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ABSTRACT. Satellite observations have revolutionized ocean monitoring and anal-
ysis by providing a synoptic view of crucial marine environmental and biological data.
By allowing planning of sampling locations based on observed biogeochemical pat-
terns, satellite-based remote sensing data permit rapid and effective sampling of the
full range of present conditions. Compared to traditional grid sampling, this techno-
logical advance has significantly improved sampling strategies of oceanographic cam-
paigns. Sharing this crucial information in an accessible, user-friendly visual format
promotes interdisciplinary research and collaboration. A strategy for such sharing, sug-
gested here, is to integrate satellite data with interactive mapping tools, such as the
leaflet, an open-source JavaScript library that can interactively visualize site-specific
remote-sensing data. It produces customized maps that, because they are web-based,
can be accessed from any device with an internet connection, making them useful for
real-time collaboration among remote partners. Here, we demonstrate the practical
application of the leaflet R package within the framework of the Tara Europa expedi-
tion, the ocean component of the Traversing European Coastlines (TREC) program,
which has been using it to visualize satellite-derived data for selecting sampling stations

and showcase its value in aiding researchers” decision-making.

BACKGROUND AND PURPOSE
Although logistically difficult and expen-
sive (Henson et al., 2024), oceanographic
cruises still provide an essential means
for collecting and analyzing biogeochem-
ical data for research on and monitoring
of marine ecosystems. However, marine
environments are characterized by dif-
ferent spatial and temporal scales of vari-
ability, making it challenging, for exam-
ple, to monitor phytoplankton biomass
fluctuations and possible regime shifts
in coastal and open ocean systems where
factors such as climate variability, nutri-
ent input, and human activities intersect
(Winder and Cloern, 2010).

With the advent of satellite remote
sensing, our capacity to monitor the ocean
has been revolutionized (Dickey and
Bidigare, 2005). Satellite measurements
offer products at varied spatiotemporal
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resolutions, allowing weekly, daily, or
hourly collection of ocean biogeochem-
ical parameters in near-real time at spa-
tial scales of meters to kilometers. Data
include, for example, chlorophyll-a
(CHL) and suspended particulate mat-
ter (SPM), proxies for phytoplankton bio-
mass and suspended sediment, respec-
tively. Satellite-based remote sensing of
the marine environment has become
immensely important in marine ecology
and operational oceanography, serving,
for example, as a critical tool for fisher-
ies management (Falcini et al., 2020) and
environmental monitoring (Blondeau-
Patissier et al., 2014; Moretti et al., 2024),
even in polar regions with some limita-
tions (Gabarro et al., 2023).

Currently, large amounts of satel-
lite data are continually collected, and

products generated from them provide

valuable information about the condition
and characteristics of the ocean (i.e., the
Copernicus Marine Environment Moni-
toring Service, CMEMS; https://marine.

copernicus.eu/).
ization has become essential for scien-

Ocean data visual-

tists, offering increasing availability of
high-resolution spatiotemporal observa-
tions (Xie et al., 2019). Before the wide-
spread use of interactive maps, carto-
graphic animation of satellite data was
proposed to summarize space-time
changes in key environmental param-
eters (e.g., Harrower, 2002). In recent
years, the availability of interactive map-
based visualization tools that are capa-
ble of handling multivariate marine spa-
tial data has become widespread and
valuable for data exploration and inter-
pretation. Geographic information sys-
tem software such as ArcGIS and, more
recently, ArcGIS Online have been widely
used for these purposes (e.g., Niza et al,,
2021). While powerful, this software
comes with significant costs that hinder
its accessibility. However, today’s free
and open-source tools like QGIS allow
the creation of interactive web maps
from static GIS data layers using power-
ful libraries/plugins such as openlayers
or leaflet. Notably, the latter is a popu-
lar open-source library for building web
mapping applications as it offers a cost-
effective alternative that is gaining accep-
tance because of its accessibility, flexibil-
ity, and compatibility with R and Python.
Leaflet-based web maps provide user-
friendly and accessible platforms for visu-
alizing spatial data, simplifying analysis,
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and enhancing collaboration among sci-
entific teams by providing a visual con-
text that improves communication and
leads to better-informed decisions.

Leaflet web maps’ user-friendliness
and accessibility, as well as their ability
to handle multiple layers and the facil-
ity they offer in creating and sharing
maps easily with collaborators, make
them practical for various purposes,
including assembling sampling strate-
gies for oceanographic surveys. This arti-
cle describes the use of specific func-
tions from the leaflet R package to create
a web-based graphical user interface
(GUI) for displaying high-resolution
site-specific remote-sensing data inter-
actively in order to optimize position-
ing of sampling stations. Specifically,
our GUI was designed to support the
Tara Europa expedition sampling strat-
egy, whose primary goal is to establish
baseline knowledge of marine plankton
diversity, interactions, functions, and
phenotypic complexity across various
taxonomic and spatial scales (Sunagawa
et al,, 2020). Using leaflets in scheduled
online meetings has facilitated collabora-
tion regarding the choice and position of
Tara Europa sampling stations.
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MATERIAL/CODE AND
ASSEMBLY: OVERVIEW OF

THE LEAFLET R PACKAGE

AND MAIN FUNCTIONS

Leaflet is an open-source interactive
mapping library that allows users to view
spatial objects interactively on a web
mapping base. While R includes numer-
ous packages for geospatial analysis, not
all are designed to quickly and conve-
niently create interactive visualizations
of spatial data and integrate seamlessly
with web mapping frameworks, such as,
for example, mapview, mapedit, or leaflet.
We utilized the leaflet R package (https://
cran.r-project.org/web/packages/leaflet/)

to embed and manipulate maps within
the R environment, thereby enhanc-
ing the visualization and representa-
tion of oceanographic data. It is possible
to create maps directly from the R con-
sole or RStudio (i.e., an integrated devel-
opment environment, or IDE, designed
for data scientists to develop, collaborate,
and scale in R and Python) by efficiently
rendering spatial objects or data frames
with latitude and longitude columns and
enhancing map features using specific
plugins. The leaflet package allows users
to start with a basic map widget and add

plugins or extensions as needed to mod-
ify its GUI and improve functionalities
(Figure 1). Once created, each leaflet is
saved as an HTML file, making it easy
to view on any device, including laptops
and smartphones, allowing teams to col-
laborate in real time, regardless of loca-
tion (online meetings). The R code in
Box 1 shows an example of creating a sea
surface temperature (SST) map for the
Labrador Sea using a few basic steps.

A single panel in our GUI can display a
specific satellite product (e.g., SST). After
being transformed into raster objects
with assigned coordinate systems, data
were visualized in the leaflet using the
addRasterImage function. However, it’s
important to note that leaflets have limita-
tions when dealing with large raster sizes.
This can impact the performance and
rendering of the map’s high-resolution or
extensive raster datasets. To improve the
GUI, users can highlight specific points on
the map using markers that can be styled
as icons or circles. In our case, these were
added through the addAwesomeMarkers
function to indicate points of inter-
est, such as sampled or proposed sam-
pling stations; they can include pop-ups
containing detailed information via the
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FIGURE 1. An example of a leaflet graphical user interface (GUI). The figure shows the mapping base (i.e., the geographical map), a layer’s control switch
(top left), and the primary plugins (e.g., mini-map, GPS) used to customize the interface. On top of the base map, the climatological mean of chlorophyll-a
is also displayed, with green markers indicating the sampling stations.
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BOX 1. EXAMPLE R CODE

#Load the libraries
library(terra)
library(leaflet)

#Download from NOAA the specific NetCDF file using wget
system(“wget https://www.ncei.noaa.gov/data/sea-surface-temperature-
optimum-interpolation/v2.1/access/avhrr/202405/oisst-avhrr-
v02r01.20240515.nc”)

#Open the downloaded NetCDF file with the raster function
r <- terra::rast(“oisst-avhrr-v02r01.20240515.nc”)
#Crop the raster on the Labrador Sea area

1 <- terra::crop(r, ext(295, 322, 50, 68))

#Create a simple color palette
pal <- colorNumeric(c(“#0C2C84”, “#41B6C4”, “#FFFFCC”),

values(r),na.color = “transparent’)

m <- leaflet() %>% #Returns a Leaflet map widget
addTiles() %>% #Adds default map tiles
#Adds the layer (i.e., SST)
addRasterImage(r, colors = pal, project = FALSE, opacity = 1) %>%
#Adds the color bar
addLegend(pal = pal, values = values(r), title = “SST”)

m #Print the map

TABLE 1. List of the main functions used to create the Leaflet interface.

FUNCTION NAME ‘ USAGE ‘ R PACKAGE
leaflet This function creates a Leaflet map widget Leaflet v. 2.2.0.9
addProviderTiles Adds a tile layer from a known map provider

addRasterlmage Creates an image overlay from a raster layer

addLegend Adds a color legend to the map

addLayersControl Adds Ul controls to switch layers on and off

addAwesomeMarkers | Adds awesome markers to the map

addScaleBar Adds a scale bar to the map
addMiniMap Adds a mini map to the map
addMeasure Adds a measure control to the map

addMouseCoordinates | Displays cursor location (latitude, longitude) = Leafemv. 0.2.3

A leaflet control plugin for tracking GPS
position
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Leaflet.Extras v.1.0.0

addPopups function. The addMeasure
function allowed us to use the leaflet
as a blackboard and interactively draw
points, lines, and polygons on the map.
Moreover, the coordinates of a point on
the map could be identified because a
box displaying the current cursor loca-
tion (latitude, longitude) was present on
the leaflet (top right corner) map thanks
to the function addMouseCoordinates.
More details on these functions (Table 1)
and practical examples for incorporat-
ing various elements into a leaflet map
are available in a dedicated tutorial
(https://rstudio.github.io/leaflet/articles/
leaflet.html) for the leaflet R package.
The source R code used to create our

tailored leaflet GUI is commented on
and accessible on GitHub (https://github.
com/argonauta74/R_leaflet_ TARA
Europe_maps). Overall, the code gen-

erates a leaflet map through the follow-
ing steps: (1) initialize a map widget
using the leaflet function, (2) enhance the
map by adding panels/layers (i.e., data),
(3) repeat step 2 as needed to include
additional layers, (4) customize the map
by adding map features, (5) display the
map and save it as an HTML page. The
input layers were NetCDF files contain-
ing the parameters to be uploaded and
superimposed on the mapping base.
Specifically, daily Sentinel-3 NetCDF files
(e.g., CHL) were downloaded at a spatial
resolution of 300 m from the CMEMS
data store using the free Copernicus
Marine Toolbox. These files were used to
create climatology. When available, near-
real-time images of CHL and SPM at a
spatial resolution of 300 m were down-
loaded manually from the EUMETSAT
data service (https://data.eumetsat.int/
data/map/EO:EUM:DAT:0407). NetCDF
files of bathymetric data at a spatial res-

olution of ~115 m were downloaded
from the European Marine Observation
and Data Network (EMODnet, https://
emodnet.ec.europa.eu/en) using its Map

Viewer tool. Finally, an Excel file con-
taining information about sampling sta-
tions, including latitude, longitude, sta-
tion number, station type, and date, was
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also used as input. Geographic coordi-
nates from the Excel file display the sam-
pling stations’ positions as markers on
the map, while all the other information
is shown inside a pop-up. The online sup-
plementary material provides an example
of an interactive leaflet map.

FIELD APPLICATION EXAMPLE

A specific feature of the Traversing
European Coastlines (TREC) program
(https://www.embl.org/about/info/

trec/) is the co-occurrence of land and
marine sampling stations designed to
look for land-ocean connectivity. As a
result, the coastal segments where the
schooner Tara can undertake marine
sampling are constrained by the selection
of optimal geographical locations for the
land sampling sites.

In 2023, the schooner Tara sampled
99 stations across 15 European coun-
tries from the beginning of April to early
November. The Tara Europa in situ sam-
pling strategy aimed to complement the

TREC land transects (i.e., soil, intertidal,
shallow waters) by regularly choosing a
marine station within the inner coastal
biogeochemical pattern, close to the shore
location sampled by the TREC team and
typically situated about 1 km offshore
at a depth of ~15 m. Extra stations were
established in estuaries and similar envi-
ronments to form inshore-offshore tran-
sects for sampling across biogeochemi-
cal gradients. The Tara Europa sampling
strategy team used leaflet maps to
improve data sharing and visualization,
helping to select sampling stations within
the different depths and biogeochem-
ical patterns of CHL calculated from
high-resolution climatological averages.
Climatology shows the most likely CHL
spatial patterns and the fine-scale vari-
ability along the coast at the target site.
In addition, the near-real-time CHL
and SPM images were used (when pos-
sible, in cloud-free conditions) as
“snapshots” to detect changes relative
to the climatological distribution or to

identify new relevant features (e.g., eddies,
fronts, upwellings). In such cases, leaflets
with near-real-time images and station
positions were distributed to the Tara
schooner’s scientific crew for adaptive
sampling. Figure 2 presents an exam-
ple of a leaflet map for the Blavand site
in southern Denmark. This site is part
of the Wadden Sea, a shallow intertidal
sea of sand and mudflats shielded by
barrier islands that emerge at low tide
(Van Beusekom et al., 2019). For this
site, the first station to be sampled was
chosen to represent the coastal biogeo-
chemical conditions (Figure 2b,c) at
about 15 m depth (Figure 2d) to ensure
safe instrument deployment (e.g., CTD-
rosette, nets). To span the local biogeo-
chemical gradient, the other two sta-
tions were placed farther from the coast
(>35 km), in less biomass-rich ocean
waters at a depth of 25-40 m (Figure 2d),
where concentrations of suspended par-
ticulate matter are significantly lower
(Desmit et al., 2024).

FIGURE 2. Site visualization for the Blavand site in the Wadden Sea National Park in southern Denmark show (a) the mapping base, (b) the climatological
mean of chlorophyll-a, (c) the climatological mean of chlorophyll-a by bins, and (d) the relevant bathymetry map with the sampling stations (green mark-
ers on the map) superimposed. Panel a includes a pop-up for the offshore station with sampling data and station coordinates. An orange marker indi-
cates the area sampled by TREC. Sentinel-3 data of CHL concentrations at 300 m of spatial resolution were downloaded from the CMEMS data store.
High-resolution (~115 m) bathymetric data were downloaded using the map viewer tool from the EMODnet website.
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As for the Blavand site, the positions of
the sampling stations for the other sites
were selected considering CHL patterns,
bathymetry, and predictions for circula-
tion and tidal currents during the sam-
pling period (not shown). Leaflets were
used as a convenient medium to visualize
satellite data, intended to provide spatially
representative maps for assessing biogeo-
chemical variability and thus facilitate
discussion among researchers regarding
sampling stations for each site reached by
the Tara schooner during 2023.

We have found incorporating leaf-
lets as a mapping tool for specific tasks
within scientific projects, where satellite
images can assist in sampling decisions
for environments of interest, to be highly
beneficial. It has allowed structuring of
geospatial data by creating useful inter-
active maps rapidly, providing a tool for
researchers to better understand the envi-
ronment. During the Tara Europa expe-
dition, researchers and crew used leaf-
lets to define and refine the location of
Tara Europa sampling stations during
online meetings.

POSSIBLE FUTURE
DEVELOPMENT

A further improvement may be to inte-
grate leaflet with Shiny (https://shiny.
posit.co/, also an R or Python package)
to develop web applications with more
sophisticated GUIs that dynamically
update their outputs (e.g., maps, charts,
tables) whenever the user changes inputs
or interacts with the application. For
example, the Shiny app PhytoFit (https://
github.com/BIO-RSG/PhytoFit),
oped by the remote sensing group at the

devel-

Bedford Institute of Oceanography, is
used to display satellite chlorophyll con-
centration, calculate statistics, and model
phytoplankton blooms for regions within
custom polygons. This could be partic-
ularly useful for scientific projects that
need to share geospatial ocean informa-
tion among teams using interactive, com-
prehensive, and user-friendly graphical
interfaces, enabling quick exploration of
datasets. Leaflet map outputs could also
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be rendered into online reports using
Quarto (https://quarto.org/), an open-

source scientific and technical publishing
system. Visualizing spatial data on inter-
active maps enhances outreach by mak-
ing complex datasets intuitive and acces-
sible to a broad audience.

SUPPLEMENTARY MATERIALS
The supplementary materials are available online
at https://doi.org/10.5670/oceanog.2024.513.
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