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Abstract: Since 2011, the proliferation of brown macro-algae of the genus Sargassum has considerably
increased in the North Tropical Atlantic Sea, all the way from the Gulf of Guinea to the Caribbean Sea
and the Gulf of Mexico. The large amount of Sargassum aggregations in that area cause major beaching
events, which have a significant impact on the local economy and the environment and are starting to
present a real threat to public health. In such a context, it is crucial to collect spatial and temporal data
of Sargassum aggregations to understand their dynamics and predict stranding. Lately, indexes based
on satellite imagery such as the Maximum Chlorophyll Index (MCI) or the Alternative Floating Algae
Index (AFAI), have been developed and used to detect these Sargassum aggregations. However, their
accuracy is questionable as they tend to detect various non-Sargassum features. To overcome false
positive detection biases encountered by the index-thresholding methods, we developed two new
deep learning models specific for Sargassum detection based on an encoder–decoder convolutional
neural network (CNN). One was tuned to spectral bands from the multispectral instrument (MSI)
onboard Sentinel-2 satellites and the other to the Ocean and Land Colour Instrument (OLCI) onboard
Sentinel-3 satellites. This specific new approach outperformed previous generalist deep learning
models, such as ErisNet, UNet, and SegNet, in the detection of Sargassum from satellite images
with the same training, with an F1-score of 0.88 using MSI images, and 0.76 using OLCI images.
Indeed, the proposed CNN considered neighbor pixels, unlike ErisNet, and had fewer reduction
levels than UNet and SegNet, allowing filiform objects such as Sargassum aggregations to be detected.
Using both spectral and spatial features, it also yielded a better detection performance compared to
algal index-based techniques. The CNN method proposed here recognizes new small aggregations
that were previously undetected, provides more complete structures, and has a lower false-positive
detection rate.

Keywords: ocean color; Sargassum; MODIS; MSI; OLCI; Sentinel-2; Sentinel-3; convolutional neural
network; deep learning

1. Introduction

The brown macro-algae, Sargassum, from the genus Sargassum C. Agardh (Phaeo-
phyceae, Fucales) is a type of algae commonly found in the Sargasso Sea (North Atlantic
Ocean). However, since 2011, these Sargassum have started proliferating outside the Sar-
gasso Sea, expanding to the Gulf of Guinea, the Caribbean Sea, and the Gulf of Mexico,
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forming the Great Atlantic Sargassum Belt [1]. Three morphotypes of the same taxon are
currently recognized within the Great Atlantic Sargassum Belt [2–4]: Sargassum natans I Parr,
S. natans VIII Parra, and S. fluitans III Parr. Sargassum aggregate and form windrows or mats
up to a length of hundred meters [5]. The significant amount of Sargassum aggregations
in the area causes sizeable beaching events on the coast [6,7], consequently impacting the
local economy [8,9], the environment [10–12] and causing major sanitary issues due to the
emanation of harmful gas during the decomposition [13–15].

In order to predict and thus anticipate beaching events, it is crucial to collect spatio-
temporal data about Sargassum aggregations. Several algal indexes were developed to
detect Sargassum from satellite imagery, such as the Maximum Chlorophyll Index (MCI) [16]
or the Floating Algae Index (FAI) [17]. Recently, the FAI was improved by the Alternative
Floating Algae Index, AFAI [18], which is less sensitive to clouds. Using the MCI, Gower
et al. [19] initiated the detection of Sargassum aggregations in the Gulf of Mexico using
satellite images from the medium-resolution imaging spectrometer (MERIS) on board
ESA’s Envisat satellite and the moderate-resolution imaging spectro-radiometer (MODIS)
on board NASA’s Terra and Aqua satellites. It was then extended to the Ocean and Land
Colour Instrument (OLCI) [20] on board Copernicus’s Sentinel-3 satellites. The AFAI
proved to be performant on MODIS [18] or the multispectral instrument (MSI) [5,7,21,22]
on board Copernicus’s Sentinel-2 satellites. These indexes can also be used to determine
the coverage of Sargassum per pixel [18] and then the biomass quantity of Sargassum as
empirically defined by Wang and Hu [23].

However, the standard index-based detection (ID) method, from for example MCI or
AFAI, cannot discards all radiometric noise and other non-Sargassum factors (i.e., residual
clouds and cloud shadow, land, coastal water, surface waves, and sunglint [18,24]), which
interfere with the detection of low-coverage Sargassum. The standard method is based on
the calculation of the background index and the use of a threshold on the difference between
local and background indexes to determine whether a pixel contains Sargassum (above the
threshold) or not (under the threshold). However, the background calculation itself relies on
the accurate screening of clouds, cloud shadows, coastal areas, land and sunglint [18,21] that
may yield false positive values. Finally, uncertainties in the calculation of the background
index may induce non-significant positive values. As a result, the lowest index values
are not significant enough to ensure the presence of Sargassum and must be discarded,
inevitably yielding false negatives. In order to retain most Sargassum while rejecting most
false detections, the threshold applied on indexes must be optimally determined [18,19].
While some false detections can be removed by mathematical morphology post-treatments
(e.g., erosion-dilation [18,25–28]) false detections remain, linked to residual clouds, cloud
shadows, sunglint and turbidity. Another limitation encountered by the ID method is
the high cloud cover in some images, because in such cases the background index, hence
the index, cannot be accurately estimated. Wang and Hu [18,21] estimated false positive
detections for their retrieval to be 20% of the total Sargassum pixels for MODIS and 6%
for MSI. Recently, a machine learning model revealed a higher rate, namely 50%, of false
positive detections by the ID method applied to MODIS images [24]. The remaining false
positive detections cannot be discriminated on their sole index value, since their index
distribution overlaps with that of true Sargassum. The ID method also produces false
negative detections (i.e., Sargassum pixels not detected); it has been estimated to be 7% for
MODIS [18] and 20% for MSI [21]. Therefore, the ID method has two important limitations:
the need for complex pre-processing and the unavoidable yield of false detections (false
positive and false negative).

An alternative to the ID method can be neural networks. Indeed, in the last few
years neural networks have made significant progress in computer vision and are widely
used in several domains, including imagery in oceanology [29–33]. Furthermore, they
have already been successfully used for other macro-algae detections as an alternative to
the ID method [34–36]. Sargassum in near-shore water and Sargassum stranding on the
Atlantic coast have also been investigated using classic classifier algorithms (random forest,
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K-means) and deep neural networks (UNet, AlexNet, VGG . . . ) on the Mexican-Caribbean
and Caribbean coasts using smartphone camera pictures [37,38] and fixed cameras [39]. On
coastal and off-shore waters, machine learning has also been used for Sargassum detection
from satellite images, e.g., random forest for false detection extractions [24] or a combination
of several indexes [40] to improve Sargassum detection in the Atlantic Ocean. In the Yellow
Sea, next to China and Korea, Sargassum detection was also studied with several machine
learning models (i.e., fine tree, support vector machine, etc.) [41,42].

Among neural network methods, deep neural networks, such as convolutional neural
networks (CNN), are efficient for image processing in object segmentation and classi-
fication [43–47]. Contrary to the previous machine learning algorithms, these types of
neural networks could improve open sea Sargassum detection in the Atlantic Ocean by
automatically learning the relationship between the reflectance and the spatial context of
Sargassum aggregations. Arellano-Verdejo et al. [48] proposed a first deep learning method
for Sargassum detection on the Mexican Caribbean coast, ErisNet, i.e., a pixel classifier
with convolutional and recurrent layers, applied to a selection of MODIS spectral bands.
ErisNet weakly takes into account neighbor pixels, thus it does not learn the structure
of the Sargassum aggregations composed of several pixels. Recently, Wang and Hu [49]
used the UNet model [47] using FAI and RGB images from high resolution satellite data
such as MSI, Operational Land Imager, WorldView-II, and PlanetScope/Dove to segment
Sargassum in off-shore waters of the Lesser Antilles and the Gulf of Mexico. UNet is a CNN
using an encoder-decoder style network and this architecture allows Sargassum aggregation
structures to be learnt. However, the spectral information can be reduced by using only
three spectral bands when the information provided by other available spectral bands
might be used.

To avoid all those problems and increase the performance of detection compared
to previous methods, we propose two new specialized models for Sargassum detection
based on deep neural learning in the Caribbean and Atlantic areas. Those models used all
the available spectral bands provided by a sensor contrary to ID methods and UNet [49].
Furthermore, deep neural networks, and, more specifically, CNN, have a higher abstraction
level than simple machine learning algorithms, and are better structured to take into account
neighbor pixels at a higher scale. Thus, the CNN models are based on an encoder–decoder
architecture, contrary to ErisNet. MSI and OLCI sensors were chosen due to the difference
of their spatial and spectral resolutions, but CNNs can be applied to other similar sensors.

This paper is organized as follows: first, the satellite data, the study area, the previ-
ous detection methods and our CNN architecture, training and validation methods are
presented in Section 2. Second, the performance of our CNN models is quantitatively
analyzed in Section 3. Third, the Sargassum detection obtained using our CNN models and
ID methods are compared from the literature images in Section 4. Finally, a conclusion is
proposed in Section 5.

2. Materials and Methods
2.1. Satellite Data

This study used images from several satellite sensors with different spatial resolutions
to detect Sargassum from space: MSI onboard Sentinel-2, OLCI onboard Sentinel-3 and
MODIS onboard Terra satellites.

The Sentinel-2 and Sentinel-3 missions are carried out by the European Union’s Coper-
nicus Earth Observation programme, and each mission is currently composed of a constel-
lation of two satellites.

The Sentinel-2A and Sentinel-2B satellites were launched in 2015 and 2017, respec-
tively. These satellites carry the multi-spectral instrument (MSI), which acquires data in
13 multispectral bands in the visible, near-infrared, and short-wave infrared ranges of the
solar spectrum (0.44 µm to 2.19 µm), with a high spatial resolution (10 m, 20 m, and 60 m,
depending on the bands). In this study, images have a resolution of 20 m. Each MSI sensor
has a revisit period of five days.
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Onboard the two Sentinel-3 satellites (Sentinel-3A and Sentinel-3B, launched in 2016
and 2018, respectively), the Ocean Land Color Instrument (OLCI) has similar spectral bands
than the MERIS sensor (2002–2012). OLCI images are composed of 21 spectral bands from
the visible to the near infrared (from 0.4 µm to 1.02 µm), with a spatial resolution of 300 m.
Each OLCI sensor has a revisit period of two days.

The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument flies on
board the Terra and Aqua satellites launched by NASA in 1999 and 2002 respectively.
MODIS images have 36 spectral bands (0.4 µm to 14.4 µm) at three spatial resolutions
(250 m, 500 m, and 1 km). Each MODIS sensor has a revisit period of one to two days. Only
the MODIS/Terra sensor was used in this study because the overpass time is closer to the
Sentinel satellites than MODIS/Aqua.

2.2. Study Area and Data Set

The west coast of the Atlantic is particularly prone to massive arrivals of Sargassum
aggregations from the Atlantic Ocean since 2011 [1,50]. The study area is located in
the Lesser Antilles, in the East Caribbean Sea and the Mexican coast (Figure 1), from
2018 to 2022.
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This study focused on two products: level-2A MSI products and Level-2 OLCI prod-
ucts from Copernicus Open Access Hub [51]. All images were corrected for Rayleigh
scattering, gaseous absorption, and aerosols and have their corresponding ground truth.
Images of each spectral band were normalized using their mean and standard deviations.
Then, those images were divided into two types of datasets: a learning dataset and a
focus dataset.

The learning dataset targeted CNN learning (training, validation, and test) and the
quantitative validation process for our proposed CNNs. This dataset was composed
of 14 images of size 10,980 × 10,980 pixels from MSI (Table S1) and 16 images of size
4865 × 4091 pixels from OLCI images (Table S2) from 2017 to 2022 distributed across all
the study areas (Lesser Antilles and the Mexican Caribbean coast). All spectral bands were
used as inputs to the model. To increase the learning dataset and avoid overfitting, we
generated more images by randomly applying a horizontal flip, a vertical flip, or a rotation
of 90 or 270 degrees. Additionally, a random color augmentation was applied only to OLCI
images because they have more significant pixel variations than MSI images, due to the
variation in the sunlight intensity from east to west. Indeed, at most, three spectral bands
were picked randomly and adjusted by random values selected from [−0.1,0.1]. Sargassum
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represented, on average, only 1% of the pixels of an image. Thus, 128 × 128 sub-images
centered on random positions were taken while conserving the proportion of Sargassum
in the original images. We ensured that 66% of the sub-images had no Sargassum to
provide a representative sample of different backgrounds. Therefore, the dataset comprised
75,000 sub-images from MSI and 50,000 sub-images from OLCI. The learning dataset was
split into three subsets: a training set including 80% of the total image number, a validation
set comprising 10% of the images, and a test set containing the remaining images. The test
set was only used to evaluate the model’s performance.

A focus dataset was then built in order to: (1) quantitatively evaluate the CNN models
performance; and (2) discuss the performance compared to the ID method images published
and validated in the literature. That dataset was composed of complete images, (not sub-
images) from MSI and OLCI sensors, detailed in Table 1. It contained four images of level-1
files from the literature (Table 1): MODIS and MSI images from Descloitres et al. [22] and
OLCI images from Schamberger et al. [52]. The data also included our CNN images from
the OLCI sensor at the same dates and locations and from the MSI sensor only at the same
dates and locations as those of Descloitres et al. [22]. In addition, the dataset contained a
supplemental image from MSI on 6 August 2022 in the Martinique area.

Table 1. Images of the focus dataset used to evaluate the performance of our CNNs compared to
images from the literature, with a summary of their characteristics: location, acquisition date and
time, satellite, and sensor. The ‘Source’ column indicates the source of each image: a reference for
images taken from the literature, and ‘us’ for images processed with our own CNN method.

Location Date Time (UTC) Satellite-Sensor Source

Grenadines
(Caribbean)

29 January 2019

14:35 Terra-MODIS [22]

14:37 Sentinel-2B-MSI
tiles: PQU- PQV-PRU-PRV [22], us

13:38 Sentinel-3-OLCI us

Lesser Antilles
9 May 2020 13:56 Sentinel-3-OLCI

[52], us
8 July 2017 13:55 Sentinel-3-OLCI

Martinique 6 August 2022 14:37 Sentinel-2-MSI
tile PRB us

2.3. Three Sargassum Detection Methods
2.3.1. Standard Index-Thresholding Method

Currently, the satellites cannot detect the differences between the three morphotypes
of Sargassum living in sympatry. Therefore, they are studied as a whole. Two indexes
were essentially used in this study: the Maximum Chlorophyll Index (MCI) [16] and the
Alternative Floating Algae Index (AFAI) [18]. Furthermore, the Floating Algae Index
(FAI) [17], the Normalized Difference Vegetative Index (NDVI) [53], and the InfraRed Color
(IRC) were also used for the ground truth computation (Section 2.3.3).

The NDVI takes advantage of the red edge of the vegetation spectral reflectance. It
measures the normalized difference between near-infrared (λ2) and red range (λ1):

NDVI =
R(λ 2)− R(λ 1)

R(λ 2) + R(λ 1)
(1)

This index is often used to study vegetation ecology [54–56]. Floating algae have also
been investigated using NDVI [57,58]. MCI, FAI and AFAI indexes were calculated using
Equation (2), based on wavelengths summarized in Table 2. The MCI is an index based on
radiance around 705 nm, more accurately, the MERIS and OLCI spectral bands located at
709 nm. MCI reveals high chlorophyll concentrations; it was first used to detect phytoplank-
ton bloom using the MERIS sensor [16]. That index also showed its efficiency on Sargassum
observations in the Atlantic Ocean using MERIS, MODIS and OLCI sensors [19,20]. The
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FAI was developed for floating algae in the open ocean and firstly tested with the MODIS
instrument to detect the benthic macroalgae Ulva prolifera in the Yellow Sea and pelagic
Sargassum in the North Atlantic Ocean [17]. Later, Wang and Hu [18] improved it with the
AFAI, an index more efficient in the presence of clouds. It was developed for the MODIS
sensor to detect Sargassum and extended to the MSI sensor [22].

Index = R(λ 2) − R(λ 1) − [R(λ 3) − R(λ 1)] ×
λ2 − λ1

λ3 − λ1
(2)

Table 2. Wavelength parameters of Equations (1) and (2) for NDVI, MCI, FAI and AFAI indexes for
OLCI, MSI and MODIS.

Index Sensor λ1 (nm) λ2 (nm) λ3 (nm)

NDVI
OLCI 665 865 -
MSI 665 833 -

MCI OLCI 1 681 709 754

FAI
MODIS 2 645 859 1240

MSI 3 655 855 1609

AFAI
MODIS 4 667 748 869

MSI 5 665 740 865
1 [20]; 2 [17]; 3 [21]; 4 [18]; 5 [22].

While MCI, FAI and AFAI can be directly used for Sargassum detection, additional
processing is required to improve the detection. Indeed, while Equation (2) guarantees
that the Index increases with the presence of Sargassum, it also increases with the value
of the Index for Sargassum-free surrounding water, the so-called background Index. This
background Index depends on local non-Sargassum factors, such as water spectral reflectance,
potential residual sunglint contamination, and the presence of aerosols. Then, a local Index
deviation (δIndex), i.e., the difference between the background and the local Index, is used to
discriminate between pixels with and without Sargassum thanks to a threshold. This latter
is optimally determined [18,19], but also depends on the author’s objective and specific
datasets; for example, the threshold used on OLCI images by Schamberger et al. [52] is
0.0030, while the one used on MODIS images by Descloitres et al. [22] is 0.00017 [18].

Finally, the amount of Sargassum may be determined with the fractional coverage (FC),
it is defined as the ratio between the surface area of Sargassum within one pixel and the
total surface of that pixel [22]. The FC is deduced thanks to the linearity of Equation (2),
which ensures that the local δIndex is proportional to the FC of Sargassum within a sensor
pixel [18,22]:

δIndex(FC) = K × FC (3)

In this study we used K = 0.0874 for MODIS, K = 0.0824 for MSI [22] and K = 0.0579
for OLCI [59].

The biomass quantity of Sargassum can be estimated using a linear relationship be-
tween the fractional coverage, the pixel area and a calibration constant defined empirically
by Wang and Hu [23].

2.3.2. Convolutional Neural Network (CNN) for Sargassum Retrieval
State of the Art

In this study, we used three other CNNs to compare with our method, including two
CNNs already used for Sargassum extraction in the Atlantic and Caribbean areas since 2019.

These are the ErisNet model from Arellano-Verdejo et al. [48] and the UNet of Ron-
neberger et al. [47], adapted by Wang and Hu [49] for Sargassum, and by Yan et al. [60], for
harmful cyanobacterial algal blooms detection.
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ErisNet [48] contains nine convolutional layers and two recurrent layers, allowing
the model to keep a history of previous predictions. The network learns using a balanced
number of Sargassum and background pixels during the training. However, during infer-
ence, it takes all pixels and predicts for each of them whether they belong to Sargassum or
not. ErisNet is a pixel classifier that processes pixels as 1D input, unlike UNet and SegNet,
which are image segmenters and treat the image as 2D input.

The encoder–decoder style network UNet [47] was used by Wang and Hu [49] for
Sargassum retrieval. It was initialized with the weights of a VGG16 [61] trained on ImageNet.
UNet contains four convolutional layers and performs four down-samplings in the encoder
and four up-samplings in the decoder. The UNet encoder groups pixels of the same types
together, whereas the decoder magnifies the output of the encoder. Each decoded map is
concatenated with the same-sized encoded map. UNet was also applied by Yan et al. [60]
on sentinel-2 MSI images of Chaohu Lake in China to identify harmful cyanobacterial algal
blooms (CyanoHABs). They compared the segmentation with three FAI-based automatic
CyanoHABs extraction methods: gradient mode, fixed threshold, and the Otsu method,
and showed that the accuracy of UNet was better.

SegNet [43] is another encoder-decoder-style segmentation network powerful for
image segmentation. Like UNet, SegNet has reduction layers connected to enlargement
layers to reconstruct pixels. In addition, it uses neighboring pixels, having the same
distribution during the reduction, in the upsampling reconstruction. UNet and SegNet can
process small images (here from 128 × 128) in a single pass.

We built these three models using descriptions found in the literature (parameters
summarized in Table 3), and trained them with the same dataset as our own models.

Table 3. Summary of the layer, block and total parameter numbers for ErisNet, UNet, SegNet and
our proposed Networks for MSI and OLCI. More detailed tables of the structure of our proposed
Networks are available in Supplementary Materials for MSI (Table S3) and OLCI (Table S4).

ErisNet UNet SegNet Our Proposed Network

MSI OLCI

Layers 44 83 91 32 75
Blocks 7 10 10 9 18
Total

Parameters 455,554 13,400,578 29,449,350 226,762 973,145

Model Description for MSI and OLCI

We proposed two convolutional neural networks (CNN) with an encoder–decoder
architecture (parameters summarized in Table 3), one targeting Sargassum semantic seg-
mentation and taking Sentinel-2/MSI images as input, while the other focused on Sentinel-
3/OLCI images and returning the δMCI (post-processed without clouds, land, and coasts).
Indeed, with the ID method, OLCI images have more diffuse Sargassum aggregations
than MSI. Thus, it was more relevant to train the CNN on the δMCI than on semantic
segmentation. For MSI and OLCI images, input channels were composed of all the image
spectral bands listed in Tables S1 and S2. The code of the two models was written using
Pytorch [62].

For the CNN with MSI images, the encoder reduces the image scale, and the decoder
performs a semantic segmentation. Indeed, we made only a single reduction because
Sargassum aggregations have a width of one to three pixels. Hence, too much reduction is
useless since target objects are thin. The encoder is composed of residual blocks issued from
ResNet [63]. Figure 2 shows the architecture of the network; each residual block conserves
its input by adding it to its output. Since there is only a need to segment Sargassum, a
weighted binary cross-entropy loss function (WBCEWithLogitsLoss) was used. This loss
is appropriate for binary problems and helped to deal with the unbalanced problem of
Sargassum because the ratio of Sargassum pixels to the background pixels was meager. Let
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yi,j be a pixel of the ground truth segmentation, ŷi,j be the output of the network, which
corresponds to the logits (log-odds function) of the semantic segmentation, and N × M be
the resolution. The weighted BCEWithLogitsLoss is defined by Equation (4):

WBCEWithLogitsLoss(y, ŷ) = − 1
N × M ∑i,j

[
w1 × yi,j × log

(
σ
(

ŷi,j

))
+ w2 ×

(
1 − yi,j × log

(
1 − σ

(
ŷi,j

)))]
(4)

where σ(x) = 1
1+e−x is the sigmoid function, w1 is the weight of the foreground, w2 is the

weight of the background.
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Figure 2. The neural network architecture for semantic segmentation on MSI; blue layers are convo-
lutions, green ones represent batch normalizations, ReLU is in red, and the orange layers correspond
to max pooling/unpooling layers.

Regarding OLCI, the segmentation map is substituted with the δMCI. The architecture
of the network is similar to the one of MSI, except that it adds one reduction level and more
channels in the residual blocks. The network contains 128, 256, and 512 blocks against
32 and 64 for MSI (Figure 3). Furthermore, a soft attention block (Attention UNet; [64])
is added to each reduction level. These blocks allow the connection between outputs of
unpooling layers and inputs of reduction layers corresponding to the same scale. The goal
is to use the distribution of the same scale-reduction input.
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Figure 3. The neural network architecture for OLCI images; blue layers are convolutions, green
ones represent batch normalizations, ReLU is in red, and yellow layers correspond to max pool-
ing/unpooling layers. Gray blocks represent soft attention.

Because the task is a regression, the mean squared error (squared L2 norm) was used
as a loss (MSELoss). This loss function compares the output δMCI image with the reference
one. Let δMCIij be a pixel of the reference masked δMCI,
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Training Process

For the training process, we used the training and the validation subsets from the
learning dataset described in Section 2.2. The training lasted for 1000 epochs and was done
using a batch size of 92 and a stochastic gradient descent (SGD) with a learning rate of
10−3 and a momentum of 0.9. Finally, the model giving the best F1-score on the validation
set was saved. This validation was done every ten epochs.



Remote Sens. 2023, 15, 1104 9 of 21

2.3.3. Visual Analysis to Establish the Ground Truth

The ground truth was determined for each image of the learning set (i.e., training,
validation and test datasets) and the focus dataset described in Section 2.2. In the absence
of in situ observations of the Sargassum distribution, the ground truth was provided by an
“expert” who manually annotated Sargassum aggregations using different standard indexes
(i.e., FAI, AFAI, NDVI, MCI, IRC; Table 1) as indicators from level-2 OLCI and MSI images.
These indexes were chosen due to their different response to Sargassum signals, and the
sensor used.

The ground truth of the MSI was a binary mask: 1 for pixels containing Sargassum and
0 for Sargassum-free pixels. For OLCI, the ground truth for the training process (training and
validation datasets) was obtained using a binary mask built manually using several indexes
to identify Sargassum, then applied to the δMCI (Figure 4). For the model evaluation,
we only compared OLCI detections to the binary ground truth (i.e., the accuracy of the
retrieved δMCI values was not evaluated).
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manually made using several indexes and (e) masked δMCI built using the binary mask.

2.4. Performance Evaluation
2.4.1. Performance Metrics Using the Ground Truth

Three types of metrics were used to evaluate the performance of the ID or CNN
methods by comparing the test dataset to the ground truth: the recall, the precision, and the
F1-score. The latter was calculated from the two other metrics (the recall and the precision).
These metrics depend on three parameters: true positive (TP), false positive (FP) and false
negative (FN). TP, FP and FN were determined using the ground truth and Sargassum pixels
detected by the retrieval technique. TPs are Sargassum pixels successfully recognized by
the retrieval technique. FPs are Sargassum pixels only identified by the retrieval technique
but not present in the ground truth. Finally, FNs are Sargassum pixels not detected by the
retrieval method and present in the ground truth.

The recall metric is the ratio of the number of TP detections and the number of
Sargassum pixels of the ground truth (Equation (6)). The precision metric is the ratio of the
number of TP detections and the number of pixels detected as Sargassum (Equation (7)). To
evaluate the model’s performance, these two metrics were combined to form the F1-score
metric (Equation (8)). The better the performance; the closer the F1-score is to 1. Sargassum
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detection was considered a “true” detection when its distance from an annotation on the
ground truth is below three pixels.

Recall =
TP

TP + FN
(6)

Precision =
TP

TP + FP
(7)

F1_score = 2 × Recall × Precision
Recall + Precision

(8)

2.4.2. Comparison of CNN and ID Approaches

Another evaluation was performed on the focus dataset (described in Section 2.2) based
on the comparison of CNN with ID method images in order to estimate their respective
performance. During this analysis, we no longer took into account the ground truth, which
was not without errors, due to a degree of subjectivity present in the process of annotating
Sargassum aggregations, especially for aggregation edges and low-FC aggregations. Indeed,
the ground truth can introduce biases during the model performance evaluation with the
performance metrics (Section 2.4.1).

Before the evaluation, a threshold set to 0.01 was applied to the δMCI of the CNN on
OLCI images in order to optimally discard δMCI not linked to Sargassum aggregations.

To compare Sargassum aggregations obtained using CNN and ID approaches, the
aggregations were extracted with a polygon function from Matlab (bwlabel function).
Sargassum aggregation features such as their area, major axis size (i.e., length), minor axis
size (i.e., width) and major/minor axis ratio (i.e., length/width ratio) were then measured.

To study the accuracy of the aggregations extracted by the CNN, the main aggregations
detected by the ID method were compared. The main ID-detected aggregations were
selected to: (1) have a length/width ratio higher than three [49]; and (2) to be in the 90th
percentile of the length distribution. Thus, these main aggregations were larger than 3000 m
and 140 m length for OLCI and MSI, respectively. In addition, Sargassum aggregations near
coasts were discarded because of the FC high values in such areas due to the turbidity and
shallow water [7,24,65,66]. The distance was set to 15 km away from coasts for OLCI and
200 m for MSI images.

3. Results
3.1. Model Performances on the Test Dataset

The model performance metrics (precision, F1-score) were calculated. They were
both relatively high for MSI and OLCI. Sargassum pixels were accurately detected, and
there were few false positive detections. Consequently, the F1-score is significant for the
two proposed CNNs (Table 4), with an F1-score higher for MSI (88% of Sargassum pixels
accurately detected versus 76% for OLCI). The lower F1-score of OLCI can be explained by
a lower precision (79% versus 94% for MSI). OLCI has sparser aggregations than the ground
truth. As a result, it detects more Sargassum pixels and has a lower precision than MSI.

Table 4. Recall, precision and F1-score of each method (indexes and Neural Networks) for Sentinel-
2/MSI and Sentinel-3/OLCI. For Neural Network these metrics are calculated from the test data set
(from the learning set of Tables S1 and S2).

Sentinel-2/MSI Sentinel-3/OLCI

Recall Precision F1-Score Recall Precision F1-Score

NDVI 0.835 0.085 0.154 0.910 0.105 0.188
FAI(MSI)/MCI(OLCI) 0.587 0.120 0.200 0.619 0.167 0.320

ErisNet 0.958 0.179 0.302 0.896 0.314 0.465
UNet 0.618 0.818 0.704 0.961 0.452 0.615

SegNet 0.599 0.840 0.699 0.931 0.493 0.645
Our network 0.819 0.942 0.876 0.735 0.785 0.760



Remote Sens. 2023, 15, 1104 11 of 21

3.2. Comparison with the ID Method

The performance metrics were also calculated for the three indexes (NDVI and AFAI
for MSI or MCI for OLCI; Table 4). The indexes are very sensitive to land contamination,
which can bias their performance. The land was therefore masked out before computing
the indexes. The recall was better than with the CNN, especially for the NDVI. This is not
surprising because these indexes were used to create the ground truth. However, their
precision was low, below 17%, leading to a low F1-score (lower than CNNs) for all of them.
Indeed, regarding the ID method, many false detections occurred around clouds, and many
isolated detections seemed not to be Sargassum aggregations.

3.3. Comparison with Existing Networks

For comparison purposes, the other networks (ErisNet, UNet, SegNet) were trained in
the same conditions as the proposed CNN models. Note that the precision and the recall
were computed using a zero threshold, and all non-zero outputs were considered positive.

Compared to other CNN models, ErisNet network had the lowest F1-score (0.30).
Sargassum pixels were well detected (recall around 90% for OLCI and MSI). However, it
had a substantial number of false positive detections (a precision of 18% and 31% for MSI
and OLCI, respectively, (Table 4)) around cloud edges and in the open ocean; the network
principle can explain this. ErisNet is not a segmentation network like the other, in the sense
that it processes pixels independently as 1D inputs and learns one background pixel for one
Sargassum pixel. It does not leverage information in all background pixels since Sargassum
pixels represent just a tiny portion of all pixels. On the contrary, segmentation networks
(UNet, SegNet, and ours) consider the neighboring pixels.

Among encoder–decoder networks, our proposed network had the highest F1-score
with 0.88 versus ~0.70 for UNet and SegNet on MSI images, and 0.76 versus ~0.62 for
OLCI images (Table 4). On MSI images, our proposed network had fewer false positive
and false negative detections than SegNet and UNet, with a recall of 0.82 versus ~0.60,
and a precision of 0.94 versus ~0.83. Regarding OLCI images, SegNet and UNet were
more efficient at detecting Sargassum pixels (recall around ~0.94 for both SegNet and UNet,
versus 0.74 for our proposed CNN). However, the proposed approach had significantly
fewer false positive detections (precision of 0.79 versus ~0.47 for SegNet and UNet), which
resulted in a higher F1-score. Indeed, the multiple levels of reduction in UNet and SegNet
makes the detection of filiform objects such as Sargassum aggregations difficult.

3.4. Results with the Focus Image Dataset

The performance metrics were also computed for images of the focus dataset to
evaluate their validity. For Sentinel-3, the two images tested had a F1-score of 0.72 and
0.79 (Table 5), i.e., a score around the value of the corresponding tested CNN (0.76; Table 4).
For Sentinel-2, the F1-score was 0.90, 0.88, 0.87 and 0.81, respectively, for the PQV, PRU,
and PRV tiles of 29 January 2019 and the PRB tiles of 6 August 2022. For those tiles, the
F1-score was in the same range as the one found during the performance evaluation of the
corresponding model (0.88; Table 4). Only the PQU tile was out of range, with an F1-score
of 0.65. The results shown proved the consistency of our technique.

Table 5. Recall, Precision and F1-score from our models for some images of the focus dataset. Note
that the results from 29 January 2019 images (MSI) are biased due to the use of their presence in the
training set.

Satellite-Sensor Date Tile Recall Precision F1-Score

Sentinel-3-OLCI 29 January 2019 - 0.566 0.970 0.715
8 July 2017 - 0.851 0.739 0.791

Sentinel-2B-MSI
29 January 2019

PQU 0.495 0.951 0.651
PQV 0.833 0.980 0.900
PRU 0.786 0.999 0.880
PRV 0.832 0.904 0.867

6 August 2022 PRB 0.817 0.896 0.854
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4. Discussion

The focus dataset was used here to discuss the CNN images in relation to the ID
method. First, the main aggregations were analyzed to verify the reliability of CNN.
Thereafter, we compare all Sargassum pixels of the CNN with the ID method to explain
their differences and evaluate the suspected false positive and false negative detections.
Finally, we compared OLCI and MSI images from the CNN method.

4.1. The CNN Reliability on Sargassum Aggregations

The main Sargassum aggregations of the ID method were detected by our proposed
CNN on OLCI images (Figure 5a) and MSI images (Figure 6a). The CNN detected more
than 70% of the FC of main aggregations detected by the ID method (70% for OLCI and
80% for MSI). This corresponds, respectively, to 90% and 48% of Sargassum pixels belonging
to the main aggregations of OLCI and MSI images. Note that the main aggregations are
also composed of low FC. In that respect, the CNNs are robust for main aggregations.Remote Sens. 2023, 15, x FOR PEER REVIEW 13 of 22 
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method but not the CNN (red). Only FCs above 1.16 × 10−2 are represented in (a), in order to clarify
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(light gray) come from Descloitres et al. [22]. MSI image, PRV tile from 29 January 2019.
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In addition to the main aggregations, the whole FC distribution for all Sargassum
pixels was similar for the ID and the CNN methods from Sentinel-3 images (ranging
from 7.8 × 10−6 for low FC to 0.7 for high FC; Figure 7a). A slight and rather constant
discrepancy (around 1 to 0.5% of pixels) can be observed.
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Regarding MSI, the proportion of common detection depends on the FC (Figure 7b),
35% of the FC detected by the ID method was also detected by CNN. Indeed, only few
IDs were detected by the CNN with low FC (Figure 8). Less than 10% of pixels by the
ID method were detected as Sargassum pixels by the CNN under a Sargassum coverage of
0.006 (2.4 m2/pixel). However, this proportion increased with the FC. This detection ability
follows a Gompertz curve represented by Equation (9) and shown in Figure 8. About 90%
of FC pixels above 0.026 (10.4 m2/pixel) were detected. This curve allows the expected
accuracy of Sargassum detections to be predicted using the CNN method as a function
of FC.

Y = c + (d − c) × exp(− exp(b × (FC − e))) (9)

where b = −170, c = 4.6, d = 97 and e = 1.25 × 10−2.
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Figure 8. Proportion of MSI detections common to CNN and ID methods on the total IDs (in %) as
a function of FC intervals (blue dots), each interval has a bin width of 2.79 × 10−4. Intervals with
less than 10 values are not represented. A Gompertz equation (Equation (9); yellow line) fits the blue
points distribution and predicts the CNN detections accuracy. The red plain line represents the FC
threshold from at least the CNN detects 90% of the IDs, and the red dotted line is the FC threshold
used in Figure 6a.

Nonetheless, a large amount of low FC detections (with an FC under 0.006) with the
ID method can either be associated with “true” or “false” detections [21,48] and it may be
difficult to estimate the “true” Sargassum detection missed by the CNN. Going forward, the
CNN can be improved on low index pixels to increase its performance on false positive
and true positive pixels of this particular class.

4.2. Less False Detections Which Improve Sargassum Coverage Estimation

In the comparison between the two methods, some pixels from the ID method were
not detected by the CNN. On MSI images, we only focused on Sargassum pixels associated
with a FC above 0.026 (see Section 4.1). As presented before, those Sargassum pixels seemed
to be accurately recognized by the CNN, with more than 90% detections common to the
CNN and ID. However, for a few FC classes in that range, the CNN method seemed to
underperform compared to the ID. (Figure 8). We focused on these ID extra detections for
the MSI, whereas we analyzed all extra detections from the OLCI. Regarding OLCI, on
the two OLCI images analyzed, (respectively, for 8 July 2017 and 9 May 2020) about 35%
(respectively, 23% and 46%) of the total pixels of the ID method, which correspond to 50%
(respectively, 45% and 55%) of the total FC were not detected by the CNN.

As we can easily identify through visual inspection, a large part of those non-detections
in OLCI and MSI images should be attributed to false detections from ID methods, which
the CNN discards. For instance, haloed false detections around land masses are present on
MODIS images using the ID method (Figure 9), and to a lesser extent, on OLCI (Figure 5c)
and MSI images (Figure 6c). The ID method also yields very small unrealistic isolated
detections, unexpected aggregations in cloudy areas (Figures 5d–g and 6c,e), or artifact
patterns linked to the index (satellite swath edges, radiometric noises, isolated detections on
satellite image edges) (Figures 5b and 6d). In addition, on OLCI images, the high detection
rate for the FC classes closest to one by the ID method (Figure 7a) was poorly recognized
by the CNN (only 33% of the class pixels). These extra ID pixels are associated with
turbid water that the ID method used here as an undiscarded reference [59]. All the false
detection origins presented here are also confirmed by different authors [7,23,24], namely
the extra-detection rate in OLCI images is close to the false detection rate observed by
Podlejski et al. [24] using the ID method on MODIS images. Such estimations confirm that a
large part of the extra-detections is linked to false detection and leads to an overestimation
of the coverage of Sargassum (FC) by 50%. On MSI images, extra ID detections above
a FC of 0.026 are mainly, as for OLCI, false detections obtained by the ID method and
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discarded by the CNN. Hence, ID methods for the 0.026 FC threshold seem to induce
an overestimation of 14% of the FC for that range. Furthermore, the overestimation can
increase by considering the false detections from lower FC pixels (below 0.026).
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Figure 9. Superposition of Sargassum detections from MODIS with the ID method and OLCI with the
CNN method (δMCI): detected with both MODIS and OLCI (blue), detected with OLCI but not with
MODIS (green) and detected with MODIS but not with OLCI (red). Terra and OLCI images from
29 January 2019 at 14:35 UTC and 13:38 UTC respectively.

Therefore, our proposed CNNs discarded false positive detections through an under-
standing of the spatial context and features (e.g., shape) of Sargassum aggregations [24,36,42],
leading to a more accurate estimation to the Sargassum coverage than the ID method.

4.3. Better Estimation of the Aggregation Shape

The CNN generated Sargassum pixels not detected by the ID method, which constituted
85% and 56% of Sargassum pixels of the CNN dataset for OLCI and MSI, respectively.
These extra detections were mainly located in the continuation or along the edges of
Sargassum aggregations, thus forming bigger aggregations than the ID method. In most
cases, these bigger aggregations also included several smaller ID-detected aggregations
(Figures 5b–d,f and 6b). The last part of CNN extra detections represented Sargassum
aggregations not found by the ID method (Figures 5c,d and 6b). The coverage of all CNN
extra detections on OLCI were confirmed by the ones found by the ID method on MODIS
(Figure 9).

Regarding OLCI images, the CNN method detected four times fewer aggregations
than the ID method (around 3000 for the CNN against 11,000 for the ID method). Indeed, the
CNN identified larger and longer aggregations that were erroneously detected as several
aggregations (Figure 5b–d,f). For instance, on July 8, 2017 (Figure 5a), CNN Sargassum
aggregations measured, on average 9 km length, versus 2 km for the ID method and
covered 50 km2 (CNN) versus 2 km2 (ID). Furthermore, in the case of a blocked signal, such
as tiny clouds, the CNN was able to reconnect aggregations with each other and reconstruct
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the whole aggregations (Figure 5d,e; lower part). However, this only worked with small
clouds (Figure 5d,e; upper part).

Considering MSI images, similarly to OLCI, the CNN detected fewer aggregations
than the ID method: ~60,000 versus ~200,000. The CNN aggregations were slightly bigger
than the ID-detected aggregations, 5600 m2 and 3600 m2, respectively.

As a result, using our proposed CNNs, the aggregations’ shape was more realistic and
less discontinuous; more like those observed from satellites of better resolution [49] or from
in situ observations [5].

4.4. Complementarity of MSI and OLCI Images

Sargassum features retrieved by the CNN method using MSI and OLCI differed. The
highest-resolution sensor (MSI) had more detailed Sargassum aggregations with a shape
clearly defined, close to in situ observations [5]. Moreover, it detected Sargassum aggrega-
tions near the coasts and small aggregations not present in the OLCI images (Figure 10c,d).
For instance, in Figure 10a,b, within 1.5 km from the coasts of Barbados Island, around 210
MSI Sargassum pixels on the OLCI grid were detected (3200 MSI Sargassum pixels), whereas
only 80 Sargassum pixels are detected using OLCI.
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Figure 10. (a) Sargassum detections from CNN with OLCI; (b) proportion of MSI Sargassum pixels
inside 1 OLCI pixel; and (c,d) Superposition of Sargassum detections from CNN with MSI (red) and
with OLCI (color scale); (c,d) sub-images from (a,b). MSI image, PRV tile and OLCI image from
29 January 2019 at 14:37 and 13:38 respectively.

On the other hand, overall, OLCI has a higher percentage of Sargassum pixels than MSI.
For instance, in Figure 8, 38% of OLCI pixels are Sargassum versus 27% for MSI extrapolated
on OLCI pixels (corresponding to 1.89% MSI Sargassum pixels). Hence, on average, the
CNN detected larger aggregations using OLCI than using MSI (see Section 4.3). Moreover,
most MSI detections coincided with higher Sargassum signals from the OLCI (Figure S1).
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When visually comparing the Sargassum aggregations detected from OLCI images
with the CNN and MODIS images with the ID method (Figure 9), we retrieved overall the
same Sargassum aggregations, with a slight shift due to the difference of 1 h between the
two sensor acquisition times. The CNN conserved the same proportion of Sargassum pixels
as MODIS, for instance in Figure 9, 15.7% for the CNN method versus 15.3% for the ID
method are Sargassum pixels.

OLCI and MSI sensors are complementary. The high resolution MSI sensor detects
smaller Sargassum aggregations, aggregations nearer to the coasts, and morphology of
aggregations with better accuracy. On the other hand, OLCI provides daily data and detects
pixels with lower FC.

5. Conclusions

The increase in the number of methods and the improvement of the quality of Sargas-
sum detection by satellite is crucial for the prediction, and therefore, the management of the
future standing of the algae along the coasts. The coupling between satellite detections,
ground truth, and modeling remains the best way to understand the dynamics of Sargassum
along the Great Sargassum Atlantic Belt.

In this study, we proposed a new encoder–decoder to detect floating pelagic Sargassum.
The proposed CNNs were trained using two types of satellite images (OLCI, MSI) with dif-
ferent resolutions. This new model appeared to be more efficient than existing CNNs, such
as ErisNet, UNet and SegNet, for Sargassum detection, with fewer false positive detections
and more accurate Sargassum detections. Indeed, the consideration of neighboring pixels
avoided some of the false detections made by ErisNet, and fewer reductions improved the
performance of UNet.

Our proposed CNNs detected the same large Sargassum aggregations detected by the
ID method, but with a more accurate estimation of the Sargassum coverage. Indeed, with
the use of all the spectral bands in the images and the Sargassum spatial context, the CNN
more efficiently discarded false positive detections as it detected more realistic Sargassum
aggregations. The Sargassum fractional coverage corresponding to the discarded false
positive detections was estimated to be 50% for OLCI, and 14% of high FC for MSI.

Furthermore, the CNNs need fewer supplementary post- and pre-treatments than the
ID method, and once the model is trained, the use of indexes is not required anymore.

Finally, the study also considered satellite scale characteristics. With MSI, our proposed
CNN provided more detailed and distinct aggregations than with OLCI, and was able to
detect Sargassum aggregations in coastal water with higher confidence thanks to the higher
resolution of MSI. The combination of a regional-scale sensor (MSI) and a large-scale sensor
(OLCI) may be relevant for the Antilles area, which contains a mix of islands and open sea.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/rs15041104/s1, Table S1: Sentinel-2 MSI images used for the
CNN training between 2018 and 2022; Table S2: Sentinel-3 OLCI images of the Lesser Antilles used
for the CNN training between 2017 and 2022; Table S3: Detail of our proposed network architecture
for MSI images; Table S4: Detail of our proposed network architecture for OLCI images; Figure S1:
Distribution of δMCI computed by the CNN.

Author Contributions: Conceptualization, M.L., A.B., L.C., J.D., A.S.-G. and C.C.; Data cura-
tion, J.D. and C.M.; Formal analysis, M.L., A.B., L.C., J.D. and C.C.; Funding acquisition, R.D.
and P.Z.; Methodology, M.L., A.B., L.C., J.D., A.S.-G. and C.C.; Resources, M.L., A.B., L.C., J.D.,
L.S., A.M.; Software, A.B., L.C. and J.D.; Supervision, C.C.; Validation, M.L., A.B., L.C., J.D. and
C.C.; Writing—original draft, M.L., A.B., L.C. and C.C.; Writing—review & editing, A.B., L.C., J.D.,
L.S., A.M., T.T., R.D., P.Z. and C.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Research Agency (ANR) and by the Territorial
Authority of Martinique (CTM) as part of the collaborative FORESEA project (ANR grant number:
ANR-19-SARG-0007-07 and CTM grant number: MQ0027405).

https://www.mdpi.com/article/10.3390/rs15041104/s1
https://www.mdpi.com/article/10.3390/rs15041104/s1


Remote Sens. 2023, 15, 1104 19 of 21

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to thank Malik Chami for his contribution of the dataset
of comparison for OLCI and his relevant suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Wang, M.; Hu, C.; Barnes, B.B.; Mitchum, G.; Lapointe, B.; Montoya, J.P. The Great Atlantic Sargassum Belt. Science 2019, 365,

83–87. [CrossRef] [PubMed]
2. Schell, J.M.; Goodwin, D.S.; Siuda, A.N.S. Recent Sargassum Inundation Events in the Caribbean: Shipboard Observations Reveal

Dominance of a Previously Rare Form. Oceanography 2015, 28, 8–11. [CrossRef]
3. Amaral-Zettler, L.A.; Dragone, N.B.; Schell, J.; Slikas, B.; Murphy, L.G.; Morrall, C.E.; Zettler, E.R. Comparative Mitochondrial

and Chloroplast Genomics of a Genetically Distinct Form of Sargassum Contributing to Recent “Golden Tides” in the Western
Atlantic. Ecol. Evol. 2017, 7, 516–525. [CrossRef] [PubMed]

4. Dibner, S.; Martin, L.; Thibaut, T.; Aurelle, D.; Blanfuné, A.; Whittaker, K.; Cooney, L.; Schell, J.M.; Goodwin, D.S.; Siuda, A.N.S.
Consistent Genetic Divergence Observed among Pelagic Sargassum Morphotypes in the Western North Atlantic. Mar. Ecol. 2022,
43, e12691. [CrossRef]

5. Ody, A.; Thibaut, T.; Berline, L.; Changeux, T.; André, J.-M.; Chevalier, C.; Blanfuné, A.; Blanchot, J.; Ruitton, S.; Stiger-Pouvreau,
V.; et al. From In Situ to Satellite Observations of Pelagic Sargassum Distribution and Aggregation in the Tropical North Atlantic
Ocean. PLoS ONE 2019, 14, e0222584. [CrossRef]

6. Széchy, M.T.; Baeta-Neves, M.; Guedes, P.; Oliveira, E. Verification of Sargassum Natans (Linnaeus) Gaillon (Heterokontophyta:
Phaeophyceae) from the Sargasso Sea off the Coast of Brazil, Western Atlantic Ocean. Check List 2012, 8, 638–641. [CrossRef]

7. Maréchal, J.-P.; Hellio, C.; Hu, C. A Simple, Fast, and Reliable Method to Predict Sargassum Washing Ashore in the Lesser Antilles.
Remote Sens. Appl. Soc. Environ. 2017, 5, 54–63. [CrossRef]

8. Chávez, V.; Uribe-Martínez, A.; Cuevas, E.; Rodríguez-Martínez, R.E.; van Tussenbroek, B.I.; Francisco, V.; Estévez, M.; Celis, L.B.;
Monroy-Velázquez, L.V.; Leal-Bautista, R.; et al. Massive Influx of Pelagic Sargassum Spp. on the Coasts of the Mexican Caribbean
2014–2020: Challenges and Opportunities. Water 2020, 12, 2908. [CrossRef]

9. Schling, M.; Guerrero Compeán, R.; Pazos, N.; Bailey, A.; Arkema, K.; Ruckelshaus, M. The Economic Impact of Sargassum: Evidence
from the Mexican Coast; Inter-American Development Bank: Washington, DC, USA, 2022. [CrossRef]

10. van Tussenbroek, B.I.; Hernández Arana, H.A.; Rodríguez-Martínez, R.E.; Espinoza-Avalos, J.; Canizales-Flores, H.M.; González-
Godoy, C.E.; Barba-Santos, M.G.; Vega-Zepeda, A.; Collado-Vides, L. Severe Impacts of Brown Tides Caused by Sargassum Spp.
on near-Shore Caribbean Seagrass Communities. Mar. Pollut. Bull. 2017, 122, 272–281. [CrossRef]

11. Rodríguez-Martínez, R.E.; Medina-Valmaseda, A.E.; Blanchon, P.; Monroy-Velázquez, L.V.; Almazán-Becerril, A.; Delgado-
Pech, B.; Vásquez-Yeomans, L.; Francisco, V.; García-Rivas, M.C. Faunal Mortality Associated with Massive Beaching and
Decomposition of Pelagic Sargassum. Mar. Pollut. Bull. 2019, 146, 201–205. [CrossRef]

12. Maurer, A.S.; Stapleton, S.P.; Layman, C.A.; Burford Reiskind, M.O. The Atlantic Sargassum Invasion Impedes Beach Access for
Nesting Sea Turtles. Clim. Chang. Ecol. 2021, 2, 100034. [CrossRef]

13. Resiere, D.; Mehdaoui, H.; Névière, R.; Mégarbane, B. Sargassum Invasion in the Caribbean: The Role of Medical and Scientific
Cooperation. Rev. Panam. Salud Pública 2019, 43, e52. [CrossRef]

14. Resiere, D.; Mehdaoui, H.; Banydeen, R.; Florentin, J.; Kallel, H.; Nevière, R.; Mégarbane, B. Effets sanitaires de la décomposition
des algues sargasses échouées sur les rivages des Antilles françaises. Toxicol. Anal. Clin. 2021, 33, 216–221. [CrossRef]

15. de Lanlay, D.B.; Monthieux, A.; Banydeen, R.; Jean-Laurent, M.; Resiere, D.; Drame, M.; Neviere, R. Risk of Preeclampsia among
Women Living in Coastal Areas Impacted by Sargassum Strandings on the French Caribbean Island of Martinique. Environ.
Toxicol. Pharmacol. 2022, 94, 103894. [CrossRef]

16. Gower, J.; King, S.; Borstad, G.; Brown, L. Detection of Intense Plankton Blooms Using the 709 Nm Band of the MERIS Imaging
Spectrometer. Int. J. Remote Sens. 2005, 26, 2005–2012. [CrossRef]

17. Hu, C. A Novel Ocean Color Index to Detect Floating Algae in the Global Oceans. Remote Sens. Environ. 2009, 113, 2118–2129.
[CrossRef]

18. Wang, M.; Hu, C. Mapping and Quantifying Sargassum Distribution and Coverage in the Central West Atlantic Using MODIS
Observations. Remote Sens. Environ. 2016, 183, 350–367. [CrossRef]

19. Gower, J.; Hu, C.; Borstad, G.; King, S. Ocean Color Satellites Show Extensive Lines of Floating Sargassum in the Gulf of Mexico.
IEEE Trans. Geosci. Remote Sens. 2006, 44, 3619–3625. [CrossRef]

20. Gower, J.; King, S. The Distribution of Pelagic Sargassum Observed with OLCI. Int. J. Remote Sens. 2020, 41, 5669–5679. [CrossRef]
21. Wang, M.; Hu, C. Automatic Extraction of Sargassum Features from Sentinel-2 MSI Images. IEEE Trans. Geosci. Remote Sens. 2021,

59, 2579–2597. [CrossRef]
22. Descloitres, J.; Minghelli, A.; Steinmetz, F.; Chevalier, C.; Chami, M.; Berline, L. Revisited Estimation of Moderate Resolution

Sargassum Fractional Coverage Using Decametric Satellite Data (S2-MSI). Remote Sens. 2021, 13, 5106. [CrossRef]
23. Wang, M.; Hu, C. On the Continuity of Quantifying Floating Algae of the Central West Atlantic between MODIS and VIIRS. Int. J.

Remote Sens. 2018, 39, 3852–3869. [CrossRef]

http://doi.org/10.1126/science.aaw7912
http://www.ncbi.nlm.nih.gov/pubmed/31273122
http://doi.org/10.5670/oceanog.2015.70
http://doi.org/10.1002/ece3.2630
http://www.ncbi.nlm.nih.gov/pubmed/28116048
http://doi.org/10.1111/maec.12691
http://doi.org/10.1371/journal.pone.0222584
http://doi.org/10.15560/8.4.638
http://doi.org/10.1016/j.rsase.2017.01.001
http://doi.org/10.3390/w12102908
http://doi.org/10.18235/0004470
http://doi.org/10.1016/j.marpolbul.2017.06.057
http://doi.org/10.1016/j.marpolbul.2019.06.015
http://doi.org/10.1016/j.ecochg.2021.100034
http://doi.org/10.26633/RPSP.2019.52
http://doi.org/10.1016/j.toxac.2021.05.003
http://doi.org/10.1016/j.etap.2022.103894
http://doi.org/10.1080/01431160500075857
http://doi.org/10.1016/j.rse.2009.05.012
http://doi.org/10.1016/j.rse.2016.04.019
http://doi.org/10.1109/TGRS.2006.882258
http://doi.org/10.1080/01431161.2019.1658240
http://doi.org/10.1109/TGRS.2020.3002929
http://doi.org/10.3390/rs13245106
http://doi.org/10.1080/01431161.2018.1447161


Remote Sens. 2023, 15, 1104 20 of 21

24. Podlejski, W.; Descloitres, J.; Chevalier, C.; Minghelli, A.; Lett, C.; Berline, L. Filtering out False Sargassum Detections Using
Context Features. Front. Mar. Sci. 2022, 9, 1–15. [CrossRef]

25. Chen, C.; Qin, Q.; Zhang, N.; Li, J.; Chen, L.; Wang, J.; Qin, X.; Yang, X. Extraction of Bridges over Water from High-Resolution
Optical Remote-Sensing Images Based on Mathematical Morphology. Int. J. Remote Sens. 2014, 35, 3664–3682. [CrossRef]

26. Kaur, B.; Garg, A. Mathematical Morphological Edge Detection for Remote Sensing Images. In Proceedings of the 2011 3rd
International Conference on Electronics Computer Technology, Kanyakumari, India, 8–10 April 2011; Volume 5, pp. 324–327.

27. Siddiqi, M.H.; Ahmad, I.; Sulaiman, S.B. Weed Recognition Based on Erosion and Dilation Segmentation Algorithm. In
Proceedings of the 2009 International Conference on Education Technology and Computer, Singapore, 17–20 April 2009; Springer:
Berlin/Heidelberg, Germany, 2009; pp. 224–228. [CrossRef]

28. Soille, P.; Pesaresi, M. Advances in Mathematical Morphology Applied to Geoscience and Remote Sensing. IEEE Trans. Geosci.
Remote Sens. 2002, 40, 2042–2055. [CrossRef]

29. Cao, H.; Han, L.; Li, L. A Deep Learning Method for Cyanobacterial Harmful Algae Blooms Prediction in Taihu Lake, China.
Harmful Algae 2022, 113, 102189. [CrossRef]

30. Li, X.; Liu, B.; Zheng, G.; Ren, Y.; Zhang, S.; Liu, Y.; Gao, L.; Liu, Y.; Zhang, B.; Wang, F. Deep-Learning-Based Information Mining
from Ocean Remote-Sensing Imagery. Natl. Sci. Rev. 2020, 7, 1584–1605. [CrossRef]

31. Ren, Y.; Li, X.; Yang, X.; Xu, H. Development of a Dual-Attention U-Net Model for Sea Ice and Open Water Classification on SAR
Images. IEEE Geosci. Remote Sens. Lett. 2022, 19, 1–5. [CrossRef]

32. Vasavi, S.; Divya, C.; Sarma, A.S. Detection of Solitary Ocean Internal Waves from SAR Images by Using U-Net and KDV Solver
Technique. Glob. Transit. Proc. 2021, 2, 145–151. [CrossRef]

33. Zheng, G.; Li, X.; Zhang, R.-H.; Liu, B. Purely Satellite Data–Driven Deep Learning Forecast of Complicated Tropical Instability
Waves. Sci. Adv. 2020, 6, eaba1482. [CrossRef]

34. Gao, L.; Li, X.; Kong, F.; Yu, R.; Guo, Y.; Ren, Y. AlgaeNet: A Deep-Learning Framework to Detect Floating Green Algae from
Optical and SAR Imagery. IEEE J. Sel. Top. Appl. Earth Obs. Remote Sens. 2022, 15, 2782–2796. [CrossRef]

35. Guo, Y.; Gao, L.; Li, X. Distribution Characteristics of Green Algae in Yellow Sea Using a Deep Learning Automatic Detection
Procedure. In Proceedings of the 2021 IEEE International Geoscience and Remote Sensing Symposium IGARSS, Brussels, Belgium,
11–16 July 2021; pp. 3499–3501. [CrossRef]

36. Qiu, Z.; Li, Z.; Bilal, M.; Wang, S.; Sun, D.; Chen, Y. Automatic Method to Monitor Floating Macroalgae Blooms Based on
Multilayer Perceptron: Case Study of Yellow Sea Using GOCI Images. Opt. Express 2018, 26, 26810–26829. [CrossRef] [PubMed]

37. Arellano-Verdejo, J.; Lazcano-Hernández, H.E. Collective View: Mapping Sargassum Distribution along Beaches. PeerJ Comput.
Sci. 2021, 7, e528. [CrossRef] [PubMed]

38. Vasquez, J.I.; Uriarte-Arcia, A.V.; Taud, H.; García-Floriano, A.; Ventura-Molina, E. Coastal Sargassum Level Estimation from
Smartphone Pictures. Appl. Sci. 2022, 12, 10012. [CrossRef]

39. Portillo, J.A.L.; Casasola, I.G.; Escalante-Ramírez, B.; Olveres, J.; Arriaga, J.; Appendini, C. Sargassum Detection and Path
Estimation Using Neural Networks. In Proceedings of the Optics, Photonics and Digital Technologies for Imaging Applications
VII, Strasbourg, France, 6–7 April 2022; SPIE: Strasbourg, France, 2022; Volume 12138, pp. 14–25. [CrossRef]

40. Cuevas, E.; Uribe-Martínez, A.; Liceaga-Correa, M.d.l.Á. A Satellite Remote-Sensing Multi-Index Approach to Discriminate
Pelagic Sargassum in the Waters of the Yucatan Peninsula, Mexico. Int. J. Remote Sens. 2018, 39, 3608–3627. [CrossRef]

41. Shin, J.; Lee, J.-S.; Jang, L.-H.; Lim, J.; Khim, B.-K.; Jo, Y.-H. Sargassum Detection Using Machine Learning Models: A Case Study
with the First 6 Months of GOCI-II Imagery. Remote Sens. 2021, 13, 4844. [CrossRef]

42. Chen, Y.; Wan, J.; Zhang, J.; Zhao, J.; Ye, F.; Wang, Z.; Liu, S. Automatic Extraction Method of Sargassum Based on Spectral-Texture
Features of Remote Sensing Images. In Proceedings of the IGARSS 2019—2019 IEEE International Geoscience and Remote Sensing
Symposium, Yokohama, Japan, 28 July–2 August 2019; pp. 3705–3707. [CrossRef]

43. Badrinarayanan, V.; Kendall, A.; Cipolla, R. SegNet: A Deep Convolutional Encoder-Decoder Architecture for Image Segmentation.
IEEE Trans. Pattern Anal. Mach. Intell. 2017, 39, 2481–2495. [CrossRef]

44. Girshick, R.; Donahue, J.; Darrell, T.; Malik, J. Rich Feature Hierarchies for Accurate Object Detection and Semantic Segmentation.
In Proceedings of the 2014 IEEE Conference on Computer Vision and Pattern Recognition, Colombus, OH, USA, 23–28 June 2014;
pp. 580–587. [CrossRef]

45. Krizhevsky, A.; Sutskever, I.; Hinton, G.E. ImageNet Classification with Deep Convolutional Neural Networks. Commun. ACM
2017, 60, 84–90. [CrossRef]

46. LeCun, Y.; Bengio, Y.; Hinton, G. Deep Learning. Nature 2015, 521, 436–444. [CrossRef]
47. Ronneberger, O.; Fischer, P.; Brox, T. U-Net: Convolutional Networks for Biomedical Image Segmentation. In Proceedings

of the Medical Image Computing and Computer-Assisted Intervention—MICCAI 2015, Munich, Germany, 5–9 October 2015;
pp. 234–241. [CrossRef]

48. Arellano-Verdejo, J.; Lazcano-Hernandez, H.E.; Cabanillas-Terán, N. ERISNet: Deep Neural Network for Sargassum Detection
along the Coastline of the Mexican Caribbean. PeerJ 2019, 7, e6842. [CrossRef]

49. Wang, M.; Hu, C. Satellite Remote Sensing of Pelagic Sargassum Macroalgae: The Power of High Resolution and Deep Learning.
Remote Sens. Environ. 2021, 264, 112631. [CrossRef]

50. Gower, J.; Young, E.; King, S. Satellite Images Suggest a New Sargassum Source Region in 2011. Remote Sens. Lett. 2013, 4, 764–773.
[CrossRef]

http://doi.org/10.3389/fmars.2022.960939
http://doi.org/10.1080/01431161.2014.915437
http://doi.org/10.1109/ICECTECH.2011.5942012
http://doi.org/10.1109/TGRS.2002.804618
http://doi.org/10.1016/j.hal.2022.102189
http://doi.org/10.1093/nsr/nwaa047
http://doi.org/10.1109/LGRS.2021.3058049
http://doi.org/10.1016/j.gltp.2021.08.063
http://doi.org/10.1126/sciadv.aba1482
http://doi.org/10.1109/JSTARS.2022.3162387
http://doi.org/10.1109/IGARSS47720.2021.9554727
http://doi.org/10.1364/OE.26.026810
http://www.ncbi.nlm.nih.gov/pubmed/30469760
http://doi.org/10.7717/peerj-cs.528
http://www.ncbi.nlm.nih.gov/pubmed/34084930
http://doi.org/10.3390/app121910012
http://doi.org/10.1117/12.2621537
http://doi.org/10.1080/01431161.2018.1447162
http://doi.org/10.3390/rs13234844
http://doi.org/10.1109/IGARSS.2019.8898131
http://doi.org/10.1109/TPAMI.2016.2644615
http://doi.org/10.1109/CVPR.2014.81
http://doi.org/10.1145/3065386
http://doi.org/10.1038/nature14539
http://doi.org/10.1007/978-3-319-24574-4_28
http://doi.org/10.7717/peerj.6842
http://doi.org/10.1016/j.rse.2021.112631
http://doi.org/10.1080/2150704X.2013.796433


Remote Sens. 2023, 15, 1104 21 of 21

51. Open Access Hub. Available online: https://scihub.copernicus.eu/ (accessed on 2 December 2022).
52. Schamberger, L.; Minghelli, A.; Chami, M.; Steinmetz, F. Improvement of Atmospheric Correction of Satellite Sentinel-3/OLCI

Data for Oceanic Waters in Presence of Sargassum. Remote Sens. 2022, 14, 386. [CrossRef]
53. Rouse, J.W.; Hass, R.H.; Deering, D.W.; Schell, J.A.; Harlan, J.C. Monitoring the Vernal Advancement and Retrogradation (Green Wave

Effect) of Natural Vegetation; E75-10354; NASA/GSFC: Greenbelt, MD, USA, 1974; Type III Final Report.
54. Gamon, J.A.; Field, C.B.; Goulden, M.L.; Griffin, K.L.; Hartley, A.E.; Joel, G.; Penuelas, J.; Valentini, R. Relationships Between

NDVI, Canopy Structure, and Photosynthesis in Three Californian Vegetation Types. Ecol. Appl. 1995, 5, 28–41. [CrossRef]
55. Pettorelli, N.; Vik, J.O.; Mysterud, A.; Gaillard, J.-M.; Tucker, C.J.; Stenseth, N.C. Using the Satellite-Derived NDVI to Assess

Ecological Responses to Environmental Change. Trends Ecol. Evol. 2005, 20, 503–510. [CrossRef]
56. Wang, Q.; Adiku, S.; Tenhunen, J.; Granier, A. On the Relationship of NDVI with Leaf Area Index in a Deciduous Forest Site.

Remote Sens. Environ. 2005, 94, 244–255. [CrossRef]
57. Son, Y.B.; Min, J.-E.; Ryu, J.-H. Detecting Massive Green Algae (Ulva Prolifera) Blooms in the Yellow Sea and East China Sea

Using Geostationary Ocean Color Imager (GOCI) Data. Ocean Sci. J. 2012, 47, 359–375. [CrossRef]
58. Garcia, R.A.; Fearns, P.; Keesing, J.K.; Liu, D. Quantification of Floating Macroalgae Blooms Using the Scaled Algae Index.

J. Geophys. Res. Oceans 2013, 118, 26–42. [CrossRef]
59. Schamberger, L.; Minghelli, A.; Chami, M. Quantification of Underwater Sargassum Aggregations Based on a Semi-Analytical

Approach Applied to Sentinel-3/OLCI (Copernicus) Data in the Tropical Atlantic Ocean. Remote Sens. 2022, 14, 5230. [CrossRef]
60. Yan, K.; Li, J.; Zhao, H.; Wang, C.; Hong, D.; Du, Y.; Mu, Y.; Tian, B.; Xie, Y.; Yin, Z.; et al. Deep Learning-Based Automatic

Extraction of Cyanobacterial Blooms from Sentinel-2 MSI Satellite Data. Remote Sens. 2022, 14, 4763. [CrossRef]
61. Simonyan, K.; Zisserman, A. Very Deep Convolutional Networks for Large-Scale Image Recognition. In Proceedings of the 3rd

International Conference on Learning Representations (ICLR 2015), San Diego, CA, USA, 7–9 May 2015; pp. 1–14.
62. PyTorch. Available online: https://www.pytorch.org (accessed on 2 December 2022).
63. He, K.; Zhang, X.; Ren, S.; Sun, J. Deep Residual Learning for Image Recognition. In Proceedings of the 2016 IEEE Conference on

Computer Vision and Pattern Recognition (CVPR), Las Vegas, NV, USA, 27–30 June 2016; pp. 770–778. [CrossRef]
64. Oktay, O.; Schlemper, J.; Folgoc, L.L.; Lee, M.; Heinrich, M.; Misawa, K.; Mori, K.; McDonagh, S.; Hammerla, N.Y.; Kainz, B.; et al.

Attention U-Net: Learning Where to Look for the Pancreas. arXiv 2018, arXiv:1804.03999. [CrossRef]
65. Gower, J.; King, S. Satellite Images Show the Movement of Floating Sargassum in the Gulf of Mexico and Atlantic Ocean. Nat.

Preced. 2008. [CrossRef]
66. Hu, C.; Feng, L.; Hardy, R.F.; Hochberg, E.J. Spectral and Spatial Requirements of Remote Measurements of Pelagic Sargassum

Macroalgae. Remote Sens. Environ. 2015, 167, 229–246. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://scihub.copernicus.eu/
http://doi.org/10.3390/rs14020386
http://doi.org/10.2307/1942049
http://doi.org/10.1016/j.tree.2005.05.011
http://doi.org/10.1016/j.rse.2004.10.006
http://doi.org/10.1007/s12601-012-0034-2
http://doi.org/10.1029/2012JC008292
http://doi.org/10.3390/rs14205230
http://doi.org/10.3390/rs14194763
https://www.pytorch.org
http://doi.org/10.1109/CVPR.2016.90
http://doi.org/10.48550/arXiv.1804.03999
http://doi.org/10.1038/npre.2008.1894.1
http://doi.org/10.1016/j.rse.2015.05.022

	Introduction 
	Materials and Methods 
	Satellite Data 
	Study Area and Data Set 
	Three Sargassum Detection Methods 
	Standard Index-Thresholding Method 
	Convolutional Neural Network (CNN) for Sargassum Retrieval 
	Visual Analysis to Establish the Ground Truth 

	Performance Evaluation 
	Performance Metrics Using the Ground Truth 
	Comparison of CNN and ID Approaches 


	Results 
	Model Performances on the Test Dataset 
	Comparison with the ID Method 
	Comparison with Existing Networks 
	Results with the Focus Image Dataset 

	Discussion 
	The CNN Reliability on Sargassum Aggregations 
	Less False Detections Which Improve Sargassum Coverage Estimation 
	Better Estimation of the Aggregation Shape 
	Complementarity of MSI and OLCI Images 

	Conclusions 
	References

