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• Landsat-8 and Sentinel-2 satellites are
jointly used to examine the marine impact
of a volcanic eruption.

• A consistent pre-processing methodology
(atmospheric and sunglint corrections) is
implemented.

• Short- and medium-term evolution of the
new lava delta and subsequent impact on
the seawater was addressed.

• Near-real time mapping of turbidity and
chlorophyll-a concentration is accom-
plished in La Palma Island.

• Multi-sensor products may contribute to
enhanced monitoring of water quality
during hazards.
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In this study, seawater quality wasmonitoredwith high-resolution satellite imagery during the 2021 volcanic eruption
(September–December) on La Palma Island (Spain), the longest recorded in the history of the island, and the most de-
structive in the last century in Europe. The Sentinel-2A/B twin satellites and Landsat-8 satellite were jointly used as an
optical constellation, which allowed us to successfully characterize the short- and medium-term evolution of the new
lava delta and subsequent impact on the seawater. Robust atmospheric and sunglint correction approaches were ap-
plied to thoroughly quantify the environmental changes caused on the adjacent coastal waters. The cloud and volcanic
ash coverage remained very high over the coast during the event, so restricted informationwith 14 images (45% of the
total scenes) was retrieved from the multi-sensor approach. Nevertheless, the availability of pre-, syn-, and post-
eruption satellite products allowed us to map and detect the main water quality variations in the marine environment.
On the one hand, during the eruption, a change in the properties of the water quality was observed, with a markedly
increased turbidity on the western side of the island near the new lava delta due to the deposition of volcanic ash and
material. On the other hand, chlorophyll-a concentration did not significantly increase, algal blooms were not ob-
served, and oligotrophic conditions were not swiftly altered towards eutrophic conditions. This information offered
an excellent opportunity to characterize the emplacement of the new lava delta and its impact on the marine environ-
ment in La Palma. The present multi-sensor strategy is an excellent opportunity to highlight the potential of remote
sensing technology as a relevant and powerful tool for future hazard monitoring and assessment during catastrophes
and for a better interpretation of their impact on the marine environment.
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to an increase in technological advances and data availability, which can
systematically improve science and environmental-monitoring products
(Wulder and Coops, 2014; Gray et al., 2020; Rajendran et al., 2021).
Satellite technology has become more prominent in the past decade, with
constellations, such as the Sentinel-2 from the European Commission's
Copernicus programme, that are capable of synoptically observing the
state of coastal and inland environments with significantly improved
spatio-temporal coverage (Caballero et al., 2019; Bacques et al., 2020;
Caballero et al., 2020; Tapete and Cigna, 2020; Caballero and Navarro,
2021; McKee et al., 2021; Normandeau et al., 2021). In particular, high-
resolution satellite-based information plays a key role inmonitoring the im-
pact of volcanoes located in remote areas with limited in situ monitoring
networks (Fraile-Nuez et al., 2012; Coca et al., 2014; Eugenio et al., 2014;
Xu and Jónsson, 2014; Plank et al., 2019, 2020; Corradino et al., 2021;
Martin et al., 2021).

On 19 September 2021, an eruption began from a new volcano on the
Cumbre Vieja ridge, comprising the southern half of La Palma, in the
Spanish archipelago of the Canary Islands (Fig. 1). Lava flowed down the
Fig. 1. a) Location of the study area, b)map of the Canary Islands, c) Sentinel-2 pre-erupt
on 30 September 2021 after the formation of the lava delta with an area of 28 ha, e) Sent
f) Sentinel-2B post-eruption scene on 15 October 2021 (lava delta extension of 35 ha).

2

mountain after the crack opened in the volcano, emitting large amounts
of volcanic material and ash into the air. The lava destroyed everything in
its path before reaching the ocean ten days later, being the most damaging
volcanic eruption on La Palma since records began (IGN, 2021). The lava
flow in contact with the marine environment rapidly solidified, creating a
new lava delta, locally known as “fajana” (Fig. 2), and forming a new pen-
insula (Bosman et al., 2014; Di Traglia et al., 2018; Zhao et al., 2020).
Authorities set up an exclusion zone around the new delta, including the
water mass with a 500-meter security perimeter that vessels could not ac-
cess. Fig. 3 indicates the formation of this fan-shaped mound with a lobate
morphology in the western section of La Palma as a result of the volcanic
material accumulating on the ocean floor. The Sentinel-2 images before
and after the formation of the new strip, on 15 and 30 September 2021, re-
spectively, indicate the change in the coastline (Fig. 3). The newly con-
structed lava delta continued to grow as hot lava flows entered the sea,
extending the coastline outwards: as of 30 September 2021, this was
28 ha in size (Fig. 1d), 34 ha by 10 October 2021 (Fig. 1e), and 35 ha by
15 October 2021 (Fig. 1f). On 25 December 2021, the local government
ion image of La Palma Island on 26 August 2021, d) Sentinel-2A post-eruption scene
inel-2A post-eruption scene on 10 October 2021 (lava delta extension of 34 ha), and



Fig. 2. a) RGB (Red-Green-Blue) composited scene adquired on 2 October 2021 from the MicaSense RedEdge-MX dual multispectral camera onboard the unmanned aerial
vehicle (UAV). The UAVallowed very-high resolution (centimeters)monitoring of the new lava delta on thewestern coast of La Palma Island; b) Photo of the lava-fed delta on
the western coast of La Palma collected with an UAV on 2 October 2021. The evolution of the lava flow fields and the main subaerial lava lobes are evident.
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officially declared the eruption to be over after threemonths. The 2021 vol-
canic eruption in La Palmawas the longest eruption recorded in the history
of the island, and the most destructive in the last century in Europe
(Instituto Geográfico Nacional, 2021).

Thousands of people were evacuated and hundreds of properties were
destroyed after the volcanic eruption. The Spanish Government declared La
Palma as a disaster zone and prepared a reconstruction plan, a set of immedi-
ate measures, and financial support for the people affected. The Copernicus
Emergency Management Service (CEMS) Rapid Mapping was activated
(EMSR546), following the request of the Spanish General Directorate for
Civil Protection and Emergencies (CENEM), to support the emergency re-
sponse during the volcanic eruption (https://emergency.copernicus.eu/
mapping/list-of-components/EMSR546/). Both radar and optical satellite
data were used for the analysis, depending on availability of usable imagery.
As the eruption was ongoing and the situation in La Palma was evolving, in
particular with new lava flows as a result of the partial collapse of the main
volcanic cone (Instituto Geográfico Nacional, 2021), the Rapid Mapping pro-
vided updated information on the eruption detailing the changes in the extent
of the ash deposits and lava flow, as well as destroyed roads, buildings, and
other infrastructure. Satellite-supported research is compelling and essential
for our well-being, as demonstrated during this emergency.
3

However, the marine environmental impacts of volcanic eruptions on
islands, such as La Palma, typically receive significantly less attention
than the socio-economic, atmospheric, or land impacts. The volcanic
ashes and the formation of the lava delta can alter the biochemical condi-
tions of the surrounding waters, thus severely affecting the marine ecosys-
tem (Lebrato et al., 2019) and fisheries on which an economic sector of
the island depends. Coastal waters are frequently characterized by high tur-
bidity and concentrations of suspended inorganic or organic material de-
rived from the activity of volcanos and lava-delta formation. Peaked
turbidity levels can affect many benthic and water column processes such
as productivity of phytoplankton or submerged aquatic vegetation, pollut-
ants transport, or nutrient dynamics, yielding a detrimental impact on the
ecosystem and increasing the environmental instability (Lallement et al.,
2016). Phytoplankton biomass is a biophysical parameter commonly used
to assess the eutrophic status of coastal water bodies. In particular, the pho-
tosynthetic pigment chlorophyll-a (chl-a) is an indicator of phytoplankton
biomass. Therefore, it is crucial to provide information on the changes of
the marine ecosystem and water biogeochemical parameters, such as tur-
bidity and chl-a, during a volcanic eruption (Shi and Wang, 2011; Mantas
et al., 2011). Previous studies during volcanic eruptions in the El Hierro
Island (Canary Islands) evaluated both water quality parameters with

https://emergency.copernicus.eu/mapping/list-of-components/EMSR546/
https://emergency.copernicus.eu/mapping/list-of-components/EMSR546/


Fig. 3. a) Sentinel-2BRGB composited (Red-Green-Blue) pre-eruption scene adquired on 15 September 2021, b) Sentinel-2ARGB composited (Red-Green-Blue) post-eruption
scene adquired on 30 September 2021; map of the coastline c) before (on 15 September 2021) and d) after (30 September 2021) the lava delta formation on the western
section of La Palma.
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moderate and high-resolution spatial satellite imagery as key variables of
the ecological status of the coastal water masses (Fraile-Nuez et al., 2012;
Coca et al., 2014; Eugenio et al., 2014). Water resources management
could be addressed by using optical satellite data, which can help in quan-
tifying the impact on the marine environment and understanding coastal
processes, especially during and after natural hazards, in addition to sup-
port sustainable development in data-poor regions (Sheffield et al., 2018).
Rafts and volcanic plumes discolor surrounding waters depending on
their characteristics (lava flows, bubbles of lava, ashes, volcanic plumes
and pumice) (Siebert and Simkin, 2013a, 2013b). The chemical composi-
tion of discolored seawater, which is one of the characteristics of volcanic
activity, can be estimated from remote-sensing data after a robust atmo-
spheric correction (Urai and Machida, 2005). Recent studies displayed
the potential of atmospherically corrected surface reflectance from satellite
to develop the equation between the color and chemical composition of dis-
colored seawater around a submarine volcano (Sakuno, 2021). The rela-
tionship between the chemical composition of discolored seawater and
volcanic activity has been already investigated (Nogami et al., 1993), eval-
uating the chemical composition conducted using remote sensing (Urai and
Machida, 2005; Sakuno, 2021).

Remote sensing techniques can be a complementary, synoptic and pow-
erful tool for coastal managers to improve current monitoring, as well as to
provide insights during catastrophes, disasters or environmental crisis.
4

Although cloud cover over islands can be high, remote sensing is an acces-
sible and useful tool for short- and long-term water quality studies. In this
regard, high-resolution optical missions may enable novel coastal observa-
tions and water quality mapping that lead to new questions. Although
ocean color sensors provide a unique synoptic view of surface water bio-
optical conditions across scales not feasible with field-based monitoring
techniques, applications in coastal biogeochemical monitoring is challeng-
ing. Recent research suggested that, in order to properly detail the status of
coastal regions through satellite data, enhanced spatial resolution might be
utilized over complex coastal water areas (Fraile-Nuez et al., 2012; Eugenio
et al., 2014; Pahlevan et al., 2019; Aubriot et al., 2020; Caballero et al.,
2020; Chen et al., 2020; Cao and Tzortziou, 2021). High-resolution satellite
imagery was already used to document and map the various morphologic
changes that occurred throughout the duration of volcanic eruptive periods
(Achmad et al., 2019;Waythomas et al., 2020). Initially designed for terres-
trial applications, the significantly improved spatial resolution and smaller
footprint of both Sentinel-2 and Landsat-8 satellite missions offer an opti-
mal opportunity to detect the dynamic spatial heterogeneity that character-
izes terrestrial-aquatic environments and their interfaces at local, regional,
and global scales (Page et al., 2019; Zhang et al., 2020).

Therefore, this study examined themain descriptors of thewater quality
during the volcanic eruption of La Palmausing the high-resolution Sentinel-
2 and Landsat-8 satellites in tandem. Pre-, syn-, and post-eruption water



Table 1
List of imagery used in this study corresponding to the Sentinel-2 and Landsat-8 sat-
ellites from September to December 2021. Mean surface seawater turbidity and
chlorophyll-a concentration calculated for each cloud free scene within the region
of interest (ROI, detailed in Fig. 5) in the western coast of La Palma Island.

Satellite Month Day Observations Turbidity
(FNU)

Chrorophyll-a
(mg/m3)

Sentinel-2B September 5 Intense sunglint – –
Landsat-8 September 10 Low sunglint 1.7 0.18
Sentinel-2B September 15 Low sunglint 1.9 0.21
Sentinel-2A September 20 Clouds – –
Sentinel-2B September 25 Low sunglint 1.8 0.19
Landsat-8 September 26 Low sunglint 1.5 0.18
Sentinel-2A September 30 Low sunglint 4.2 0.17
Sentinel-2B October 5 Clouds/volcanic ash – –
Sentinel-2A October 10 Clouds/volcanic ash – –
Landsat-8 October 12 Clouds/volcanic ash – –
Sentinel-2B October 15 Low sunglint 10.2 0.39
Sentinel-2A October 20 Clouds/volcanic ash – –
Sentinel-2B October 25 Clouds/volcanic ash – –
Landsat-8 October 28 Low sunglint 9.7 0.25
Sentinel-2A October 30 Clouds/volcanic ash – –
Sentinel-2B November 4 Clouds/volcanic ash – –
Sentinel-2A November 9 Clouds/volcanic ash – –
Landsat-8 November 13 Clouds/volcanic ash – –
Sentinel-2B November 14 Low sunglint 2.9 0.21
Sentinel-2A November 19 Clouds 2.8 0.17
Sentinel-2B November 24 Clouds/volcanic ash – –
Sentinel-2A November 29 Clouds 2.5 0.19
Landsat-8 November 29 Clouds/volcanic ash – –
Sentinel-2B December 4 Clouds/volcanic ash – –
Sentinel-2A December 9 Clouds/volcanic ash – –
Sentinel-2B December 14 Low sunglint 2.4 0.18
Landsat-8 December 15 Low sunglint 2.8 0.17
Sentinel-2A December 19 Clouds/volcanic ash – –
Sentinel-2B December 24 Clouds/volcanic ash – –
Sentinel-2A December 29 Low sunglint 3.4 0.24
Landsat-8 December 31 Low sunglint 2.2 0.25
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quality maps were successively generated with the multi-sensor approach,
allowing us to evaluate the evolution of the biogeochemical parameters
in a region adjacent to the new lava delta. The key objectives of the pres-
ent study were: (1) to implement a robust and consistent pre-processing
framework (atmospheric and sunglint corrections) with the optical
multi-sensor approach for both Sentinel-2 and Landsat-8 satellites in
La Palma; (2) to characterize the fine-scale bio-optical features and tem-
poral gradients of the water quality parameters of relevance, i.e. turbid-
ity and chlorophyll-a concentration, during the study period; and (3) to
assess and identify the main changes and critical areas using the re-
trieval products in the context of the latest volcanic disaster. The La
Palma eruption provided a unique opportunity to quantify the cata-
strophic event's transitory impact on water quality as part of a time se-
ries study, which, to the best of our knowledge, was not monitored
within CEMS Rapid Mapping (EMSR546). This exploratory research
and the ability to rapidly process and visualize outcomes across the en-
tire island has an increasing potential to generate new techniques and
enhance the analysis of Earth Observation data for management, emer-
gency and scientific research.

2. Methods

2.1. Satellite imagery

The Sentinel-2 twin satellites were used for monitoring the water qual-
ity due to their high spatial resolution (10–20–60 m) and open data access
policy. The European Commission (EC) and the European Space Agency
(ESA) developed the Sentinels constellation to meet the operational needs
of the Copernicus programme. Sentinel-2 is a multispectral imaging mis-
sion, which supports Copernicus Land Monitoring studies, including the
monitoring of soil and water cover, vegetation, as well as observation of
coastal areas and inland waterways. Themission is based on a constellation
of two operational identical satellites, Sentinel-2A and Sentinel-2B in the
same orbit, phased at 180° to each other. Due to its high-revisit frequency
and mission coverage, it provides for the generation of geoinformation at
local, regional, and national scales. The multispectral instruments (MSI)
on-board Sentinel-2A and Sentinel-2B satellites are operational with a
global revisit frequency of five days at the Equator. The radiometric, spec-
tral and spatial characteristics of the visible and near-infrared (NIR)
bands used in this study are specified in the User Handbook (European
Space Agency, 2015). Sentinel-2 scenes are geo-located within two pixels
(20 m) which is within the stated quality requirements for absolute geo-
location (European Space Agency, 2017). The scenes covering La Palma Is-
land (zone 28 and tile RBS; acquisition time ~12:00 UTC) during four con-
secutive months (September–December 2021) were downloaded from the
Copernicus Open Access Hub. These images corresponded to Level-1C
(L1C) radiometrically and geometrically corrected top of atmosphere
(TOA) products.

Moreover, we also used Landsat-8 imagery for detailed mapping at
a 30 m spatial resolution. These observations are available from the
National Aeronautics and Space Administration (NASA) and the
Department of the Interior U.S. Geological Survey (USGS). Landsat-8
acquires imagery of the Earth's terrestrial and polar regions in the vis-
ible and NIR spectra with a 16-day revisit frequency, with enhanced
signal-to-noise ratio and 12-bit radiometric resolution (Woodcock
et al., 2008; Knight and Kvaran, 2014). Orthorectified and terrain
corrected Level 1 images during September–December 2021 were
downloaded from Earth Explorer (https://earthexplorer.usgs.gov/).
The tiles corresponding to the region of interest were located in path
208 and row 40 (acquisition time ~11:45 UTC).

Only scenes with low cloud coverage (<40%) over the island were se-
lected for further analysis (see Table 1 for acquisition dates of both
Sentinel-2 and Landsat-8). From the total number of scenes during the
study period, 23 and 8 for Sentinel-2 and Landsat-8, respectively, only 9
and 5 were further evaluated due to cloud and volcanic ash cover and
sunglint contamination after processing.
5

2.2. Atmospheric correction and water quality mapping

The Level-1C images were atmospherically corrected to Level-2A (bot-
tom of atmosphere, BOA) with the commonly used ACOLITE processor
(version 20210114.0). ACOLITE uses an image-based approach that does
not require in- situ atmospheric information. ACOLITE was specifically de-
veloped for marine, coastal, and inland waters by the Royal Belgian Insti-
tute of Natural Sciences (RBINS) and supports free processing of Landsat-
8 and Sentinel-2 satellites (Vanhellemont and Ruddick, 2016). We selected
a novel algorithm within the ACOLITE toolbox, the Dark Spectrum Fitting
(DSF) atmospheric correction model (Vanhellemont and Ruddick, 2018;
Vanhellemont, 2019). This recent algorithm was initially developed for
water applications of meter-scale optical satellites but has already demon-
strated its potential for application to both Landsat-8 and Sentinel-2 satel-
lites due to their improved spectral coverage, notably including bands in
the short wave infrared region (Vanhellemont, 2019). We also selected
the optional image-based sunglint correction of the surface reflectance
since during the study period sunglint contamination was observed at
Level-1C. ACOLITE products correspond to remote sensing reflectance
(Rrs, sr−1) in all visible and NIR bands, resampled to 10 m pixel size for
Sentinel-2 and 30 m for Landsat-8.

In order to evaluate the water quality parameters during the erup-
tion crisis, we selected turbidity (FNU) and chlorophyll-a (mg/m3) as
standard products. The assessment of the good ecological status of the
coastal waters in the context of the EU Water Framework Directive
(WFD) includes both indicators, turbidity and chlorophyll-a. Final
water quality products were at 10 m and 30 m spatial resolution for
Sentinel-2 and Landsat-8, respectively. Data were flagged using the
standard land and cloud masking as well as poor performance of the at-
mospheric correction. The process of downloading and processing each
of these images was completed in ~4 h following image acquisition for
each tile.

https://earthexplorer.usgs.gov/
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In this study, turbidity was estimated applying a semi-analytical
algorithm by Nechad et al. (2009, 2010) using the remote sensing re-
flectance of the red band (Rrs 665 nm) of both Sentinel-2 and Landsat-
8. This algorithm has already been used in several environments
(Katlane et al., 2013; Caballero et al., 2019; Nazirova et al., 2021;
Vanhellemont and Ruddick, 2021). These semi-analytical models
are based on the inherent optical properties of the water and provide
a more global application. The concentration of water chlorophyll-a
was computed using the commonly used OC3 algorithm, a three
banded maximum band ratio that uses fourth order polynomial func-
tion as a proxy of the chlorophyll-a bloom (Vanhellemont, 2019). The
OC3 chl-a model was already used in the Canary Islands with the Moderate-
Resolution Imaging Spectroradiometer (MODIS) onboard the AQUA satellite
(Coca et al., 2014), in particular in El Hierro submarine volcano eruption dur-
ing 2011 (Fraile-Nuez et al., 2012).

3. Results and discussion

3.1. Pre-processing scheme

During the study period fromSeptember to December 2021, a total of 23
Sentinel-2 and 8 Landsat-8 sceneswere acquired and processed.When these
products are combined as a constellation, the mean revisit time at this lati-
tude is ~4 days. However, only 14 scenes (~45% of the total scenes) were
further evaluated under the lowest cloud and volcanic ash coverage to clar-
ify the spatiotemporal variation of water quality (see Table 1 for details).
Fig. 1d-f shows a Sentinel-2 RGB (Red-Green-Blue) composited image on
30 September, 10 and 15 October 2021 at 10 m spatial resolution after
the volcanic eruption. Sentinel-2 satellites, although initially not designed
Fig. 4. RGB (Red-Green-Blue) composited image on 30 September 2021 of the Senti
b) Bottom-Of-Atmosphere (BOA) Level after ACOLITE, and c) Remote sensing reflectan
on 26 September 2021 of the Landsat-8 satellite (30 m spatial resolution) at d) Top-O
and f) Remote sensing reflectance (Rrs, sr−1) of the blue band (483 nm).
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for coastal ocean applications, are key tools for detailed monitoring of het-
erogeneous environments, including inland water cover and coastal areas.

Robust atmospheric and sunglint correction approaches are required
to thoroughly address the ecological status of the coastal waters adjacent to
La Palma Island using remote sensing technologies (Vanhellemont and
Ruddick, 2016; Vanhellemont and Ruddick, 2018; Vanhellemont, 2019;
Vanhellemont and Ruddick, 2021). The sunglint (specular reflection of sun-
light off the water) also affected the high-resolution imagery during the
study period. In particular, at these latitudes, moderate sunglint contamina-
tion of both Landsat-8 and Sentinel-2 was encountered (see Table 1 for
details). Fig. 4 indicates two scenes on 26 and 30 September 2021 for
Landsat-8 and Sentinel-2, respectively, at top-of-atmosphere (TOA) Level 1,
bottom-of-atmosphere (BOA) Level 2 after ACOLITE, and the remote sensing
reflectance (Rrs) of the blue band (wavelength of 483–492 nm). ACOLITE
performed properly for low to moderate sunglint conditions, retrieving infor-
mation over these complex areas. The sunglint is visible at BOA level (Fig. 4a,
d), whereas minimal residuals are visible at TOA level (Fig. 4b,e) and Rrs of
the blue band (Fig. 4c,f). Similar outcomes have been obtained in other
areas of the world, such as the Caribbean waters (Caballero and Stumpf,
2020) andNorth Atlanticwaters (Caballero et al., 2020). Atmospheric correc-
tion over inland and coastal waters is one of the major remaining challenges
in aquatic remote sensing, often hindering the quantitative retrieval of bio-
geochemical variables and analysis of their spatial and temporal variability
within aquatic environments (Pahlevan et al., 2021). Several studies already
suggested that ACOLITE offers precise information for aquatic system appli-
cations (Vanhellemont and Ruddick, 2016, 2018, 2021; Vanhellemont,
2019). Occasionally, residual sunglint suggested the need for improvements
in the atmospheric correction procedure to empower the application commu-
nity to extensively explore Landsat-8 and Sentinel-2 products. Recognizing
nel-2A satellite (10 m spatial resolution) at a) Top-Of-Atmosphere (TOA) Level,
ce (Rrs, sr−1) of the blue band (492 nm); RGB (Red-Green-Blue) composited image
f-Atmosphere (TOA) Level, e) Bottom-Of-Atmosphere (BOA) Level after ACOLITE,
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the differences in spatial and spectral sampling under various atmospheric,
sunglint and aquatic conditions to create a data record for coastal and inland
water quality monitoring is a critical task (Pahlevan et al., 2019, 2021). This
information is vital to ensure a precise near-real time monitoring with
Sentinel-2 and Landsat-8 satellites working in tandem.

3.2. Water quality mapping

Fig. 5 displays the image-derived maps for surface seawater turbidity,
with the imagery corresponding to the previous days before and after the
onset of the volcanic eruption on 19 September 2021. The first observation
derived from the collected data is that, as reported for surface turbidity, the
western part of the island had markedly larger values and gradients, where
recent lava flows entered the ocean. In general, the turbidity levels were
very low (< 2 FNU) in the coastal area on 10, 15, 25 and 26 September
2021, before the formation of the lava delta. On 30 September, after the for-
mation of the lava delta (Fig. 3), increased turbidity levels (~4 FNU) were
observed in the western part of La Palma, and on 15 October, the turbidity
was higher compared to previous days, with mean levels ~10 FNU and
Fig. 5. Surface seawater turbidity (FNU) maps of the Sentinel-2 satellite (10 m spatial
during the study period from September until December 2021. Only scenes with low
volcanic ash).

7

reaching~20 FNU in some regions. This volcanic plume appeared adjacent
to the lava delta in the western part during mid-October. High turbidity
levels with particle plumes persisted not only in the center of the western
part, but also in the southwest. For the other regions, the turbidity of the
water was similar to the pre-eruption condition. These plumes with discol-
ored water of volcanic origin might have possible implications for algal
communities since volcanoes inject large amounts of material with variable
chemical composition into the oceans, thus being a potential source of trace
metals and nutrients. The mean turbidity levels in the region of interest
(ROI) close to the lava delta in the western section of the island (Fig. 5)
are detailed in Table 1, highlighting an increase from pre- and syn-
eruption situation as a result of eruptive ash and the lava delta altering
ocean chemistry. The sudden break and the deterioration of the water qual-
ity on the western coast did not reach a stage of severe turbidity. After the
formation of the lava delta inOctober, the ecosystem turbidity gradually re-
covered during November and December as can also be observed from the
optical images in the decay of turbidity retrievals on the western side. How-
ever, the volcano continued to discharge from the land to the lava delta as
indicated by CEMS Rapid Mapping (EMSR546). Remote sensing data also
resolution) and Landsat-8 satellite (30 m spatial resolution) images over La Palma
cloud coverage were used. White color corresponds to masked data (land, clouds,
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played a fundamental role in analyzing the physical-chemical properties of
the water around the submarine volcano of El Hierro Island during the
2011 eruption in the Canary Islands (Coca et al., 2014; Eugenio et al.,
2014). Therefore, monitoring is key to assessing the persistence of turbid
plumes due to the deposition of volcanic lava and ashes and whether they
last longer than the main eruptive events.

Fig. 6 displays the surface seawater chl-a maps corresponding to the
days before and after the onset of the volcanic eruption on 19 September
2021. The most common chl-a conditions during this period were usually
<0.3 mg/m3, ranging from 0.1–0.39 mg/m3 with oligotrophic waters
observed around the island as well as close to the lava delta. As it can be ob-
served in this temporal sequence, the chl-a concentration did not substan-
tially increase in the western section after the lava delta formation;
therefore, peaked plankton blooms occurring during the study period
were not detected at mesoscale or sub-mesoscale. Consequently, there
were no clear indicators of eutrophic conditions and algal blooms devel-
oped due to the fertilization of the volcanic eruption and formation of the
lava strip. The typical low chl-a valueswere not swiftly altered towards eutro-
phic conditions during October, November or December 2021. However,
Fig. 6. Surface seawater chlorophyll-a concentration (Chl-a, mg/m3)maps of the Sentine
images over La Palma during the study period from September until December 2021. Onl
(land, clouds, volcanic ash).
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other studies suggested that a potential growth rate response following the
phytoplankton bloom could occur after extreme weather events and natural
hazards (Lebrato et al., 2019). Volcanic eruptions can trigger algal blooms
where diffuse iron from volcanic ash interacts with water and fertilizes
existing algae (Mantas et al., 2011; Lindenthal et al., 2013; Coca et al.,
2014; Eugenio et al., 2014; Armon and Starosvetsky, 2015; Kim et al.,
2020). Natural evidence for biological response to the seaward deposition
of subduction zone volcanic particulate matter comes from satellite images
and data of the bio-optical properties of seawater. Duggen et al. (2007) pre-
sented MODIS satellite data indicating seawater discoloration due to the sea-
ward deposition of volcanic particulate matter and illustrating an increase of
chl-a concentration caused by a phytoplankton bloom. A recent study indi-
cated that during the Raikoke volcano eruption (Kuril Islands), visible satel-
lite imagery showed expansion of the island's surface area and a possibly-
linked algal bloom south of the island (McKee et al., 2021). The presence of
the volcano-rich materials might restrict, stimulate or enhance the response
by the phytoplankton community near the lava delta. During the La Palma
eruption, the expected plume of discolored water did not trigger widespread
blooms to occur, at least not observed during the cloudless days examined, so
l-2 satellite (10m spatial resolution) and Landsat-8 satellite (30m spatial resolution)
y sceneswith low cloud coveragewere used. Black color corresponds tomasked data



Fig. 7. Sentinel-2A RGB composited image acquired on 30 October 2021. The cloud and volcanic ash coverage remained very high over the west coast, so restricted
information was retrieved from the optical imagery during October and December 2021.
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the volcanic activity could be detrimental to biological communities. In the
case of a time lag between the presence of the water plume and the phyto-
plankton blooms, this might be associated with the time necessary for the
chemicals, such as iron input, to have significant impacts on the water
(Mantas et al., 2011). In addition, the cloud and volcanic ash coverage re-
mained very high on the west coast during the consecutive days of
October–December 2021, as clearly observed in the RGB image acquired on
30October 2021 (Fig. 7), so restricted informationwas retrieved over the sur-
face seawater from the optical imagery.
Fig. 8. Spectral signature of the Sentinel-2 satellite on 15 October 2021 over four contro
the plume close to the lava delta). See Fig. 5 for location of the control points.
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Fig. 8 shows the spectral signature of the Sentinel-2 satellite on 15 Oc-
tober 2021 over four control points distributed along different areas (P1
and P3 in clear waters, P2 and P4 in the turbidity plume close to the lava
delta; see Fig. 5 for location of the control points). The retrieved spectrum
indicates remote sensing reflectance (Rrs) values for ocean and coastal wa-
ters in the vicinity of the lava delta. Interestingly, along the western coast, a
change in the Rrs values was observed; far from the lava delta in the north-
ern region, the radiometric signature resembled that of the typical ocean
offshore waters, whereas within the plume, the Rrs changed progressively
l points distributed along different areas (P1 and P3 in offshore waters, P2 and P4 in
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into a different spectrum with a distinctive drop in values for green, red,
red-edge and near-infrared bands (560–850 nm). These preliminary results
on discrimination of discolored seawaters by their reflectance patterns are
similar to other studies (Urai and Machida, 2005; Mantas et al., 2011), fur-
ther corroborating the remarkable value of these water quality products
after the consistent atmospheric and sunglint correction of the ACOLITE
processor. Shi and Wang (2011) also provided reflectance spectra for an
ash-laden water after a volcanic eruption, indicating some unique optical
features, similar to our results, and different from those of river plume wa-
ters or other productive waters.

On 25 December 2021, the local government declared the eruption to
be officially over after three months, being the longest eruption recorded
in the history of the island, and the most destructive in the last century in
Europe (IGN, 2021). The satellite-measured water turbidity after one-
week post-eruption on 29 and 31 December 2021 (Fig. 9) indicated that
the environmental parameters returned to the pre-eruption condition and
provided a clear picture of the water optical properties. The ash-laden
Fig. 9. Surface seawater turbidity (FNU) and chlorophyll-a concentration (Chl-a, mg/m3

Landsat-8 satellite (30 m spatial resolution) on 31 December 2021 images over La Palm
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turbid waters near the eruption site disappeared. This suggests that at
that time the coastal ocean environment nearly restored back to pre-
eruption conditions. Fig. 10 displays the Sentinel-2 RGB composited
scene on 29 December 2021, a post-eruption image, showing the lava
delta in the north with a final area of 5 ha and the lava delta in the south
with a final extension of 44 ha. These data can be used as an effective and
efficient tool to synopticallymonitor and assess the environmental changes.

3.3. Multi-sensor approach

Costly and time-consuming in situ measurements are frequently carried
out to assess water quality over coastal areas during and after extreme
weather events, hazards or catastrophes. Nevertheless, these approaches
pose a risk for the technical personnel during the emergency and they
may not address the complexity of the spatial and temporal variability.
We proposed both Sentinel-2 and Landsat-8 missions in tandem to advance
water control of La Palma during the 2021 volcanic eruption. The Sentinel-
) maps of the Sentinel-2 satellite (10 m spatial resolution) on 29 December 2021 and
a after the end of the volcanic eruption (25 December 2021).



Fig. 10. Sentinel-2 post-eruption image of La Palma Island on 29 December 2021 showing the lava delta in the north with a final area of 5 ha and the lava delta in the south
with a final extension of 44 ha.
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2 and Landsat-8 constellations monitored and provided extensive and syn-
optic information of what was happening on La Palma, not only in land but
also in the coastal waters adjacent to the island, as this study demonstrates.
The variations of water quality that occurred before and after the sea was
hit by the incandescent lava were determined in an adjacent perimeter,
with anomalies registered in the marine conditions, both coastal and off-
shore waters, can profoundly reshape biogeochemical and ecological pro-
cesses during one or two years at levels not previously observed in nature
(Lebrato et al., 2019). Themerged satellite data series revealed the complex
nearshore features and fine-scale biogeochemical gradients across this
dynamic coastal interface. The turbid plume observed on the western side
was particularly challenging because its frequent small dimension
prohibited the use of traditional ocean color remote sensing at low spatial
resolution. Therefore, it is worth noting that finer resolution is required to
properly address this spatio-temporal variability at typical scales of tens
or hundreds of meters. Recent research suggested that, in order to compre-
hensively characterize the ecological status of complex coastal areas and
landwater inputs through satellite data, enhanced spatial resolution should
be utilized by means of Landsat-8 and/or Sentinel-2 (Pahlevan et al., 2019;
Caballero et al., 2020; Chen et al., 2020; Rodríguez-Benito et al., 2020).

High-resolution satellite imagery from Ikonos was also used to investi-
gate the effects of flows from mud volcano eruptions from two aspects,
the flood problem due to the sedimentation and the water quality problem
in the river and estuary (Kure et al., 2014). Malawani et al. (2021) made a
review of local and global impacts of volcanic eruptions and disaster man-
agement practices, highlighting that the impacts of volcanic eruptions on
water bodies can have significant implications. However, hazards andman-
agement related to volcanic water quality, in particular for lakes, are poorly
developed (Gunkel et al., 2008). Lallement et al. (2016) evaluated the
impact of the 2011 Puyehue-Cordon Caulle volcanic eruption (Chile), indi-
cating that substantial environmental changes were observed after the
eruption in association with the large amount of ash fallout. In that study,
environment characterization was obtained through in situ observation
and pre- and post-eruption visual assessment of publicly available Google
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Earth satellite imagery, being turbidity the water quality variable that
reflected the most changes throughout time. Waythomas et al. (2020)
used high-resolution satellite imagery to allow documenting and mapping
of the various morphologic changes that occurred on the subaerial part of
Bogoslof Island during the volcanic eruptive period. Achmad et al. (2019)
evaluated the geomorphological transition for affecting the coastal environ-
ment due to a volcanic eruption by means of high-resolution satellite imag-
ery. Our multi-sensor approach might advance previous studies that aimed
to characterize water quality over coastal and inland water masses during
extreme weather events or catastrophes using coarser spatial resolution im-
agery (Mantas et al., 2011; Coca et al., 2014; Eugenio et al., 2014; Plank
et al., 2020; McKee et al., 2021), as the complex variability of the coastal
environment has been revealed in all the synoptic satellite-derived maps
of the entire island presented.

Even though satellite products were not validated with local in situ data
to address their quality and uncertainties, the turbidity and chl-a products
used were proxies of the biogeochemical properties in the coastal waters
of La Palma. We used the traditional OC3 model to quantify chl-a concen-
tration and a commonly used semi-analytical model for the estimation of
turbidity (Nechad et al., 2009, 2010; Vanhellemont, 2019). The latter has
already been validated in several environments worldwide (Katlane et al.,
2013; Caballero et al., 2018; Nazirova et al., 2021; Vanhellemont and
Ruddick, 2021). These approaches are emerging as a valid and consistent
methodologies in the study of turbidity and total suspended matter,
which contribute to a more global application (Nechad et al., 2009, 2010;
Wang et al., 2012). In addition, the OC3 chl-a model was already utilized
in the Canary Islands, particularly in El Hierro submarine volcano eruption,
providing accurate findings (Fraile-Nuez et al., 2012).

In conditions of high presence of clouds and volcanic ash coverage dur-
ing volcanic eruption events, the amount of available and workable optical
satellite data can be significantly reduced. In this sense, using a geostation-
ary ocean color sensor, such as the Geostationary Ocean Color Imager
(GOCI), should improve near-real-time water monitoring during volcanic
events or hazards. The primary advantage of GOCI over other satellite
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imagers is that it can obtain data every hour during the daytime, allowing
coastal ocean monitoring effectively in quasi-real time. Several studies
demonstrated the potential of GOCI for turbidity monitoring over coastal
waters (Choi et al., 2012; Hu et al., 2016). In addition, other geostationary
instruments, such as the Geostationary Korea Multi-Purpose Satellite (GK-
2A), enhanced a developing method of volcanic ash detection (Lee and
Lee, 2015). With three-to-four-day revisit time enabled by merged Landsat-
8 and Sentinel-2 imagery, the coastal science and end-user community
would benefit from high-quality and consistent products for synoptic opera-
tional purposes in the context of the EU Water Framework Directive (Cao
and Tzortziou, 2021). However, it is clear that the presence of clouds and vol-
canic ash coverage are huge constraints to the use of optical (multispectral)
data during volcanic eruptions events, as highlighted in this study. Nonethe-
less, the merged time-series products may contribute to most frequent obser-
vations at both short- and medium-term and enhanced monitoring of the
subsequent water quality deterioration (Sheffield et al., 2018). This informa-
tion offered an excellent opportunity to characterize the emplacement of the
new lava delta and its impact on the marine environment in La Palma.

4. Concluding remarks

The September–December 2021 La Palma eruption was a complex
event effectively monitored using remotely sensed data from a variety of
sensors by the Copernicus Emergency Management Service (CEMS) Rapid
Mapping. Sentinel-2 and Landsat-8 missions proved essential in tracking
the development of the new lava delta and in measuring related eruption
water quality impacts, such as turbidity or chl-a concentration, which
were not regularly monitored by the CEMS Rapid Mapping. The possibility
to collect detailed water quality maps before, during, and after the volcano
eruption is fundamentally important for documenting the distribution and
characteristics of the biogeochemical conditions adjacent to the new lava
delta. An area close to the new lava-delta was observed where the
physical-chemical properties of the water column, in particular turbidity,
were significantly affected. Conversely, there was no pronounced chl-a
change observed during and after the volcanic eruption in the region near
the study site. High-resolution satellite technologies can play an essential
role in the investigation of remote and past volcanic events in islands,
which would have remained unnoticed otherwise. These favorable tools
can be used in addition to routine on-site sampling methods to successfully
mitigate the negative effects on the coastal waters after these catastrophic
events in a very short time, facilitating prevention and security tasks and
allowing access to risky areas during the emergency. With Sentinel-2A,
Sentinel-2B, and Landsat-8 now operating, Landsat-9 already in orbit,
newmissions launching soon (e.g., Sentinel-2C and Sentinel-2D), and regu-
larly advancing atmospheric correction techniques, the record of available
high-resolution information is bound to be promptly expanded to offer an
even more representative water quality characterization in the dynamic
coastal environments.While scientists are developing enhanced satellite at-
mospheric and bio-optical algorithms, it is now the perfect time to consider,
exploit and maximize this virtual constellation to provide timely assistance
in coastal and inlandwater environments, in particular during environmen-
tal crisis and catastrophes, such as the 2021 volcanic eruption in La Palma.
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