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Abstract. The fluorescence and absorption measurements of the samples collected from a surface microlayer
(SML) and a subsurface layer (SS), a depth of 1 m were studied during three research cruises in the Baltic
Sea along with hydrophysical studies and meteorological observations. Several absorption (E:Es, S, Sg) and
fluorescence (fluorescence intensities at peaks: A, C, M, T, the ratio (M+T)/(A+C), HIX) indices of colored
and fluorescent organic matter (CDOM and FDOM) helped to describe the changes in molecular size and
weight as well as in composition of organic matter. The investigation allow to assess a decrease in the
contribution of two terrestrial components (A and C) with increasing salinity (~1.64% and ~1.89 % in SML
and ~0.78% and ~0.71 % in SS, respectively) and an increase of in-situ produced components (M and T)
with salinity (~0.52% and ~2.83% in SML and ~0.98% and ~1.87% in SS, respectively). Hence, a
component T reveals the biggest relative changes along the transect from the Vistula River outlet to Gdansk
Deep, both in SML and SS, however an increase was higher in SML than in SS (~18.5% and ~12.3%,
respectively). The ratio E,:E; points to greater changes in a molecular weight of CDOM affected by a higher
rate of photobleaching in SML. HIX index reflects a more advanced stage of humification and condensation
processes in SS. Finally, the results reveal a higher rate of degradation processes occurring in SML than in
SS. Thus, the specific physical properties of surface active organic molecules (surfactants) may modify, in a
specific way, the solar light spectrum entering the sea and a penetration depth of the solar radiation. Research
on the influence of surfactants on the physical processes linked to the sea surface become an important task,

especially in coastal waters and in vicinity of the river mouths.

1. Introduction

The sea surface is a highly productive and active interface between the sea and the atmosphere. The
physicochemical and biological properties of a surface microlayer (SML, a surface film), are clearly and
measurably different from the underlying water due to the molecules forming SML, called surfactants
(Soloviev and Lukas, 2006; Liss and Duce, 2005). Sea surface films are created by organic matter from sea
and land sources: (i) dissolved and suspended products of marine plankton contained in seawater, (ii)
terrestrial organic matter that enter seawater from a land (natural and synthetic) and (iii) oil products from
leakages of the sea-bottom. Surface films dissipate due to loss of material at the sea surface, including

microbial degradation, chemical and photo chemical processes, as well as due to absorption and adsorption
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onto particulates (Liss et al., 1997). However the surface microlayer is almost ubiquitous and cover most of
the surface of the ocean, even under conditions of high turbulence (Cuncliffe et al., 2013). Surface active
molecules (surfactants) present in SML may modify the number of physical processes taking place in the
surface microlayer: among others they affect the depth of penetration of solar radiation and gas exchange,
e.g. the generation of aerosols from the sea surface (Vaishaya et al., 2012; Ostrowska et al., 2015; Petelski et
al., 2014). Therefore, research on the influence of surfactants on the sea surface properties become an
important task, especially in coastal waters and in a vicinity of the river mouths (Maciejewska and
Pempkowiak, 2015).

Surfactants comprises a mixture of organic molecules rich in lipids (fatty acids, sterols), polymeric and
humus which proportions determine the various properties of the SML. Some organic compounds possess the
optically active parts of the molecules, i.e. chromophores, that absorb the light energy (CDOM,
chromophoric dissolved organic matter), and fluorophores, that absorb and emit the light (FDOM). Due to
the complexity and variability of the composition of the marine organic matter mixture, the best tool (fast and
reliable) to detect and identify the organic matter in seawater is the absorption and fluorescence (excitation-
emission matrix) spectroscopy (Stedmon et at, 2003; Hudson et al., 2007; Caoble, 2007). A unique structure of
the energy levels of these organic molecules results in a specific spectral distribution of the light intensities
absorbed and emitted by the molecules. Hence, the absorption and fluorescence spectra of organic
compounds may allow the identification of the sources of organic matter (Coble, 1996; Lakowicz, 2006). The
analysis of the absorption and 3D fluorescence spectra enabled to calculate several indices describing the
changes of a concentration, a molecular weight, a composition of CDOM/FDOM and a rate of degradation
processes of the organic matter occurring in the study surface layers.

There are many applications of the absorption and fluorescence spectroscopy in oceanographic studies on
mixing water masses locally, e.g. in estuaries (Williams et al., 2010) and in global scale (Jorgensen et al.,
2011). The studies were conducted in various natural waters as e.g. Chinese lakes (Zhang et al 2013; Chen et
al., 2011), Indian Ocean (Chari et al., 2012), American estuaries (Glatzel et al., 2003; McKbnight et al., 1997;
Moran et al., 2000) and in studies on dilution sea basins, such as the Baltic (Kowalczuk et al., 2010;
Drozdowska et al., 2002) and Arctic (Gueguen et al., 2007) that considered the differences in FDOM
components from the rivers, lakes and inland water.

This paper is focus on distinguishing fate and concentration of specific CDOM/FDOM components of
organic matter to detect and describe the processes that occur in the sea surface microlayers (SML) and in
subsurface layers (SS), a depth of 1 m. Research are based on the absorption and fluorescence spectra and
several absorption and fluorescence indices. Investigations concern the region of Gulf of Gdansk, along a

transect from the Vistula River outlet (the biggest Polish river) to open sea.

2 Methods-Measurements

2.1 Materials and study area

Research to identify the marine surfactants were conducted during three research cruises of r/y ‘Oceania’
(two cruises in 2015 and one in 2016). The study was conducted at nine stations along the transect 'W" - from
the mouth of the Vistula River, W1, along the Gulf of Gdansk to the Gdansk Deep in the open sea, W9. The

2



10

15

20

25

study area is under direct influence of the main Polish river system, Vistula, which drains the majority of
Poland (Uscinowicz, 2011). The following tasks were performed at every station: (i) measurement of the
hydrophysical parameters (CTD), (ii) sampling the seawater from SML and SS, (iii) preparation the samples
to the appropriate laboratory tests (filtration and proper maintenance) and (iv) meteorological observations.
The SML samples were collected by the metal Garret's net of 500 um mesh. This technique allows collecting
water from the top-layer of an approximately 1 millimeter (Garrett, 1965). In the same places the SS samples
from a depth of 1 m were taken by a Niskin bottle. The unfiltered samples were placed into dark bottles and
stored at 4°C. During sampling the measurements of temperature and salinity of a surface layer were
conducted. Sampling was carried out when the sea state was 1-4 B only, and there were no detectable oil
spills. Additionally, the meteorological observations (e.g. recorded wind speed and wind direction and a high
of a wave) during sampling, proved to be valuable in the interpretation of extraordinary results. During
sampling, in two research cruises, at April in 2015 and September in 2016, the wind speed was almost
equally to zero. However, in October in 2015, a northern-west wind was recorded (3-4 B). In October the
cruise started after a week-long storm of northerly winds resulting in the influx of water from the open sea
and strong mixing of fresh with coastal and sea water. That allows the explanation of the surprisingly low
concentrations (typical for a salinity above 7) of organic matter recorded along entirely transect W, even at

the vicinity of the mouth of the Vistula River.

April and October, 2015; September, 2016

the Baltic Sea

55.0

W9 Gdansk
® Deep

*w

latitude, N

54.5

18.0 18.5 19.0 19.5 20.0
longitude, E
Figure 1 . Measuring stations realized during research cruises of rly Oceania: 28" April and 15-16™
October in 2015 and 11" September in 2016.

2.2. CDOM and FDOM laboratory measurements.

The studies conducted in laboratory are: (i) measurements of absorption and (ii) 3D fluorescence (EEM)
spectra of the surface (SML) and subsurface (SS) samples, from 27 stations. Spectrophotometric and
spectrofluorometric measurements of the samples were carried out in 24 hours after collection without any
previous treatment at room temperature.

It is well-known that, filtration separates particulate fraction from dissolved and colloidal ones. On the other

hand, during filtration the strongly surface active structures of organic molecules or macromolecules might
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be retained on the filter by sorption processes (Cosovi¢ and Vojvodié, 1998). Therefore, the all studied
samples are analyzed without filtration. Samples for absorption and fluorescence measurements were treated
in the same manner.

Absorbance scans, from 240 to 800 nm (1 nm slit width), were conducted using 10 cm cuvette by Perkin
Elmer Lambda 650 dual-beam spectrophotometer connected to a PC computer. Milli-Q water was used in the
reference cell. Absorbance measurements, A, at each wavelength (A) were baseline-corrected. CDOM
absorption coefficients were calculated by multiplying the corrected optical density by 2.303/l, where 1 is the
cuvette path length in meters. The detection limit for the equipment was generally less than 0.002 (so the
precision was 0.046 m™ using 10 cm cells).

The 3D steady-state fluorescence spectra (3D EEMSs) of the samples, and of Milli-Q water, were carried out
using VARIAN Cary Eclipse spectrofluorometer using a 1 cm high sensitivity quartz cell and with 5 nm
bandwidth in both excitation and emission, respectively. The excitation of the 3D EEM was fixed in a
spectral range 250 — 500 nm, with a step 10 nm. The emission of the 3D EEM was recorded in a spectral
range 300 - 600 nm, with a step 2 nm. To make the normalization of 3D EEM spectra, the 3D EEM of Mili-Q
water was measured at the beginning of lab measurements every time after the cruise (sampling). Next, the
intensity of the Raman emission band as the area, in a range: 374 - 424nm, below the Raman emission curve
induced at 350 nm (in literature: 355nm) was calculated (Murphy et al., 2010). Normalization of 3D EEM
spectra of the samples, i.e. conversion into Raman units (R.U.), was performed by subtracting the 3D EEM of
Milli-Q water from the 3D EEM of the samples and then by dividing the resulting spectra by the respective

value of Milli-Q water Raman intensity.

2.3 CBOM-and-FBOM-eptical-properties-Optical indices of CDOM and FDOM used for calculations

2.3.1 Absorption indices

Analysis of the absorption spectra enabled to calculate the absorption coefficient, acpom(2), (applied as a
proxy of CDOM concentration) and several absorption indices. The proposed spectral indices, defined as the
ratios of absorption coefficients, are independent on the CDOM concentration, that is very important,
because CDOM concentration may vary in a small basin even several times (up to 5-times). The ratios of
absorption coefficients at 250 to 365nm (called E,:Es3) and at 450 to 650 nm (called E4:Es) are used to track
changes in the relative size and the aromaticy of CDOM molecules; briefly, when a molecular size and
aromaticy increase, the values of the ratios E,:E; and E,:Es decrease. This is caused by the stronger
absorption at the longer wavelengths occurring due to the presence of larger and higher molecular weighted
(HMW) CDOM molecules (De Haan and De Boer, 1987; Peuravouri and Pihlaja, 1997; Chin et al., 1994;
Helms et al., 2008, Summers et al., 1987). However, in many natural waters the absorption at 664 nm is often
little or immeasurable and then the absorption at 254 nm (or 280 nm) is used in lieu of the E4:Eq ratio as an
indicator of humification or aromaticy (Summers et al., 1987). The next parameter is the absorption spectral

slope coefficient, S, calculated as follow:

a; = Ae € —S(A-Aref) +K (1)
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where a — absorption coefficient, m™, 4 — wavelength (nm), S — absorption spectral slope (nm™) and K — a
background constant, arising from residual scattering or attenuation by not chromophoric organic matter. The
spectral slope coefficient, S, of the absorption spectra, calculated in various spectral windows (Carder et al.,
1989; Blough and Green, 1995) is used as a proxy for CDOM composition, including the ratio of fulvic to
humic acids and molecular weight (Stedmon and Markager, 2003; Bracchini at al., 2006). The use of S in the
narrow spectral range allows to reveal subtle differences in the shape of the spectrum and this in turn gives
insight into the origin of organic matter (Sarpal et al., 1995). Therefore to calculate the slopes of the
absorption spectra the smaller and more discrete spectral ranges are used as they show a great variability
depending on the origin of marine CDOM (marsh, riverine, estuarine, coastal and open sea). The use of
narrow wavelength intervals is advantageous as they minimize variations in S caused by dilution (Brown,
1977). The ratio of the spectral slope coefficients (Sy75.005 and Sssg.a00), Sg, iS related to DOM molecular
weight (MW) and to photochemical induced shifts in MW that consistently increased upon irradiation and
suggested they are potential indicators of photobleaching in the marine environment (Helms et al., 2008;
Zhang et al., 2009, Loiselle et al., 2009). The slope of the absorption curve in the 300-600 nm range, (S), is
calculated by fitting the exponential function to the expression (1) over a respective spectral window. While
the slope coefficients in the ranges 275-295 nm, (S»75.295), and 350-400, (Szso.400), are fitted linearly in two
narrower wavelength windows. The steeper slope coefficient (higher values of S) means a faster decrease in
absorption with increasing wavelength. A spectral slope coefficient ratio, Sg, (Sazs 275205 t0 Sas0.400) IS
negatively correlated with molecular weight of CDOM in humic substances. The relationship between Sg
and molecular weight is very useful to explain the observed variations in Sg caused by aerobic activity or by
photobleaching of CDOM (Helms et al., 2008). It was reported that the photochemical degradation of
terrestrial DOM generally causes an increase in the absolute value of the spectral slope coefficient, while
biological degradation did not affect the spectral slope coefficient, or unless DOM molecules had undergone
photo-degradation process, it causes a decrease of a spectral slope coefficient. Hence, the simultaneous
photo- and biodegradation processes may compensate their effects on the spectral slope coefficient values
(Moran et al., 2000).

2.3.2 Fluorescence indices

Analysis of 3D EEM fluorescence spectra of marine waters are based on interpretation of distinct
fluorescence intensity peaks proposed first time by Coble (1996) for different types of natural waters, where
A is the terrestrial humic substances peak, C the terrestrial fulvic substances peak, M the marine fulvic
substances peak and T the proteinaceous peak. The recognized positions (energies) of excitation and
emission wavelengths (in: nm/nm) of the main components (A, C, M, T) of marine FDOM at the 3D
spectrum, for the Baltic Sea, are: 250/437, 310/429, 300/387 and 270/349, respectively; Akem=+/-5nm,
(Kowalczuk et al., 2005; Drozdowska et al., 2015). Based on the 3D (EEM) fluorescence spectra several
indices are calculated. The fluorescence intensities of the main FDOM components: A, C, M and T (in
Raman units, R.U.) are used as a proxy of FDOM concentration. A percentile contribution of the main
FDOM fluorophores, calculated as the ratio of the respective peak intensity (A, C, M or T) to the sum
(A+C+M+T) of all peak intensities, gives information about the relative changes of a fluorophore

composition in a sample (Kowalczuk et al., 2005; Drozdowska and Jozefowicz, 2015). Another fluorescence
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indices are the ratio (M+T)/(A+C) (Parlanti et al., 2000) and HIX index. The ratio (M+T)/(A+C)
(Drozdowska et al., 2013) allows assessing a relative contribution of the organic matter recently produced,
in-situ, (M+T) in the sea to molecules characterized by highly complex structure (A+C) ); the values > 1
indicate the predominant amount of autochthonous DOM molecules, while < 0.6 indicate the allochthonous
ones. HIX index is calculated as a ratio of fluorescence intensity at a long wavelength part (435-480) of the
fluorescence spectrum (induced in 255nm) to a short wavelength band (330-346 nm) (Chen et al., 2011,
Zsolnay et al., 1999; Milori et al., 2002). HIX index reflects the structural changes that occur in the process
of humification, causing an increase in both aromaticy (the ratio C/H) and molecular weight of DOM
molecules. The applied indices enable to evaluate a relative contribution of the organic matter recently
produced, in-situ, in the sea (M and T / an intensity of a short-wavelength fluorescence band) and the
molecules characterized by a highly complex structure (A and C / an intensity of a long-wavelength
fluorescence band). Thus, the applied indices allow you to assess whether the allochthonous (terrestrial,
aromatic and highly weighted molecules) or autochthonous (marine humic-like and protein-like and low

molecular weighted ones) organic matter predominate (Chari et al., 2012).

3 Results
3.1. Absorption analysis

Analysis of the absorption spectra enabled to calculate the absorption coefficients. The absorption at 254 nm
exhibits the greater sensitivity to salinity changes than other wavelengths and will be applied as a proxy of
CDOM concentration. Fig. 2. presents the absorption spectra, for the nearest-shore, W1, and the most off-

shore, W9, stations.
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Figure 2. Absorption spectra - collected during three Baltic cruises at 28" April, 2015 (red lines), 15-
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The absorption spectra present the typical distribution of the values of the absorption coefficients that
decrease exponentially with increasing the wavelengths in a spectral range from UV to visible light. The
values of the absorption coefficient, acpom()) are the highest in the station W1, located in the vicinity of a
river outlet, and the lowest in W9, in the open sea. Moreover, with an increase of a distance from the river
outlet, the intensity of light absorption is decreasing significantly and the differences between the SML and
SS become-smakler—and-smaller decrease. Furthermore, the slope ratio Sg , as a ratio of spectral slope
coefficients in two spectral ranges of the absorption spectra, S,75.295 and Sss.400, Was calculated. The sections
of the absorption curves, marked in the appropriate narrow spectral ranges and, corresponded to them, the

values of Sy are presented in Fig. 2 (c and d) and Table 1, respectively.

Table 1. Results of a slope ratio, Sg, for SML and SS, at W1 and W9 stations.

A slope ratio — Sg (: 8275_295/8350_400)
Si - for SS Sg - for SML
15-16" X N 15-16" X N
" 1172016 " 1172016
28" -\/2015 2015 28" -A/2015 2015
) 11 September . 11 September
28 April 2015 15-16 October 28 April 2015 15-16 October
2016 2016
2015 2015
w1 1.58 1.16 1.61 1.43 1.10 1.35
W9 1.30 1.33 1.40 1.34 1.35 1.45

The values of Sg obtained in three cruises at W1 station (near the Vistula River outlet) were: 1.58, 1.16 and
1.61 for SS and 1.43, 1.10 and 1.35 for SML, respectively. While at W9 (open sea) were: 1.30, 1.33 and 1.40
for SS and 1.34, 1.35 and 1.45 for SML, respectively. Hereof, the slope ratio, Sg, was higher in SML than in
SS in the open sea (W9), while it was opposite in a region around the Vistula river mouth (W1). However in
WA W9 (the open sea) the differences were 3.1, 1.5 and 3.5 %, while in W9: 10.5, 5.4 and 11.9 %.

Next, another absorption indices that describe the changes of molecular size/weight (the E,:E; ratio) and
chemical composition of organic matter (a spectral slope coefficient, S), were calculated. The results of E,:E3
and S and Sg in a relation to salinity are presented on Fig. 3. The satisfying correlation between salinity and
(i) the spectral slope coefficient, S (r>=0.84 for SS and r’=0.67 for SML), (ii) the slope ratio Sg (r*=0.58 for
SS and SML) and (iii) relative changes in the molecular weight MW (r?=0.94 for SS and r?=0.57 for SML)
were received. Moreover, the linear regression coefficients for the relations between salinity and: S, Sg and
MW are, respectively 0.00439, 0.13 and 3.029 for SML and 0.00435, 0.11 and 2.293 for SS. As one can see,
the linear regression coefficients achieved higher values for SML than SS, so the processes go faster in SML
than in SS.
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Fig. 3. The relationship between salinity and: (a) the spectral slope coefficient, S, measured in the 300-
600nm, (b) the slope ratio Sg = Sy75.095 / Sas0.400, @nd (C) the relative changes in the molecular weight,
MW (E,: Ej) for SS; and: (d), (e) and (f) for SML, respectively.

Furthermore, the values of S, Sg and MW are 2-, 0.5- and 3-times higher, respectively, in a vicinity of the

river outlet than in open sea.
3.2 Fluorescence analysis

Based on the analysis of 54 EEM spectra of seawater (27 samples for SML and 27 ones for SS) the
intensities of four emission bands (in R.U.), belonging to the main components (A, C, M and T) of the
marine CDOM were calculated. The Fig. 4 presents the 3D EEM spectra, typical for the open sea water (the
most salty) , W9, and estuarine waters (the most fresh), W1, for the samples collected from SML and SS.

500 500

fluorescence |ntensity, [R.U.]
W1 - SML

450 - W1 - SS WEN]
April'15 . April15
T 400 400
i=s
= 350 350
4
S 300 300
(3
% .
z 250 - . 2 . BN dllen. NSNS 50
c
(=}
£ 450 SML WO - SS I
= April'15
S 400 400
350 350
300 ! " 300

300 350 400 450 500 550 300 350 400 450 500 550 600
emission wavelength, [nm]

Figure 4. Examples of 3D fluorescence spectra (EEM) of the samples collected at stations W1, near the
Vistula River outlet (top panels) and W9, Gdansk Deep (bottom panels), 28 April 2015.

The relationships between the fluorescence intensities of the main fluorescence bands (proxy of FDOM
components concentration) and salinity as well as the relative contribution of the fluorescent components and
salinity are demonstrated in Fig. 5 and 6. The changes of the FDOM peak intensities and their relative

contributions (composition of FDOM components) in EEM were quantify by calculating the median and its
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percentile distribution of both the fluorescence intensities and the relative contributions of FDOM
components, for the SML and SS in two water masses. Table 2 contains the median values of (i) fluorescence
intensities (R.U.) and (ii) percentage contribution (%) of respective peaks in the SML and SS in two distinct
water masses: one characterized by salinity <7, which is influenced by direct fresh water discharge from
Vistula River and the other characterized by salinity >7, which is typical for open Baltic Sea waters.

The fluorescence intensities of the main FDOM components referred to salinity demonstrate the constant
linear relationships both in SS and SML (Fig. 5, upper and lower graphs, respectively). The linear regression
coefficients in SML and SS, for every FDOM component, are: -1.43 and -1.02 for a component A; -0.84 and
-0.65 for a component C; -0.56 and -0.43 for a component M; -0.32 and -0.3 a component T, respectively.
Hence, the regression coefficients are higher in SML than in SS.
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Figure. 5. Dependence of the fluorescence intensity of the main FDOM components: a) A, b) C, ¢) M
and d) T as a linear relation to salinity for the samples from the sub-surface water (SS; top panels) and
the sea surface microlayer (SML; bottom panels).

Table 2. Medians of FI" and PC™ of FDOM components for coastal zone™ and open sea waters”

Salinity < 7 Salinity > 7
FDOM components A C M T
A C M T
exc./ em. (nm/nm) 250/437 | 310/429 | 300/387 | 270/349
fluorescence SML 2.69 2.27 1.74 0.98 1.56 0.84 0.85 0.69
intensity, |
3 SS 2.31 1.27 1.12 0.86 1.50 0.77 0.76 0.63
R.U. =
percentile SML | 40.72 24.32 20.01 1406 | 39.08 | 22.43 | 20.53 | 16.89
c
contribution, %’
% 2 SS 41.52 22.87 19.92 14.40 | 40.75 | 22.17 | 20.90 | 16.27
0

“FI - a fluorescence intensity; ~ PC - a percentage contribution; ~ typical for salinity < 7; ~ typical for

salinity > 7.

The percentile statistical distribution of fluorescence peak intensities in the SML and SS layer in two water
masses characterized by salinity threshold less that 7 and higher than 7, have been presented in Fig. 6a and

Fig.6b, respectively. The box-whisker plots in Fig. 6 present median values (solid line), 25th and 75th
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percentile (the boundaries of the box: closest to and farthest from zero, respectively) and 5th and 95th
percentiles (whiskers below and above the box, respectively) of the respective fluorescence intensity. There
has been a clear spatial pattern (for the coastal zone and open sea) shown on both figures that the higher
median values of A, C, M and T were observed in the SML than in SS. For salinity <7, the median of
fluorescence intensities of main FDOM components in SML were: 2.69, 2.27, 1.74 and 0.98 R.U., while in
SS: 2.31, 1.27, 1.12 and 0.86 R.U. In open waters (salinity >7) the median of fluorescence intensities of the
FDOM components were in SML: 1.56, 0.84, 0.85 and 0.69 R.U., while in SS: 1.5, 0.77, 0.76 and 0.63 R.U.
The median values of respective peaks intensities are higher in SML than in SS both in coastal zone (salinity
<7) and in open sea (salinity >7). Additionally, the boundaries of the boxes show much greater dispersion of

the results in SML than in SS and greater variation in coastal zone (salinity <7) than in open sea (salinity >7).

a) = SML b)

dinity <7 | T S8

salinity >7
— L2

; o

2 . . =
O R

1 %

A C M T A C M T
FDOM components

Fluorscence intensity, [R.U.]

Fluorescence intensity, [R.U.]

Figure 6. Dependence of the fluorescence intensity of the main FDOM components in SML and SS as
the box plots for (a) coastal water (salinity <7) and (b) open sea (salinity >7).

The Fig. 7 shows the percentage contribution of the individual FDOM peaks calculated as the ratio of its
fluorescence intensity to the sum of the all fluorescence peak intensities (e.g. A/(A+C+M+T)) for SS and
SML samples (a left and a right graph, respectively). The box-whisker plots in Fig. 7 present median values
(solid line), 25th and 75th percentile (the boundaries of the box: closest to and farthest from zero,
respectively) and 5th and 95th percentiles (whiskers below and above the box, respectively) of the respective

percentage contribution (a relative composition of fluorescing components of CDOM).
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Figure. 7. Dependence of percentage contribution of the main FDOM components as the box plots for
(a) the sub-surface water, SS and (b) the sea surface microlayer, SML; for the coastal waters (salinity
<7) and open sea (salinity >7).

For salinity <7, the medians of percentage contribution of A, C, M and T components of marine FDOM in
SML were: 40.72%, 24.32%, 20.01% and 14.06 % while in SS: 41.52%, 22.87, 19.92 and 14.40 %,

10



10

15

20

25

30

respectively. In open waters (salinity >7) the median values of FDOM components composition were in SML
39.08, 22.43, 20.53 and 16.89 % while in SS: 40.75, 22.17, 20.90 and 16.27 %. So, the contribution of two
terrestrial components (A and C) decreased with increasing salinity (~1.64% and ~1.89 % in SML and
~0.78% and ~0.71 % in SS, respectively), while the contribution of, in-situ, in the sea produced components
(M and T) increased with salinity (~0.52% and ~2.83% in SML and ~0.98% and ~1.87% in SS,
respectively), Fig. 7. Considering the aforementioned changes for an individual component in relation to its
percentage contribution, the values of their relative changes can be calculated. Hereby, the biggest highest
relative changes of the FDOM component composition, along the transect from the Vistula River outlet to
Gdansk Deep, were recorded for component T, both in SML and SS (about 18.5% and ~12.3 %,
respectively), while the relative changes of A, C and M components were: 4.1, 8.1 and 2.6 % in SML and
1.9, 3.1and 4.7 % in SS, respectively.

The values of peak intensities (A, C, M and T) allowed to calculate (i) the ratio (M+T)/(A+C) and (ii)
index HIX in SML and SS water, presented on Fig. 8.

a) b)
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Figure 8. The relationship between the ratio (M+T)/(A+C) and HIX index for (a) SML and (b) SS
water.

The low values of the ratio (M + T)/(A + C), (<~0.6), were recorded in almost all samples from a sub-surface
layer, SS, while in SML samples only from the Gulf of Gdansk. The results of the ratio varied along the
transect W in the range 0.47 to 0.79 for SML and 0.49 to 0.63 for SS, from W1 to W9 respectively. Thus, the
ratio describes the process that occurs more effectively in SML. The results of the index HIX achieved the
higher values in the SS than in SML. What is more, the HIX index changed in SML in a range: 5.8 — 11.9
while in SS: 6.9 — 13.2. The elevated values of HIX in the SS indicate a presence of the molecules of higher

molecular weight and more condensed, with higher aromaticy, than in SML, Fig. 8.
3.3 The absorption and fluorescence dependences.

The absorption and fluorescence results allow comparing the spectral slope ratio, Sg, with the HIX index and
the ratio E,:E; to find the dependences of the molecular size/weight in SML and SS with condensation degree
of organic molecules and with the changes in chemical composition of organic matter, Fig. 9. High values of
HIX index coincide with low values of Sg. While S,75.295 < Szs0.490 Means the occurrence and predominance
of highly condensed matter and/or terrestrial DOM, with HMW molecules absorbing in a long wavelength

range. Whereas, the lower HIX and higher Sg values (Sy75.205 > Sas0.400) Mean the predominance of marine-
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derived, LMW molecules absorbing in a short wavelength range. The relation between HIX index and Sg
show a simple linear relation in sub-surface waters, SS. However in the sea surface microlayer, SML, the
changes in organic matter composition, Sg, are not linear-related with the changes taking place in DOM
molecules undergoing the degradation processes reflected by HIX values. HIX index is sensitive to the
humification and condensation processes, focused on large, high weighted organic molecules, that reflect the
changes in a long-wavelength range mainly (above 330 nm). However the photochemical degradation
processes, resulting in a decrease in the mass of molecules and an increase of concentration of low
molecular-weighted molecules, are much more spectacular in a shorter lower wavelength range and are held
primarily in the surface microlayer, SML. For the same reason as was mentioned above, the relation between
the ratio E,:E; and Sg is better correlated in SML than SS water. Moreover, the relation between the E,:E;
and Sy (both inversely proportional to molecular size and weight) shows more discrete differences in
molecular structure of the organic molecules studied in different seasons and allows to note the different
nature of the water tested in October’2015. The values of the ratio E,:E3 (inversely proportional to molecular
size and weight of molecules), calculated for the data collected in October’2015, point to the extremely small
size as well as almost the same size/weight of organic molecules investigated in the entirely study region
both in SML and SS. That confirms a very well mixed water and the surface layer in the study area,

suggested previously by the meteorological observations.
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Figure 9. The relationship between the spectral slope ratio, Sk, and (a) HIX index and (b) the
ratio E;:E; - for SS (top panels) and SML (bottom panels).

4. Discussion
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The values of the absorption coefficient, acpom(A) show that with an increase of a distance from the river
outlet, the intensity of light absorption (a proxy of amount of organic matter) is decreasing significantly, both
in SML and SS. It shows that the main source of CDOM in the study area is the Vistula River. Additionally,
the differences between the absorption values for SML and SS become smaller and smaller. The analysis of
several absorption indices (S, Sg and E,:E3) may reveal the changes in composition and a decrease in
molecular weight of organic matter with an increase of salinity and a distance from the mouth of the river.
Molecules brought into the sea with the river waters, with increasing salinity (and time and the distance from
the mouth of the river) undergo such processes as the dilution of the fresh waters in sea waters and the
degradation of the organic particles, induced by solar radiation (photo-bleaching) and by bacterial activity
(biodegradation). The increase of S and Si and E,:E; (a proxy of a decrease of molecular weight, MW) with
salinity suggest a transfer of colored material from HMW fraction to the LMW fraction. Moreover, the linear
regression coefficients for the relations between salinity and: S, Sg and E,:E; achieved higher values for SML
than SS. The values of the linear regression coefficients can illustrate a rate of the breakdown of large
molecules to smaller ones (HMW to LMW). They achieve the higher values in SML than in SS, thus show
that in SML the processes occur faster than in SS. Furthermore, the values of S, Sg and MW, are smaller in a
vicinity of the river outlet about 2-, 0.5- and 3-times, respectively, than in open sea depict a presence of
higher molecular weighted molecules in the estuarine waters, both in SML and SS. Hence, the higher values
of Si indicate an increase of absorption in a short wavelength range (via an increase in concentration of low-
weighted molecules, LWM) and a decrease of absorption in a longer wavelength range (a decrease in the
concentration of big and more condensed and high-weighted molecules, HWM). However, in a vicinity of
the river mouth (W1), the studied absorption indices reached the lower values in SML than in SS. It suggests
that the molecules with large molecular mass predominate in a surface microlayer. Such results may be
caused by the presence of the surface slicks, visible by a naked eye, made of big surface molecular structures.
A riverine water brings into the sea a huge amount of the terrestrial amphiphilic (the molecules with
hydrophobic and hydrophilic heads) organic molecules that form the surface slicks and despite the large
weight of the surface molecular structures their hydrophobic properties make them float on the sea surface.

The spectrofluorometric studies complete and confirm the absorption studies. Wherein the concentration of
components A, C, M and T were higher in SML than in SS in both coastal zone and open sea; the
contribution of A and C components in FDOM composition decreased, while M and T increased, with an
increase of salinity. Moreover, the values of the fluorescence intensity of FDOM components change linearly
with salinity and the linear regression coefficients show higher values in SML than in SS. This may confirm
a higher rate of the degradation processes occurring in SML. The relative changes of percentage contribution
of FDOM components, with an increase of salinity, depict that a component which quantity varies the most,
is a fluorophore T. It may indicate on production of protein-like fluorophores caused by photobleaching and
biological activity. Additionally the results of the FDOM measurements indicate that FDOM concentration is
about 2-3 times higher in the coastal zone (salinity <7) than in the open sea (> 7). The results of FDOM
concentration indicate the dominance of terrestrial molecules (allochthonous) in estuarine waters - due to
high concentration of molecules brought by a river (A and C). The ratio (M+T)/(A+C) increased with salinity
and reached the highest values in the open sea: 0.79 and 0.63 in SML and SS, respectively. Photo-

degradation effect, induced by solar radiation on the molecules in a sea surface layer, results in degradation
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of macromolecules into particles with a lower molecular weight (i.e., a decrease of A and C and the increase
the amount of molecules of lower molecular weight produced in the sea (M and T) and this process acts more
rapidly in SML, (Fig. 8). The above conclusion is confirmed by the results of the ratio (M+T)/(A+C) and
HIX index, which achieve respective higher and lower values in the SML than in SS due to higher
fluorescence intensity at a short wavelength band belonging to marine FDOM components (M and T). The
elevated values of HIX in the SS are an evidence of a more advance humification process of the organic

molecules that make the organic molecules more condensed and with higher aromaticy.

5. Conclusions

The results of the studies on the absorption and fluorescence properties of the organic matter included in the
SML and SS waters are complementary. The values of the absorption coefficients as well as the fluorescence
intensity give information about the decline in the CDOM/FDOM concentration with increasing salinity,
both in SS and SML. Whatis-mere Moreover, a decreasing of DOM concentration with salinity occurs faster
in SML than in SS. Analysis of absorption and fluorescence spectra allow the detection of subtle changes in
the percentage composition of CDOM/FDOM components that revealed an increase of M and T (produced
in-situ, in the sea) and a simultaneous decrease in A and C (terrestrial origin) with increasing salinity.
Moreover the changes of the percentage composition occur in SML more rapidly than in SS. The results
suggest a higher rate of degradation processes in a surface microlayer

In addition, the analysis of indices obtained from the values of the intensity of the absorption and
fluorescence of the samples enabled tracking sources and processes, which have been subjected to
investigated molecules, in SML and SS. The authors: (i) confirm that the processes of structural changes in
molecules of HMW to LMW, due to effects of photo- and biodegradation, occur faster in SML than in SS;
(i) organic molecules contained in a surface microlayer, SML, have a smaller molecular mass than SS, thus,
SML and SS are characterized by different percentage distributions of the main FDOM components; (iii) the
fresh water of the Vistula River is the main driving force of allochthonous character of organic matter in
coastal waters of Gulf of Gdansk.

Summarizing, the distributions of light intensity reached over or behind the sea surface is modified
effectively by the specific absorption and/or emission of a light by surfactants. The degradation processes of
the organic molecules contained in SML and SS proceed at different rates. Hence, the DOM molecules
included in the SML can specifically modify the physical processes associated with the sea surface layer. It
should be necessary to continue a study on the physical properties of surface microlayer in other Baltic Sea

sites and in less urbanized and more natural and pristine region, like Arctic.
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