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Detecting and managing coastal water pollution is crucial for preserving
ecological functions and ecosystem services. However, it is challenging due to
the complex nature of the coastal environment, large spatio-temporal scales, and
high operational costs. To improve situational awareness, this study used a top-
down approach, integrating multi-spectral data from satellites and drones with
different resolutions. By combining these data sources, the researchers obtained
complementary results and were able to focus on the same phenomenon from
multiple perspectives. The study successfully applied this approach to monitor a
polluted water plume in the Domitia coast, Italy, originating from wastewater
plants and illicit discharges. The results confirmed the effectiveness of the
proposed method in assessing water quality and increasing situational awareness
in coastal areas. Implementing this approach can aid in the proper management of

water resources.

1. INTRODUCTION

The coastal areas regulate the circulation of critical
ecological, economic and social processes, while providing
several ecosystem services for the benefit of humans and the
whole biosphere [1, 2]. Anthropogenic stressors exert adverse
influence on these processes. Among them, pollutant
discharges into water bodies, which can include organic matter,
synthetic organic compounds (e.g., PCBs and pesticides, such
as DDT and residues), microorganisms, nutrients (mainly
nitrogen and phosphorus), oil, waste, heavy metals,
radionuclides, and so on, cause a great concern due to their
impact [3-5].

Due to the complex evolutionary dynamics of coastal
environments, the appropriate coastal management is required
for the preservation of these areas, their functionality and
ecosystem services. Adequate management practices are
rooted in informed decision-making processes. These
processes rely on the availability of data, which must be
characterized appropriately. The characteristics of the data
depend both on the phenomenon of interest and on the purpose
and final use of the collected data. Conventional in-situ
observational methods are characterized by their low sampling
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frequency due to the high cost of experimental field
observations. However, these observations are often
inadequate to provide sufficient details about the complexity
of environmental variables and to capture short-duration
events, such as pollutant releases. The introduction and
implementation of advanced monitoring techniques improve
the situational awareness of complex scenarios and provide
suitable means for the investigation of different phenomena
along coastal zones [6]. For example, the combined use of
sensors mounted on remote and proximal platforms within
hierarchical monitoring techniques and procedures can be
integrated to produce different information layers, which can
be represented within a GIS environment [7, 8]. The obtained
geographical representations, based on the collection of data
with different spatio-temporal resolutions, can be focused on
different aspects, based on the elaboration of available data,
leading to the extraction of complementary information having
multiple resolution levels [8-11].

The available technological improvements, enabling the
remote and proximal observations of the biosphere parameters,
have allowed for enhance the use of bioindication to detect the
vulnerability of ecosystems and the impacts generated by
pollutants [12-14]. Some studies proved the effectiveness of
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proximal sensing in the biomonitoring of algal blooms in
coastal areas [15, 16]. In particular, a higher proximity to the
surface water bodies allowed to spatially extend the validity of
in situ biomonitoring and to increase the spatial resolution of
satellite multispectral observations of potentially harmful
exposure to algal blooms, while enhancing the quality of
management and mitigation actions [17-19].

The aim of this work is to integrate different multispectral
data into a multiscale and multi-layered hierarchical structure
to generate augmented information, used to support the
environmental impact and risk assessment in relation to the
discharge of polluted internal water bodies into coastal waters
(as shown in Figure 1).

Figure 1. Multiscale hierarchical structure of internal,

transitional, and coastal waters in Campania, Southern Italy
Source: Authors

In particular, the impacted area was observed through a
multilayer analysis, based on the use of data collected from a
multispectral sensor mounted on an Unmanned Aerial
Vehicles (UAVs), otherwise known as a drone system. In this
study, the sensors mounted on UAVs acted as a bridge,
producing data that served as a link layer between satellite and
in situ field data. The novelty of the proposed integration,
based on the use of proximal sensing, consists in the reduced
need of frequent field monitoring campaigns, positively
impacting the operational costs of part of the environmental
management routine operations. The elaboration of multi-
spectral data, through the classification and ranking of multi-
spectral indices related to the response of bioindicators to the
different concentration of pollutants in coastal water bodies,
allowed for the quantify the spatial extension and variability
of the impact related to the discharges of pollutants.

The research was applied to the area of Regi Lagni channel,

in the Domitia coast (Campania Region, Southern Italy). The
site was chosen for its publicly known problems concerning
the efficiency of an existing wastewater treatment plant, whose
receiving water body is Regi Lagni. These problems were also
evidenced by several police investigations that revealed the
existence of illegal wastewater discharges into the same
network of channels. On the other hand, the choice was
motivated by the large spatial and temporal variability
characterizing, especially, the illegal discharges. This reduces
the representativeness of routinely river and coastal water
quality monitoring activities, characterized by a low sampling
frequency (once a month or less), further motivating the need
for a different observational approach.

2. MATERIALS AND METHODS
2.1 Techniques and technologies

2.1.1 Spectral indices

This study is based on the calculation and spatial analysis of
the values related to two different multi-spectral indices,
derived from the combination of reflectance channels in
different frequency bands. In particular, this work considered
the Normalized Difference Vegetation Index (NDVI) and the
Normalized Difference Turbidity Index (NDTT).

The NDVI, which identifies of the vegetational status of
photosynthetically-active organisms, being related to the
surrounding environmental conditions [20], is also applied to
provide indirect insight on pollution phenomena [21-23].
Combining the reflectance values of the red (Rrep) and near
infrared (Rnir) spectral bands, the NDVI is calculated as:

NDVI = (RNIR-RRED)/(RNIR + RRED) (1)

Being sensitive to the algae and bacteria (e.g., cyanobacteria)
photosynthetic activity, the NDVI indicates the presence of
eutrophication effect, which is an enhanced supply of nutrients
transported by contaminated water or wastewater.

The NDTI is correlated with the turbidity of the water
bodies [24-26]. Depending on the dispersion and absorption of
light caused by the presence of suspended particles, higher
values of the NDTI are related to a higher turbidity. The NDTI
index, combining the reflectance values of the red (Rrep) and
green (Rgreen) spectral bands, is calculated as:

NDTI = (RRED- RGREEN)/(RRED + RGREEN)  (2)

Table 1. Characteristics of Sentinel-2 (S2A & S2B) radiometric sensors

. . Bandwidth
Band NumberRSeFS)gltl'ﬁ:O':)E?:]\Central Wavelength (nm) (nm)  Description
7 S2A S2B S2A S2B
1 60 442.7 442.3 21 21 Ultrablue
2 10 492.4 492.1 66 66 Blue
3 10 559.8 559.0 36 36 Green
4 10 664.6 665.0 31 31 Red
5 20 704.1 703.8 15 16 VNIR
6 20 740.5 739.1 15 15 VNIR
7 20 782.8 779.7 20 20 VNIR
8 10 832.8 833.0 106 106  VNIR
8a 20 864.7 864.0 21 22 VNIR
9 60 945.1 943.2 20 21 SWIR
10 60 13735 1376.9 31 30 SWIR
11 20 1613.7 1610.4 91 94 SWIR
12 20 2202.4 2185.7 175 185 SWIR

Source: Sentinel-2 MSI Technical Guide-Sentinel Online-esa.int

134



The spatial representation of this index highlights the influx
of turbid water plumes into receiving water bodies, such as
coastal waters.

2.1.2 Platforms and sensors for remote and proximal sensing

Through a hierarchical monitoring approach, integrating the
data collected from different sensors mounted on platforms, it
is possible to analyse the same phenomenon at different spatial
and temporal scales, producing complementary results that can
be integrated, producing an enhanced information.

This study integrated the use of sensors mounted on satellite
(in particular, the Sentinel-2 twin satellites, 2A and 2B) and on
an unmanned aerial vehicle (UAV). The UAV was a DIJI
Mavic 2 Pro drone.

The spectral channels of the multi-spectral radiometric
sensors mounted on Copernicus Sentinel 2 mission satellites
are listed in Table 1.

The DJI Mavic 2 Pro drone was equipped with a RGB
camera, fully-stabilized by a three-axis gimbal. The standard
camera, used for this study, being provided with the drone, has
a l-inch CMOS sensor, developed in collaboration with
Hasselblad, being able both to record videos in 4K and to
acquire 20-megapixel pictures. In addition, the drone was
equipped with a Survey 3 multispectral camera with a wide-
angle lens (Survey3W), produced by MAPIR. The
multispectral camera mounts a Sony Exmor R IMX117 12MP
(Bayer RGB) sensor customized with an “orange, cyan, near-
infrared” (OCN) filter. The OCN filter spectral band
transmission percentage with respect to the wavelength is
represented in Figure 2.

OCN (Orange+Cyan+NIR)
100

90 A

g 40

J
700 750

Wavelength (nm)

400 450 500 550 600 650 800 850 900 850 1000 1050 1100

Figure 2. Transmission of OCN filter across 350-1100 nm
wavelengths

Survey3 data were calibrated through MAPIR Camera
Control (MCC) software using the MAPIR Camera
Reflectance Calibration Ground Target Package, containing a
target consisting of 4 surfaces characterized by known
reflectance curves. Before a measure campaign, the target
radiometric measure must be acquired under the same light
conditions, avoiding the presence of shadows or debris.

This work integrated the use of two cameras mounted on the
same proximal platform. In particular, the “red green blue”
(RGB) and the multispectral ones. Combined, the two cameras
allowed the detection of six different spectral bands. The
NDTI was calculated through the radiometric data of the RGB
camera, while the NDVI was through the MAPIR
multispectral camera bands. At the maximum altitude of about
350 meters, the pixel spatial resolution of the UAV-mounted
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cameras was in the order of 10 cm.

2.1.3 Software

The Sentinel 2 mission imageries were freely downloaded
from the ESA Copernicus Open Access Hub. The images
collected from Survey3 camera, mounted on the UAV, were
processed through the MAPIR Camera Control (MCC)
software, combining the RAW and JPG files into a
georeferenced TIFF image. Remote and proximal sensing data
were integrated, then, through QGIS software, using the
available raster calculator to obtain the desired multispectral
indices. Then, QGIS was used to classify the obtained
georeferenced values of the NDVI and the NDTTI and to give a
spatial representation of these ranked data through a false
colour scale. The final result, consisting of a set of maps,
allows for the enhancement the relevant parameters details for
the region of interest (study area) of this study.

2.2 Study area

The Regi Lagni channels network, selected as a case study,
is located in the Domitia coast area (Campania Region, S Italy)
and covers an area of 1095 km? (Figure 3). The canalization
works started in the Roman age and, then, underwent a major
reorganization during the Spanish Viceroyalty in the early
1600s. A further sanitary reorganization of the area became
necessary after the cholera infection in 1973, when many of
the drainage channels were used for the collection and sewage
treatment processes. In particular, five large water treatment
plants were built, using the Regi Lagni channel network as a
receiving water body. These works were supposed to solve the
existing wastewater sanitation problems and to improve the
quality of coastal waters.
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Figure 3. Overview of the Regi Lagni Area in Campania,
Southern Italy, with enlarged views of Domitia Coast and
channel network outlet

Despite these actions, several problems concerning the
impacts of wastewater collection and treatment process are
still evident [27]. Furthermore, some recent police
investigations revealed the direct release of toxic waste and the
illegal discharge of wastewater into the Regi Lagni [28].
Consequently, the coastal segment near the mouth of Regi



Lagni, located in the Municipality of Castelvolturno, is one of
the most polluted areas of the Domitia coast.

2.3 Procedure

The study was conducted following our monitoring strategy
[6, 15] applying a top-down spatial approach. In particular,
data from remote platforms were later integrated with
proximal sensing data, both including the same region of
interest. An initially larger view allowed the detection of the
existing anomalies in the quantified multi-spectral indices.
Then, the outcome of the preliminary analyses supported the
planning of drone flights, concentrating on the area of the Regi
Lagni mouth, in the municipality of Castel Volturno (Caserta
province, Campania region). Flight parameters were planned
to become coincident with passage dates of the Sentinel 2
satellites, while the final flight date was selected from the
possible ones to have the most favourable weather conditions,
especially considering the presence of a low cloud cover. For
this reason, weather data were obtained from the Grazzanise
airport meteorological station. The day that met most of the
required conditions was September 24" 2021, which was
chosen to perform the UAV flight. Details on the weather key
parameters on September 24", 2021 are reported in Table 2.

Table 2. Weather data provided by the meteorological station
of Grazzanise airport (CE) in the Southern coast of Italy

Medium Minimum Maximum Dew Point Average
Temperature Temperature Temperature Humidity
20°C 13°C 27°C 13°C 68%
Minimum Maximum Average Weather
. e pressure above Phenomena i,
humidity humidity conditions

sea level
34% 100% 1020mb Nothing Clear

Consequently, a detailed flight plan was programmed

through the DJI Ground Station Pro (DJI GS PRO) application.

Finally, prior to take-off, standard checks were performed to
guarantee the flight and data collection operations.

3. RESULTS AND DISCUSSION

The Sentinel-2 data were processed to obtain the NDTI for
September 24, 2021. The purpose of such an elaboration was
to characterize the spatial extent of the pollution plume around
the region of interest. The pixel resolution for this index was
10 m. Then, the NDTI values were ranked into 18 classes using
the QGIS software. Data were mapped accordingly through a
false colour map. Land, instead, was coloured in grey. The
obtained map is provided in Figure 4.

The RGB camera images, captured during the drone flight,
were downloaded, selected and processed. The available RGB
images showed a distinguishable plume of a pollution
discharge from the Regi Lagni drainage into the coastal waters
(Figure 5).

However, the spatial extension of the visible plume
wouldn’t match with the one evidenced from Figure 4.
Conversely, the elaboration of data obtained from the
multispectral camera mounted on the UAV, applying the
NDVI, allowed the identification of a much larger area,
overlapping with that in Figure 6. In particular, the NDVI data,
mapped in false colour scale after their subdivision into 16
classes, are represented in Figure 5. Moreover, the pixel
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resolution of Figure 5 is increased to 10 cm, while, if
considering Sentinel-2 mission derived maps, the pixel
resolution was of 10 m. Thus, the new images collected from
a proximal sensing platform provide a higher level of detail
than those from a remote sensing platform (i.e., satellite).

By applying the NDTI algorithm to the image collected
through the drone multispectral camera, it was possible to
observe the extension of the discharge plume (Figure 7). In
particular, subdividing the NDTI values into 18 classes, it was
possible to obtain a very detailed false colour map, providing
a clearer delimitation of the plume extension.

NDTI (Classes)
. <= -0510
B 0510 - -0.435
B 0.435 - -0.360
I 0.360 - -0.300
[ -0.300 - -0.265
-0.265 - -0.220
0.220 - 0.180
0.160 - 0.145
-0.145 - -0.100
-0.100 - -0.070
-0.070 - -0.040
3 -0.040 - -0.015
-0.015 - 0.005
[ 0.005 - 0.024
0 0.024 - 0.043
I 0.043 - 0.061
1 0.061 - 0.080
. > 0.080

Figure 4. False colour NDTI map of Tyrrhenian Sea Inlet
with Regi Lagni Channel Mouth, derived from Sentinel 2
data (Sept. 24, 2021)

NDVI (Classes)
B <=-0.016
1 0.000 - 0.030
[ 0.030 - 0.046
[ 0.046 - 0.076
0.076-0.128
0.128-0.172
0.172-0214
0.214- 0248
0.248 - 0.266
0.266 - 0.306
0.306 - 0.354
0.354- 0378
I 0.378 - 0.408
1 0.406 - 0.428
B 0.428 - 0.460
B > 0.460

I Land

Figure 5. NDVI False Colour Map of Regi Lagni Channel
Mouth from Survey3 Sensor (Sept. 24, 2021)

Figure 6. DJI MAVIC 2 Pro RGB image of turbid water
plume at Regi Lagni Channel Mouth (Sept. 24, 2021)
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-0.005

- 0.080

N Land

Figure 7. Ranked NDTI false colour map of Regi Lagni
Channel Mouth from Survey3 Sensor (Sept. 24, 2021)

The two originally distinct hierarchical monitoring levels,
originated from the remote and proximal sensing platforms,

can be combined through a data fusion by overlapping the data.

In particular, the 10 m resolution NDTI derived from the
satellite data collection and the centimetric resolution NDTI
derived from the drone data were combined to produce
enhanced information (Figure 8).

The new map allowed us to emphasize the spatial resolution
differences between the data collected at two different
hierarchical levels, providing a deeper insight into their
relationships [29]. In particular, from a higher spatial
resolution drone image, it was possible to accurately identify
at least two areas of the plume. However, the outermost area
cannot be fully defined if it is based solely on the high
resolution image; at the same time, the processing of the
satellite product gives us a broader view of the plume and an
indication of its extension (Figure 9).

A particular classification of the NDTI values was applied
to show the different sectors of the plume, as detected after the
processing of the available imagery. While the remotely-
sensed data allowed to define the plume extent, the higher-
pixel resolution of proximally-sensed imageries allowed the
definition of two zones, with a distinct water turbidity, also
involving the proximity of the Regi Lagni drainage outlet into
the coast (see Figure 10).

NOTI (Classes)
B <~ 0510
B 0510 - -0.435
I 0,435 - -0,
0,360
[ -0.300 - -0,
23 +0.265 - 0.
[ -0.220-
[-0.180--0.

-0.145 - 0.

-0.100 - -0

-0.070 -
77 -0.040 -
[ -0.015 - 0.005
) 0.¢5 - 0.024
I 0.024 - 0.043
I 0.043 - 0,061
I 0,06 - 0.080
B > 0.080

Figure 8. Combined Sentinel 2 and DJI Mavic 2 Pro
NDTI map of Regi Lagni Mouth (Sept. 24, 2021)
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NDTI (Classes)
B <= -0510
B -0.510--0.435
I -0.435--0.360
[ -0.360 - -0.300
[ -0.300 - -0.265
[ -0.265--0.220
[ -0.220 - -0.180
[1-0.180--0.145

1-0.145 - -0.100
[ -0.100 - -0.070
[ -0.070 - -0.040
[ -0.040 - -0.015
71 -0.015 - 0.005
[ 0.005 - 0.024
B 0.024 - 0.043
1 0.043 - 0.061
I 0.061 - 0.080
I > 0.080

B Land

Figure 9. Regi Lagni drainage mouth with monitoring
zones delimitation

NDTI (Classes)
B <=-0510
B -0510--0.435
B -0.435- -0

NDTI (Zones)
I 1: > -0.070
I 2: -0.510--0.070

I Land

Figure 10. Geometric analysis of turbid water plume from
Regi Lagni channels into Tyrrhenian Sea

By refining the classification of the NDVI index values, the
fusion of satellite and drone data made it possible to identify a
spatial extension of the major plume, as well as to divide it into
different regions, characterized by different levels of turbidity

(Figure 11).

NDTI (Qasses)

B <= -0635

I -0.635 - -0.600

1 -0.500 - 0.560

B -0.560 - 0.510

[ -0.510 - 0.400

71 -0.400 - 0.270
0.270-0.180
0.180- 0.145
-0.145 - -0.100
0.100 - -0.070

771 0.070- 0.040

71 -0.040 - 0.015

1 -0.015 - 0.005

I 0.005 - 0.024

B 0.024-0.043

1 0.043- 0.061

1 0.051 - 0.080

N > 0080

NDTI (Zones)

. 1> 0070

W 2: 0510 - -0.070

B 3: -0.560 - -0.510
4:-0.635 - 0.560

I Land

Figure 11. Turbidity variations from NDTI fusion map
with drone flight area and visible-range photo

The analysis derived from the satellite and drone data fusion
relied on the application of a hierarchical monitoring approach.
Such an approach allowed the reconstruction of the sub-
regions of the plume of turbid waters discharged from the Regi
Lagni channel network. The use of polygonal shapefiles, being



available through the QGIS software, also allowed
quantification of the spatial extent of the plume sub-regions
and its total surface, amounting to 277,550 m? (Table 3).

Table 3. Areal extension of the plume extent (m?) in the
Italian coastal waters near Regi Lagni, as calculated through
the QGIS software analysis

Extension of the Plume Surface (m?)

Zonel Zone2 Zone3 Zone4 Total
2087 66774 53360 155329 277550
4. CONCLUSIONS
This study showed how to create an integrated

representation of multiscale data derived from the integration
of remotely- and proximally-sensed multi-spectral radiometric
data collected from different satellite and drone platforms. The
application of a hierarchical monitoring approach allowed the
integration of data with different spatial and temporal
resolutions, benefitting from their different characteristics, to
extract augmented information, later used to improve the
situational awareness in a complex environmental scenario. In
particular, this study concentrated on a preliminary assessment
survey of the quality of coastal waters in order to characterize
the extension of a polluted water plume in an extended region,
thanks to the multi-scale, multi-layer and multi-spectral nature
of collected data.

This study, where a top-down approach was applied, as one
of the possible solutions of hierarchical monitoring, took
advantage of the use of cyanobacterial blooms as biosensors,
in order to assess their photosynthetic activity occurring in
water bodies, depending on the different amount of available
water pollutants as nutrients, as well as to other physical
parameters (i.e.: water and air temperature, solar radiation).
The photosynthetic activity was assessed through the
calculation of the Normalized Difference Vegetation Index
(NDVI). In parallel, the extension and spatial sub-division of
the plume made it possible to identify the water turbidity levels,
which were assessed using the Normalized Difference
Vegetation Index (NDVI), being another multi-spectral index
calculated from the collected multi-spectral data.

The elaboration and mapping of data, proving the
effectiveness of the proposed experimental approach to
environmental monitoring of bio-physical parameters, allowed
us: a) to detect and identify the plume impacting the coastal
area near the Regi Lagni drainage, and b) to define the plume
extent and quantify its area in different concentrations of
potential pollution.

The integration of proximal sensing platforms, such as
drones, which can operate closest to the target, allow the
obtaining of a higher spatial and temporal resolution (in terms
of pixel resolution and potential frequency of measure
repetition over the same region) with respect to satellite
platforms, which, instead, guarantee a higher spatial cover for
a single image. The availability of multi-spectral radiometers,
that can be mounted on proximal platforms (e.g., UAV),
having similar or identical frequency ranges, provides a link
or bridge between in-situ sampling and satellite remote
sensing.

This paper demonstrates that a multidisciplinary analysis,
coordinating the use of remote and proximal sensing, can
assess the environmental status of complex scenarios. In
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particular, this work enabled the quantification of the spatial
impact of pollutant discharges through the quantification and
multispectral classification of the spatial variation of pollutant
concentrations.

Applying these results over statistically significant time
intervals could improve the quality of information available to
decision-makers while partially reducing the long-term
monitoring operational costs, supporting the management and
outcome of the technical processes for the classification and
quality control of coastal waters [30].
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