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Abstract: On 13 January 2012, the Italian vessel Costa Concordia wrecked on the shore of Giglio
Island, about 15 km off the coast of southern Tuscany (Italy), causing the loss of 32 lives. It is
considered one of the worst disasters in maritime history. Salvage operations started immediately
after the wreck with the coordination of the Italian National Civil Protection Department and the
technological support of several Research Centers, which were activated for the management of
the consequent emergency phase. A multi-parametric and multiplatform monitoring system was
promptly implemented, involving several advanced remote sensing techniques, among which was
Infrared Thermography (IRT). In this framework, IRT monitoring was performed during a 35-day
period (25 January-1 March 2012), using a terrestrial, hand-held thermal camera. Six different thermal
images were acquired daily from the island’s coastline in three different positions, both in daylight
and night times. The aim was to detect thermal anomalies connected to possible deformations of the
vessel and oil spills. Between 3—4 February, IRT successfully revealed on oil spill drifting from the
stern of the wreck towards the island harbor. Furthermore, the wreck’s thermal dilatation was also
analyzed during a 24-day close-range monitoring, providing interesting insights for the interpretation
of the deformation monitoring results. This paper presents the outcomes of these innovative and
experimental monitoring activities, with the aim of testing the potential of IRT as a versatile and
operative tool to be used in maritime and environmental disaster response.

Keywords: shipwreck monitoring; infrared thermography; Costa Concordia; oil spill detection;
maritime disaster response

1. Introduction

Shipwrecks can often have major economic and ecological impacts in marine and
oceanic waters, as well as in anthropic and natural coastal environments. Oil spills con-
nected to shipwrecks, unfortunately, represent a frequent occurrence and are considered
as one of the most vital public issues [1-3]. Regarding oil spills in the sea, remote sens-
ing is playing an increasingly important role as a fundamental tool, since it can provide
information on the oil-spill movement through multi-temporal imaging [4,5].

This can then be input to drift-prediction models or used to plan effective counter-
measures by the response team [6]. Satellite imagery may provide useful overviews on
known and very large spills, using either SAR [7-10] or hyperspectral and multispectral
data [11-14]. In this context, due to the coarser spatial resolution, thermal data are less
adopted [15-18], while optical sensors offer only marginal capability for oil spill detec-
tion [19,20]. In the field of small oil spill detection, mapping and monitoring are common
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methods often carried out with video or photography from airborne platforms, including
Unmanned Aerial Vehicles (UAVs) [5]. In this framework, multispectral [21,22] and ther-
mographic applications [23-25] are present, but still limited, while terrestrial applications,
due to logistic and acquisition problems, cannot provide a full coverage of the Areas of
Interest (Aols) [18]. Extensive overviews on the topic of oil spill monitoring are given
by [6,9,26-30].

On 13 January 2012, during a cruise in the Mediterranean Sea, the Italian vessel Costa
Concordia wrecked offshore of Giglio Island, along the coast of southern Tuscany (Central
Italy) (Figure la—c). After deviating from the planned route, the ship struck an underwater
rock located a few hundred meters east of the island coastline, in front of Giglio Porto
locality (Figure 1b). The impact opened a large gash in the ship’s portside below the
water line, which caused the cutting of the engines’ power and the consequent ship drifting
towards the island coastline. Luckily, the ship grounded near shore, in a precarious position
on a rocky underwater ledge, in front of Gabbianara Point (Figure 1d), where it stood until
its removal in July 2014. It is the passenger ship of the largest tonnage to have suffered this
consequence; of more than 3229 passengers and 1023 crew, 32 unfortunately died [31].

Elevation (m)
2053.62

5.38

Le Scole Point
700 m N f)

Figure 1. Setting of the study area: (a) location of the Costa Concordia after the wreck on Google

Earth™

satellite image (March 2012) showing the IRT survey points (P1 = Lazzeretto Point;
P2 = Giglio Castello road; P3 = Cannelle); (b) geographic setting of the Giglio island (Tuscany/Central
Italy); (c) elevation map of Giglio Island (red dashed square shows the monitoring area). Pictures of
the Costa Concordia shipwreck: (d) soon after the wreck in January 2012; (e) during the parbuckling

operations in September 2013; (f) in the hull-removal phase (July 2013).

The Costa Concordia Maritime Disaster Management

Soon after the wreck, salvage operations were set up by the Italian National Civil
Protection Department in close coordination with the technical mission structure of the
Commissioner delegate, with the technical support of Tuscany Region Central Functional
Center, several research centers, and specialized companies. The management of the
emergency salvage phases (the largest of this kind to date in maritime disaster history)
developed as follows:
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e defueling and caretaking (carried out from 18 January 2012 to 15 September 2013):
this phase had the primary objective of removing the fuel from the vessel’s tanks and
engine rooms as quickly as possible, in order to ensure the protection of the marine
environment by cleaning of the seabed from the shipwreck debris (Figure 1d);

e  parbuckling and post—parbuckling (from 16 September to 31 December 2013): this
phase developed with the initial righting of the wreck by rotating the vessel around
the longitudinal axis of the ship using cables, giant inflatable buoys, and ballasting
with sponsons (Figure 1e);

e  hull removal—scrapping (from 31 December 2013 to 14 July 2014): after the hull
removal, the Costa Concordia was dragged away from the Giglio Island, to sail for its
final cruise to the port of Genoa, where it was finally scrapped [4] (Figure 1f).

During these phases, search and rescue operations were also carried out to extract the
victims from the wreck. Especially during the first defueling and caretaking phases, there
was a serious concern regarding possible ship displacement and deformations, which in
turn could have caused both the sliding of the wreck from the underwater ledge towards
the deeper seabed or oil spills. Both hypotheses represented catastrophic scenarios, not
only for the rescue teams, but also for the environmental consequences (Giglio Island
is in fact part of the protected area of the Tuscan Archipelago National Park). In this
framework, in order to ensure the highest safety conditions for the workers and the
rescuers operating around and within the wreck, as well as to support the shipwreck
removal operations, a multiparametric and multiplatform monitoring system based on-
site devices, satellite, and terrestrial remote monitoring techniques was implemented.
Amongst traditional seismic [32], topographic [33], and GPS monitoring, several advanced
remote sensing techniques were employed, such as space-borne Synthetic Aperture Radar
(SAR) satellite [5,34] and ground-based interferometry [35], terrestrial laser scanning, and
terrestrial Infrared Thermography (IRT) [36]. Geomechanical and geophysical analysis
were also carried out in correspondence with the coastal granite rock mass underlying
the wreck in order to assess its general stability [37]. In particular, from 25 January to
1 March 2012, an innovative experimental IRT monitoring campaign was carried out to
assess the thermal behavior of the shipwreck and the surrounding sea stretch in order to
locate possible thermal anomalies connected to deformations or oil spills. The salvage
operations during their entire 30-month duration were a success, because the personnel
involved in the rescue could rely on a solid warning in case of possible sliding of the wreck,
and few pollutions were produced, even during the defueling. Furthermore, the analysis
of the surface temperature variations of the deck contributed to the understanding of the
vessel deformation trend. The aim of this paper is to present the lesson learned during
the IRT monitoring in this complex emergency management, in order to provide useful
outcomes regarding the contribution of thermal sensors analysis in shipwreck monitoring,
and in the broader perspective of improving a still not well-developed scientific literature
in the field of marine environmental disaster response.

2. Materials and Methods

InfraRed Thermography (IRT) is a versatile and low-cost, non-destructive diagnostic
technique, accomplished with calibrated infrared thermal cameras capable of measuring
with high spatial and temporal resolution the surface temperature pattern of the monitored
scenarios [38].

The product of an IRT survey is a digital image acquired by the camera array detector
(called “thermogram” or “thermographic image”), which, following the correction of
the sensitive parameters, is converted by the camera’s built-in processor into a surface
temperature map [39]. The presence of any inhomogeneity within the surveyed material
(e.g., an oil coating) highly modifies the material thermal parameters (density, specific heat,
and thermal conductivity), reducing the heat transfer and adding its signal to that given
by the structure [40]; therefore, the inhomogeneity is displayed in the analyzed surface
temperature map as a thermal anomaly (an irregular thermal pattern with respect to the
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surrounding areas) [41]. Modern high-resolution thermal cameras used both in terrestrial-
(hand-held and tripod-mounted) or airborne-based modes, thanks to their portability and
easy data collection/processing, represent powerful and cost-effective tools for thermal
surveying and monitoring [42]. During the last decades, thanks to the technological
development of portable high-resolution and cost-effective devices, IRT has been widely
used in the field of civil engineering, cultural heritage, volcanic monitoring, environmental
applications, and engineering geology [41-51].

The Costa Concordia Shipwreck IRT Monitoring

The IRT monitoring of the shipwreck was performed in tripod-mounted mode using
a FLIR system SC620 thermal camera with a focal plane array (FPA) microbolometer sen-
sor [52] (Figure 2; Table 1). A built-in 3.2 Mpixel digital camera allowed for the comparison
between the thermograms and the corresponding optical images, in order to improve the
interpretation of the thermal data.

Figure 2. View of the Costa Concordia wreck from the acquiring points, showing the IR field of view
(red dashed squares): (a) P1; (b) P2; (c) P3; examples of IRT thermograms during daytime from P1
(d), P2 (e); P3 (f), and during nighttime from P1 (g); P2 (h); P3 (i) (colorbar “iron”).

Table 1. Technical features of the adopted thermal camera and IRT survey parameters.

Spectral Range The.n.n a.l Sensor SRatlal IR . Field of View Sens'or-Target Image
(um) Sensitivity Resolution Resolution ©) Distance Resolution (m)
H (mK) (mrad) (pix) (m)
7.5-13 40 0.65 640 x 480 24 % 18 20 (P1); 700 16 (P1): 4.55

(P2); 800 (P3) (P2); 5.20 (P3)
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Data correction, thermal focusing, histogram equalization, and mosaicking were per-
formed by means of FLIR Tools + software [53]. Through the thermographic survey, it was
possible to measure the thermal radiation emitted by the ship and record the presence of
any thermal anomalies in correspondence with the wreck and in the adjacent sea stretch.
Initially, two acquisitions were made daily from three different acquisition points (P1-3 in
Figure 1a), leading to an image resolution ranging from 1.6 m (P1) to 5.2 m (P3) (Table 1).
Depending on their acquiring location, each thermogram was calibrated using the distance
values and air temperature-humidity acquired through a pocket thermohygrometer, and
a standard emissivity value of 0.95 (due to the complex multi-material scenario, as rec-
ommended by FLIR systems). In order to picture the daily temperature variations, two
acquisitions were carried out around 12:00 and 00:00. Furthermore, from P1 (acquisition
distance of approximately 250 from the shipwreck at a height of 26 m a.s.1.), between 5 to
29 February 2012, a short-term monitoring was also carried out by acquiring a thermogram
every two hours approximately during daylight (Figure 2c). The aim was to analyze the
surface temperature variations of the Costa Concordia deck, with the aim of assessing the
possible effect of thermal dilatation on the vessel deformations (Figure 2d). The average
temperatures variations in six distinct areas of the deck were calculated by means of a
semi-automated processing procedure in a GIS environment [54]. The thermograms were
converted to raster format, co-registered, and analyzed using the ArcGIS “zonal statistics
tool”. Furthermore, in September 2013 and July 2014, during the parbuckling and hull
removal operations (Figure 1le,f), an IR video sequence were also acquired, carried out from
a fixed installation in P1 (Figure 2a,b) (Figure 2). By using FLIR ResearchIR software [55],
single frames were then extracted and analyzed. The acquisition points P2 and P3 (distance
of approximately 700 and 800 m from the shipwreck, and a height of 97 and 40 m a.s.1,
respectively) were chosen to monitor the sea stretch surrounding the wreck for the detection
of possible oil spills (Figure 2e).

3. Results

The bridge deck temperature measurements acquired in P1 are shown in Figure 3,
together with the six control areas on the ship deck (Areas 1-6 in Figure 3a), their average
temperature evolution (Figure 3b), and the air temperature recorded by the Giglio Porto air
thermometric station (Figure 3c) [56]. The monitoring highlighted daily surface temperature
peaks between 2 and 4 p.m. (values ranging approximately from 24.7 to 44.2 °C, in
correspondence with Area 2), while the lowest values were recorded in correspondence
with Area 4 (from 8.7 to —4.4 °C). Both areas are located on the left deck side; this difference
is likely related to the different materials involved. The surface temperature differences plot
shows also a higher thermal inertia for Area 2 and 6 (this latter is in the same material with
respect to A3, but on the deck’s right sector, right above the sea water; Figure 3c). The high
temperature range measured in all the control areas (Figure 3a,b) is much higher than the
air temperature (Figure 3e); this result is due to the solar radiation of the extensive metal
surface of the ship; the high specific heat of aluminum, widely used in the construction deck
of the vessel, enhanced the storage of energy radiated by the sun and, thus, reached higher
temperatures than air. This may have implied millimetric deformations of the shipwreck
due to the linear thermal dilatation of the aluminum (Figure 3d).
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Figure 3. The IRT short-term monitoring campaign from P1: thermographic AT Image of the deck
sector with the control areas (1-6) created in ArcMap (a); corresponding optical image (see the
collapsed glass panels of the deck) (b); average surface temperature variations in correspondence of
the control areas (c); linear thermal dilatation in the control sectors (d); air temperature data of the
marine weather station of Giglio Porto between 5 and 26 February 2012 (e). Time scale of panel (e) is
the same with respect to subfigures (c,d).

This trend was confirmed by the correlation between the long-term RTS deformation
measurements and the air temperature [33,36]. The IRT data collected from P2, and
especially from P3, allowed detecting on 3 February 2012 around 00:40 and 12:00, as well as
on 4 February 2012 at 00:00, cold thermal anomalies in the stretch of sea between the Costa
Concordia shipwreck and Giglio harbor (2-3 °C lower than the surrounding sea water)
(Figure 4). Already on 5 February 2012, the spill had ceased. On 1 February 2012, the anti-
pollution floating booms surrounding the wreck during the defueling operation had been
temporarily cut by the collapse of the deck’s glass panels, allowing for oily substances to
drift towards the island’s harbor, as also confirmed by visual inspections (see Figure 3b). Yet,
since there had been no hydrocarbon nor engine oil spills during the defueling operation,
considering the extent of the oil slicks (around 30 m in maximum width for around 600 m
in maximum length), and since its source point was the vessel’s stern, where the kitchens of
the restaurant rooms were located, this slick was interpreted as the leak of alimentary oily
substances from the vessel’s kitchens. Single thermograms, extracted and analyzed from
the IR sequence recorded during the parbuckling operations on the night of 3 September
2012, showed that following the very first stages of the wreck righting, thermal anomalies
in correspondence with jets of pressurized fluids were coming from the stern-side and
the bowside of the chimney (Figure 5). These fluids show temperatures between 22.1 °C
(Figure 5a) and 19.9 °C (Figure 5b), suggesting that these could be interpreted as sea water
jets developed in the peculiar fluid circulation within the wrecked vessel.



Remote Sens. 2023, 15, 1347 7 of 12

Figure 4. IRT applied for oil slick detection during the defueling operations (colorbar “iron”).
Thermograms acquired from P3 on 3 February 2012 at 00:40 (a) and 12:30 (b); thermogram acquired
from P3 on 4 February 2012 at 00:00 (c); correspondent optical image of b (d); mosaicked thermogram
acquired from P2 on 3 February 2012 at 00:40 (e).

Figure 5. Thermograms selected from the IR video sequence acquired during the parbuckling
(colorbar “iron”). Thermogram acquired at 02:42 on 17 September 2013 (a); thermogram acquired the
same day at 04:12 (b) (Sp1-2 represent the spot measurements of single pixels).

In fact, sea water temperature in the warm sea stretch between the wreck and the
coastline shows temperatures around 22 °C (the same of the first jet), whereas the slightly
colder stretch facing the sea reaches around 19 °C (the same as the second jet) (Figure 5b).

This is probably due to the gradual temperature equilibrium reached between the
first and second jet (which occurred with a time interval of around one hour and a half),
following the new infilling of sea water in the sunken vessel during the initial phases of the
righting. During the hull removal operations in the sea area between the coastline and the
ship, no significant thermal anomalies possibly connected to oil spills were detected, as
shown by the recorded IR video sequence acquired on 14 July 2014 (see Supplementary
materials).



Remote Sens. 2023, 15, 1347

8of 12

4. Discussion

The Costa Concordia shipwreck salvage operations and its monitoring system repre-
sent an extraordinary effort in maritime history, considering the tonnage (114,137 gross
registered tonnage) and the size of the ship (290 m in length, 70 in height, and 35 in width
height). At the time of the wreckage, 2400 tons of fuel oil were stored inside the tanks, as
were several other different pollutants potentially dangerous for the marine environment
(e.g., engine oil, alimentary oil, and soap) [5]. For the authorities involved in the emergency
management, this was the most alarming threat, together with the possible sliding of the
wrecked ship from Punta Gabbianara and subsequent sinking in the deeper seabed, keeping
in mind the concern for the security of the operators involved in the rescue and the body
recovery. To the complexity of the scenario, it has to be added that several explosive charges
were used to penetrate the deformed corridors and rooms of the vessel, which could lead to
the potential instability of the wreck. The use of optical satellite remote sensing for oil spills
is improving, although its success is generally limited to identifying features at sites where
known oil spills have occurred, and it can be profitable used as a base to add other sensors’
information (oil shows no spectral characteristics in the visible region) [5]. SAR surely
offers the only potential for large area searches and adverse weather remote sensing [57].
Nevertheless, SAR is often costly, its efficiency connected to the revisit time of the satellite,
and it is prone to many interferences (false targets can be as high as 95%) [4,5]. In recent
years, these limitations can be in part hampered using ESA’s Sentinel data, although these
are provided only for the European area. Laser fluor sensor is probably the most effective
sensor for positively discriminating oil on most backgrounds that include water, soil, ice,
and snow; nevertheless, it needs an airborne platform and may be costly [58]. Although
there are not still many examples in the literature, IRT from terrestrial and UAV platforms
seems to be an ideal tool to detect environmental contamination since, e.g., in oil films on
water, it can reduce its surface temperature, therefore representing a thermal anomaly [59].
Furthermore, regarding the monitoring of the hull’s thermally induced deformations, the
use of wireless sensor networks (WSN) could also have promising results, as shown in sev-
eral successful applications in the field of disaster risk management [60-62]. In this work,
the applicability and potential of IRT as a novel operational tool in a multiparametric and
multiplatform shipwreck monitoring system was tested. The results show that although its
applications in the field of maritime disaster management are still experimental, IRT can
be profitably used in different emergency phases to monitor the vessel thermally induced
deformation and small oil spills in the sea stretches surrounding the wreck. In particular,
regarding the outcomes of the Costa Concordia monitoring [36], during the first defueling
and caretaking phases (up to 1 September 2012), the recorded surface temperature was
correlated to the periodic daily thermal dilatations (Figure 3). Temperature did not seem to
directly influence the deformations related to accelerations, which in turn were related to
tidal, wind, and storm wave effects [36]. IRT showed its potential in detecting between 3
and 4 February 2012 a thermal anomaly of 2 °C with respect to the surrounding sea stretch
that was confirmed to be an oil spill coming from the vessel’s stern, drifting towards the
island harbor (Figure 4). Therefore, a prompt warning was sent to the authorities and per-
sonnel involved in the emergency management. During the experimental monitoring, IRT
has proven to be a versatile tool, not only for its night vision (e.g., during the parbuckling
phase), but also for the capability of the thermal camera to work in a rapid installation-
acquisition approach from different points of view and acquiring modes (e.g., from single
thermograms to IR video sequences, as in both the parbuckling and hull removal phase)
(Figure 5 and Supplementary materials). P1 was the only feasible location for close-range
monitoring from a fixed point (the thermal camera was in fact installed together with other
instruments of the integrated monitoring system in a cabin-hut with electric power supply)
(Figures 1 and 2a,b,e/h). P3 instead granted a favorable commanding view, being on the
hilltop just south of Giglio Porto village, overlooking the sea stretch between the wreck and
the island harbor (Figures 1 and 2d,g,i).
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In this framework the Giglio island’s geomorphological setting (relatively steep hilly
coastline) granted favorable monitoring point of views with respect to lower flat coastlines.
IRT also showed its versatility by detecting after rainfall events cold thermal anomalies
connected to seepage along key rock mass discontinuities (granite exfoliation slope-dipping
joints) (Figure 6). This represents valuable information, since seepage is an important factor
in reducing the wall strength of discontinuities [63], and the most important potential
instability phenomena detected in the area by means of rock mass kinematic analysis [51]
were plane failures along exfoliation joints, but also because it represents an input for the
modelling of the rock mass stability activities [37].

Figure 6. Rock mass IRT survey (colorbar “iron”). Cold thermal anomalies in correspondence of
granite exfoliation joints (a); correspondent visible image (b) (red dashed square highlight the camera
field of view).

Furthermore, the possibility to use box plots (Bx1—4 in Figure 6a) for areal surface
temperature measurements shows how IRT can not only detect seepage-affected areas (Bx1
and 2), but also potentially discriminate on the discontinuity of the dampness rating and the
evidence of water flow, based on the surface temperature (e.g., Bx3—4 in Figure 6a) [50,51].
The timing and the number of daily acquisitions was restricted by the operative and logistic
limitations: only a single thermal camera was available, and the dedicated personnel was
compelled to assemble daily all the integrated monitoring system data to produce bulletins
for the National Civil Protection Department. Furthermore, 24 h IR sequences from fixed
installations would have produced a huge amount of data (one minute of IR-video with
60 frames per second is about 1.8 Gigabyte), creating serious data management problems.
IRT alone is insufficient for an effective shipwreck monitoring, since it can only detect
surface temperature changes; nevertheless, this work showed how this kind of information
can be profitably used in integration with other techniques devoted to monitoring the
deformations (e.g., RTS and SAR).

5. Conclusions

In conclusion, this work represents an important novel experimental application of
IRT in maritime disaster management. Between 3—4 February, IRT successfully detected on
oil spill drifting from the stern of the wreck towards the island harbor. Close-range IRT
monitoring revealed the wreck thermal dilatation, providing interesting insights for the in-
terpretation of the monitored deformation data. This work shows that IRT can be profitably
used in maritime salvage as an ancillary low-cost technique, which can be used operatively
in an integrated multiplatform and multi-sensor shipwreck monitoring system with other
ground-based remote sensing techniques, such as optical imagery, lidar, and spaceborne
and ground-based SAR. Nevertheless, in order to obtain an accurate interpretation of
the results, a skilled operator is highly recommended. Future developments in maritime
disaster response should include the application of IRT from unmanned UAV platforms
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and from fixed thermal camera installations for gathering continuous, high-resolution,
real-time data.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/rs15051347/s1, two IR video sequences acquired on 14 July 2014,
during the hull removal operations. IR Video S1: 2014-07-14T113854906; IR Video S2: 2014-07-
14T150751558.
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