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Purpose. Studies of spatial-temporal variability of total suspended matter are necessary for 
understanding the biochemical processes which form and support stable functioning of a marine 
ecosystem. The aim of the work is to assess applicability of satellite data for studying total suspended 
matter variability in the surface layer of the deep part of the Black Sea. 
Methods and Results. Application of the regression analysis yielded the linear regression equations 
that unite the in situ measurements of the total suspended matter concentrations in the surface layer in 
the northeastern (June, 2005–2015) and western (November, 2016, 2017 and December, 2017) deep 
sea areas, and the regional satellite products (the particulate backscattering coefficient, the absorption 
coefficient of colored detrital matter and the chlorophyll a concentration). Based on the measured and 
calculated data arrays, the maps of the total suspended matter concentrations in the surface layer of 
the northeastern Black Sea were constructed. The interannual changes in the in situ measured 
concentrations of the total suspended and lithogenic matters, as well as in the quasi-synchronous 
satellite regional products (the light absorption coefficient of colored detrital matter at 490 nm and 
the particulate backscattering coefficient at 555 nm) in June, 2005–2015 were considered. High total 
suspended matter concentrations were noted in 2012, just when extreme growth of the coccolithophorid 
population was observed in the Black Sea. The correlation coefficients were used to evaluate whether 
the relation between the total suspended matter concentration and the individual analyzed parameters 
was fast. 
Conclusions. Spatial distributions of the measured and calculated total suspended matter contents 
showed satisfactory agreement. In course of the whole observation period, difference between 
the values of the measured and calculated total suspended matter concentrations was on average 
6–23 %. Possibility of application of the satellite-derived ocean color data for studying spatial-
temporal variability of the total suspended matter content is shown.  
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Introduction 
Studies of the spatiotemporal variability of the total suspended matter (TSM) 

composition, consisting of organic and mineral fractions, are necessary to 
understand the biochemical processes that form and maintain the stable functioning 
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of the marine ecosystem [1–4], as well as to study the processes of modern 
sedimentation [5]. 

The TSM composition in the upper sea layer is formed due to the inflow of 
organic and mineral substances from following external sources (allochthonous 
suspended matter): river, terrigenous and industrial and domestic wastewater, 
coastal abrasion and aeolian suspension. Along with external sources, biological 
processes of phytoplankton and bacterioplankton development, dying away and 
biochemical transformation of play an important role in the TSM structure 
formation (especially in deep sea areas). 

According to the results of a few measurements of the TSM content in 
the upper layer of the Black Sea in the 1960–1970s [6−8] the ideas on the vertical 
structure and composition of TSM in summer were obtained. In 1978−1995 based 
on the results of experimental studies of the suspended organic matter content, 
the spatiotemporal variability of its components concentration and their 
relationship in the surface and photosynthesis layer were analyzed [3, 9, 10]. 
In [9, 11], the contribution of various sources (biogenic and terrigenous ones) to 
the TSM field formation was also estimated. 

In the 2000s at the Institute of Oceanology of RAS active comprehensive 
studies of the TSM content and its vertical flow in the coastal and deep-water 
regions of the northeastern sea part, summarized in [12], strated. As a result, 
seasonal TSM content changes were revealed. In the deep-water sea part, they 
mainly consisted of the organic fraction, which depended on the species 
composition of phytoplankton. 

Such studies are often characterized by the labor consuming nature of obtaining 
data on the TSM concentration of (water sampling with bathometers, their filtration, 
determination of composition, etc.) and the significant time spent on areal surveys to 
estimate the spatial TSM distribution. In recent decades, along with ship 
measurements, methods of remote sensing of the sea surface began to be used to assess 
the bioproductivity of certain regions of the World Ocean, including the Black Sea 
[13, 14], the suspended organic matter content [15, 16] and the TSM concentration 
[17–20]. 

The present paper is aimed to estimate the applicability of satellite data to study 
the variability of the TSM content in the surface layer of the deep-water part of 
the Black Sea. 

Materials and methods 
The data from ship measurements of the TSM content and its mineral fraction 

(lithogenic substance) obtained in the surface layer (0–5 m) in the northeastern (June 
2005–2015) and western (November 2015, 2016 and December 2017) deep-water 
parts of the Black Sea [12] is used in the present research. Seawater samples taken 
with bottles were filtered through Whatman GF/F glass fiber filters with a pore size 
of 0.45 μm calcined at 450 °C. The TSM concentration was determined by 
the gravimetric method. The content of the lithogenic substance was calculated by 
the wet chemistry method [21]. 

The daily average data of the MODIS-Aqua and MODIS-Terra color scanners 
(URL: http://oceancolor.gsfc.nasa.gov/) was also used for the analysis. It included 
the index of light backscattering by suspension particles at a wavelength of 555 nm 
(bbp), the absorption index of the colored dissolved organic matter and detritus at 
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a wavelength of 490 nm (aCDM) (hereinafter referred to as scattering and absorption 
indices) and the chlorophyll a (Cchl) concentration, obtained simultaneously with 
the results of TSM measurements. Observational data from color scanners were 
processed using regional algorithms that take into account the characteristics of 
the Black Sea waters [22–24]. 

The relationship between the measured TSM concentration and the indicators 
of color scanners, obtained at the same time or with a difference of no more than 
two days, was estimated using linear regression equations between them [25]. 
The satellite data obtained in the sea areas with coordinates coinciding with 
the coordinates of ship measurement stations were averaged. The results of 
the regression analysis are shown in Table 1. There, in addition to the free term 
of the regression equation a and the regression coefficient b, the coefficients of 
determination R2 and correlation R, the standard error σ and the number of pairs 
of parameters N are also presented. 

 

T a b l e  1 
 

Parameters of the regression equations (y = ax + b) connecting the total suspended 
matter concentration and the MODIS regional products: the scattering coefficient 
(bbp), the absorption coefficient (aCDM) and the chlorophyll a (Сchl) concentration  

in the deep part of the Black Sea in 2005‒2017 
 

Year Month a b R/R2 σ N 

x = bbp 

2005−2017 June 125.0 –0.150 0.73/0.53 0.170 65 

2015−2016 November   39.6 –0.110 0.93/0.87 0.040   9 

2017 December   55.9 –0.270 0.90/0.81 0.024   6 

x = acdm 

2005−2017 June   16.5 –0.190 0.85/0.73 0.140 70 

2015−2016 November     6.8 –0.120 0.88/0.78 0.060   9 

2017 December     4.1 –0.008 0.81/0.66 0.032   6 

x = Cchl 

2005−2017 June   4.25   0.070 0.73/0.53 0.180 67 

2015−2016 November   0.58 –0.170 0.96/0.93 0.030   9 

2017 December   0.31 –0.100 0.81/0.76 0.026   6 
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The relationship between some pairs of parameters from Table 1, as well as 
between the concentration of lithogenic matter and satellite indicators is shown in 
Fig. 1 and 2. To estimate the relationship between individual parameters, pair, 
multiple and partial correlation coefficients were also used [25]. The statistical 
significance of the calculated correlation coefficients was determined by 
the standard algorithm using the Student's t-test.  

 

 
 

 

 
F i g.  1. Relation between the measured total 
suspended matter concentrations and the regional 
satellite products: particulate backscattering 
coefficient at 555 nm (bbp), the absorption 
coefficient of colored detrital matter at 490 nm 
(aCDM) and the chlorophyll a (Cchl) concentration 
in the deep northeastern part of the Black Sea in 
June, 2005–2015 

 

 
F i g.  2. Relation between the concentration of 
lithogenic substance (Lito) and the regional 
satellite products: the particulate backscattering 
coefficient at 555 nm (bbp), the absorption 
coefficient of colored detrital matter at 490 nm 
(aCDM) and the chlorophyll a (Cchl) concentration 
in the deep northeastern part of the Black Sea in 
June, 2005–2015 
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Results 
 

 

 
 
 
F i g.  3. Distribution of the measured (a) and 
calculated by the particulate backscattering 
coefficient at 555 nm (b) and by the absorption 
coefficient of colored detrital matter at 490 nm 
(c) concentrations of total suspended matter in 
the northeastern part of the Black Sea in June, 
2005–2015. Points denote stations 

Using the regression equations 
bounding the TSM concentration and 
the values of the scattering and 
absorption indicators (Table 1) with 
the available satellite data array 
obtained during the period of ship 
measurements of the TSM content, 
makes it possible to calculate the TSM 
concentration at the points with 
the coordinates of the stations which 
these measurements were carried out at. 
Based on the measured and calculated 
data arrays, maps of the distribution of 
TSM concentrations were constructed 
(Fig. 3). In this case, the data obtained 
at stations located at depths of more 
than 300 m was used. Comparison 
of    the distributions showed their 
satisfactory agreement. Increased TSM 
concentrations were recorded at 
alongshore stations close to the coast. 
With increasing distance from the coast 
and increasing depth, they also 
decreased. 

A ten-year series (from 2005 to 
2015, with the exception of 2008) of 
the measured TSM concentrations and 
lithogenic matter and satellite data 
(bbp, aCDM) used for calculations makes 
it possible to trace their interannual 
changes.  

Fig. 4 shows the interannual changes of the TSM and lithogenic matter 
concentrations and the values of the scattering and absorption indices in June 
obtained by data averaging for this month in each year at the stations located above 
depths over 500 m. The character of the interannual variability of the analyzed 
parameters satisfactorily generally coincides. Increased values of the TSM and 
lithogenic matter concentrations were observed in 2011 and 2012. In these years, 
increased values of the absorption index were also noted. The maximum bbp value 
was recorded only in 2011; in 2012, bbp was the minimum. It is known that 
in May and June 2012, an extreme bloom of coccolithophorids was observed in 
the Black Sea. 
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F i g.  4. Interannual changes in the measured concentrations of total suspended matter (1) and 
lithogenic matter (2), and also in the regional MODIS products: the particulate backscattering 
coefficient (3) and the absorption coefficient of colored detrital matter (4) in the northeastern Black 
Sea in June, 2005–2015 

 
The difference in the values of the measured and calculated TSM 

concentrations during the entire observation period ranged on average within 
6−23 %. Their significant difference (~ 60%) in the case of calculating TSM by bbp 
was noted in 2012, when the measured TSM concentration was maximum, and in 
2010 and 2013, when it was minimum. In part, this may be due to the discrepancy 
between the dates of ship and satellite observations. 

The degree of neighboring relationship between the measured TSM 
concentration and the satellite data used to calculate its concentration can be 
estimated by pairwise and multiple correlation and determination coefficients 
(Table 2). 

Table 2 data analysis showed that in all seasons (June, November and 
December) during the entire observation period, these coefficients are quite high, 
which indicates a close relationship between the TSM concentration and satellite 
data. At that, it is important to bear in mind that such a relationship for each pair of 
parameters is provided taking into account the relationship between all analyzed 
parameters. To determine the "pure" relationship between TSM and individual 
parameters while excluding the influence of the other two parameters on them, 
the partial coefficients of the 2nd order (Table 3) is calculated. Table 3 data analysis 
3 showed that in the northeastern sea region the closest relationship was observed 
between the TSM and lithogenic matter (the correlation coefficient is 0.78–0.83) 
concentrations and somewhat weaker – between the TSM and the scattering index 
(the correlation coefficient is 0.52–0.65). This result is quite logical, since the light 
is scattered by the suspension particles and the lithogenic matter is included in its 
composition. In addition, the formation of the total suspended matter field in this 
area is influenced by shelf waters, in which the TSM content can be quite high 
(Fig. 3). 
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T a b l e  2 
 

Paired (r) and multiple coefficients of correlation (R) and determination (R2) between 
the total suspended matter concentration and the regional satellite products  

(bbp, aCDM, Cchl), and the lithogenic matter (Lito) concentration in the deep part  
of the Black Sea in 2005‒2017 

 

Year Month r12 r13 r23 R/R2 

Connection of total suspended matter (TSM) concentration with bbp  
and aCDM (TSM – bbp, aCDM) 

2005−2017 June 0.73 0.76 0.61 0.83/0.69 

2015−2016 November 0.93 0.88 0.86 0.94/0.89 

2017 December 0.93 0.81 0.67 0.96/0.93 

TSM – bbp, Cchl 

2005−2017 June 0.73 0.73 0.79 0.77/0.6 

2015−2016 November 0,93 0.97 0.90 0.98/0.96 

2017 December 0,93 0.87 0.70 0.98/0.96 

TSM – aCDM, Cchl 

2005−2017 June 0.76 0.73 0.62 0.83/0.69 

2015−2016 November 0.88 0.97 0.83 0.93/0.96 

2017  December 0.81 0.87 0.83 0.88/0.78 

TSM – bbp, Lito 

2005−2017 June 0.73 0.82 0.72 0.84/0.71 

2015−2016 November 0.93 0.79 0.83 0.93/0.86 

2017 December 0.93 0.76 0.82 0.93/0.86 

TSM – aCDM, Lito 

2005−2017 June 0.76 0.82 0.73 0.85/0.73 

2015−2016 November 0.88 0.79 0.88 0.88/0.78 

2017 December 0.81 0.76 0.77 0.84/0.70 
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T a b l e  3 
 

Particular second-order correlation coefficients between the total suspended matter 
concentration, the regional satellite products (bbp, aCDM, Cchl)  

and the lithogenic matter (Lito) concentration in the northeastern  
and western deep areas of the Black Sea 

 

Area Parameters 

Correlation coefficients with the excluded from 
the calculation of the indicators 

aCDM, 
Cchl 

aCDM, 
Lito 

Cchl, 
Lito 

bbp, 
Cchl 

bbp, 
Lito 

bbp, 
aCDM 

Northeastern 

bbp 0.62 0.65   0.52 − − − 

aCDM − − –0.18 0.33 –0.20 − 

Cchl − 0.46 − − –0.10   0.23 

Lito 0.78 − − 0.84 −   0.83 

Western 

bbp 0.38 0.73   0.41 − − − 

aCDM − −   0.43 0.40   0.53 − 

Cchl − 0.90 − −   0.83   0.86 

Lito 0.01 − − 0.07 − −0.37 
 
In the western sea area, the closest relationship was noted between the TSM 

and concentrations (the correlation coefficient is 0.83–0.90). The relationship 
between TSM and scattering and absorption indices is somewhat weaker 
(on average, the correlation coefficient is 0.45–0.50). Lack of the relationship was 
noted between TSM and lithogenic material. These results of the analysis of 
the relationship are apparently associated with the seasonal variability of 
phytoplankton development and the conditions of the TSM field formation in 
the western sea area. 

 
Conclusion 

Using the obtained linear regression equations, the concentrations of total 
suspended matter TSM were calculated from satellite data (scattering and 
absorption indicators and chlorophyll a concentration). The difference in the values 
of the measured and calculated TSM concentrations over the entire observation 
period was on average within 6–23 %. The comparison of the spatial distributions 
of the measured and calculated TSM concentrations in the northeastern deep-water 
part of the Black Sea showed their satisfactory agreement. Satisfactory agreement 
was also noted for interannual changes in the TSM and lithogenic matter 
concentration and in the scattering and absorption indices. 

Using the calculated partial correlation coefficients, the tightness of 
the relationship between the TSM concentration and individual analyzed 
parameters was estimated. In the northeastern deep-water sea part in June 
2005‒2015 the closest relationship was obtained between the TSM and lithogenic 
matter concentrations and between the concentration of TSM and the scattering 
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index, for which the correlation coefficient varied within 0.78–0.83 and 0.52–0.65, 
respectively. In the western area, the partial correlation coefficients between 
the TSM and chlorophyll a concentrations, as well as between the concentration 
of TSM and the scattering and absorption indices, were 0.83–0.90 and 0.45–0.50, 
respectively. 

The given examples of the calculated data application illustrate the possibility 
of using satellite data to study the spatiotemporal TSM variability. 
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