_mopgal/tree/main (last access: 9 July
2025).
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