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Abstract: This study is a continuation of analyses of the fluorometric index (FI), based on the
fluorescence of substances of oil origin, as an indicator of oil in a seawater column. The effectiveness
of the FI in the cold season (late autumn, winter and early spring) for the coastal water in the southern
Baltic Sea was assessed. FI was tested for seawater polluted with a mixture of crude oils, lubricating
oils and fuels. Laboratory analyses of oil-water systems for low (reaching the limit of detection)
oil content in seawater were performed. The influences of the natural components of seawater that
disrupt oil detection are discussed. The ability to detect 0il in a seawater column regardless of the
season was confirmed.

Keywords: oil in seawater; oil detection; oil fluorescence; excitation-emission spectra of oil; fluorometric
index; oil sensor

1. Introduction

Various regulations have been introduced, such as The International Convention for
the Prevention of Pollution from Ships (MARPOL) [1], along with regional and national
legal regulations, to eliminate oil pollution in the marine environment [2]. These legal
principles have led to a reduction in large oil spills. However, the potential risk of oil spills
due to increased human activity cannot be completely eliminated. This is mainly due to the
development of maritime transport and mining activities on platforms and the transport of
hydrocarbons via pipelines [3-5]. Thus, pollution from shipping activities and subsequent
ballast water discharges, such as crude oil, lubricating o0il and fuel in small amounts, are
still common [6-10]. Therefore, the continuous monitoring of oil pollution in endangered
regions of the sea is advisable. It is therefore desirable to search for fast, simple methods of
hydrocarbon detection and identification in seawater.

The detection of oil contamination in seawater by various methods has seen extensive
development. This has contributed to an increase in the efficiency of oil detection both
on the sea surface and in the seawater column. Satellite or radar methods using airplanes
and stacks are reliable and are commonly used to detect oil spills on the sea surface
and over large areas, and they are still being improved [11,12]. Remote methods based on
optical sensors using hyper-spectral remote sensing technology are also widely used [13,14].
However, the detection of an oil spill via remote methods has limitations due to weather
conditions or the amount of light. Thus, the detection of oil at night using remote methods is
a problem. When the oil is already in the seawater column, in situ methods are much better
suited. In the field of oil detection in the sea, methods with various types of underwater
sensors [15,16] are being intensively developed. However, what is needed is a low-cost and
effective method of detecting oil in the place of the spill in the sea, in a short time. In this
case, methods based on markers and probes to signal the presence of oil are increasingly
being sought for the detection of oils [17].
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Analyses were performed on the possibility of detecting a leak that was impossible
to register with the use of equipment located above the seawater surface. Research was
conducted on the possibility of detecting oil substances on the basis of changes in the
seawater fluorescence spectra [18-21]. In these studies, difficulty was found to result from
the partial overlapping of the fluorescence spectra from substances naturally occurring in
seawater with the spectra originating from components of the oil. As a result of the analysis
of the excitation-emission spectra (EEMs), a fluorometric index (FI) was defined, which
indicates the possibility of seawater contamination with oil [22,23]. It was noted that the FI
value is influenced not only by the relative amount of oil in seawater but also by the date of
sampling of natural seawater, which is related to the seasonal changes in the composition
and contents of natural seawater components. For this reason, it was decided to expand
our research to seawater sampled in the cold season from November to March.

This paper provides an analysis of a proposed novel method for oil detection in
seawater. The method is based on the FI which could be applied in underwater sensors
as a potential indicator for oil detection in seawater. The analysis of the FI's effectiveness
in oil detection in seawater in relation to the cold season in the Baltic Sea was conducted
in late autumn, winter and early spring, in the Gulf of Gdansk (Baltic Sea). The study
is complementary to the authors’ previous paper [23], which involved laboratory tests
performed in the warm season in the Baltic Sea basin.

2. Materials and Methods
2.1. Natural Seawater (Oil-Free) Samples

For the preparation of laboratory oil-water systems, samples of seawater from the
coastal area were used [22,23]. Seawater was sampled from under the sea surface (at a
depth of 1 m) in glass bottles [22,23]. Sampling took place in November, December, January,
February and March in 2019/2020. In Table 1, the specifications of the main parameters of
the seawater sampled are shown.

Table 1. Parameters of seawater sampled from Gdynia station, located in the coastal waters of the
Gulf of Gdansk in the southern Baltic Sea in the winter season 2019-2020 (from November 2019 to
March 2020) [24].

November December January February March
Teml[;le(rj;];\ture 8.75 7.58 5.25 4.5 4.69
Salinity 6.2 6.44 6.33 6.18 6.13
[PSU] ' ' ' ' '

Primary pf;)dlicltlon 0.24 0.08 0.03 0.71 441
[mgm™d™]

Phytoplarllgton 9.1 21 0.4 1.6 96.6

[mgm™]

2.2. Contaminated Samples

Seawater samples were artificially polluted, as described by the authors in the previous
paper [23]. The oil-free seawater samples were artificially contaminated by a mixture of oils
consisting of crude oils, lubricating oils and fuels, which was previously weighted out on
aluminum foil. The oil-free seawater samples were contaminated by the mixture of oils at
several oil-to-water ratios (r, /) in the range of 50-200 x 10~ for each considered month
in the cold season, from November to March. Finally, contaminated seawater samples were
exposed to an additional mixture of oils for one day (illustrated in Figure 1).
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Figure 1. The steps of preparing seawater samples contaminated by a mixture of oils: (a) seven kinds
of oils, (b) oil mixture, (c) seawater, (d) seawater samples contaminated by a mixture of oils.

2.3. Measurement and Apparatus

For the measurements of EEMs, the same tooling as in the paper [23] was used.
Namely, a spectrofluorometer (Hitachi F-7000 FL) was used to measure EEMs of natural
(oil-free) seawater samples and seawater artificially polluted by the mixture of oils. The
measurements of EEMs were performed ina 1 x 1 cm quartz cuvette. The specifications of
the measurement parameters are listed in Table 2. During the measurements, the temper-
ature value in the measuring chamber of the spectrofluorometer was stabilized to room
temperature: about 20 °C. To cool and stabilize the temperature in the measuring chamber
of the spectrofluorometer, a Peltier circulation thermostat was used. The measurements
of EEMs of seawater (oil-free) samples were performed three times in order to obtain the
appropriate artefact-free background in relation to EEMs of the seawater samples pol-
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oil-free seawater
January

260

luted by the mixture of oils. Finally, to get a digital matrix of EEMs, Rayleigh scattering
was removed.

Table 2. Measurement parameters used for the Hitachi F-7000 FL spectrofluorometer.

excitation wavelength [nm] 200480
excitation sampling interval [nm] 5
emission wavelength [nm] 260-600
emission sampling interval [nm] 5
scan speed [nm/min] 1200
excitation slit [nm] 10
emission slit [nm] 10
emission sampling interval [V] 400
integration time [s] 0.5
3. Results

3.1. Characteristics of Natural Seawater Samples

Natural seawater samples have characteristic fluorescence spectra originating from
the natural seawater components. Since the goal of the study was to obtain the information
about the presence of oil in seawater polluted by oil in the cold season, and natural seawater
components can affect the fluorescence of a mixture of oils, it was valid to determine
the presence of natural seawater components which manifested themselves in the EEMs
of natural seawater (oil-free seawater). Figure 2 presents the sample EEMs of natural
seawater for the exemplary month—January. In the EEM spectrum, the specific peaks
were determined and described by their wavelength-independent fluorescence maxima
(AEx/AEm): peak 1 (225/365), peak 2 (265/420), peak 3 (280/380) and peak 4 (320/415). The
detected EEM peaks in Figure 2 were each marked by a black dot and denoted by a specific
letter linked to a specific component of natural seawater based on the available literature
data (see Table 3) [18,25-27]: a tryptophan-like seawater component (peak 1); humic-like A
(peak 2); main humic-like M (peak 3); humic-like C (peak 4).

095-1m UL m66.5-70
0.9-0.95m 300l et m63-66.5
0.85-0.9m m59.5-63
0.8-0.858 m56-59.5
0.75-0.8m m52.5-56
0.7-0.75m m49-525
0.65-0.71 m45.5-49
0.6-0.65m m42-455
055-060 m38.5-42
05-0.550  m35-38.5
0.45-0.50 m31.5-35
04-0450 m28-31.5
-040@ 0245-28
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0-0.050 : 00-3.5
540, 240 Fjd\ta“

Figure 2. EEMs of oil-free seawater in 2D (left side) and 3D (right side) for the sample month of
January in 2020.
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Table 3. Major fluorescent components of seawater with their wavelength-independent fluorescence
maxima (Agy/Agm) [18,25-27].

Seawater Component Peak Name EXmax [Nnm]/Empax [nm]

225-237/309-321,
275/305-310

tryptophan-like T 225/340-390, 275,/320-350

300-370,/380-480,

tyrosine-like B

UVC-humic-like C 320-360,/420-460
- 247-260/380-500,
UVA-humic-like A 260,/400-460
marine humic-like M 290-310/370-410
pigment-like P 398/660

Figure 3a—c presents EEMs for oil-free seawater samples using a 2D map (left side of
Figure 3) and a 3D map (right side Figure 3) for different months in the period of November
2019 to March 2020. For each month, the main peak 1 (T) was detected, although a shift
towards longer emission wavelengths to 370 nm for November and 380 nm for February
can be observed. The changes in the wavelength-independent fluorescence maximum
(AEx/AEm) for the main peak T for particular months are presented in Table 4. Moreover,
the wavelength-independent fluorescence maximum (Agx/Agm) was determined for all
determined EEM peaks for particular months and is presented in Table 5. To consider the
changes in particular peaks in the EEM spectrum for different months from November
to March, the fluorescence intensity for particular peaks detected in the EEM spectrum
for each month was determined. Table 6 presents the fluorescence intensity of detected
peaks linked to their seawater components (T, A, M, C) for particular months (November—
March) in the winter season in the Baltic Sea. The fluorescence intensity had low values for
determining the particular components in natural seawater in November and December,
whereas from January to March, the fluorescence intensity had higher values. The variations
in the fluorescence intensity and the positions of the particular peaks in determined EEMs
are the confirmation of the changes in CDOM, which can affect light penetration in the
seawater column, and has the same influence on biological activities [28], such as primary
production [29] and autochthonous production by plankton [30,31].

Table 4. The wavelength-independent fluorescence maximum (Agy /Agm) changes for the main peak
T—linked to tryptophan-like seawater components—for particular months (November-March) in the
winter season in the Baltic Sea.

Exmax [Nnml/Empax [nm]

Peak 1 (T)
November 225/370
December 225/365
January 225/365
February 225/380
March 225/365

Table 5. Major fluorescent peaks of natural seawater with their wavelength-independent fluorescence
maxima (Agx/Agm) for particular months in the period of November to March.

EXmax [Nm] & 5 [nm)/Empax[nm] £ 5 [nm]

Peak 1 (T) Peak 2 (A) Peak 3 (M) Peak 4 (C)
November 225/370 260/430 280/380 320/415
December 225/365 260/430 280/380 320/415
January 225/375 260/430 280/380 320/415
February 225/380 260/430 280/380 320/415

March 225/365 260/430 280/380 320/415
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Figure 3. EEMs of oil-free seawater in 2D (left side) and 3D (right side) for various months: November
(a), February (b) and March (c).
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Table 6. Fluorescence intensity of detected peaks linked to their seawater components (T, A, M, C)
for particular months in the winter season in the Baltic Sea (November-March).

Month Fluorescence Intensity [a.u.]
Peak T A M C
November 57.75 34.62 23.36 17.46
December 58.04 32.20 23.27 16.24
January 65.61 38.67 27.01 20.02
February 61.20 37.58 25.59 18.51
March 62.74 37.49 26.11 18.51

3.2. Characteristics of Seawater Artificially Contaminated

The influences of the oil added to the seawater samples on the changes in the EEMs in
the cold season for particular months (November-March in 2019/2020) and for various r, /v,
were analyzed. Figure 4A-C presents the EEMs in 2D (left) and in 3D (right) of seawater
polluted by a mixture of oils for various r,y, in the chosen months (November, February
and March). Based on the obtained EEMs, the major fluorescent peaks for seawater polluted
by oil were determined: (225/340) and (275/330). However, the shifting of the position of
peak (225/340) to the longer emission wavelengths, from 355 to 370 nm, was determined
both for lower r, /y, (60 X 107,50 x 10~?) in November and December and for January,
February and March. Moreover, peak (275/330) was determined only for the highest r, /v,
in November, December and January. The major fluorescent peaks for seawater polluted
by oil for each considered month and for all r, ,, are presented in Table 7.

When the EEMs of seawater polluted by oil are presented in 3D (right side of
Figure 4A-C, the changes in the fluorescence intensity of the detected peaks are visi-
ble. The main peak (225/340) achieved higher fluorescence intensity than peak (275/330).
For November (Figure 4A), the fluorescence intensity of the main peak depends on the
Io/w and increases when the 1, /y, increases. In February and March, the fluorescence
intensity of the main peak is low, which means that the peak was practically undetectable.
Moreover, the fluorescence intensity has higher values for November than for February
and March. This was probably caused by the influence of the increasing presence of natural
seawater constituents, which achieved higher values of fluorescence intensity in March (see
Tables 1 and 6). When the fluorescence intensity of oil-free seawater in comparison to
polluted one is considered (Figures 2 and 3), for lower r, /y, = 80 x 107 and 50 x 1077, the
changes in fluorescence intensity are minimal. This means that EEMs of oil-free seawater
are similar to the EEMs of polluted by oil seawater, and oil detection is impossible.

To confirm the presence of oil in seawater for lower r, /,,, we have to focus on the
shifting of the peak positions in relation to oil added to the seawater. Therefore, the
emission and excitation wavelengths in the 2D EEM spectrum were limited to 215-245 nm
and 320-420 nm, respectively. The EEMs of seawater polluted by oil and oil-free seawater
in a limited wavelength range for November and March are presented in Figure 5A,B. The
position of peak (225/365) for the seawater polluted by oil for 1, ,, = 50 x 1077 in relation
to oil-free seawater peak (225/370) was shifted minimally to a lower emission wavelengths
(about 5 nm) in November (see Figure 5A(b)), whereas for the highest r,, /, =200 X 1079,
the significant shafting of the peak to the lower emission wavelength of 340 nm was noticed
(see Figure 5A(c)). However, in March (Figure 5B), the EEMs of seawater polluted by
oil are similar to those of oil-free seawater, independently of the r,/y,. In that case, to
confirm the presence of oil in seawater, the fluorescence coming from seawater constituents
has to be removed. The result of that is presented in Figure 5(A-B(b1—cl)). In that case,
peak 225/340 for the highest r,, /,, and peak 225/345 for the lowest 1, /y, were determined.
The above-mentioned peaks were determined for all considered r, ,, in the range from
200 x 1077 to 50 x 10~ and for all considered months. Major fluorescent peaks for oil-
polluted seawater for all r,, /;, with their wavelength-independent fluorescence maxima
(AEx/AEm) are presented in Table 8.
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Figure 4. EEMs of seawater polluted by oil in 2D (left side) and 3D (right side) for various r,:
50 x 1077 (a), 100 x 10~? (b) and 200 x 10~ (c), for various months: November (A), February
(B) and March (C).
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Figure 5. EEMs of oil-free seawater (a) and seawater polluted by oil for various r/: 50 x 1077
(b) and 200 x 10~? (c) and after the removal of the fluorescence of natural components for various
To/w: 50 X 102 (b1) and 200 x 10~? (c1), for November (A) and March (B).
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Table 7. Major fluorescence peaks for seawater polluted by a mixture of oils at various r, /y, With
their wavelength-independent fluorescence maxima (Agx/Agm) in the period of November to March

2019/2020.
EXmax [Nm] £ 5 [nm)/Emmax[nm] & 5 [nm]

November Peak 1 Peak 2
200 x 10?2 225/340 270/325
100 x 10~° 225/345

80 x 1077 225/345

60 x 1077 225/355

50 x 10~ 225/370

December

200 x 10?2 225/340 270/325
100 x 10~ 225/345

80 x 1077 225/345

60 x 102 225/345

50 x 10~ 225/345

January

200 x 10~° 225/355 270/325
100 x 10~° 225/365

80 x 1077 225/360

60 x 1079 225/360

50 x 1077 225/365

February

200 x 10~° 225/365

100 x 10~° 225/365

80 x 1077 225/366

60 x 1077 225/375

50 x 1077 225/370

March

200 x 10~ 225/355

100 x 10~ 225/360

80 x 1077 225/370

60 x 1077 225/365

50 x 10~ 225/365

Table 8. Major fluorescent peaks for oil polluted seawater after the fluorescence peaks of natural
seawater constituents were removed at various r, /,, with their wavelength-independent fluorescent
maxima (Agy/Agm), for November to March in 2019/2020.

EXmax [Nm] & 5 [nm)/Emmpax[nm] £ 5 [nm]

November Peak 1 Peak 2
200 x 10~° 225/340 270/330
100 x 1077 225/340 270/330
80 x 10~? 225/340 270/330
60 x 10~? 225/340 270/330

50 x 107 225/345 270/330
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Table 8. Cont.

EXmax [Nm] & 5 [nm]/Empax[nm] & 5 [nm]

December

200 x 102 225/340 275/320
100 x 10~? 225/345 275/320
80 x 1077 225/340 280/330
60 x 10?2 225/340 280/330
50 x 10~? 225/340 280/330

January

200 x 10~° 225/340

100 x 10~? 225/340

80 x 10~? 225/345

60 x 10~? 225/340

50 x 10~9 225/340

February

200 x 10~° 225/345

100 x 10~? 225/345

80 x 10~? 225/335

60 x 1077 220/345

50 x 10~? 225/345

March

200 x 10~° 225/340

100 x 10~? 225/345

80 x 1077 225/350

60 x 10~° 220/ 340

50 x 10~ 220/ 340

4. Discussion

Fluorometric index (Fl, /,) was defined for oil detection in seawater in a quick and easy
way, taking into account EEMs of natural seawater and oil-polluted seawater [22,23]. The
analysis of the EEMs allowed us to define FI, ,, while taking into account the fluorescence
intensity at the emission wavelength for oil and the intensity of the emission wavelengths
for natural (oil-free) seawater corresponding to the determined excitation maxima for both
natural seawater and seawater polluted by oil (Formula (1)) [22,23].

FI . [ I(/\Emission of seawater polluted by oil) ]
o/w TAm ]
( Emission of natural (oil— free) seuwater) A scitation

)

The values of emission wavelength for seawater contaminated by oil at 340 nm and
for natural (oil-free) seawater at 355 nm, corresponding to the excitation wavelength at
225 nm, were selected based on the determined EEMs (Formula (2)).

HAEm=310) ]
I(Apm=355) AEx—225

In this study, Fl,;,, was calculated to check its effectiveness in oil detection in the
cold season in the r,,,, range 50-200 x 10~ for coastal water in the Gulf of Gdansk.
Therefore, FI, /,, was calculated by taking into account the EEMs of oil-free seawater and
seawater contaminated by a mixture of oils for different r,/,, in November, December,
January, February and March based on Formula 2. Table 9 presents determined FI,, for
oil-free seawater for all considered months. Fl,, for oil-free seawater ranged from 0.80 to
0.84. Variations in Fl,;, values for the considered months depended on the fluorescence
intensity, which changed due to the changing amounts of natural seawater constituents.

Flojw = { @)
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The results of FI,, calculations for seawater polluted with oil for all considered months are
presented in Table 10. The obtained FI,, values for polluted seawater ranged from 0.90
to 1.51. However, values below 1 were determined three times (0.95, 0.96 and 0.90) and
only for low r,,,,. Moreover, the values were still higher than FI,, for oil-free seawater.
The highest values of FI,,, were obtained for November, whereas the lowest values were
determined for February and March (which could have been caused by the presence of
natural seawater components, such as primary production or phytoplankton (see Table 1)).
However, low FI,;, values in February cannot reflect primary production, which had
low values in this month (see Table 1). The idea of oil detection based on FI,,,, is the
signaling of the presence of oil in seawater for Fl , values above 1. For the low 1y, of
50-80 x 10~ for February and March, FI,;, was 1, and in that case, the o0il detection
in seawater could be difficult. For this reason, the dependence of the main peak for oil-
free seawater on the particular months was considered (see Table 5). For February, peak
225/380 was shifted to a longer emission wavelength of 380 nm, than for other months.
This meant that for polluted seawater (Table 6), peak 225/365-375 was detected and was
shifted to longer emission wavelengths than for other months. The data for the wavelength-
independent fluorescent maxima (Apx/Agm) for seawater polluted by oil in Table 8 indicate
that for February, peaks 225/445 and 225/435 were determined. However, for other months,
peak 225/440 was determined. Therefore, when the natural seawater peak is shifted to
longer emission wavelengths (in this case, 380 nm), oil detection based on proposed FI,,
could be disturbed.

Table 9. FI, /,, for natural (oil-free) seawater sampled in November, December, January, February
and March in 2019/2020.

Flopw []
Tolw November December January February March
natural 0.80 0.82 0.80 0.83 0.84
seawater

Table 10. FI, ,, for seawater polluted by a mixture of oils for various r, /y, for November, December,
January, February and March in 2019/2020.

Flopw [-]

To/w November December January February March
200 x 1079 1.51 1.42 1.20 1.05 1.13
100 x 10~ 1.54 1.22 1.09 1.06 1.11
80 x 1077 1.41 1.41 1.08 1.08 0.96
60 x 107 1.14 1.37 1.13 0.95 1.12
50 x 107 1.03 1.03 1.18 1.04 0.90

The proposed FI,,, could be used in sensors for oil detection. In that case, the
dependence on r, /y, and time of sampling should be considered. Therefore, the variations
in Fl, sy, values from the 1, /,, among different dates of sampling are considered in Figure 6.
The dependence of Fl y, onr,, could be approximated by a constant function in the r,
range 80-200 x 10~ for all considered months, or 50-80 x 10~ could be approximated as
a linear function. This allows us to conclude on the independence of FI, /,, from 1, /,, in the
range 80-200 x 10~%, and probably for higher values of r, /-
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Figure 6. FI,/, values for natural seawater and seawater contaminated by a mixture of oil as a
function of r, /y, for November, December, January, February and March in 2019 /2020.

5. Conclusions

The method of oil detection in seawater based on a fluorometric index (FI) which
could be applied to an oil sensor design was analyzed. The intention was to check the
effectiveness of FI for oil detection in seawater sampled from coastal waters during the
cold season (late autumn, winter and early spring) in the Baltic Sea region. The results
confirm that FI can be a sensitive tool for signaling the presence of oil in seawater. It was
found that FL determined from EEM spectra of seawater polluted with oil is not the same
in different months. However, the proposed FI indicates sensitivity for oil detection in the
seawater for low 14y, (50 X 10~7), both when oil is present on the surface of seawater and
when it is at various depths in the sea. There are indications that the noted impact of the
seawater sampling date may be caused by the seasonal variability of the concentrations
of the natural seawater constituents. For example, low FI values were determined for
oil-contaminated seawater when the natural constituents of the seawater were at high
levels (confirmed in March). Moreover, the results for the FI index indicate that for proper
oil detection (especially for low 1,,y,), the amounts of natural constituents of seawater
are of significance. This is due to the fact that low levels of them is not a prerequisite for
obtaining high FI values in the event of oil entering seawater. The shares of the individual
constituents of CDOM are of particular importance, especially that of the tryptophan-like
peak. It has a significant impact on the obtained FI values in relation to the oil-contaminated
seawater. This study has shown that when the maximum of the emission wavelengths
for the tryptophan-like peak is shifted towards longer emission wavelengths for natural
seawater (February), low r,/,, FI achieves values below 1 that are similar to the values of
oil-free seawater. Despite these inconveniences, in the future, FI should prove to be a good
indicator of the presence of oil in the vicinity of a fluorescent sensor immersed in seawater.

During the analysis of the ability to detect oil in the depths of the sea, the temporal
variability of the fluorescent properties of the seawater was revealed. The mechanism of
these changes is not fully identifiable—a separate study of this phenomenon would be
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needed, involving increased sampling frequency and possibly the determination of other
parameters besides the intensities of the peaks in the EMM spectra. However, in this case it
was only about confirming the possibility of oil detection despite the changes taking place
in the seawater in the five months of the cold season.
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