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Abstract

This manuscript continues a series of papers devoted to the study of bio-optical charac-
teristics of the Volga River waters in the context of development of regional bio-optical
models. A particularly weak point in this effort is the limited knowledge of dissolved
organic matter (DOM): its component composition, spectral absorption characteristics,
and the lack of satellite-based assessment algorithms. Using excitation—emission matrix
fluorescence spectroscopy, we examined the fluorescent fraction of DOM of surface water
layer of the Volga River and its tributaries in the area from the Gorky Reservoir to the
Volgograd Reservoir, a stretch spanning over 1500 km, in the period from May to September
2022-2024. Four fluorescent components were validated in parallel factor analysis. The
ratio of fluorescent components was mostly stable, while their fluorescence intensities
varied a lot. For example, the fluorescence intensity of the DOM of the Gorky Reservoir
and the Kama River differed by more than 2.5-fold. The highest FDOM fluorescence was
found in the Gorky Reservoir. Downstream, it decreased due to the inflow of the Oka and
Kama rivers. The influence of small rivers such as Kerzhenets, Sundovik, Sura, and Vetluga
was insignificant. It is demonstrated that neither conventional remote sensing techniques
(LiDAR) plus in situ measurements of DOM with a probe nor DOM absorption at 440 nm
allows probing all the fluorescent components, so their efficiency is determined by the
correlation of fluorophore group content.

Keywords: dissolved organic matter; absorbance; fluorescence; PARAFAC; Volga River;
remote sensing

1. Introduction

Rivers are integral components of natural ecosystems and play a pivotal role in maintain-
ing biodiversity and ecological processes [1,2]. They provide critical habitats for numerous
aquatic and terrestrial species, facilitating biological diversity and ecosystem stability [3].
Rivers function as conduits for freshwater fluxes, influencing hydrological cycles and con-
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tributing to the global distribution of nutrients and sediments [4]. These fluvial systems also
modulate regional climate patterns through moisture transport and evaporation.

From an anthropogenic perspective, rivers serve as vital freshwater sources for do-
mestic consumption, agricultural irrigation, and industrial operations. They are essential
vectors for transportation and commerce, underpinning socio-economic development. Fur-
thermore, rivers offer ecosystem services such as recreation, aesthetic value, and cultural
significance [5]. The preservation and sustainable management of riverine systems are
crucial to ensuring the resilience of both natural ecosystems and human societies.

Under the increasing influence of climate change and anthropogenic load, great
changes have recently occurred in the circulation and development of rivers; they are
influenced by changing discharge regimes and very often by different kinds of pollution
impacts [1,6]. For example, recent studies have highlighted that uncontrolled diffuse pol-
lution was the primary driver behind the degradation of aquatic ecosystems in the Volga
River Basin [7-9].

Real-time monitoring along with precise knowledge of the sources and transport
pathway of various impacts in a catchment area is of particular importance for any manage-
ment activities [6] since it provides the ability to track both rapid and long-term changes
in ecosystems.

The growing deployment of satellites equipped with hyperspectral cameras of high
and medium spatial resolution has made it feasible to monitor water bodies of almost
any size [10,11] with high temporal resolution. This capability is especially relevant in
Russia, given its vast territory and the inaccessibility of many water bodies for fieldwork.
Besides the difficulties in the collection of satellite images due to cloudiness, a significant
challenge in satellite-based monitoring lies in the necessity of calibrating hyperspectral
data, which reflect the characteristics of a thin surface layer, against data obtained from
field-sampled waters. The study of the interaction mechanism among land use changes
and the regional hydrological ecosystem also involves the acquisition of new field data.
Therefore, additional data on the optical properties of the river freshwater, which can only
be obtained in the field, is needed [12]. Taking into account the recent attempts in the
development of quantitative determination of colored dissolved organic matter (CDOM)
with the use of satellite remote sensing [13], new field studies involving natural waters
might be useful for validation of remote sensing models, as well as regional algorithms for
estimation of the absorption coefficient of colored organic matter [14]. Thus, analyzing the
optical characteristics of natural waters is critical for developing mathematical models to
interpret satellite hyperspectral data. In addition to standard methods for characterizing
water samples, it is essential to systematize hydro-optical data—such as absorption and
fluorescence—for the calibration of satellite-based monitoring of inland water bodies.

This manuscript presents a systematic study of optical characteristics of CDOM in
the surface waters of the Volga River—the longest river in Europe and a critical water
artery of the Russian Federation. To our knowledge, no prior studies have comprehensively
examined CDOM or conducted multi-parameter bio-optical surveys for the Volga River.
Consequently, this study has two primary objectives: (1) to investigate the spatial vari-
ability of key bio-optical parameters along the entire length of the Volga River, and (2) to
develop regional bio-optical algorithms for retrieving these parameters from satellite data.
Both objectives necessitate comprehensive coverage of the river, as its optical properties
vary significantly across reservoirs due to differences in hydrology, tributary inputs, pro-
ductivity gradients, and anthropogenic pressures. A ~1500 km transect enables spatial
replication in place of temporal replication, capturing a diverse range of water types—from
clear, fast-flowing reaches to stagnant, bloom-dominated zones. This variability is essential
for developing robust and transferable bio-optical algorithms. Major fluorophore groups
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were identified using parallel factor analysis (PARAFAC) applied to excitation-emission
matrices (EEMs) [15] of samples collected along the river section from the Gorky Reser-
voir to the Volgograd Reservoir between spring 2022 and autumn 2024. Additionally, we
considered excitation/detection wavelength pairs used in real-time monitoring instru-
ments [16-19] to evaluate their efficacy in tracking fluorophore groups of different origins.
The findings enhance our understanding of the study area and establish a foundation
for validating high-resolution satellite data across the full spectrum of optical conditions
observed along the Volga.

2. Materials and Methods
2.1. Study Area

The Volga River is the longest river in Europe; its length is 3690 km. It receives inputs from
hundreds of tributaries; the largest ones are Oka River and Kama River. The 1.4 million km?
catchment area of the Volga drains about 33% of European Russia, covering various biomes
from taiga to semidesert. The northern part of the catchment is in a forest belt that includes
southern taiga and mixed coniferous-deciduous forests. The south and southeast of this
forest belt represent the forest-steppe biome, and farther south are found steppe, semidesert,
and desert biomes. The desert biome is found only near Caspian lowlands adjacent to the
southern Akhtuba floodplain [20].

The Volga River is commonly divided into three sections: the Upper Volga, from the
source to the Gorky Dam; the Middle Volga, from the Gorky Reservoir to the Kuybyshev
Dam, receiving major tributaries like the Oka and Kama; and the Lower Volga, from the
Kuybyshev Reservoir to the Caspian Sea, including the Saratov and Volgograd reservoirs
and ending in a wide delta [20,21], see Figure 1.

The present study of the Volga River focuses on the region from Gorky Reservoir to
Volgograd Reservoir covering the Middle Volga, Gorky Reservoir upstream, as well as
Kuybyshev and Volgograd reservoirs downstream. The confluence areas of the Oka, Kama,
Sundovik, Sura, Vetluga, Kazanka, Sviyaga, and Yeruslan rivers have been explored.

The Volga River is fed mainly by snow (~60% of the annual flow), groundwater (~30%),
and rainwater (~10%). The natural regime is characterized by spring floods in April-June,
low water levels during summer and winter periods, and autumn rain floods in October.
Presently, the hydrology of the Volga is controlled by the regulation of a cascade of eight
large shallow reservoirs, slowing considerably the flow velocity of the river. The Lower
Volga region, including the Volga-Akhtuba Floodplain and Volga Delta, appears to be less
affected by the backwater of anthropogenic Hydroelectric Power Plants dams [21,22].

2.2. Sampling

Sample collection was performed several times in spring—autumn 2022-2024. In 2022,
the sampling was carried out in the Gorky Reservoir three times: in spring (on 25-26 May),
and twice during summer, namely on 24 June and 1-2 August. The location of the sampling
sites is shown in Figure 1b—d. Middle Volga was examined twice on 17 July-8 August and
6-9 September 2023. Finally, Volgograd Reservoir was studied at the beginning (29 May—7 June)
and the end (15-23 August) of summer 2024 in course of two expeditions.

Water samples were collected from the surface water layer of 0.5 m depth with a bucket
from the bow of a ship during its drift at the hydrological stations. They were filtered
immediately through pre-combusted at 450 °C GF/F filters (0.7 um nominal pore size) and
stored in the acid-cleaned 30 mL glass vials under dark conditions at 4 °C until further analysis.
A total of 227 samples were prepared for the study of CDOM optical properties.
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Figure 1. (a) A section of the Volga River from the Gorky Reservoir, located on the border of
the Upper and Middle Volga basins, to the delta area at the confluence of the Volga River and
the Caspian Sea; blue and red inverted-drop-shaped icons mark locations of reservoirs and cities,
respectively. (b—d) Sample site locations during the field studies of the Volga River surface waters con-
ducted in May (green triangles), June (blue crosses), July—beginning of August (violet squares), and
August-September (red dots) 2022-2024.
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2.3. Absorbance and Fluorescence Measurements

Absorbance and fluorescence of CDOM were measured with an Aqualog spectrofluo-
rometer (Horiba Jobin Yvon, Inc., Edison, NJ, USA) in a 1-cm path-length quartz cuvette at
room temperature, relative to a standard pure water sample. Excitation-emission matrix
spectra and absorbance, A(A), were recorded by scanning excitation wavelengths between
240 and 650 nm at 5 nm increments, while emission spectra were captured in the range
of 245 nm to 800 nm at 1.17 nm increments. Fluorescence spectra at each excitation wave-
length were recorded within an integration time of 5 s. To correct for the inner-filter effect,
fluorescence intensity was multiplied by the effective absorption coefficient [23] using the
functions provided within the Aqualog software V4.2. EEMs were normalized to the area
under the water Raman peak at excitation wavelength of 350 nm of the ultra-pure water
sample to produce fluorescence intensities in Raman Units (R.U.).

To account for the path length of the sample cell, Napierian absorption coefficient
acpom (A) values were calculated by multiplying blank-corrected absorbance A(A) by 2.303 and
dividing by 0.01—cuvette path length taken in meters.

Absorption coefficients at 250 nm and 365 nm were used to calculate the ratio E;:E3
expressed as follows: E; : E3 = acpom(250)/acponm (365). Ultrafiltration of humic waters
combined with the studies of CDOM optical characteristics revealed the correlation between
E;:E3 and molecular weight of CDOM [24,25].

2.4. PARAFAC Decomposition of Fluorescence EEM

The fluorescence spectra have been pre-processed by handling the scattering sig-
nal zone at +15 nm using Whittaker interpolation [26], then scaling every spectrum
to a standard deviation of 1. The PARAFAC model has been validated using the ran-
domised split-half approach [27] using 100 splits (see Figure 2). While for a few of the
4-component models, the worst pairwise Tucker’s congruence coefficient was below 0.95, it
never dropped below 0.90, and it did exceed 0.95 in 85 out of the 100 random splits. This
was deemed acceptable due to the scores of the resulting model being highly correlated and
the shape of the resulting loadings being chemically meaningful. While the two-component
model passes the validation tests according to the strictest criteria, with the worst Tucker’s
congruence value being 0.987, it leaves a significant amount of unexplained signal in the
residuals. All the procedures were performed using the R programming language and the
“albatross” package [27].

It should be noted that the PARAFAC model is scale-indeterminate, that is, assuming
anon-negative model F; jx = ., A;,B;,Cy, +¢&;, the scores and loadings are only known
subject to arbitrary positive coefficients a,, B;, v as a,A;;, BrBjrs vrCr,r with a, By, =1 Vr.
This complicates the comparison of scores a,, as the scores from different components could
take arbitrary values depending on how the model is scaled. Since the contribution of an
individual component to the fluorescence intensity at the particular excitation and emission
wavelength is equal to F; jx , = A, ;B; ,Cy,, and scale-invariant (it is measured in the same
units as the signal being modelled), the integral intensity of the " PARAFAC component
in the i sample, Ff,’;t, can be computed for the registered emission ()\;?m) and excitation
(AFY) spectral range:

)\max
By = Aﬂ Fir(Aem Aex) dAom dAex ,ZkA"” Bj AN Cpy AAGE = Ai,,jzk B AAS™ Cry AAS.

Similar to the Fyqy value computed by the drEEM toolbox [28], F/* is measured in

7T
physically meaningful units and can be compared between the components. The integral
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intensity was chosen in this work instead of the peak intensity due to the fluorescence
components having different widths, in order to avoid penalizing wide components.
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Figure 2. Distributions of the worst pairwise Tucker’s congruence coefficients among the 100 random
splits of the Volga River dataset.

3. Results and Discussion
3.1. PARAFAC Components

The full set of fluorescence spectra of riverine CDOM (227 samples), collected from
25 May 2022 to 23 August 2024, is described by the 4-component PARAFAC model. The
absorption and emission maxima of individual fluorophore groups are presented in Table 1.
The search for quantitative matches with previously validated PARAFAC models was
performed with the OpenFluor database with excitation and emission similarity scores of
0.95 and higher (TCC > 95%) [29].

Table 1. Excitation/emission maxima of C1-C4 PARAFAC components obtained with a 4-component
model and the number of matches in the OpenFluor database. Multiple excitation maxima are
separated by comma.

Component Excitation, nm Emission, nm Number of Matches in OpenFluor Description
C1 <280, 343 453 107 Humic-like, terrestrial
I <260, 304 403 131 Hurmc—hk.e, ter.restrlal,
or microbial
Humic-like, terrestrial,
c3 269,397 511 76 sediment/soil fulvic-like
C4 <245, 277 334 33 Protein-like, autochthonous

The fractions of fluorescent components are calculated as a ratio of F/™* to the total
FDOM fluorescence intensity, Y +_;, F*, varied from sample to sample. Components C1 and
C2 comprised 71-77% of DOM fluorescence, with mean fractions of C1 and C2 estimated
as 42% and 34%, respectively. Fractions of C3 and C4 components varied in the ranges
16-23% (18% on average) and 4-12% (7% on average), respectively.

C1 component, characterized by humic-like fluorescence with a maximum at 453 nm,
corresponds to the peaks A and C according to the classification of Coble [30]. It is one of
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the most widespread fluorophore groups in freshwater bodies. C1 is associated with FDOM
of terrigenous origin, formed in soils by the decay of dead vascular plants. However, a large
amount of algogenic FDOM exhibiting humic-like fluorescence may lead to overestimation
of vascular plant input [31]. The study of DOM in the Ter River—Sau Reservoir system,
Spain, showed low variability along the system, so C1 was associated with non-labile
compounds [32]. Investigation of the surface waters from streams distributed throughout
watersheds of mixed land use in southern Ontario, Canada, confirmed the terrestrial origin
of C1. It was also found to be one of the most abundant fluorophore groups: along with
the C2 component, it comprised 41-65% of stream DOM fluorescence [33]. A good match
was found between C1 (the present study) and the C455 component (TCC = 99%), derived
from PARAFAC analysis of water samples from different aquatic environments, including
(1) the Milwaukee River, a terrigenous DOM-dominated river in Wisconsin, (2) open Green
Bay, a mesotrophic sub-basin of Lake Michigan, and (3) Veterans Lagoon in the City of
Milwaukee, a eutrophic lagoon with seasonal algal blooms. The contribution of Cys5 to the
total fluorescence varied between 28.4% and 44.1%. Unlike C1, the presence of C3 (Cs15 in
the original study) was established in Milwaukee River only with contribution accounted
for 23.9% of total fluorescence [34].

A protein-like component C4 is similar to peak T [30]. It is widespread in freshwater
bodies and, usually, indicates the presence of low-molecular-weight and labile DOM of
autochthonous origin [32,35-37]. Near urbanized territories, however, C4 may be associated
with the presence of pollutants with similar spectral characteristics, as well as with an
increase in the concentration of the autochthonous component caused by an increase in the
rate of DOM decay [38].

Component C2 is comparable with peak M associated with autochthonous humic sub-
stances [30]. In the study of Williams et al. [33] of Ontario streams, C2 was classified as
a group of terrestrial, humic-like DOM fluorophores. Similar conclusions were made in the
study CDOM of Galveston Bay, USA. C2 PARAFAC component showed a negative relation-
ship with salinity in the Galveston Bay, indicating conservative mixing, with the main input
from the Trinity River. A significant increase in C2 after Hurricane Harvey (September 2017)
allowed us to assume that terrestrial-derived DOM is the main source of C2 [39]. At the
same time, investigation of the DOM temporal dynamics in the Arno River, Italy, the same
PARAFAC component (Cl,,,) was reported to be produced in situ [40]. It is consistent
with the results of Romera-Castillo et al. [41], who demonstrated that different species of
marine phytoplankton produced CDOM with similar spectral characteristics. For example,
for CDOM produced by Chaetoceros sp. and P. minimum cultures, absorption/fluorescence
maxima were found at 310/399 nm and 316/397 nm, respectively.

The C3 component is related to soil fulvic acids [42]. In rivers and lakes, FDOM with such
spectral characteristics is often classified as terrigenous humic material [43—45]. In the study
of Ontario streams, DOM, C3 was suggested to include fluorophore group characteristics
of both soil-derived fulvic acid and terrestrial components [33]. A comparative analysis of
FDOM of waters draining agricultural and near-pristine catchments (forested and wetland)
in the North German plains showed that high relative fluorescence of the C3 characterized
both agricultural and wetland catchments [46]. In the Neuse River Estuary, North Carolina,
the contribution of C3 (C1 in the study of Osburn et al. [47]) was estimated as 11.8-14.3%.

3.2. Distribution of PARAFAC Component in the Volga River Surface Waters

For the subsets of surface water samples collected in the Gorky Reservoir during field
campaigns in May, June, and August, 2022, low spatial variability of fluorescence intensity and
the ratio of PARAFAC components was demonstrated: the contribution of each PARAFAC
component to the total fluorescence intensity varied by up to 3% (Table 2). Fluorescence of
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terrestrial-derived humic-like components C1 and C3 decreased gradually, and presumably
autochthonous ones—C2 and C4—increased by August compared to May (Table 2). Conse-
quently, the fractions of C1-C4 have changed by 2-7%. This may be related to the influx of
smaller amounts of terrigenous matter into the reservoir, photodegradation of DOM, as well
as accumulation of larger amounts of autochthonous DOM in the summer months.

Table 2. Average Ff”t of individual PARAFAC components, their fraction to the total FDOM fluores-
cence (in %), as well as absorption coefficient at 440 nm (acpom (440)) and E;:Ej ratio for the studied
areas of the Volga River; n is the number of samples.

Average F'f,

Date n Fraction, % 10° R.U..-nm? “CDOM(;MO)’ Ey:E;
e
C1 C2 C3 C4 C1 C2 C3 C4
Gorky Reservoir
2022/05 8 46 27 22-23 4-5 272 +0.8 15.7 £ 0.3 13.7 £ 0.5 254+0.1 6.4+0.3 5.29 +0.04
2022/06 8 45 30 19-20 4-6 25.8 +0.3 169 +£ 04 11.8 £0.2 28+0.3 4.8 +0.1 5.78 + 0.04
2022/08 32 41-43 33-34 16-18 67 245409 185+ 0.6 104 £ 0.3 35+04 35+05 6.52 +0.20
Between Gorky Reservoir and confluence with the Oka River
2023/07 12 42-44 32-33 18-19 5-7 23.1+1.0 173 + 0.7 102 + 0.3 3.1+0.3 34+02 6.74 +0.12
Oka River
2023/08 2 39 34 18 9 135+ 0.1 11.6 £ 0.3 6.4 +0.1 3.0+0.3 1.9+0.1 6.39 £+ 0.06
Confluence with the Oka River—Cheboksary Reservoir
2023/08 5 41-43 33 18-19 5-8 185 +23 145+13 8.4+09 29+0.1 2.6 +0.3 6.56 + 0.09
2023/09 14 41-42 34-35 17-18 6-8 179 + 1.1 14.7 £ 0.7 78+ 05 2.8+0.1 2.0+0.1 732+ 0.7
Cheboksary Reservoir
2023/09 7 41 35 17 7 18.5 £ 0.6 155+ 0.6 79 +0.1 3.0+0.2 1.9+0.1 7.42 +0.11
Cheboksary Reservoir—Kazan
2023/09 8 41-42 34-35 17 67 18.8 £0.3 153 +0.2 79 +02 3.0+0.2 20+£0.2 7.33 £ 0.11
Kama River
2023/07 7 37-41 34-38 16-17 8-9 9.2+0.2 8.0+ 0.6 4.0+0.1 19+02 1.5+0.1 7.16 £ 0.07
2023/09 11 41 35 17 7-8 119+ 04 10.0 =04 5.0+0.1 21+0.2 1.34+0.1 7.62 £+ 0.20
Confluence of the Volga and Kama rivers
2023/07 10 40-42 34-35 16-18 6-9 147 £1.3 119+ 0.8 6.2 +0.6 24403 20+0.2 7.06 +0.13
2023/09 12 41 35 17 7-8 152+ 1.8 127+ 1.6 6.4 +0.8 2.6 +0.3 1.7+0.2 7.39 +£0.10
Volgograd Reservoir
2024/06 19 38-42 32-34 17-18 7-12 12.8 £ 0.9 102+ 05 5.6 +0.4 2.7 +0.5 1.8+03 6.72 + 0.30
2024/09 37 40-42 34-36 16-19 6-8 143 £ 0.8 12.1 £ 0.5 6.3+ 03 24 +0.1 1.84+0.2 7.40 £+ 0.20
Confluence with Yeruslan River
2024/06 2 36-38 35-36 16-17 10-12 89+04 8.4 +0.04 424+0.1 26+04 0.96 £+ 0.01 8.53 £+ 0.50
2024/08 3 38-39 35-36 17 8-9 115+ 1.0 104 + 0.7 52403 254+0.1 1.3+0.1 8.16 + 0.30

A year later, in July 2023, water samples were taken downstream of the Gorky Reser-
voir. The fluorescence intensity of the Volga River DOM in the section from the Gorky
Reservoir to the confluence with the Oka River turned out to be comparable with the results
obtained for the waters of the Gorky Reservoir in June-August 2022 (Table 2).

Fluorescence intensity of most of DOM fluorophore groups (components C1-C3)
in the Oka River surface waters was 1.5-2.0-fold lower compared to the Volga River
waters upstream (Table 2). The distribution of DOM downstream of the confluence of the
Volga and Oka rivers is determined by the dynamics of their mixing. For example, at the
cross-sections in the area of the confluence of the Volga and Oka waters, higher FDOM
fluorescence intensity clearly marks a stream of Volga River waters pressed to the left bank.
FDOM fluorescence gradually decreases towards the right bank of the Volga River where
the contribution of the Oka River waters is getting more significant. With the exception of
the rather heterogeneous zone of mixing of Volga and Oka waters, a Volga River section
between the confluence with the Oka River and Cheboksary Reservoir, including the areas
of the Kerzhenets, Sundovik, Sura, and Vetluga tributaries, was characterized by low
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variability of CDOM optical properties, as reflected by a lower standard deviation value,
see Table 2. A local increase in the content of DOM fluorophores was observed between
Cheboksary Reservoir and Kazan.

Further changes in the optical characteristics of the Volga River are associated with
the admixture of the Kama River waters which resulted in a decrease in FDOM fluores-
cence. Kama River surface waters were sampled twice on 28 July and 12-13 September,
2023. Compared to July, in September, Kama River FDOM exhibited a similar PARAFAC
component ratio, but total fluorescence intensity was ~25% higher. Kama River waters
exhibited the lowest protein-like fluorophore group intensity among all the studied samples.
Fluorescence of terrigenous components C1 and C3 was two-fold lower than in the Volga
River waters upstream, and about 3-fold lower compared to Gorky Reservoir (Table 2).

Spectral characteristics similar to the Kama River FDOM were observed later, in 2024,
in the area of confluence of the Volga and Yeruslan rivers. In the rest of the Volgograd
Reservoir, C1-C3 fluorescence was higher and varied within 15%, while in Volga—Oka and
Volga—Kama confluence areas, fluctuations in FDOM fluorescence reached 60%. Humic-
like fluorescence intensity in the Volgograd Reservoir turned out to be approximately two-fold
lower compared to the Upper Volga waters. Similar to the Kama River in 2023, an increase in
C1-C3 fluorescence intensity was revealed in September compared to June, 2024.

3.3. Standard Excitation/Detection Wavelengths of Fluorescence Sensors

Assessment of scores and loadings of the PARAFAC model for the Volga River EEM
dataset allowed considering the efficiency of using conventional techniques of remote
and in situ sensing of the water column to study the spatial distribution of the identified
fluorophore groups in the region. The wavelengths of operation of fluorescent shipborne
LiDARs (excitation 355 nm, emission 404 nm, 440 nm, and 685 nm) [17,48] and YSI EXO2
sonde (excitation 365 nm and emission 480 nm, excitation 470 nm and emission 525 nm, and
685 nm) [49,50] were examined. These pairs of excitation/detection wavelengths are shown
on EEMs of individual PARAFAC components C1-C4 in Figure 3. Also, the excitation
wavelength of 440 nm is shown since absorption coefficient acpop(440) is a conventional
hydro-optical parameter that can be retrieved from satellite images and widely used as
an indicator of CDOM [51].

We retrieved the fluorescence intensities of riverine water samples at the above excita-
tion/detection wavelengths from the EEMs to analyze the correlation of the potential signal
of LiDAR «UFL-9» and YSI EXO2 sonde with the content of individual fluorophore groups.
For the studied pairs of excitation/detection wavelengths, the highest fluorescence intensity
was observed in the case of humic-like components C1-C3 at excitation below 365 nm.
The excitation maximum of the C4 component is far below 355 nm, so autochthonous
FDOM exhibiting protein-like fluorescence cannot be probed by the above sensors.

Since the PARAFAC model for fluorescence intensity F; j; of sample i at wavelengths
)t]?m, AP s Fyjx = Yop AirBjrCy,r, the individual intensities of each component contributing
to the overall signal are equal to the product F; jx , = A;B;Cy,. This makes it possible
to compute their relative contributions to the signal by dividing the individual intensities
by their sum: %. Such an approach does not rely on the assumption of equal
quantum yields of DOM fluorophores [52,53], so it will provide physically meaningful
results as long as the model is valid. Table 3 presents the ranges of these values encountered
in all samples.



Environments 2025, 12, 309

10 of 17

A

(nm)

ex

600

500

400

300

400

(365, 480)
355 oo
Em 404 nm Em 440 nm

300 .

300 400 500 525 600

685700

300

.o, ()

500

700

Figure 3. EEMs of individual PARAFAC components C1-C4. The colour bar shows fluorescence
intensity in relative units. Red dots correspond to some of the pairs of excitation n/detection

wavelengths frequently used in commercial sensors.

Table 3. Ranges of relative contributions of the PARAFAC components to fluorescence intensities at

selected wavelength pairs.

Aex, NM Aem, NM C1 C2 C3 C4
355 404 0.43-0.64 0.36-0.57 0 0
355 440 0.73-0.84 0.13-0.25 0.02-0.03 0
355 685 0.29-0.36 0.11-0.22 0.48-0.58 0
365 480 0.75-0.80 0.02-0.06 0.16-0.21 0
470 525 0 0 1 0
470 685 0 0 1 0

C4 did not affect the DOM fluorescence signal at commercially used wavelengths

under investigation, A}?m, AP, while the fractions of C1-C3 took on values from 0% to 84% at

excitation below 365 nm. Despite such a heterogeneous contribution, the content of the

C1-C3 components demonstrated good correlation with total FDOM fluorescence, F; j x, see

Figure 4. Coefficient of determination, R?, for the linear regression models varied in the
range 0.74-0.99, with the maximal values of R? > 0.93, typical for the F;;x(C1) and F; ;x(C3)
relationships, Table 4.
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Figure 4. FDOM fluorescence intensity at the studied excitation/detection wavelengths, F ; , against
concentration of PARAFAC fluorescent components C1 (a), C2 (b), C3 (c), and C4 (d), expressed in
Raman units.
Table 4. Parameters for the linear regression models describing the correlation between DOM
fluorescence intensities and concentration of PARAFAC fluorescent components expressed in Raman
units. Analysis is performed on the basis of full dataset of 227 EEMs.
355/404, 355/440, 355/685, 365/480, 470/525, 470/685, acpom(440),
Component  Parameter R.U. R.U. R.U. R.U. R.U. R.U. m-1
Slope-10° 2.86 5.32 0.211 4.46 0.387 0.061 20
C1 Intercept 0.085 0.046 —0.001 —0.006 0.002 0.000 —1.06
R? 0.99 0.99 0.95 0.99 0.94 0.93 0.75
Slope-10° 4.53 8.28 0.320 6.83 0.574 0.093 n/a
C2 Intercept —0.037 —0.161 —0.008 —0.165 —0.010 —0.002 n/a
R? 0.90 0.87 078 0.83 0.74 0.75 0.47
Slope-10° 6.02 11.33 0.46 9.63 0.860 0.137 45.7
C3 Intercept 0.126 0.110 0.001 0.038 0.004 0.000 —1.06
R2P87 0.94 0.97 097 0.98 0.98 0.97 0.84
C4 R? 0.38 0.35 0.33 0.32 0.27 0.29 0.14
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A good correlation between the concentration of PARAFAC components and the
fluorescence intensity at excitation/emission wavelengths, /\]e.m and Ay, in the cases of low
relative contribution of the fluorophore group to F; is due to the interrelation between
C1-C3 content typical for most of the water samples. Significant deviations were observed
for the Gorky Reservoir surface waters collected in May and June, 2022. The share of
components C1 and C3 was found to be greater, and C2, on the contrary, lower, compared
to the other studied samples, see Table 2. Subsets of points, corresponding to the samples
from the May and June field campaigns to the Gorky Reservoir, are separated from general
linear trends both on the dependence of the fluorescence intensity on C2, F; ;4(C2), and on
the C2(C1) plot, see Figures 4 and 5.
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Figure 5. Upper panel: fluorescence intensity at 404 nm excited by the 355 nm against integral
fluorescence intensity of C2 component expressed in Raman units. It repeats partly one of the
diagrams in Figure 4b, providing more information on temporal and spatial variability of FDOM.
Lower panel: fluorescence intensity of PARAFAC components C2-C4 against that one of C1.

The obtained results on CDOM spatial distribution and seasonal variability are in good
agreement with the long-term water color observations performed using a standard Cr-Co
scale. It was established that the water color associated mostly with the content of humic
organic matter decreases from north to south of the Volga River. In the summer period of
2015-2020, in particular, water color was reported to decrease from 53 deg. to 38 deg. on
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average from Gorky Reservoir to Kuibyshev Reservoir. It was associated with the features
of the catchment area and decreased lateral inflow. Seasonally, water color was found to be
the highest during spring runoff with peaks in color after heavy rains [20,54]. The study of
dissolved organic carbon (DOC) concentration in the Volga River surface waters conducted
in June-July 2009 showed a decrease of DOC from Kazan to Lower Volga from 9.82 mg/L to
7.32 mg/L. In the Kama River mouth, DOC was estimated as 7.01 mg/L [55].

3.4. CDOM Absorbance

Absorption coefficient acpopr(440) varied in the range from 0.95 m~! t06.92m~ 1.
It decreased from north to south, exhibiting maximal values in Gorky Reservoir and
minimal—in Volgograd Reservoir (Table 2). Volga River tributaries were characterized
by lower acpon(440) values, Oka River—1.86 m~!, Kama River—1.22 m~!, Yeruslan
River—0.95m~!, so they reduced acpopr(440) downstream of the confluence areas.

Conversely, the E;:E3 ratio tends to increase downstream from 5.24 in the Gorky
Reservoir to 6.72 in the Volgograd Reservoir, with a minimal value of 8.85 measured in
the Yeruslan River. It indicates the decrease in the DOM molecular size from north to
south. In the context of collation of high-resolution ground-truth data as an essential
procedure for developing regional algorithms for assessing the bio-optical characteristics
of natural waters by satellite remote sensing [56], a comparison of CDOM absorption with
fluorescence data, especially the ones that can be potentially obtained with sondes, is of
great interest. Figure 2 (see also Table 1) demonstrates that the absorption maxima of the
identified CDOM fluorophore groups lie below 440 nm. Component C3 absorbs most
effectively at 440 nm compared to the others. This apparently explains the good correlation
between the fluorescence intensity of C3 and acpop(440), the R? was estimated as 0.84,
Table 4. The dependences of the fluorescence intensity of the PARAFAC components on
the absorption coefficient at 440 nm are shown in Figure 6.
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Figure 6. Left panel: integral fluorescence intensity of PARAFAC components C1-C4 against absorp-
tion coefficient acpop(440). Right panel: all the samples collected during field studies (2022-2024)
showing acpop(440) plotted against FDOM fluorescence intensity at 480 nm, excited at 365 nm.

A correlation between absorption coefficient acpop(440) and FDOM fluorescence
intensity at 480 nm, excited at 365 nm (such a combination is implemented in the YSI EXO2
sonde), is described by the exponential function

acpom (440) = 1.182 4 0.047¢F/03%, R2 = 0,92,
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defined by the relation of C1 and C3 fluorophore groups.

4. Conclusions

Based on 227 EEMs of FDOM, the 4-component PARAFAC model describing the
fluorescence of surface waters of the Volga River and some of its tributaries was validated.
Three components exhibited humic-like fluorescence, and one (C4)—a protein-like one.
According to previous studies, all the fluorescent components are widely distributed in
natural waters; C1 and C3 were reported to be of allochthonous origin, while C2 and C4
are most likely autochthonous. A fraction of fluorescent components of the total FDOM
fluorescence varied moderately—within 10% for each component. Humic-like component
prevailed and comprised ~93% of the total FDOM fluorescence intensity.

While fractions of fluorophore groups were fairly stable, their integral fluorescence
intensities varied widely. For example, FDOM fluorescence in the Gorky Reservoir and
Kama River differ by more than 2.5-fold. The section of the Volga River from the Gorky
Reservoir to the Volgograd Reservoir can be divided into several areas. In each area,
surface waters were characterized by steady optical characteristics, as evidenced by the low
standard deviations for data sets shown in Table 2. The highest fluorescence and absorption
at 440 nm were established in the Gorky Reservoir and in the section from the Gorky
Reservoir to the confluence with the Oka River. Downstream, the FDOM fluorescence
decreased to a significant degree due to the influx of the Oka and Kama rivers. In the areas
of confluence of the Volga River with the Oka and Kama, the distribution of CDOM is
determined by the dynamics of their mixing. No significant influence of smaller tributaries
such as Kerzhenets, Sundovik, Sura, and Vetluga was found.

Seasonal variability of FDOM distribution has not been studied comprehensively.
However, it was established that the FDOM optical properties of the Gorky Reservoir
changed significantly from May to August 2022, indicating a tendency for the fluorescence
of autochthonous components to increase, and, conversely, for allochthonous components
to decrease by the end of summer. Integral FDOM fluorescence intensity and acpop(440)
were maximal in May, that could be associated with higher DOM supply during spring
runoff. Furthermore, in the middle of summer 2022 and 2023, FDOM characteristics of
Gorky Reservoir surface waters and downstream up to the confluence with the Oka River
were in good agreement. This made it possible to compare, with some reservations, the
data obtained in different years, assuming that the DOM composition was determined by
the characteristics of the catchment area.

Five pairs of excitation/detection wavelengths used in fluorescent shipborne LiDAR
«UFL-9» and YSI EXO2 sonde for studying DOM, algae, chlorophyll, and phycoerythrin
were found to be unable to trace the autochthonous protein-like component with absorption
and emission maxima at 277 nm and 334 nm, respectively. At the same time, a good linear
correlation between fluorescence intensity of humic-like components and FDOM fluores-
cence intensity for all the chosen pairs of excitation/detection wavelengths was observed.
In some cases, this is conditioned by an appropriate selection of excitation/detection wave-
lengths, allowing efficient excitation and recording of fluorescence of components (for
example, C1 and 355 nm /440 nm). In others, the linear relationship is ensured by a high
correlation between the fluorophore groups C1-C3. Violation of the ratio of fluorophore
groups, therefore, can lead to an inadequate assessment of the content of humic substances.
For example, an increase in the proportion of C1, accompanied by a decrease of C2 in the
Gorky Reservoir in May and June, would lead to an overestimation of the FDOM content.

When developing regional algorithms for assessing the condition of natural waters by
satellite remote sensing with the use of fluorescence sondes measurements as ground-truth
data, it should be taken into account that the absorption coefficient at 440 nm and FDOM
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fluorescence intensity can be interconnected by a complex relationship, determined by the
composition and ratio of fluorophore groups typical of a given region.
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The following abbreviations are used in this manuscript:

DOM Dissolved organic matter

DOC Dissolved organic carbon

CDOM Colored or chromophoric dissolved organic matter
FDOM Fluorescent dissolved organic matter

EEM Excitation-emission matrix

PARAFAC  Parallel factor analysis

R.U. Raman units
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