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Abstract Coastal lagoons have been providing ecological, economic and cultural benefits for 
many centuries. Despite their importance, the monitoring of coastal lagoons poses numerous 
challenges related to their complex environmental processes, their large variability in size and 
their remote location, inhibiting effective management programmes. This study demonstrates 
the effectiveness of Sentinel-2 satellites to map highly dynamic morphological and hydrological 
changes in the Louro lagoon, a small choked lagoon located on the Galician coast (NW Spain). 
For this purpose, a simple methodology using the Normalised Difference Water Index (NDWI) has 
been evaluated, which allows to monitor the sand barrier changes and the inlet formation. The 
results show that the sand barrier’s opening and closing might take only a very short period, and 
the recovery of the lagoon to its full water level can happen in less than a month. Sentinel-2 
images also reveal drastic changes in the water level once the sand barrier is broken. A water 
surface area of 0.24 km 

2 was estimated on 04/11/2019, while this surface was reduced to 0.10 
km 

2 on 04/12/2019. Monitoring these changes is critical to understand the different processes 

∗ Corresponding author at: National Centre for Geocomputation, Maynooth University, Maynooth, Co. Kildare, Ireland. 
E-mail address: gema.casal@mu.ie 

Peer review under the responsibility of the Institute of Oceanology of the Polish Academy of Sciences. 

https://doi.org/10.1016/j.oceano.2021.09.004 
0078-3234/ © 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access 
article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 

https://doi.org/10.1016/j.oceano.2021.09.004
http://www.sciencedirect.com
http://www.journals.elsevier.com/oceanologia
mailto:gema.casal@mu.ie
https://doi.org/10.1016/j.oceano.2021.09.004
http://creativecommons.org/licenses/by-nc-nd/4.0/


Oceanologia 64 (2022) 88—102 

ongoing in these valuable environments and making informed decisions for their management 
and protection. 
© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host- 
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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. Introduction 

oastal lagoons occupy 13% of the global coastline 
 Barnes, 1980 ; Kjerfve, 1994 ) and represent essential 
cosystems that provide many ecological, economic, social 
nd cultural benefits. Several definitions for coastal lagoons 
ave been proposed ( Tagliapietra et al., 2009 ). The most 
idely used is the one suggested by Kjerfve (1994) that 
efine coastal lagoons as “a shallow coastal water body 
eparated from the ocean by a barrier, connected at least 
ntermittently by one or more restricted inlets and usu- 
lly oriented shore-parallel”. Bird et al. (1994) added to 
his definition some aspects regarding the enclosing barrier 
hose nature is responsible for lagoon formation ( Duck and 
igueiredo da Silva, 2012 ). These authors define coastal la- 
oons as “areas of relatively shallow water that have been 
artly or wholly sealed off from the sea by the deposi- 
ion of spits or barriers, usually of sand or shingle, build 
p above high tide level by wave action”. Considering their 
eomorphology and degree of isolation coastal lagoons can 
e sub-divided into: “chocked”, “restricted” and “leaky”
 Kjerfve, 1994 ). Following Kjerfve (1994) “chocked” lagoons 
re connected to the sea by a single long narrow entrance 
hannel and usually located along a stretch of coast with 
igh wave energy and significant littoral drift; “restricted”
agoons consist of a large and wide water body, usually ori- 
nted parallel to the coast, with two or more entrance 
hannels, while “leaky” lagoons are elongated water bodies 
arallel to the coast but with many ocean entrance chan- 
els. 
Coastal lagoons are highly variable systems influenced 

oth by global aspects such as climate change or sea-level 
ise and by local aspects such as the nature of the base- 
ent, coastal orientation, topography or sediment sources 

 Costas et al., 2009 ). The local aspects have particular rel- 
vance on the NW Iberian coast, which has an abrupt topog- 
aphy with incised river valleys, producing shallow and small 
oastal lagoons ( < 1 km 

2 in size) ( González-Villanueva et al., 
015 ). In Galicia (NW Spain), these small coastal lagoons are 
elevant environments that provide many ecosystem ser- 
ices and that are protected by the “Habitat Directive of 
he European Union” (92/43/EEC) ( EC, 1992 ). A large num- 
er of these lagoons holds protected taxa, some of which 
re listed in the “Galician Catalogue of Endangered Species”
 González-Villanueva et al., 2015 ). 
Despite the current environmental protection of Gali- 

ian coastal lagoons, these systems are progressing towards 
heir collapse ( Fraga-Santiago et al., 2019 ). The principal 
bserved cause is clogging (accumulation of sediment par- 
icles), which leads the free water body to disappear, im- 
lying a progressive loss of diversity, mainly of aquatic birds 
 Bao et al., 2007 ). This effect is of particular relevance in 
he Louro lagoon. As a choked lagoon, the Louro lagoon has 
hallow waters periodically connected with the open ocean 
89 
y a narrow channel (called an inlet). The temporary con- 
ection between the lagoon and the open sea causes signif- 
cant hydrodynamic variations. This change is probably the 
ost critical factor governing the structure and function- 

ng of the resident biotic communities ( Smakhtin, 2004 ). 
n many choked lagoons, the occasional break of the sand 
arrier might be produced in an artisanal manner asso- 
iated with cultural traditions, generally related to fish- 
ries ( Bertotti-Crippa et al., 2013 ) or agricultural purposes 
 Fortunato et al., 2014 ). In the case of the Louro lagoon, due
o the abandonment of traditional agriculture practises, the 
and barrier’s opening mainly depends now on meteorologi- 
al and oceanographic conditions. 
In choked lagoons, the opening of the sand barrier has 

 direct effect on their morphology and biogeochemical 
ows by promoting the exchange of water, sediments, nu- 
rients, and pollutants between the lagoon and the sea 
 Moreno et al., 2010 ). After the rupture, the sand barrier
an remain open or close after a variable period of time, 
epending on the hydraulic efficiency related to the rain- 
all regime, the tide cycle and the sediment transport at 
he local level ( Green et al., 2013 ). These openings can 
ccur regularly throughout the year (seasonal cycles) or ir- 
egularly due to anthropogenic interventions. For example, 
easonal openings can be caused by high waves produced 
y storms, intense river discharges, or elevated rain levels 
 Gale et al., 2006 ; Weidman and Ebert, 2013 ). The unpre-
ictable nature of natural closures and openings hampers 
heir monitoring and, in many cases, they have not been ex- 
licitly evaluated ( Yáñez-Aranciabia et al., 2014 ). Informa- 
ion about the evolution of coastal lagoons and their moni- 
oring is crucial for their management and sustainable pro- 
ection ( Newton et al., 2018 ). However, the environmen- 
al and morphological variability, together with their isola- 
ion and dispersion, makes it challenging to acquire robust 
nd continuous data of coastal lagoons, and thus to estab- 
ish a holistic management approach. On the other hand, 
here is a growing need to expand the coverage and fre- 
uency of coastal monitoring for regulation purposes, which 
erive from legislation such as the European Union Water 
ramework Directive (WFD) (2000/60/EC) ( EC, 2000 ). The 
FD considers coastal lagoons as both “transition waters”
nd “coastal waters” that need specific monitoring instru- 
ents to assess their ecological status and derive possible 
ctions. 
Data obtained by remote sensors, combined with in situ 
onitoring programmes, are crucial to provide new knowl- 
dge of the diverse processes taking place in coastal la- 
oons. The use of satellite data is well established in dif- 
erent applications related to coastal water bodies such as 
ood monitoring ( DeVries et al., 2020 ), water quality as- 
essment ( Gholizadeh et al., 2016 ) or the extraction of sur- 
ace water area ( Sun et al., 2012 ). In light of increasing new
atellite data, the present moment is particularly impor- 
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ant to provide new knowledge in this field. As part of the 
opernicus programme, the European Space Agency (ESA) 
ogether with the European Commission has launched the 
entinel missions to increase existing Earth observation ca- 
abilities. Of particular relevance for the study and moni- 
oring of coastal areas is the Sentinel-2 mission. This mission 
ncludes the twin satellites Sentinel-2A, launched in 2015, 
nd Sentinel-2B, launched in 2017. The Multispectral Imager 
MSI) sensor on board Sentinel-2 provides 13 spectral bands 
overing from visible and near-infrared (VNIR) to shortwave 
nfrared (SWIR) wavelengths, with four of these bands (B2, 
3, B4 and B8) offering a spatial resolution of 10 m. This rel- 
tively high spatial resolution combined with a short revisit 
ime (5 days at the equator and 2—3 days at mid-latitudes) 
s an advantage for monitoring highly dynamic small water 
odies. Sentinel-2 data will have a temporal continuity with 
he launch of Sentinel-2C and Sentinel-2D in the future. 
Although the Sentinel-2 satellites were primarily de- 

igned for terrestrial environments, numerous studies 
ave shown their usefulness for different coastal ap- 
lications (e.g. Ansper and Alikas, 2019 ; Casal et al., 
020 ; Hedley et al., 2018 ), including coastal lagoons 
 Brisset et al., 2021 ; Sebastiá-Frasquet et al., 2019 ) and wa- 
er bodies delimitation ( Zhou et al., 2017 ). Sentinel-2 pro- 
ides continuity regarding medium resolution missions such 
s Satellite Pour l’Observation de la Terre (SPOT) or Land- 
at, which have provided successful results in the mapping 
f diverse water bodies ( Casal et al., 2011 ; Lavery et al., 
993 ; Luis et al., 2019 ). The Landsat mission had been used 
xtensively due to its open data access and long-term data 
eries (the first Landsat satellite was launched in the 70s). 
owever, the revisit time of Landsat satellites (16 days) lim- 
ts their use for monitoring highly dynamic events. 
Regarding coastal lagoons, the number of studies using 

entinel-2 data is still scarce. A search in the Web of Sci- 
nce using the words “Sentinel-2” and “lagoon” as topic re- 
orted only 17 records between 2017 and 2020, including ar- 
icles and proceeding papers. The Sentinel-2 applications in 
oastal lagoons mainly include monitoring water quality pa- 
ameters ( Braga et al., 2020 ; Sebastiá-Frasquetet al., 2019 ; 
òria-Perpinyà et al., 2020 ) and only a few applications were 
ound related to water body changes ( Karim et al., 2019 ) 
nd waterline detection ( Salameh et al., 2020 ). None of the 
ecords reported by Web of Science included highly dynamic 
hanges. 
The objective of this study is the evaluation of Sentinel-2 

ata to monitor highly dynamic morphological and hydrolog- 
cal changes in a small chocked lagoon. The detection of the 
reaking and closing of the sand barrier, the inlet formation 
nd the water level variations are assessed using existing 
ater extraction indices. Establishing the barrier break fre- 
uency and its closure is crucial for evaluating the barrier 
ulnerability and preventing damage to infrastructures and 
cosystem services. 

. Material and methods 

.1. Study area 

he Louro lagoon is located on the Atlantic coast of Gali- 
ia (NW Spain) at the northern end of the Ría de Muros 
90 
 Figure 1 ). This area, catalogued as a “Site of Community 
mportance” (Natura 2000 Network, Directive 92/43/EEC) 
nder the European Union Habitats Directive, is an essen- 
ial habitat for many species of fauna and flora ( González- 
illanueva et al., 2017 ). The lagoon ecosystem hosts am- 
hibians, reptiles and small mammals and has become a rel- 
vant place for ornithological observation. 
The Louro lagoon is separated from the open sea by a 

and barrier of 300—600 m wide and 1500 m long, fixed to 
 rocky substrate on both sides ( González-Villanueva et al., 
017 ). The sand barrier hosts vegetated dunes fragmented 
y corridors produced by wind action. The lagoon is mainly 
hallow, with depths ranging between 2 m in winter and 0.5 
 in summer ( Pérez-Arlucea et al., 2011 ). It presents an in-
er permanent flood area and a peripheral area subject to 
ccasional flood periods ( Pérez-Arlucea et al., 2011 ). Pre- 
ipitation in the study area is highly variable, with oscil- 
ations between monthly averages of 300 mm in autumn- 
inter to less than 50 mm in summer. Communication be- 
ween the lagoon and the open sea is temporary and oc- 
urs under certain circumstances related to spring tides, 
ntense rain periods and storms with south-southwesterly 
inds. The sand barrier break causes a water exchange be- 
ween the open sea and the lagoon through the formation of 
n inlet. In general, the inlet can be described as a channel 
 m deep and an average of 15 m wide that cuts the bar-
ier perpendicular to the coast ( González-Villanueva et al., 
013 ; Pérez-Arlucea et al., 2011 ). The Louro lagoon system 

s classified as mesotidal ( Davies, 1964 ), with an average 
idal range of around 3 m. 
Recent studies have demonstrated that the Louro lagoon 

s experiencing a progressive siltation and eutrophication 
rocess, which alters its natural evolution and could even- 
ually affect its inherent environmental value ( González- 
illanueva et al., 2015 ; Fraga-Santiago et al., 2019 ). Sev- 
ral factors have been identified affecting these processes, 
he most relevant of which is the abandonment of tradi- 
ional agriculture practices ( Fraga-Santiago et al., 2019 ) 
hat lead to changes in the land use around the lagoon. 
ince the last decades of the 20 th century, crop cultivation 
as been progressively abandoned, leading to riparian for- 
st growth ( Fraga-Santiago et al., 2019 ). This expansion in 
ree-covered areas around the lagoon implied a decrease in 
ater availability. Moreover, frequent forest fires have also 
ontributed to transporting nutrients and sediments into the 
agoon, thus incrementing the siltation and eutrophication 
rocesses. 

.2. Satellite imagery 

he intense storms in winter 2019/2020 severely impacted 
he Louro lagoon by producing several breaks of the sand 
arrier with the subsequent formation of an inlet. Prior in- 
ormation about morphological and environmental changes 
n the Louro lagoon during this period motivate this study 
o evaluate the suitability of Sentinel-2 images to monitor 
hese processes. Sentinel-2 images were downloaded from 

he Copernicus Scientific Data Hub between 1 st November 
019 and 29 th February 2020 at level 1C, Top-of-Atmosphere 
eflectance (TOA) and projection UTM/WGS84. 
Although a total number of 24 Sentinel-2 images were 

egistered during this period, only seven had no clouds or 
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Figure 1 a) Map of the study area showing the locations of the SIMAR node and the Corrubedo Meteorological Station (CMS). b) 
Sentinel-2 image in false infrared colour (NIR, R, G), taken on 23/01/2020. This image also shows the sand barrier break . The red 
dot in b) indicates the place where the photographs in panels c) and d) were taken on 26/01/2020. 

Table 1 Detail of the Sentinel-2 images included in the study. The tidal coefficient was registered in Muros Port and indicates 
the tidal amplitude (difference between low and high tide). 

Date Sensor S2-granule Acquisition 
time (UTM) 

Tidal coefficient Observations 

04/11/2019 S2A T29THM 11:33:21 34 (very low) Strong swell 
29/11/2019 S2B T29THM 11:33:29 75 (high) Clouds partially covering the 

lagoon 
04/12/2019 S2A T29THM 11:34:41 39 (low) Strong swell 
29/12/2019 S2B T29THM 11:33:59 70 (high) Strong swell 
03/01/2020 S2A T29THM 11:34:51 42 (low) Clouds partially covering the 

lagoon 
23/01/2020 S2A T29THM 11:33:51 77 (high) No swell. Low clouds over the 

open sea but not over the actual 
lagoon 

22/02/2020 S2A T29THM 11:33:11 44 (low) Strong swell. Clouds over the open 
sea but not over the lagoon 
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 low cloud coverage ( Table 1 ). Cloud coverage is a criti- 
al limiting factor in the NW of Iberian Peninsula; however, 
he revisit time of Sentinel-2 constellation allowed for at 
east two suitable images almost every month during the 
tudy period. Most of the images showed a strong swell with 
aves breaking in the shore producing white caps. No sun 
lint conditions were visually appreciated in any of the im- 
ges. The images were resized to the area of the Louro 
agoon. 
91 
.3. Meteorological and oceanographic data 

ecause the break of the sand barrier in winter is mainly re- 
ated to meteorological and oceanographic conditions, in- 
ormation about rainfall, wind and significant wave height 
as consulted for the period of this study ( Figure 2 ). Rain-
all data (L/m 

2 ) and wind speed (km/h) were downloaded 
rom the Corrubedo Meteorological Station (CMS) through 
he Meteogalicia website ( https://www.meteogalicia.gal ). 

https://www.meteogalicia.gal
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Figure 2 a) Daily rainfall data (L/m 

2 ) and (b) wind speed (km/h) registered by the Corrubedo Meteorological Station. Red dashed 
lines indicate the dates on which the Sentinel-2 images analysed in this study were taken ( Table 1 ). 
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he wave height was taken from the node of 3009017 of the 
IMAR dataset provided by Puertos del Estado ( http://www. 
uertos.es ) (not shown here as the data are not download- 
ble). Numbers in the SIMAR database are obtained through 
 wave reanalysis model. The location of CMS and SIMAR 
ode is shown in Figure 1 . 

.4. Surface water delimitation 

he extraction of water bodies from optical images uses 
he difference between the low reflectance levels of wa- 
er surfaces and the high reflectance levels of terrestrial 
ubstrates in the infrared channels. Several algorithms for 
urface water delimitation have been proposed. Examples 
re the digitalisation of water bodies through visual inter- 
retation ( Yang et al., 2017 ), object-based image analysis 
 Zhang et al., 2013 ), spectral mixture analysis ( Guo et al., 
015 ; Liu et al., 2017 ), single-band thresholding ( Bryant and 
ainey, 2002 ; Frazier and Page, 2000 ) or spectral water 
ndices ( Feyisa et al., 2014 ; McFeeters, 1996 ; Xu, 2006 ). 
he spectral water indices commonly take two different 
ands to distinguish the water surfaces, having the advan- 
age of both simplicity and high precision ( Xie et al., 2014 ). 
or this reason, these indices are among the most widely 
sed. 
One of the most popular multiband spectral water in- 

ices is the so-called Normalised Difference Water Index 
NDWI) which uses the green and the near-infrared bands 
 McFeeters, 1996 ). The NDWI had first been developed us- 
92 
ng Landsat Multispectral Scanner images in digital num- 
ers and a zero threshold value. Positive NDWI values were 
dentified as water, while negative values were classified 
s non-water. Some years later, Xu (2006) proposed a dif- 
erent index, the Modified Normalized Difference Water In- 
ex (MNDWI), in which the green and shortwave infrared 
ands were used. Although the MNDWI is widely used in ap- 
lications such as the delimitation of surface water bodies, 
and-use changes and ecology ( Duan and Bastiaanssen, 2013 ; 
u, 2006 ), it has limitations in urban and shaded moun- 
ainous areas ( Acharya et al., 2018 ). Some years later, 
eyisa et al. (2014) proposed the Automated Water Extrac- 
ion Index (AWEI) using Landsat Thematic Mapper. In this 
ase, Feyisa et al. developed two variants: the AWEIsh de- 
igned to identify water bodies by eliminating shadow pixels 
nd the AWEInsh designed to delimit water bodies in urban 
reas. Because the Louro lagoon area is a rural area without 
arge urban settlements, the AWEInsh index was not con- 
idered here. The Normalised Difference Vegetation Index 
NDVI) was also evaluated since several studies have demon- 
trated that vegetation indices can also be effective in de- 
imiting water bodies ( Rokni et al., 2014 ). 
Most of the indices considered here were initially devel- 

ped for satellites other than Sentinel-2. For this reason, 
heir equations were adapted to Sentinel-2 bands as de- 
ailed in Table 2 . This band adaptation approach is not novel 
nd has already been described in other studies ( Du et al., 
016 ; Wang et al., 2018 ; Yang et al., 2017 ). The selected
entinel-2 bands were: band 2 (490 nm) as a blue band, 
and 3 (560 nm) as a green band, band 4 (665 nm) as

http://www.puertos.es
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Table 2 Water surface extraction indices were considered in this study. ρ represents the top of atmosphere reflectance (TOA) 
at different Sentinel-2 bands. 

Multiband Index Equation Water value Reference 

Normalised Difference Vegetation 
Index 

NDVI = ( ρB8 — ρB4 )/ 
( ρB8 + ρB4 ) 

Negative Rouse et al. (1973) 

Normalised Difference Water Index NDWI = ( ρB3 — ρB8 )/ 
( ρB3 + ρB8 ) 

Positive McFeeters et al. (1996) 

Modified Normalised Difference 
Water Index 

MNDWI = ( ρB3 — ρB11 )/ 
( ρB3 + ρB11 ) 

Positive Xu et al. (2006) 

Automated Water Extraction Index AWEIsh = ρB2 + 2.5 ∗ρB3 

— 1.5 ∗( ρB8 + ρB11 ) — 0.25 ∗ρB12 

Positive Feyisa et al. (2014) 
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 red band and band 8 (842 nm) as NIR band. Band 11 
1614 nm) and band 12 (2190 nm) were chosen for SWIR1 
nd SWIR2, respectively. All selected bands have a spatial 
esolution of 10 m except for SWIR1 and SWIR2 for which 
he resolution is 20 m per pixel. Image sharpening pro- 
esses to convert 20 m bands into 10 m bands were not 
erformed since this study aimed to develop a methodol- 
gy as simple as possible so that potential users can imple- 
ent it quickly. The SNAP 8.0 software was used to resam- 
le the bands with 20 m of spatial resolution into 10 m. 
he same software was also used for the generation of the 
ndices. 
All the water indices described above allow water pixels 

o be classified by applying a simple threshold (T), which 
an be adjusted to different images or different classifica- 
ion priorities. The determination of the optimal threshold 
alue is of great importance for the accurate delimitation 
f water bodies, and it can be done manually ( Meng et al., 
013 ; Xu et al., 2005 ) or using automated methods ( Ji et al.,
009 ; Zhang et al., 2018 ). In this study, the threshold val- 
es (T) were initially set to zero but generally, threshold 
djustments to individual situations can achieve a more 
ccurate delineation of water bodies ( Du et al., 2012 ; 
ekertekin, 2019 ). The extracted water bodies were con- 
erted to polygons and water level changes were evaluated 
sing ArcGIS 10.3.1. 

. Results 

.1. Selection of the optimal multiband indices 

he performance of the different indices mentioned in 
able 2 was first interpreted visually and compared with 
he near-infrared (NIR) band at 842 nm. NIR wavelengths 
re strongly absorbed by water and reflected by terres- 
rial vegetation and dry soil ( Sun et al., 2012 ). Even though 
IR bands can also be used to extract water bodies using 
 threshold, this process requires an individual evaluation 
n each image. Changes in the image conditions (e.g. illu- 
ination) can modify the optimal threshold value. These 
hanges are minimised using band ratios; for this reason, 
he NIR bands were only used to support the interpretation 

esults. f

93 
All the evaluated indices have a spatial resolution of 10 
; however, some bands used for the MNDWI and AWEIsh 

ndices were resampled from 20 m to 10 m. It is also impor-
ant to remind here that the Louro lagoon is located in a ru-
al environment with small and isolated settlements in the 
urrounding areas. The terrain elevations of nearby Monte 
ouro ( ∼241 m) produces shadows, but they do not affect 
he lagoon area. Taking into account these aspects, some 
ifferences were found between the indices in the visual 
nalysis. 
As expected, the lagoon’s delimitation and its inlet were 

ess defined when the indices with the 20 m bands, MNDWI 
nd AWEIsh, were used (see Figure 3 ). The AWEIsh index re- 
ults were more affected by the swell, and showed the high- 
st values close to the shore where the waves were break- 
ng. This issue was not evident in MNDWI, but this index 
eems to be more sensitive to the shade produced by ter- 
ain elevations ( Figure 3 ). In this case, the shade does not
ffect the lagoon, but the 20 m bands lead to a lower def-
nition at which the water surface and inlet were mapped. 
he NNDWI and the AWEIsh indices were excluded from the 
nalysis to avoid adding a sharpening step to the processing 
hain. 
The visual analysis of the NDVI and NDWI indices showed 

 clear differentiation between land and water and a bet- 
er delimitation of the inlet because of the higher spatial 
esolution (10 m) ( Figure 3 ). NDVI was initially developed 
or separating green vegetation from other surfaces. How- 
ver, some studies reported that the NDVI performs well for 
ater detection ( Rokni et al., 2014 ), giving water features 
egative values. On the other hand, the NDWI enhances in- 
ormation about water bodies by including the green band 
hile reducing vegetation and soil features ( Li et al., 2013 ). 
he NDWI index classifies water features with positive val- 
es, while vegetation and soil are classified with negative 
alues ( McFeeters et al., 1996 ). 
To evaluate the results obtained with NDVI and NDWI in- 

ices in more detail, the frequency density histograms were 
nalysed. The differentiation between land and water pix- 
ls was confirmed by the density distributions ( Figure 4 ). 
he histogram of both indices showed a clear bimodal dis- 
ribution with a higher peak representing water pixels and 
 lower peak representing land pixels. In the NDWI the land 
nd water peaks were further apart, indicating a better dif- 

erentiation between both substrates. This behaviour was 
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Figure 3 Example of the water surface extraction indices evaluated in this study applied to two different Sentinel-2 images 
(04/11/2019 and 29/12/2019). The first image on the left and right corresponds to band 8 (842 nm). The AWEIsh index values were 
rescaled to values between —1 and 1 for comparison with the other indices. 
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Figure 4 Density distributions of the NDVI and NDWI. The grey dashed line indicates the threshold value T ≥ 0, while the solid 
line indicates a threshold of T ≥ —0.1. NDVI values were inverted for a better comparison. 
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Figure 5 Comparison of the water surface extension using the NDVI and NDWI and a threshold value of T ≥ 0. a) Delimitation of 
the water body on 04/11/2019. b) Delimitation of the water body on 23/01/2020. The NDVI shows more conservative results missing 
water pixels located at the edge of the lagoon. 
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onfirmed by comparing the extracted water surface ob- 
ained by the two indices using the default threshold value 
f T ≥ 0 ( Figure 5 ). In all the cases, the NDVI showed more
onservative results missing water pixels located on the 
ater body’s edge. This fact was especially evident when 
he lagoon showed a low water level, as was the case on 
3/01/2020 ( Figure 5 b). For this reason, the NDWI was se- 
ected as the optimal index. 

.2. Delimitation of water surface 

he histograms of the NDWI index showed a well-defined 
egion between water and land peaks that could be inter- 
reted as mixed pixels ( Figure 4 ). Mixed pixels are caused 
y two or more land-cover classes in a surface area smaller 
han the spatial resolution of the image ( Ji et al., 2009 ), 
nd their amount will depend on the heterogeneity of the 
ubstrates. These mixed pixels can be identified in the his- 
ograms as a flat area between water and land peaks. Ex- 
ept for the images affected by clouds (29/11/2019 and 
3/01/2020) the histograms revealed that mixed pixels 
ould reach thresholds of —0.1 ( Figure 4 ). Each image was 
ndividually evaluated in order to identify those pixels with 
 value lower than zero and higher than —0.1. All those pix- 
ls were located in well-defined areas at the lagoon’s bor- 
er. Further analysis is required since these pixels could be 
nterpreted as pixels with a high water content but not sub- 
erged and pixels located in very shallow areas. When the 

agoon had a high water level, both threshold values showed 
ery similar results ( Figure 6 a); however, the largest differ- 
nces were found when the water level started to decrease. 
n this case, a threshold value of T ≥ 0 seems to be more 
onservative. This issue affects the inlet’s delimitation since 
uring the process of the sand barrier closing the water flow 

ight be only a few centimetres deep (e.g. Figure 1 b and 
 c), and in this case, its delimitation using a threshold of 
 ≥ 0 can be more challenging. Considering the objective 
f this study, the threshold value of T ≥ 0 was selected. 
his value led to a good delimitation of the surface water 
96 
evel and allowed the inlet’s detection and monitoring. For 
 more detailed delimitation of the inlet, further research 
ould be required exploring other threshold values with the 
upport of specific field campaigns. 
Using a value of T ≥ 0, the NDWI index was evaluated 

or the detection of the sand barrier break and its associ- 
ted water level variations ( Figure 7 ). The analysis of these 
entinel-2 images revealed that the Louro lagoon suffers 
ignificant morphological and hydrological variations. Be- 
ween November 2011 and February 2020, the sand barrier 
roke and closed several times, allowing the water inside 
he lagoon to flow into the sea. The image acquired on 
4/11/2019 showed the lagoon to have a high water level 
ith the water about to flow over the dune crest. This situ- 
tion presents a critical moment and indicates an imminent 
reak of the sand barrier if the trigger conditions appear 
e.g. heavy rains, southwesterly winds or high tides). Dur- 
ng the storms, waves driven in the SW direction generate 
issipative morphologies in the sand barrier and modify cur- 
ents and sediment transport ( Amécija et al., 2009 ). The 
urrent convergence promotes a rip current formation and 
he breaking of the sand barrier. However, the formation of 
he inlet and the consequent water outflow also needs the 
ater elevation in the lagoon to be higher than the high tide 
ater level by about 1 m, which requires prolonged periods 
f high rainfall levels ( Pérez-Arlucea et al., 2011 ). This high 
ater level generates enough pressure and potential energy 
o break the sand barrier, thus forming the inlet. 
Between 04/11/2019 and 29/11/2019 meteorological 

ata registered at the CMS weather station reported 
inds close to 30 km/h ( Figure 2 ) while the SIMAR node
howed significant wave heights ( ∼6 m). Moreover, between 
9/11/2019 and 15/11/2019, the tide reached high coef- 
cient values between 74 and 87. Meteorological factors, 
ogether with tides, could be the main triggers for break- 
ng the sand barrier and forming the inlet detected on 
9/11/2019. This Sentinel-2 image reveals that the inlet 
ormation could have been produced some days before the 
mage acquisition. This is suggested by the fact that the in- 
et shows a narrow part ( Figure 7 b), indicating that sand 
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Figure 6 a—e) Example of extracted water body surfaces in different images using threshold values of T ≥ 0 (red) and T ≥ —0.1 
(blue); f) variation of water levels using the NDWI and T ≥ 0. 
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ovements have already occurred and the communication 
ith the open sea has started to reduce. The next available 
entinel-2 image, registered one month later (29/12/2019), 
howed the sand barrier sealed and the water level al- 
ost fully recovered. The Sentinel-2 image registered on 
3/01/2020 revealed a lower water level again, indicating 
hat a new break of the sand barrier had happened prior to 
he acquisition of the image. A heavy rain period ( > 70 L/m 

2 )
n mid-January, together with moderate winds ( ∼30 km/h) 
nd high tide coefficients (74—92), could have triggered the 
nlet formation after 03/01/2013 since on this date the la- 
oon showed a high water level. The image registered on 
2/02/2020 indicates a recovery of the sand barrier and the 
agoon water level. 
These observations confirm that the Sentinel-2 images 

howed the sand barrier to break and close several times 
97 
uring the four-month period. These changes were associ- 
ted with meteorological and oceanographic conditions that 
roduced drastic water level changes. During the timescale 
f only one month, the water surface can be reduced from 

.24 km 

2 to 0.10 km 

2 or even lower ( Figure 6 f). However, in
intertime and in the absence of breaks, the lagoon’s water 
evel can be fully recovered within less than a month. 

. Discussion 

he results obtained in this study demonstrate that 
entinel-2 data can provide valuable information to detect 
nd monitor highly dynamic morphological and hydrologi- 
al changes in small coastal lagoons using a simple process- 
ng chain. This information can be essential to complement 



G. Casal 

Figure 7 Example of the NDWI (T ≥ 0) results compared to the NIR band (842 nm). Note that the Sentinel-2 images registered on 
29/11/2019 and 03/01/2020 were both affected by clouds. 
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onventional in situ monitoring programmes providing con- 
inuous data in space and time. Although the breaking and 
losing of the sand barrier is a quick process that might hap- 
en within a timescale of a few days ( Pérez-Arlucea et al., 
011 ), the number of available images (around two per 
onth) was enough to reveal interesting information about 
hese processes in combination with ancillary data. The 
vailability of good quality images without cloud coverage 
ffecting the lagoon determines the success of the method- 
logy described in this study. Even though it was possible 
o have at least two images per month in the winter pe- 
iod, it is expected that summertime conditions increase 
he chance of having a higher number of good quality im- 
ges that could allow a more detailed study. 
Processing remote sensing images from digital levels (DN) 

r TOA values to surface reflectance is generally compli- 
ated. An accurate atmospheric correction needs input from 

any atmospheric variables such as aerosol concentration, 
ptical depth or air pressure at sea level, as well as informa- 
ion about optically active constituents present in the water 
urface. Having data about all these parameters at the time 
f image acquisition is challenging ( Du et al., 2002 ). Several 
tudies have used DN or TOA, instead of surface reflectance 
o build water indices ( Danaher et al., 2006 ; Donchyts et al., 
016 ; Ko et al., 2015 ), and obtained very similar results than 
hen using surface reflectance ( Fisher et al., 2016 ). In this 
tudy, TOA Sentinel-2 images provided a good delimitation 
f the lagoon water surface, and the results allowed the de- 
ection of the sand barrier break and the inlet. Two factors 
ould explain why such a good delimitation from the data is 
ossible. First, resizing the image to the Louro lagoon area 
emarkably reduces the pixel variability. Second, the arith- 
etic operation of the multiband water indices cancels out 
 large portion of noise (i.e. sensor calibration and changing 
adiation conditions caused by the illumination, soil, topog- 
aphy or atmospheric conditions) ( Ji et al., 2009 ). 
Although various comparative studies on multiband in- 

ices have been performed, no index was found to be ef- 
ective in all scenarios ( Boschetti et al., 2014 ). The Louro 
agoon is located in a rural area with no significant terrain 
levations around the lagoon. Both issues facilitate the de- 
imitation of water bodies without interferences produced 
y urban areas or topographic shades. As expected, the spa- 
ial resolution of Sentinel-2 bands influenced the water sur- 
ace delimitation, especially at the edges of the lagoon and 
he inlet. The NDVI and NDWI indices showed the best re- 
ults regarding the water surface and inlet detection due 
o their higher spatial resolution bands (10 m). These re- 
ults coincided with other studies where both indices were 
ore efficient in extracting water bodies while removing 
ost classification errors for shadow and other non-water 
urfaces ( Acharya et al., 2018 ). The frequency density his- 
ograms analysis showed that the NDWI produced a bet- 
er differentiation between water and terrestrial substrates 
 Figure 4 ). Thus, the NDWI was selected as the optimal in- 
ex to monitor morphological and hydrological changes in 
he Louro lagoon. The discharge of water from the lagoon 
akes other substrates such as vegetation and sand ap- 
ear ( Fraga-Santiago et al., 2019 ). High reflection of veg- 
tation and soil in NIR bands causes the NDWI to be less 
ffected by this interaction at the lagoon edge and hence 
iving more accurate results. The lack of built-up classes 
99 
djacent to the water mass increases the accuracy of the 
DWI, which generally cannot sufficiently suppress the re- 
ectance from built-up areas. The selection of the NDWI 
s the optimal index was coincident with the results pro- 
ided by Zhou et al. (2017) . These authors ( Zhou et al.,
017 ) compared several indices to map open surface wa- 
er in the Poyang Lake Basin (China). Other studies also re- 
orted that the NDWI performs better in small lakes due 
o less interaction with classes adjacent to the water body 
 Özelkan, 2020 ). 
One of the critical aspects of applying multiband wa- 

er indices is the determination of an optimal threshold 
alue. The optimal value can depend on the characteris- 
ics of each particular site and on the threshold method 
mployed ( Sekertekin, 2019 ). Due to the reflectance char- 
cteristics, the NDWI values for water are usually higher 
han zero. Therefore, a zero (T ≥ 0) threshold is often ap- 
lied to extract water from satellite images using this in- 
ex. In the Louro lagoon, this threshold value showed a 
ood delimitation of the water surface, including the in- 
et detection ( Figure 7 ), except for the images registered 
n 29/11/2019 and 03/01/2020, due to the presence of 
louds. 
Employing the frequency histograms, populations of wa- 

er, land and mixed pixels were identified. The number of 
ixed pixels is significant for coarse resolution satellite im- 
ges (e.g. AVHRR (1 km), Sentinel-3 OLCI (300), MODIS (250 
)) where large pixels usually contain multiple types of sub- 
trates. Compared to these optical satellites, the spatial 
esolution of Sentinel-2 (10 m) reduces mixed pixels and 
heir associated omission errors. For the purpose of this 
tudy, good results were obtained using a threshold value 
f T ≥ 0. This threshold value (T ≥ 0) accurately delimited 
ubmerged areas and was well suited to detect the sand 
arrier break and the inlet. The threshold value of T ≥ —0.1 
ncluded mixed pixels that were interpreted as very shal- 
ow areas. It also showed a better delimitation of the inlet 
hen the water flow is very low (e.g. Figure 1 ). However,
ew analyses of Sentinel-2 images, supported by field cam- 
aigns, will be necessary to better understand how the la- 
oon ś water surface variations affect the selection of the 
ptimal threshold value. 
This study revealed that the lagoon suffers drastic wa- 

er level variations during the opening and closing of the 
and barrier. Even though field campaigns were not per- 
ormed, the results related to the estimation of water sur- 
ace coverage were very similar to those reported by other 
uthors using different methodologies in the same study 
rea (e.g. González-Villanueva et al., 2015 ). The results 
howed that the breaking and closing of the sand barrier 
ould be a rapid process supporting the results obtained 
y Pérez-Arlucea et al. (2011) . However, the water level 
an be recovered within less than one month. The sand 
arrier-breaking frequency and duration can drive different 
nd complex effects on ecological, chemical and physical 
rocesses ( Conde et al., 2015 ) and in many cases, these 
rocesses have not been explicitly evaluated yet ( Yáñez- 
ranciabia et al., 2014 ). 
Sentinel-2 data could provide valuable information for 

stablishing the sand barrier vulnerability frequency and 
reventing damage in these ecosystem services such as fish- 
ries. For example, the breaking and closing of the sand bar- 
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ier of the Baldaio lagoon, a similar lagoon located on the 
alician coast, has a direct impact on shellfish harvesting 
reas. The methodology proposed here could be transferred 
o similar sites for supporting coastal management. 
Although the number of satellite applications in coastal 

agoons has increased, the number of studies that include 
entinel-2 data is still small. Most of the Sentinel-2 applica- 
ions are related to the assessment and monitoring of wa- 
er quality parameters (e.g. Vai či ūt ė et al., 2021 ), but the
umber of applications related to water body extraction is 
till scarce (e.g. Kaplan et al., 2017 ; Salameh et al., 2020 ). 
ue to the relatively short lifespan of Sentinel-2 mission (up 
o now 6 years), it is also common to find a combination 
f Sentinel-2 and Landsat data to study long term changes 
e.g. Karim et al., 2019 ; Vai či ūt ė et al., 2021 ). The series of
entinel-2 data will increase in the future with the launch 
f Sentinel-2C and Sentinel-2D. 
The vulnerability of the Louro lagoon and other simi- 

ar lagoons will be enhanced in the coming decades due 
o climate change effects. Sea-level rise, intensification 
f storms, alteration in the tidal regimes, or changes 
n the freshwater inputs will have a substantial impact 
n the functioning of these areas. To prevent ecologi- 
al losses and degradation due to climate change effects, 
ontinuous spatial and temporal information will be re- 
uired. This study demonstrates the importance of Sentinel- 
 data to monitor highly dynamic coastal areas such as 
oastal lagoons. The combination of Sentinel-2 data with 
n situ monitoring programmes will provide valuable in- 
ormation for coastal management that could contribute 
o face climate change effects and protect ecosystem 

ervices. 
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