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Abstract: The paper presents the results of a comparison of water turbidity and suspended particulate
matter concentration (SPM) obtained from quasi-synchronous in situ and satellite remote-sensing
data. Field measurements from a small boat were performed in April and May 2019, in the northeast-
ern part of the Black Sea, in the mouth area of the Mzymta River. The measuring instruments and
methods included a turbidity sensor mounted on a CTD (Conductivity, Temperature, Depth), probe,
a portable turbidimeter, water sampling for further laboratory analysis and collecting meteorological
information from boat and ground-based weather stations. Remote-sensing methods included turbid-
ity and SPM estimation using the C2RCC (Case 2 Regional Coast Color) and Atmospheric correction
for OLI ‘lite’ (ACOLITE) ACOLITE processors that were run on Landsat-8 Operational Land Imager
(OLI) and Sentinel-2A/2B Multispectral Instrument (MSI) satellite data. The highest correlation
between the satellite SPM and the water sampling SPM for the study area in conditions of spring
flooding was achieved using C2RCC, but only for measurements undertaken almost synchronously
with satellite imaging because of the high mobility of the Mzymta plume. Within the few hours when
all the stations were completed, its boundary could shift considerably. The ACOLITE algorithms
overestimated by 1.5 times the water sampling SPM in the low value range up to 15 g/m3. For
SPM over 20–25 g/m3, a high correlation was observed both with the in situ measurements and
the C2RCC results. It was demonstrated that quantitative turbidity and SPM values retrieved from
Landsat-8 OLI and Sentinel-2A/2B MSI data can adequately reflect the real situation even using
standard retrieval algorithms, not regional ones, provided the best suited algorithm is selected for
the study region.

Keywords: river plume; turbidity; suspended particulate matter; ocean color data; satellite remote
sensing; in situ measurements; C2RCC; ACOLITE; Landsat-8 OLI; Sentinel-2 MSI; Mzymta River;
Black Sea

1. Introduction

River discharge into sea plays an important role in the physical, chemical and biologi-
cal processes in the ocean, especially in the shelf areas, being the main source of suspended
and dissolved terrigenous and biogenic substances in the sea, as well as anthropogenic
pollution. These substances have significant and in many cases negative effects on coastal
ecosystem, including phytoplankton productivity, transport of pollutants in the shelf areas,
erosion of coasts, artificial beach formation, nutrient dynamics, etc. [1–3]. Therefore, moni-
toring the estuarine areas and understanding the dynamics of river water distribution over
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the sea shelves are important scientific and practical tasks. The influence of a huge num-
ber of geographic factors, hydrometeorological conditions and hydrophysical processes,
with great complexity and cost of field measurements, create a certain fragmentation of
information on the processes of river water spreading in the sea. This problem can be
solved only using satellite remote-sensing methods, which provide a unique opportunity
to observe almost simultaneously the entire region of interest repeatedly, day after day, for
many years.

Reaching a sea, river waters form plumes—mesoscale structures adjacent to the river
mouth. Plume water can be distinguished from seawater by its low salinity, tempera-
ture and usually by high turbidity and high content of suspended matter and dissolved
organics [4,5].

For a river plume area, the main difficulty is obtaining quantitative suspended par-
ticulate matter concentration (SPM) estimates, while qualitative information is abundant.
In satellite true color images (TCI), plumes can be clearly identified by contrasting differ-
ences between muddy river water and relatively clean surrounding seawater [6]. Multiple
investigations confirm that river plume boundaries and other turbidity inhomogeneities
obtained from contact measurements correlate quite well with satellite observations. For
example, a joint analysis of in situ and Aqua Moderate Resolution Imaging Spectroradiome-
ter (MODIS) data allowed tracking propagation of a Vistula plume in coastal waters of the
Gulf of Gdansk during intense flooding in May 2010, but only on a qualitative level [7].

There are numerous studies on validation of satellite data using concurrent field
measurements [8–18]. This by far incomplete list shows that such works are under way in
various regions worldwide, which evidences their importance. Although various methods
and techniques of contact measurements and different remote-sensing data are employed,
the problem of adequate interpreting satellite data and obtaining products suitable for use
instead of expensive in situ data is still far from being solved.

Quantitative estimates of turbidity and SPM can be obtained from satellite remote
sensing data using various algorithms that, strictly speaking, should take into account
numerous factors, including varying chemical composition of ocean water, coastal shelf
waters, water of estuaries and fresh water bodies, geometrical parameters of satellite
sounding at a given moment, intrinsic properties of orbital equipment, and current climatic
conditions in the study area and much more [14,19–27]. A classic example of a study
of river runoff influence on coastal hydrological structure is presented in [28]. Using a
set of field measuring instruments, the authors performed a detailed investigation of the
properties of vertical hydrological structure of seawater affected by intrusion of fresh river
water, as well as sedimentation of suspended matter in the shelf zone. However, satellite
data were used only for qualitative consideration as an auxiliary tool.

After numerous comparisons and simultaneous measurements, it was found impossi-
ble to develop a universal algorithm for evaluating the standard characteristics of seawater
color based only on available data from satellite optical sensors because of extremely di-
verse set of characteristics and ambiguity in their interpretation under certain observation
conditions. As noted in [29], there are three main types of algorithms commonly used to
derive SPM from water reflectance: (1) empirical, (2) semi-analytical and (3) analytical
algorithms. Empirical single-band and band-ratio models have been commonly used in
coastal and estuarine areas [9,15,30]. These types of model are dependent on SPM and
water reflectance ranges, and require calibration with regional measurements [29]. Semi-
analytical or analytical models are based on the inherent optical properties and provide a
more global application [12,31,32].

To date, scientists from different countries have developed a number of specialized al-
gorithms to evaluate characteristics of coastal marine and lake waters [30,33–36]. Originally,
some of the standard algorithms were developed for the Sea-Viewing Wide Field-of-View
Sensor (SeaWiFS) instrument, then for MODIS and MEdium Resolution Imaging Spectrom-
eter (MERIS) on the Envisat satellite [37,38], which operated for 10 years until 2012. An
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example of a successful application of the coastal algorithm on MERIS data is described
in [39].

The Ocean and Land Colour Instrument (OLCI) instrument on Sentinel-3 (launched in
2016) was developed in part to provide continuity with measurements made previously by
MERIS. The algorithms developed for MERIS were adapted for OLCI [40]. Some of them
were automated and made available in the specialized BEAM-VISAT software used by a
great number of researchers.

Examples of such algorithms are: Case 2 Regional (C2R) [37], FUB/WeW [38], Eu-
trophic Lake (EUL) and Boreal Lake (BL) [37], as well as the Maximum Chlorophyll Index
(MCI) and Fluorescence Line Height (FLH) [41,42]. It was expected that some of these
algorithms could be compatible with currently used Sentinel and Landsat sensors.

In this paper, for atmospheric correction, turbidity and SPM estimation the following
standard algorithms were used: C2RCC (Case 2 Regional Coast Colour, https://www.
brockmann-consult.de/portfolio/water-quality-from-space/) and algorithms provided by
the ACOLITE (http://odnature.naturalsciences.be/remsem/software-and-data/acolite)
software.

The C2RCC processor was originally developed by Doerffer and Schiller [37] and
now is implemented in the European Space Agency (ESA) Sentinel Toolbox SNAP soft-
ware (https://step.esa.int/main/toolboxes/snap/). The latest development of C2RCC
neural networks and the algorithm for optically complex waters are described in [43].
The software calculates marine environment characteristics based on multispectral sensor
data from satellites of the latest generation (SeaWiFS, MERIS, MODIS, Visible Infrared
Imaging Radiometer Suite (VIIRS), OLCI, Operational Land Imager (OLI), and Multispec-
tral Instrument (MSI)). It is also applicable to historical data from sensors that finished
their operation long ago. Thus, it allows “recalculating”, for certain purposes, previously
calculated parameters to meet current requirements.

Another group of algorithms that we used in our study are implemented in the
ACOLITE processor and intended for calculating the main optical parameters. ACOLITE,
developed at the Royal Belgian Institute of Natural Sciences (RBINS), is based on the work
of a team of researchers led by Dr. Bouchra Nechad and described in detail in [31,44,45].
ACOLITE is specifically developed for marine, coastal, and inland waters and supports
free processing of Landsat-8 and Sentinel-2 data [46–48].

Recently, ACOLITE has been frequently used for atmospheric correction of OLI and
MSI data [49]. Two atmospheric correction methods are implemented [50]: the Short Wave
Infrared (SWIR)-based exponential extrapolation method [51–53] (EXP) and a multi-band
dark spectrum fitting technique [50,54] (DSF). The DSF was developed for meter scale
resolution sensors and subsequently adapted for the decameter resolution sensors on
Landsat and Sentinel [50]. The software is successfully applied both for coastal zones and
inner water bodies [46–49,55,56].

Monitoring seawater quality in the northeastern part of the Black Sea is of prime
importance since this region is Russia’s largest marine recreational area. The motivation
of this study was to examine how well the different algorithms can assess turbidity and
SPM, key water quality parameters, in such a complex environment as the Black Sea Cau-
casian coastal zone with multiple mountainous rivers flowing into the sea. The plume
area of the Mzymta River, the most affluent river in the region, was chosen as the test
site. The main objective was to determine the relationships between water turbidity and
SPM obtained by contact and remote sensing methods and compare the performances
of the above algorithms. Strong spatial and temporal variability of sub-mesoscale hy-
drodynamics in the study area required careful selection and comparison of different
instruments and techniques for in situ measurements. Coupled with a detailed examina-
tion of surface and vertical plume structure, this ensured correct and accurate validation of
the satellite algorithms.

Contact measurements were conducted from a small boat using a turbidity sensor
mounted on a CTD (Conductivity, Temperature, Depth) probe, a portable turbidimeter

https://www.brockmann-consult.de/portfolio/water-quality-from-space/
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and water sampling for further laboratory analysis. Quasi-synchronous satellite data were
processed using C2RCC and ACOLITE algorithms proposed by Nechad et al. [31,44,45]
and Dogliotti et al. [32].

Quite a number of works, for example [57–59], are devoted to the plume of Mzymta,
however, comparison of water quality parameters retrieved from concurrent contact and
satellite measurements was performed for the first time.

2. Study Area, Data and Methods
2.1. Study Area

The Mzymta River is the largest river of the Russia’s part of the Black Sea coast. It
originates on the slopes of the Main Caucasus Range and has a mountainous character
for most of its length. The total length of the river is 89 km and the catchment area is
885 km2 [60]. The river recharge is mixed, including precipitation, melting snow and
glaciers and groundwater in the lower part. Mzymta has a high discharge in the warm
season, frequent autumn floods, and a stable low water in winter.

Mzymta flow rate varies from 0.4 to 2–3 m/s. The yield of suspended sediment is
directly dependent on water runoff: the greater the water discharge, the greater is the yield.
The average annual amount of suspended sediment is 488,200 tons and that of bottom
sediments is 141,000 tons [60]. The average annual discharge of the river is 45.6 m3/s [61].

Mzymta plume forms near the city of Adler where the river enters the Black Sea.
Plume water is fresher and colder than seawater. Having a highly dynamic character,
Mzymta plume is subject to a strong influence of wind and coastal system of currents [2,62],
the Coriolis force, the local landscape, and stratification of the ambient sea [58]. Due to
a narrow shelf zone in the southeastern Black Sea, the main element of the Black Sea
circulation, the Rim Current, is often strongly pressed against the coast, at a distance of
~6 km. Therefore, being involved in the cyclonic structure of the Rim Current, Mzymta
plume can spread for many kilometers along the coastline from the river mouth [63].
Interacting with sub-mesoscale and mesoscale vortex structures, the river water acts as
a tracer, which aids in the studies of water exchange between the coastal zone and deep
sea [64].

The infrastructure developed along the shores of Mzymta can bring a potentially
significant anthropogenic impact on its waters. In the upper part of the river, there is
the famous Krasnaya Polyana ski resort with a vast complex of hotels. At the mouth of
the river, popular tourist attractions include extreme rafting, bungee and BASE (building,
antenna, span, and earth) jumping. There are several trout farms in river bends, some of
them invite tourists. The hydropower plant in Krasnaya Polyana is also located on the river
and supplies electricity to the city of Sochi. The most developed is the lowland part of the
river in close proximity to the coast. The cities of Sochi and Adler stretch along the seashore
with numerous hotel complexes and swimming beaches. By the 2014 Winter Olympics, the
eastern part of the floodplain was densely developed to build the Olympic Village, a yacht
port and new artificial sandy beaches. Now, Sochi is the largest resort city in Russia, very
popular throughout the year (Figure 1). Such development can dramatically contribute to
pollution of the river water and, as a result, the coastal zone [65].
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was measured at best possible accuracy using a portable turbidimeter (PT) TN400 from 
Apera Instruments. At CTD stations and in points of turbidity measurement, water 
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Figure 1. Study area in the northeastern part of the Black Sea. 1 Imereti port; 2 Olympic Park; 3 wastewater outfall;
4 beaches.

A possible attempt to regulate Mzymta flow into the sea and to direct it away from
the yacht port in order to decrease its impact on the port protective walls can lead to
destruction of the beaches just east of the port (Figure 1). Without new terrigenous material,
the beaches will erode and their maintenance will be too expensive. Study, monitoring and
control of this area are urgently needed to understand the changes in the coastal ecosystem
due to active recreational activity and properly maintain such activity.

2.2. Data and Methods
2.2.1. Boat Measurements

Shipboard measurements were conducted from 23 April to 4 May 2019, in the estuary
zone of Mzymta from a small boat called Arabella with Imereti port as point of departure.
The route of Arabella within Mzymta plume consisted of 4 legs parallel to the coast, from
the river mouth to a visible edge of the plume. Each sailing was organized concurrently
with a satellite (Sentinel-2A/-2B MSI, Landsat-7 ETM + and Landsat-8 OLI) passage over
the study area. In total, seven boat trips were completed on 23–26, 28 April and 1–2 May
2019. The summary grid of stations included more than 150 points (see Figure 2). At
each station, CTD probing was performed from the surface to the bottom using a high-
precision instrument RBR-Concerto of the Canadian company Richard Bransker Research
Ltd. The main characteristics of the instrument are presented in Table 1. The CTD probe
was equipped with a turbidity meter (TM) from Seapoint Ltd. with measurement frequency
up to 6 kHz. Additionally, turbidity of the upper layer of water was measured at best
possible accuracy using a portable turbidimeter (PT) TN400 from Apera Instruments. At
CTD stations and in points of turbidity measurement, water sampling was performed for
further evaluation of SPM.
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Figure 2. Map of 2019 hydrological stations.

Table 1. The main characteristics of RBR-Concerto CTD instrument.

Parameter Range Initial
Accuracy Resolution Time

Constant

Typical
Stability/
Per Year

Max.
Depth

(m)

Sampling
Speed
(Hz)

Conductivity 0–85 mS */cm ±0.003 mS/cm 0.001 mS/cm ~1 s 0.010 mS/cm 200 2–6

Temperature −5 ◦C to 35 ◦C ±0.002◦ 0.00005 ◦C ~1 s 0.002 ◦C 200 2–6

Depth 0–200 m ±0.05% FS ** 0.001% FS <0.01 s 0.1% FS 200 2–6

*—millisiemens. **—full scale.

TM is an analog sensor that detects scattered light from suspended particles in a
specific volume of water placed in front of the optical window of the sensor, at a distance
<5 cm. A distinctive feature of the sensor is its ability to detect light scattered from particles
smaller in size than the wavelength emitted, which is 880 nm. For suspended particles
whose diameters are greater than the wavelength of the light source, light scattering
actually occurs through optical processes such as reflection, refraction, and diffraction [66].
A light-scattering pattern after a collision with a particle depends on the relationship
between wavelength and particle size. When the particle is larger than the wavelength,
light tends to scatter more intensely in the forward direction [67]. TM reports turbidity
in nephelometric turbidity units (NTU). TM measuring range is from 0.05 to 15,000 NTU
(±2% deviation), operating temperature 0–65 ◦C (temperature coefficient <0.05%/◦C),
depth capability 6000 m.

At the CTD stations, TM took measurements from depths of 0.35–0.50 m at best. To
improve turbidity data from the upper layer of water (0.10–0.15 m), we also used PT. The
instrument is equipped with an infrared light source and uses the nephelometric method
that complies with ISO7207 (90◦ dispersion). PT measurement range is from 0 to 1000 NTU
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(the instrument is shipped with 4 ready-made calibration standard solutions of high-
molecular polymer turbidity: 0.02 NTU, 20.0 NTU, 100 NTU, and 800 NTU), measurement
accuracy varies from 0.01 to 1 NTU depending on the selected range. For each sample, two
instant measurements were taken; their mean was used as a resulting value. At the same
time and at the same stations, samples of water were taken from the upper surface layer
for laboratory analysis.

Each optical sensor, in principle, has its own specifics. A detailed discussion can
be found, for example, in [68], a work devoted to laboratory experiments on turbidity
evaluation by different optical sensors.

During the boat measurements, air temperature, wind speed and wind direction were
continuously recorded by the Airmar WeatherStation 150WX weather station along the
course of the boat. Table 2 presents its characteristics. The display of weather station
parameters was configured and realized by the factory software WeatherCaster ™ Software
3.005. Also, data on air temperature, atmospheric pressure above sea level, wind speed,
wind direction and precipitation were obtained from a weather station at the airport of
Sochi (https://rp5.ru/). The movement between boat stations was controlled using a
chartplotter with a built-in Garmin GPSmap 541s echo sounder.

Table 2. The main characteristics of Airmar WeatherStation 150WX.

Parameter Range Accuracy Resolution

wind speed 0–40 m/s 5%/10 m/s 0.1 m/s

wind direction 0◦ to 359.9◦ ±3◦/10 m/s 0.1◦

air temperature −40 ◦C to 80 ◦C ±1.1 ◦C/20 ◦C 0.1 ◦C

barometric pressure 300 to 1100 hPa ±0.5 hPa 0.1 hPa

pinch and roll 50◦ ±1◦ in range of ±30◦ 0.1◦

2.2.2. Laboratory Study

During the field work, 140 water samples were taken from the near-surface layer to
evaluate amount and mineral composition of the suspended matter. As mentioned earlier,
this was necessary in order to carry out more accurate measurements of Mzymta plume
water for subsequent comparison with results derived from remote-sensing data. The
volume of each sample was approximately 1.5 L. All samples were weighed in laboratory
conditions with an accuracy of 0.01 g. SPM was determined gravimetrically [69,70]. Water
was filtered using a vacuum unit Lafil 400-LF30 and fiberglass WHATMAN GF/F filters
manufactured from hydrophobic borosilicate glass. These filters are capable to catch fine
particles down to 0.7 microns. The filters were preweighed with an accuracy of 0.1 mg, and
stored in a desiccator for use within 2 weeks. Water samples were filtered immediately
after collection.

To remove sea salt from the suspension, filters were washed with 250 mL of distilled
water after filtration. Such an amount of fresh water provided complete dissolution of the
salt and its removal from the samples. The samples were stored at −20 ◦C until further
analysis, usually within one month after sampling. Subsequently, all filtered samples were
subjected to weight analysis of SPM on high-precision scales in the petrology laboratory
of the Moscow State University. Suspension filters were dried for 24 h at 50 ◦C and
reweighed. The accuracy of determining the weight of the suspended particles in the
samples was ±0.0001 g. Note that suspended particulate matter includes all organic and
mineral material with dimensions over approximately 0.7 mm.

The median and the interquartile range (IQR) were computed for each sample by the
protocol detailed in [70]. Observations where the IQR exceeded 45% of the median SPM
value were rejected.

To identify the mineral composition of the sediment, 20 samples were chosen for X-ray
analysis. The samples were obtained on 26 April, 1 May and 2 May at stations located at

https://rp5.ru/
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different distances from the Mzymta mouth and covering a wide range of turbidities from
minimum to maximum NTU.

X-ray scanning and analysis were performed at the Department of Oil and Gas Sed-
imentology and Marine Geology, College of Geology of Moscow State University. The
survey was carried out on a DRON UM 1 powder diffractometer (Co Kα, λ = 1.79021 Å) in
the range of angles 2 Θ from 4 to 80◦ in continuous mode at a speed of 2◦ per minute. The
phases were diagnosed using the MINCRYST crystallographic base for minerals and their
structural analogs. The amount of the mineral phase was estimated by comparison of the
intensities of the corresponding peaks.

2.2.3. Satellite Observations

All field measurements from the boat were synchronized with satellite data acquisition
at best possible accuracy. The source of remote-sensing data was the instruments on board
Landsat-8 and Sentinel-2 (A and B), namely, the Operational Land Imager (OLI) and
Multispectral Instrument (MSI) multispectral sensors. Also, Sentinel-3 OLCI data were
used to compose SPM maps. Because of their 300 m spatial resolution, no comparison with
measurements at the boat stations was possible. They were used to highlight the general
picture of Mzymta water distribution.

The Landsat-8 satellite, of the National Aeronautics and Space Administration (NASA)
and The United States Geological Survey (USGS), is equipped with OLI and Thermal In-
fraRed Sensor (TIRS) multispectral scanners of medium spatial resolution in the visible
and infrared ranges covering a strip about 185 km wide in a continuous mode with a
flight frequency once in 7–8 days. The maximum spatial resolution of these sensors is
15, 30 and 60 m, depending on the corresponding spectral range of sensing. The paired
satellites Sentinel-2A and Sentinel-2B of ESA are equipped with MSI with a spatial resolu-
tion down to 10 m. It continuously covers a strip of the surface about 290 km wide at a
frequency of once every 3–10 days for the same region.

Standard algorithms for reconstructing optical parameters based on satellite data, first
of all SPM and chlorophyll concentration, were initially designed for open ocean waters
with a predominance of phytoplankton and its decay products, so called Case 1 type waters,
whereas in our work the study region refers to Case 2 type coastal waters characterized by
high turbidity and considerable influence of the coastal zone [71,72].

In the work, we used different software to process satellite data for comparison with
the results of in situ measurements. First, we applied the C2RCC (Case 2 Regional Coast
Colour) version of a processor originally developed by Doerffer and Schiller [37] and now
implemented in the ESA Sentinel Toolbox SNAP software (https://step.esa.int/main/
toolboxes/snap/). The latest development of C2RCC neural networks and the algorithm
for optically complex waters are described in [43]. Although the current processor version
integrates almost all the essential characteristics of the environment and the equipment ap-
plied, the algorithm developers leave open a possibility for its users to change certain input
parameters and coefficients including those experimentally obtained which need perma-
nent regional correction. They include atmosphere transmittance, reflectance parameters
of a specific underlying surface, cloud risk coefficients, air pressure and other.

The recent development of more reliable technologies for the evaluation of key pa-
rameters of the marine environment has become possible due to the introduction into
widespread use and accessibility of the source code of the algorithm based on the use of
neural networks. The most important property of neural networks is the possibility of their
training by regular updating the database of correlated input parameters and obtained
characteristics of the studied medium by introducing into the model a wide range of results
of real contact measurements synchronous with satellite observations in different regions
and sequential refinement of the connections between neurons, that is, actually realizing
multiple non-linear regression [43].

SNAP processing results that we used in our study can be presented both in a tabular
form for easy comparison with in situ measurements and in the form of TCI mapping the

https://step.esa.int/main/toolboxes/snap/
https://step.esa.int/main/toolboxes/snap/
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retrieved optical characteristic with resolution close to original resolution of the satellite
data. TCI do not show numerical values of the optical characteristic, but display its
gradients in a way familiar to the human eye, and also carry supplementary information,
such as locations of the stations, trajectory of the boat, properties of wind and currents,
diurnal displacement of the plume boundary and other. For all processed satellite data,
TCI were constructed at the maximum resolution (10 m).

Second, for all Landsat-8 OLI and Sentinel-2 MSI data we performed atmospheric
correction with the ACOLITE DSF method. To retrieve turbidity and SPM we used two
algorithms developed by a team of researchers led by Dr. Bouchra Nechad and described
in detail in [31,44,45]; below they are referred to as Nechad 2009 and Nechad 2015. There
were some differences in the Nechad 2009 and Nechad 2015 results, but nothing critical. In
contrast, the algorithm proposed by Dogliotti et al. [32] (below referred to as Dogliotti) and
intended for highly turbid waters showed rather inconsistent results.

3. Results
3.1. Meteorological Conditions

Knowledge of meteorological conditions is crucial for analyzing the influence of wind
on the dynamics of a river plume and the influence of precipitation on the discharge
and turbidity of the river. Cloud cover and air temperature affect permeability of the
atmosphere, which is important for processing visible remote-sensing data.

Weather information on the days of our field work and adjacent days, from 20 April to
4 May 2019, was available from the weather station at Sochi International Airport (rp5.ru).
The prevailing wind directions were: ENE—19 cases, NE—10 cases and E—11 cases in
the morning; and W—22 cases in the afternoon. During NE upsurge wind, the area of
the river plume reached its maximum. With E/ENE winds, the plume spread strictly
westward, being pressed against the coast. In general, wind speeds were moderate and did
not exceed 7 m/s. With E/ENE winds, wind speed was in the range of 2–4 m/s. Under
NE winds, from 28 April to 1 May, a stronger wind was observed, from 2 to 7 m/s. With
predominantly evening W winds (except on 26 April), minimum wind speed was 3 m/s
and less. On 2 May and 4 May, wind directions varied. With NE winds, from 28 April
to 2 May, the sky was overcast over the study area. Just before our work, on 21–23 April,
slight short-term precipitation took place and on 3 May precipitation was up to 30 mm.
On 26 April, the weather was cloudless over the area of observation with W winds. Air
temperature ranged 8–24 ◦C. Its gradual increase was observed till 1–2 May. After rain on
3 May, there was a sharp decrease in air temperature to a daily average of 12–13 ◦C. Air
temperature and wind field characteristics are presented in Figure 3.
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3.2. Results of In Situ Measurements

During the field studies in April–May 2019, Mzymta plume spread strictly westward,
with a sharp eastern boundary, unlike our previous observations in April 2018, when the
direction of plume propagation changed depending on coastal currents [73,74].

The spreading of the plume in the western direction was caused by two factors:
(1) during our work, the Rim Current jet, which is directed westward at this location, was
pressed to the coast and had a high velocity of more than 0.6 m/s [63]; (2) in the eastern
part the river mouth, blocks of concrete were laid to limit the spread of water in the eastern
direction and to reduce the load on the structures enclosing the port facility.

Due to the relatively small size of the plume, it was possible to cover its entire area
with a dense grid of measuring stations (Figure 2). At each station, measurements were
taken from the surface to the bottom. For comparison with satellite observations, a special
focus was on the near-surface layer.

3.2.1. Variation of Temperature, Salinity and Turbidity in the Near-Surface Layer

Temperature. During the field work, a gradual increase in water temperature in the
surface layer occurred, which correlated well with a gradual increase in daily average air
temperature in the region. Lowest water temperatures were typically observed close to the
river mouth. At a distance of not more than 200–300 m from the mouth, the temperature in
the surface layer of water, at a depth of 50–80 cm, varied in the range from 10.8 to 12.7 ◦C
(Table 3). It gradually increased in the direction to the plume boundary with increasing
mixing with seawater. The surface temperature of “proper” seawater outside the plume,
varied from 12.4 to 17.3 ◦C. Its highest values were reached by 2 May when air warmed up
to 24 ◦C.

Salinity. Water salinity in the surface layer at the stations closest to the mouth, varied
from 6.2 to 11.4 PSU (Table 3). At the plume boundary, salinity was close to seawater, which
in the Black Sea is about 18 PSU.

Turbidity. During nine expedition days, turbidity in the surface layer, according to PT
measurements, soared more than eight times (Table 3), from 13 NTU in the beginning to
135 NTU in the end. The maximum turbidity was reached on 3 May, when no boat trips
were conducted, after a sharp warming in the Mzymta watershed due to melting glaciers
and snow in the mountains and precipitation.

Table 3. Maximum and minimum values of temperature, salinity, turbidity and suspended particulate
matter concentration (SPM) in the surface water layer on days of boat measurements.

Date
Min

Temperature,
◦C

Max
Temperature,

◦C

Min
Salinity,

PSU

Max Turbidity,
NTU

Max SPM,
g/m3

PT * TM ** Water
Sample

23 April 2019 11.04 12.37 11.36 22 31 18.7

24 April 2019 11.61 13.65 10.95 13 16 18.1

25 April 2019 11.17 13.24 10.38 15 20 16.1

26 April 2019 10.77 13.53 6.23 28 31 22.8

28 April 2019 11.09 14.46 6.55 54 78 46.3

1 May 2019 12.69 15.50 9.24 68 75 64.5

2 May 2019 12.28 17.25 9.80 125 129 106.6
* measured with TN400 portable turbidimeter, Apera Instruments. ** measured with Turbidity Meter,
Seapoint Ltd.

3.2.2. Spatial Distribution of Temperature, Salinity and Turbidity in the Plume

As Mzymta water spreads in the sea, changes in the basic parameters of water (tem-
perature, salinity, turbidity) occur unevenly. This depends on speed and discharge of the
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river flow and on coastal currents, which are highly heterogeneous in this area [58]. As a
result, local areas of increasing/decreasing turbidity and salinity are formed in the estuary
zone of Mzymta. In addition, in the area of the plume there is a sewage outfall of the city
of Adler that evidently influences water parameters. Figure 4 shows maps of the spatial
distribution of temperature (Figure 4a), salinity (Figure 4b) and turbidity (Figure 4c) based
on boat measurements using CTD and TM in the near-surface layer on 2 May 2019. In
Figure 4c, pink dashed line schematically shows the boundary of the plume. Some stations
on that day are also shown. They are Stations 119, 129 and 134. Station 129 is located at the
outfall of the sewage pipeline. The impact of the sewage outfall is associated with a small
region with almost zero turbidity and increased salinity in comparison to surrounding
plume waters. This region is easily recognized in the visible satellite imagery.

3.2.3. Depth Distribution of Temperature, Salinity and Turbidity

To solve the problem of satellite data verification with the results of field measure-
ments, it is necessary to know the depth distribution of river water parameters. The
distribution of temperature and salinity over depth determines plume water stratification,
which impacts the hydrodynamic processes. The thickness of the turbid water layer and
turbidity depth distribution determine the depth of the water column contributing to water
leaving radiance captured by the satellite sensor. Accordingly, this determines the choice
of the techniques and instruments for the field measurements.

In our previous studies [73,74], we found that depth penetration of river water is small
and rapidly decreases with distance from the river mouth. This was confirmed again by
the observations in April and May 2019. As an example, Figure 5 shows the change in the
hydrological characteristics with depth on 2 May 2019. Station 119 was located in close
proximity to Mzymta mouth and Station 134 was located at the plume boundary (Figure 4c).
By the conventional definition, a plume boundary is a minimum water turbidity location
that is the closest to a sharp turbidity gradient. In this example (2 May), water turbidity
was about 20 NTU, and outside the plume we observed values close to 0. Changes in
turbidity, temperature and salinity with depth at these stations are shown in Figure 5a
(Station 119) and 5b (Station 134). At Station 119, the closest to the mouth, the depth of
the plume is about 2.5 m, water turbidity in the near-surface layer reaches 125 NTU, and
temperature and salinity are much lower than in the underlying layer. This turbidity is the
greatest for a given day. At Station 134, which is 250 m more seaward and near the border
of the plume, the hydrological section looks different (Figure 5b). The thickness of river
water intrusion is not more than 1 m, the turbidity of sea water is about 20 NTU, and the
temperature and salinity are almost unchanged with depth.

Thus, it was determined that the depth penetration of river water sharply decreases
with distance from Mzymta mouth, from 2.5 to 1 m at the plume boundary; therefore, for
comparison with satellite data, all field measurements should be made in the near-surface
layer. The thickness of the seasonal thermocline is about 11–12 m.

3.2.4. Results of Portable Turbidimeter (PT) Measurements in the Near-Surface Layer

After comparison of turbidity data obtained with TM and PT in the surface layer of
water (see Section 4.1), it was decided to use PT measurements for further comparison with
the weight method and remote sensing data, because PT is capable of taking measurements
in a thinner surface layer (the first tens of centimeters) than TM.

A change in maximum water turbidity that was found with PT (most pronounced at
stations located closest to the river mouth) in a thin surface layer (from 0 to 15 cm) is shown
in Figure 6. During the field work, an exponential increase in this parameter was observed.
The lowest value was 15.44 NTU and the highest value of 288 NTU was recorded on 4 May:
a rise of 18 times in the mouth zone. Most likely, this was due to the cumulative effect of
air temperature increase by the end of the field work, triggering active melting of snow
and ice in the mountains, and intense (about 30 mm) precipitation on 3 May.
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3.2.5. Correlation Analysis of Turbidity and Suspended Particulate Matter Concentration
(SPM) from In Situ Measurements

During boat stations, turbidity in the plume was measured with two instruments:
Apera Instruments TN400 portable turbidimeter (PT) and Seapoint turbidity meter (TM).
At the same stations, water samples were collected at the same depths as PT measurements.
After filtering and weighing water samples in accordance with the protocol described
in [69], we obtained values of SPM hereinafter referred to as SPM in situ. Note, the water
turbidity unit is NTU, while the SPM unit is g/m3, and no algorithm exists to convert
one into another because the two parameters are very different in physical nature and
measurement methods. Turbidity strongly depends on particle size and composition of
suspended matter. One of the tasks was to define the correlation between turbidity and
SPM for the study region in the period of the spring flood. The analysis shows that the
SPM in situ is directly proportional to the turbidity determined with PT in the upper
surface water layer (Turb in situ, NTU). As shown in Figure 7, the obtained values are
well approximated by a straight line: SPM in situ = 0.84 × Turb in situ. The determination
coefficient is very high: R2 = 0.982. This is typical of all water samples without exception
and does not change with days of measurements or weather conditions. A similar strong
relationship was determined between the SPM in situ and turbidity determined with TM,
the existing differences will be addressed below in the Discussion (Section 4.1).

With such a high correlation between the PT data and the SPM in situ in this region,
it seems reliable to make conversions between the turbidity and SPM units (NTU and
g/m3) using the established empirical equation. The main advantage is the ability to
acquire numerous data using only optical turbidity sensors without time-consuming
work to determine weight turbidity. Naturally, it is necessary to conduct multiple similar
experiments in different seasons and under different meteorological conditions to obtain
statistically valid results.
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3.2.6. Sampled SPM and Mineral Composition of Suspended Matter

The SPM in water samples collected during the field work ranged from 2 to 106 g/m3.
From 23 April to 2 May, maximum SPM gradually increased from 23 g/m3 on 23–26 April;
to 46 g/m3 on 28 April; 65 g/m3 on 1 May; and 106 g/m3 on 2 May. The minimum SPM
values within the plume for the entire period of the study were approximately 2–3 g/m3.

X-ray phase analysis of mineral composition of the suspended matter showed that in
the selected samples: (1) quartz amounted to 16–45% of the suspension mass; (2) feldspars
12–27%; (3) various clay minerals (kaolinite, montmorillonite, chlorite, hydromica, mixed
layer minerals) 27–58%; (4) carbonate minerals (calcite, dolomite and aragonite) 0–22%
(Table 4).

Table 4. Turbidity in the upper near-surface layer, sampled SPM and mineral composition of suspension.

Date Station
PT Water
Turbidity,

NTU

Sampled
SPM, g/m3

Quartz,
mas.% *

Feldspars
mas.% *

Clay
Minerals,
mas.% *

Carbonate
Minerals,
mas.% *

K **

26 April 60_1 28 22.8 28 21 42 9 0.67

26 April 64 16 13.8 30 24 46 0 0.65

26 April 65 7 7.3 19 23 45 10 0.43

26 April 69 20 16.6 23 21 45 10 0.51

26 April 70 15 14.0 22 24 45 9 0.49

26 April 71 11 9.3 16 23 38 22 0.42

26 April 79 7 8.6 17 24 45 9 0.38

01 May 98 68 64.5 45 20 27 8 1.67

01 May 99 47 43.1 38 24 32 6 1.19

01 May 101 21 20.0 31 19 44 6 0.70

01 May 106 17 14.4 27 19 46 6 0.59

01 May 109 7 7.8 22 12 58 8 0.38

02 May 120 97 83.0 35 16 45 4 0.78

02 May 125 48 33.8 30 15 51 4 0.60

02 May 128 26 19.4 24 27 42 6 0.58

02 May 133 41 34.3 30 14 51 4 0.58

02 May 137 33 27.8 28 19 47 6 0.60

* percentage of total weight of the suspended matter. ** K—ratio of the mass of quartz to the mass of clay minerals in suspension.

3.3. Results of Satellite Observations
3.3.1. Satellite Data Processing and Products

Field measurements were carried out concurrently with satellite remote sensing
(Table 5). To efficiently compare remote sensing SPM (SPM satellite) with the in situ
turbidity and sampled SPM (SPM in situ), it was necessary to use satellite optical data of
a sufficiently high spatial resolution. Such data were available from Sentinel-2 MSI, with
pixel resolution of 10 m in the visible range, and Landsat-8 OLI, with pixel resolution of
30 m. MSI data were obtained on 23, 26, and 28 April and on 1 May 2019; and OLI on
25 April and 2 May. On 1 and 2 May, there was haze which compromised SPM satellite
data, but the plume edge was clearly visible (Figure 8). In total, during the period of field
measurements, five images were acquired from Sentinel-2A/-2B MSI; one image from
Landsat-7 ETM+; two images from Landsat-8 OLI/TIRS; and four images from Sentinel-
3A/-3B OLCI. Based on the satellite data, TCI were composed to highlight the plume
boundaries, as well as SPM satellite maps. MODIS data (Aqua/Terra) and NPP VIIRS were
used as a source of auxiliary information. All satellite data were swiftly integrated into the
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See the Sea (STS) information system [75,76] and analyzed online to supply information
for planning the next day of work (define more accurately the coordinates of hydrological
stations). The satellite data and products available in the period of the field measurements
are listed in Table 5.
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3.3.2. Plume Boundary Detection

One of the main tasks of this work was to compare SPM in situ with SPM satellite.
Therefore, it was very important to carry out in situ measurements at the same time and
for the same points, specifically in the region of maximum turbidity inside the plume
and outside it. During boat trips, each station position was clearly defined with respect
to the plume: either it was at the plume boundary, inside the plume or outside it. Each
measurement cycle took about three–four hours every day to complete all hydrological
stations (see Table 5). Because daily boat measurements started approximately at the time
of a satellite overflight, they ended 3–4 h after it. When the measurements were completed,
on its way back to port the boat followed the plume boundary visible from board, and
its path was recorded using a Global Positioning System (GPS) tracker. Subsequently, the
plume boundary obtained this way was plotted on the satellite image. The intermediate
positions of the eastern boundary of the plume, determined from the corresponding station
position records, were also plotted on the satellite image. It was found that the plume
boundary changes its position at a rather high velocity, which should be taken into account
when comparing the data of contact and remote measurements.
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Table 5. Satellite information available during field measurements.

Date Time UTC Sensor Satellite Pixel
Resolution, m Product

Boat
Measurements,

Time UTC

23 April 08:17 MSI Sentinel-2B 10 TCI, SPM 7:42–10:38

24 April 07:59 ETM+ Landsat-7 30 TCI 7:33–11:41

25 April
08:01 OLI/TIRS Landsat-8 30/60 TCI, SST, SPM, CHL

7:37–11:08
07:56 OLCI Sentinel-3B 300 SPM

26 April

07:30 OLCI Sentinel-3B 300 SPM

7:27–10:3208:27 MSI Sentinel-2B 10 TCI, SPM

10:12 VIIRS NPP 1000 SST, WLR, CHL

28 April 08:17 MSI Sentinel-2A 10 TCI (cloud) 7:37–9:17

30 April 07:26 OLCI Sentinel-3B 300 SPM No measurements
at stations

01 May 08:27 MSI Sentinel-2A 10 TCI (cloud) 7:35–10:56

02 May 08:07 OLI/TIRS Landsat-8 30 TCI (cloud) 7:30–11:07

04 May 08:02 OLCI Sentinel-3A 300 SPM No measurements
at stations

As an example, Figure 9 shows the positions of the eastern boundary of the plume
on 26 April 2019, at 07:30–08:00 UTC (yellow line); 09:11–09:29 UTC (pink line) and 10:30–
11:00 UTC when the boat returns to port (green line). Sentinel-2 MSI surveyed the area at
08:27 UTC. From the plume positions determined by the station locations and the plume
boundary derived from the satellite image, the velocity of displacement of the plume
eastern boundary was estimated to increase from 5 to 13 cm/s.
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3.3.3. Correlation Analysis of SPM from Contact and Remote-Sensing Data Using Case 2
Regional Coast Color (C2RCC) Algorithm

It is difficult to expect a high correlation between SPM in situ measurements and
remote sensing estimations obtained using standard algorithms. As a rule, researchers
prefer to develop individual regional algorithms [21]. Nevertheless their performance
depends on many factors: season, river discharge, precipitation, etc. Our aim was to
compare SPM obtained from in situ measurements and SPM retrieved from satellite data
using standard rather than regional algorithms. This section presents C2RCC results.

For a joint analysis of in situ and satellite data, 26 April was selected as the only
cloudless day. Figure 10a presents SPM map from the Sentinel-2B MSI data. Here, the
C2RCC output is total suspended matter (TSM), a term with the same meaning as SPM and
similar wide use in literature. As shown in Section 3.3.2, the plume boundary was rapidly
shifting towards open sea (Figure 9). Therefore, some boat stations are inside the plume
identified in the satellite image, the others outside it. The MSI data were taken at 08:16
UTC. All stations can be divided into three main groups. The first group includes stations
where measurements were taken at a time close to the satellite overflight. These stations
were inside the plume, according to visual observations from the boat as well as satellite
observations. They are Stations 61, 62, 63, 68, 69, 70, 71, 72 marked blue in Figure 10b
depicting the correlation between sampled SPM in situ and SPM satellite. Station 63
failed IQR data control and was excluded from further consideration. The blue marks are
approximated by a straight line SPM satellite = 1.353 × SPM in situ with reliability R2 = 0.99.
Higher satellite values can be explained by the fact that each of them characterizes a certain
volume of water rather than a point in the upper layer.

The second group, marked red in Figure 10b, includes Stations 65 and 66. At the time
of in situ measurements they were located at the plume boundary that was quite well
visible from the boat, and at the time of satellite imaging inside the plume. Therefore,
SPM satellite values are much higher than SPM in situ. Special interest presents Station
60. This station was located at the mouth of the river with an SPM satellite of 51.8 g/m3.
In situ measurements however gave an SPM in situ of only 10.5 g/m3. This discrepancy
is most likely explained by complex conditions in close vicinity of the mouth. The river
discharges water at a high speed and it vigorously interacts with seawater causing wave
breaking and intense mixing. This can negatively affect both water sampling results and
remote-sensing data, for instance, when the sensor captures reflection from the sea bottom
in shallow waters. Also, the sample taken at this station could contain less suspended
matter due to technical difficulties.

The third group of stations (73, 74, and 77) was inside the plume during water
sampling (green marks). However, in situ measurements at these stations were carried
out 1–1.5 h after the satellite overflight and, over this time, the plume boundary shifted
by almost 250 m relative to its boundary identified in the satellite image. Therefore, in the
satellite image, these stations are already outside the plume. Accordingly, at these stations
the SPM satellite is lower than the SPM in situ.

Finally, as depicted in Figure 10b, Station 64 (Group 4) was located on the inner
border of the plume, which was also displaced, though not as fast as the outer one. Being
inside the plume during in situ measurements, Station 64 got practically outside it during
satellite imagery. This explains higher values of SPM in situ than SPM satellite attributed
to the station.

Thus, even using the standard C2RCC algorithm for determining SPM satellite, we
achieve a good agreement with SPM in situ obtained by water sampling, but only for those
stations where measurements were taken almost synchronously with satellite imaging.
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Figure 10. Case 2 Regional Coast Color (C2RCC) performance on Sentinel-2B MSI data of 26 April
2019: (a) SPM map with positions of the measurement stations; (b) quantitative comparison of SPM
satellite and water sampling SPM in situ. In Panel (b), Group 1 stations (blue) retained their positions
relative to the plume boundary during the time between satellite overflight and water sampling;
Group 2 (red) stations were located directly at the plume boundary at the time of water sampling. In
the satellite image, they are inside the plume; Group 3 (green) stations were inside the plume at the
time of water sampling. In the satellite image, they are outside the plume; Group 4 station (magenta)
is located opposite the pier. The station numbers are indicated beside the marks. The trend line is
drawn only for Group 1.

3.3.4. Correlation Analysis of SPM and Turbidity from Contact and Remote-Sensing Data
Using Different Algorithms

Among the main goals of our work was choosing the best standard algorithm for
SPM and turbidity retrieval from remote sensing data, in terms of correlation with in situ
measurements. To determine quantitative SPM, in addition to C2RCC we used Nechad
2009 [31] and Nechad 2015 [45]. SPM distribution maps built for 26 April 2019 using the
three algorithms are shown in Figure 11a. Qualitatively analyzing these maps, the following
conclusions can be drawn. C2RCC results look rather noisy: at low SPM, neighboring
values vary significantly. The features of the plume boundary are not pronounced. The
results of Nechad 2009 and Nechad 2015 are smoother and all inhomogeneities of the
plume boundary can be distinguished. At the same time, the three algorithms give different
distributions of the maximum SPM values in the immediate vicinity of Mzymta mouth.
On the C2RCC map, the area of maximum SPM values is much larger. For processing by
Nechad 2009, Nechad 2015 and comparison with C2RCC, we used only data from those
stations that were performed almost synchronously with the imaging (Group 1, Figure 10b)
by Sentinel-2B MSI on 26 April 2019. Figure 12a presents comparisons of SPM in situ and
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SPM satellite obtained by C2RCC, Nechad 2009 and Nechad 2015. No doubt, the C2RCC
results best agree with the in situ data. The straight approximation line for C2RCC goes
through the origin of coordinates, the determination coefficient is R2 = 0.989 (Figure 12a).
For the two other algorithms, Nechad 2009 and Nechad 2015, the determination coefficients
are only 0.943 and 0.941, respectively.

The main advantage of the ACOLITE algorithms is that it is possible to compare their
results with in situ turbidity data, for example, measured with PT, without converting
the latter to SPM in situ using the obtained dependence (Figure 7) and, more importantly,
without water sampling. To quantify turbidity, we used Nechad 2009, Nechad 2015 and
Dogliotti algorithms. The turbidity distribution maps compiled using these algorithms
for 26 April 2019, are shown in Figure 11b. Since Nechad 2009 and Dogliotti algorithms
coincide for low turbidity range, the corresponding patterns of turbidity are the same.
Near Mzymta mouth, Dogliotti definitely overestimates turbidity. Interestingly, Dogliotti
draws a pronounced high turbidity jet westward from the mouth zone. The existence of
such a jet is confirmed, for example, by the in situ measurements at Stations 61 and 62
(Figure 10a). Although Station 62 is located somewhat farther from the mouth, but, unlike
Station 61, it sits on the jet and, therefore, reports higher SPM and turbidity. A comparison
of turbidities obtained by Nechad 2009, Nechad 2015 and Dogliotti (Turb satellite) with
turbidity measured in situ (Turb in situ) is presented in Figure 12b. At low turbidity, less
than 16 NTU (FNU), Dogliotti yields the same results as Nechad 2009. For turbidities of
20–25 NTU and higher, Dogliotti switches to another method of calculation [32] suitable
for extremely turbid waters, but not for our study area (Figure 12b).
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The values produced by Nechad 2009 and Nechad 2015 are well approximated by
straight lines (Figure 12b). The determination coefficient is R2 = 0.96 in both cases and the
lines are almost parallel. It is a puzzling fact that the lines do not go through the origin
of coordinates. Obviously, further testing on a much wider array of in situ measurements
is required.

4. Discussion

The data obtained by various methods during our work in April–May 2019, in the
Mzymta mouth zone can be divided into two groups:

1. Data from two turbidity sensors–an optical turbidity sensor as part of the RBR-
concerto CTD probe (TM) and a TN400 portable turbidimeter (PT). Both sensors
provide data in NTU units and work roughly on the same principle. A significant
difference is that turbidity measurements were taken at different depths, since it is
impossible to obtain data in the first centimeters from the surface with the CTD probe.

2. Data on SPM at different points of the plume obtained using different methods. The
first method is direct: SPM in situ was measured by weighing water samples. The
second method is indirect: SPM satellite was retrieved using the standard algorithms
from satellite remote sensing data.

In our work, we aimed to estimate the correlation of the data obtained from different
turbidity sensors, find out if there exists a robust dependence between turbidity and SPM
measured in situ, and, most importantly, reveal the correlation between satellite and contact
measurements.

4.1. Performance of Contact Turbidity Sensors

As expected, turbidities obtained at the same stations with PT and TM in the near-
surface horizon of 0.35–0.5 m agreed quite well. The determination coefficient of linear
approximation was R2 = 0.93 and, in general, TM turbidities were slightly higher than PM
ones, by a factor of 1.042. At high turbidity, a large scatter of the values is observed on
both sides of the linear trend. It possibly can be explained by highly unsteady interaction
of river and sea waters at the river mouth in shallow water which makes turbidity vary
significantly even at close points. Moreover, clapotis and wave breaking often take place.
In such conditions, it is not easy to use PT. Several measurements should be done in close
points for more reliable results. Sometimes it is technically troublesome, for example,
because of the risk to run aground. Meanwhile measuring with TM is much easier in such
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conditions, besides, each time we get at least 2 turbidity values, when TM is lowered and
then raised. This was specifically observed during a sharp increase of the river discharge
on May 2 when the velocity of the water flow increased from 2 m/s in the previous days to
6–8 m/s.

For turbidity values from 15 to 40 NTU, the results of measurements with different
instruments almost completely coincided, with slightly higher TM values. At turbidities
less than 15 NTU, an underestimation by TM can be noted. In fact, as the river waters
spread into the sea, both turbidity and plume thickness sharply decrease (Figure 5a). So,
the TM may eventually get below the depth of the plume penetration zone.

Considering the relationship of contact turbidity and SPM in situ, naturally, the best
correlation was achieved with PT. This is easy to explain. Water samples for determining
the SPM were taken at the same depth as measurements with PT, while TM measurements,
as mentioned above, took place at lower points. Nevertheless, we also got a linear correla-
tion between TM turbidity and SPM in situ, although with a slightly smaller determination
coefficient as compared to PM measurements, 0.924 and 0.982, respectively. The linear rela-
tionship obtained makes it possible to convert turbidity values measured in NTU to SPM
calculated in g/m3. Similar linear correlation was determined for the macrotidal estuary
of the Gironde [1]. The authors of the work noted that the relationship was specific to the
turbidity sensor used, but similar to those established using other instruments in other
periods of time. This could be an indication that suspended matter grain size distribution
and composition in the estuary did not change significantly in optical terms over the years.
Such a hypothesis should be tested for Mzymta plume as well. For this purpose, one need
to determine its mineral composition and establish the relationship between, for example,
quartz, as the largest suspended matter constituent, and plume turbidity.

Performance of the two turbidity sensors, PT and TM, showed that, in general, it
is sufficient to take measurements with only one instrument. A question arises which
one suits better, in view of comparison with satellite data. To draw sound conclusions,
knowledge of turbidity depth distribution is required. We believe that if river water
turbidity is high and its penetration depth is small, it is more reasonable to use PT, since
in this case water leaving radiance captured by the satellite sensor is formed in the near-
surface horizon. If turbidity is low, water leaving radiance can be formed in a layer down
to a few meters deep, so TM appears to be a more suitable instrument. In this case it is
obviously necessary to obtain some integral characteristics from TM readings at various
depths. This is an interesting and complex problem. As a rule, however, for comparison
with satellite data, either data from various PT analogs are used [77], or data from floating
spectroradiometers that are widely employed today for validating satellite data obtained
during field experiments. They measure absolute spectral irradiance at the sea surface and
water leaving radiance immediately under the sea surface [78]. TM data are usually used
for estimating river water penetration depth and turbidity profiling.

4.2. Small-Scale River Plume Boundary Dynamics

Our work has demonstrated prime importance of tight synchronization of in situ
measurements and satellite survey in the study region of Mzymta River plume. In a
thematically close study [23] discussing turbidity characteristics of the Danube plume, it
was noted that the maximum time gap considered between in situ SPM and high spatial
resolution images acquisition was of 120 h for periods with no substantial river fluctuation
and 48 h otherwise. In the case of Mzymta, the maximum time gap should not exceed
30–40 min since, as shown below, the plume boundary can move really fast. Certainly,
the plume of the Danube spreads for a much greater distance from the coast, compared
to Mzymta, so at considerable distances from its boundary, the plume can be regarded
unchanging during a day or two. In studies conducted in the mouth regions of small rivers,
such as Mzymta, one has to take into account plume spreading dynamics that is strongly
influenced by wind direction [58].
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After a series of experiments on 23, 25 and 26 April, small-scale displacement veloci-
ties of the plume boundary of Mzymta and their relationship with wind direction were
estimated (Figure 13). The essence of the experiment was to follow the plume boundary
using a GPS tracker on the way back to port after finishing the in situ measurements. It
was found that with weak S/SE winds, the displacement of the plume boundary was
very slow. In three hours, it shifted by 250–350 m at a velocity of 0.08–0.12 km/h under
the “pressing” winds towards or along the coastal zone (23 and 25 April). The maximum
displacement of the plume boundary was noted during W winds on April 26. In three
hours, the boundary shifted 900 m seaward. The displacement speed was 0.3 km/h. The
results of the experiments confirm the hypothesis of high mobility of the river plume as a
whole and its boundary in particular. This rather complicates the comparison of quanti-
tative remote sensing and contact data for specific stations, because during several hours
of boat measurements, the internal fine structure of the plume can change significantly.
Similar results are presented in [58]. Considering the impact of wind on hydrodynamic
characteristics of the plume, it is possible to tentatively forecast its spreading velocity
and plan more accurately the measurements at those stations whose positions relative
to the plume (inside, outside, at the boundary) are not expected to change during the
satellite overflight.
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4.3. Performance of Satellite SPM and Turbidity Algorithms

Satellite SPM and turbidity were calculated using C2RCC, Nechad 2009, Nechad 2015
and Dogliotti algorithms. Despite its failure for turbidities greater 20 NTU in the Mzymta
region, Dogliotti can be nevertheless used to reveal small scale turbidity inhomogeneities
that the other two algorithms can hardly detect. The best correlation with the in situ
data was achieved with C2RCC. The authors of [77] used C2RCC on Sentinel-3A OLCI
L1 data using SNAP and validated the results against dedicated in situ data obtained
in the Northwestern Baltic proper. Their validation campaigns took place between 2016
and 2018 in Swedish coastal waters and covered different times of year. On the basis of
a large dataset, authors of [77] recommend using C2RCC, but point out the problems of
atmospheric correction for pixels close to coast. The problems of adjacency effects or land
contamination of satellite sea data are also discussed in [1]. Both works employ low- and
medium-resolution ocean color data (MODIS and OLCI), however we do not anticipate
any serious complications when using high resolution data, such as MSI and OLI, as we
did in this study.

Among the atmospheric correction algorithms employed, ACOLITE DSF appears the
most practical and best performing in our study region. Nechad 2009 and Nechad 2015
overestimated SPM by 1.5 times for in situ measurement range up to 15 g/m3. For the
range over 20–25 g/m3, Nechad 2015 agreed well with in situ data and C2RCC results
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(Figure 12a). Data of 1 and 2 May, when Mzymta discharge and turbidity increased
significantly, could have been of particular interest, but haze on these days did not allow
obtaining meaningful satellite SPM.

4.4. Changes in the Mineral Composition of Suspended Matter Depending on Plume Water

The mineral composition of suspended matter (Table 4) shows significant variations
in the content of minerals in different water samples. The quantitative ratio of mineral
phases in the suspension composition depends on multiple factors.

Samples with high turbidity values, mainly from the near-mouth zones, contain a
large amount of quartz. For example, samples taken on 1 May in the Mzymta estuary zone
have high turbidity (up to 68 NTU) and predominance of quartz over clay minerals (see
Figure 14). With the distance from the mouth, the amount of suspended matter in the water
decreases and its mineral composition changes with a relative increase in clay minerals
and a decrease in quartz. Samples with low turbidity values taken at the plume boundary
have a significant predominance of clay minerals in the suspension.
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Figure 14. Left: fragment of a Sentinel-2A MSI satellite image of May 1. Marks indicate locations where samples were taken
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percentage of clay minerals (K) depending on turbidity (Turb in situ, NTU). The station numbers are indicated beside the
marks. Positions of the stations on 26 April (blue marks) are shown in Figure 10a.

This result is in good agreement with the well-known theory of gravitational dif-
ferentiation of material, according to which a decrease in the particle size occurs with
distance from the coastal zone. Clay has low hardness, is highly susceptible to mechanical
weathering, and forms a fine-grained material that can be transported over long distances.
Quartz is characterized by a higher hardness and has more coarse particles, which are
deposited in the immediate vicinity of the river mouth.

As shown in Figure 14 right, the compositional differentiation of the suspension was
most pronounced on 1 May. High turbidity values correspond to the substantially quartz
composition of the suspension; at low turbidity, the suspension mainly consists of clay
minerals. On 26 April, the turbidity of the plume was generally low, not more than 28 NTU.
The trend of changes in the suspension composition is weakly expressed. At the moment,
no unambiguous relationship has been revealed between the value of water turbidity and
the mineral composition of the suspension. It is not yet possible to estimate the amount of
quartz and other mineral phases in the suspension by remote sensing methods.
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5. Conclusions

The paper presents the results of field studies in the northeastern part of the Black Sea
in the mouth area of the Mzymta River in April and May 2019. The main objective of the
study was to determine the relationships between water turbidity and SPM obtained by
contact and remote sensing methods and compare performances of the C2RCC processor
and the ACOLITE algorithms Nechad 2009, Nechad 2015 and Dogliotti.

It was shown that the highest correlation between the satellite and the water sampling
SPM for the study area in conditions of spring flooding was achieved with C2RCC, but only
for those stations where measurements were taken almost synchronously with satellite
imaging. For such stations, the comparison of satellite and water sampling SPM showed
a linear relationship with a reliability of 0.99. Nechad 2009, Nechad 2015 and Dogliotti
overestimated SPM by 1.5 times for in situ measurement range up to 15 g/m3. For the
range over 20–25 g/m3, Nechad 2015 agreed well with in situ data and C2RCC results,
while Dogliotti failed.

In a highly variable environment of the Black Sea northeastern coastal zone, rapidly
changing conditions often require a specific choice of both methods and instruments for
collecting in situ data suitable for validating the remote-sensing algorithms. Knowledge
of depth distribution of the main hydrological parameters is a key prerequisite for the
right choice.

When selecting in situ measurements for comparison with satellite data, one should
be particularly vigilant with respect to the high mobility of the Mzymta plume: within the
3–4 h when, as a rule, all the stations were completed, its boundary could shift considerably,
either being pressed to the coast or driven away from it. The velocity of displacement of
the plume boundary was estimated to increase from 5 to 13 cm/s.

A comparison of data on turbidity obtained by a portable turbidity meter and water
sampling SPM shows a linear relationship with the reliability of 0.982. This relationship
remained stable in time and weather conditions, which makes a portable turbidity meter
a valuable tool for fast and multiple measurements. Data obtained by this method can
be easily converted to SPM. This new and important result is very promising for in situ
SPM evaluation in the sense that expensive and time-consuming water sampling may
eventually become redundant. Moreover, without water sampling, the validation of
satellite algorithms for SPM retrieval based only on portable turbidity meter data becomes
a lot easier and faster: much more shorter stations can be undertaken over the same period
of time and no money must be spent on processing of water samples.

Based on X-ray phase analysis of the suspended matter, changes in the total amount
of quartz and clay particles were found to be a function of optical turbidity of the water
samples. With a decrease in turbidity the mineral composition of the suspension changed
with a relative increase in clay minerals and a decrease in quartz.

The authors hope to continue the studies to improve and validate the results presented
in this paper.
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