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Abstract  

For the Black Sea, there are visible discrepancies between remote estimates of the optical 
characteristics of sea water and contact measurements. Despite the fact that modern 
atmospheric correction algorithms take into account non-zero brightness in the long-
wavelength region, they do not completely solve the problem and require additional 
analysis. In this paper, we compare remote sensing data and data from simultaneous field 
measurements of the sea reflectance and atmospheric transparency in order to further 
improve the standard methods of atmospheric correction, taking into account the real 
aerosol optical depth. In this paper, we consider the measurement data of the spectral 
reflectance of the water column and the optical characteristics of the atmosphere, obtained 
during the cruises of the R/V Professor Vodyanitsky in the spring of 2019 and 2021 
in the north-eastern part of the Black Sea. As a result of comparison with satellite data, 
it was found that satellite reflectance data in the Black Sea in spring are on average 
underestimated compared to contact measurements. The average values of the Angström 
parameter and the aerosol optical depth according to satellite data are twice as high as field 
measurements. The values of the Angström exponent, which are greatly overestimated 
compared to field measurements, lead to an excessive allowance for the influence of 
the atmosphere and, as a result, to an underestimation of the reflectance values. 
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Аннотация  
Для Черного моря между дистанционными оценками оптических характеристик 
морской воды и контактными измерениями наблюдаются видимые расхождения. 
Несмотря на то что современные алгоритмы атмосферной коррекции учитывают 
ненулевую яркость в длинноволновой области, они целиком не решают проблемы 
и требуют дополнительного анализа. В работе сопоставлены данные дистанционного 
зондирования и одновременных экспедиционных измерений коэффициента яркости и 
прозрачности атмосферы для дальнейшего усовершенствования стандартных методов 
атмосферной коррекции с учетом реальной аэрозольной оптической толщины. 
Рассматриваются данные измерений спектрального коэффициента яркости толщи вод 
и оптических характеристик атмосферы, полученные в ходе экспедиций НИС 
«Профессор Водяницкий» весной 2019 и 2021 гг. по Черному морю. В результате 
сопоставления натурных данных со спутниковыми установлено, что спутниковые 
данные коэффициента яркости в Черном море в весенний период в среднем 
занижены по сравнению с контактными измерениями. Средние значения показателя 
Ангстрема и аэрозольной оптической толщины по спутниковым данным вдвое 
превышают натурные измерения. Сильно завышенные по сравнению с натурными 
измерениями значения показателя Ангстрема приводят к избыточному учету влияния 
атмосферы и, как следствие, к занижению значений коэффициента яркости. 

Ключевые слова :  коэффициент яркости моря, атмосферная коррекция, аэрозольная 
оптическая толщина, параметр Ангстрема, спектрофотометр, солнечный фотометр, SPM 
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Introduction 

At present, satellite research methods are the most effective for global analysis 
of the state of the marine environment. Data from space colour scanners make it 
possible to obtain information about important optical parameters of the upper 
water layer (chlorophyll concentration, suspended matter content, ocean water 
transparency, etc.) in a wide range of spatial and temporal scales. These data are 
indicators of the ecosystem and serve as input parameters for Earth’s climate 
assessment models [1–4]. However, for the Black Sea, there are visible 
discrepancies between the remote sensing data and the readings of contact 
measurements, since the standard algorithm for processing satellite 
observations has been developed for open ocean waters [5].  It is known that 
optical properties of the waters in the Black Sea and the ocean differ, in particular, 
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due to the increased absorption of light by yellow matter and the greater amount 
of suspended matter, including the suspended matter of terrigenous origin [6]. 
According to the work 1), in the study area of the Black Sea, the contribution of 
yellow matter to the attenuation index reaches 28 % at a wavelength of 416 nm 
(and decreases with wavelength), and the combined contribution of scattering 
by coarse and fine suspension is 64 % at the same wavelength. For a wavelength of 
506 nm, these contributions are 9 and 80 %, respectively. 

The standard atmospheric correction algorithm assumes that in the long-
wavelength part the brightness of the radiation emerging from the water column is 
zero (black pixel algorithm) [7]. This assumption is valid only for type 1 optically 
deep waters with a chlorophyll concentration of 0.3 mg/m3 or less and is not 
suitable for waters containing higher concentrations of chlorophyll or mineral 
particles 2). Large errors are especially typical for coastal and river runoff areas 
[8, 9], which differ from open areas of the sea in a twofold greater contribution of 
inanimate suspension (20–30 %) to the total light absorption in the wavelength 
range of 400–500 nm [10–12]. 

In this case, the use of the black pixel algorithm to correct the non-zero 
contribution of water can lead to an overestimation of the optical depth of 
the aerosol, i.e., to the subtraction of too large an aerosol reflectance value from 
the reflectance at the upper boundary of the atmosphere. The resulting reflectance 
of the water column will then be too small, and in the blue region of the spectrum 
it may even turn out to be negative 2).  

Despite the fact that the modern atmospheric correction algorithm uses 
an iterative method for taking into account non-zero brightness [13], it does not 
completely solve the problem and requires additional analysis. 

Previously, regional algorithms for the seas of Russia, including the Black Sea, 
have already been created based on in situ measurements [14, 15]. The paper [14] 
considers ways to reduce the effect of atmospheric correction errors on 
the accuracy of calculating the biooptical parameters of water. The method is based 
on the simultaneous calculation of aerosol contribution ρa(λi) and the spectral 
coefficient of sea reflectance ρw(λi) from the measured values of reflectance ρt(λi) 
of the ascending radiation at the upper boundary of the atmosphere. Atmospheric 
correction errors are controlled by comparing the data obtained in situ and 
the values calculated from satellite data. 

In [15], it is proposed to correct the sea reflectance spectra using the data 
on variability of the aerosol characteristics of the atmosphere, obtained on the basis 
of in situ measurements of the atmospheric characteristics with a sun photometer. 
 

                                                           

1) Mankovsky, V.I., Solov'iev, M.V. and Mankovskaya, E.V., 2009. [Hydrooptical Properties of 

the Black Sea]. A reference book. Sevastopol: MGI NAN Ukrainy, pp. 20–21. 
2) Mobley, C.D., Werdell, J., Franz, B., Ahmad, Z. and Bailey, S., 2016. Atmospheric Correction for 

Satellite Ocean Color Radiometry. Greenbelt, Maryland: Goddard Space Flight Center, 85 p. 
doi:10.13140/RG.2.2.23016.78081 
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The analysis is based on the use of the error spectrum of aerosol optical depth 
(AOD) measurements with the SPM sun photometer. It is shown that the spectra 
corrected on the basis of statistical data are in good agreement with the results of 
direct measurements. 

AOD is the main characteristic of aerosol, which determines the integral 
(in the atmospheric column) attenuation of direct solar radiation. It has spectral 
features that depend on the size and the refractive index of aerosol particles. AOD 
is one of the main parameters affecting the scattering and absorption of sunlight 
in the atmosphere. Comparison of AOD measured from the satellite and from 
the surface can provide useful additional information for satellite data processing 
and will enable to obtain more accurate reflectance spectra from remote estimates. 

The purpose of this work is to compare remote sensing data and data of 
expeditionary measurements of the reflectance in order to further improve 
the standard methods for processing satellite measurements of the ascending water 
reflectance, taking into account the real AOD. 

Data and methods 

The paper considers the measurement data of the spectral reflectance (R) 
of the water column and the optical characteristics of the atmosphere obtained 
during the Black Sea expeditions of R/V Professor Vodyanitsky in the spring 
of 2019 and 2021. The measurements were carried out by the authors of 
the paper. The survey was carried out in the northern and north-eastern parts 
of the Black Sea (42.5°–45.8° N; 31.5–39.8° E) in the period from April 18 – 
May 13, 2019 (cruise 106) and from April 22 – May 8, 2021 (cruise 116). 
In 2019, the reflectance spectra of the water column were obtained at 89 sites, 
in 2021 – at 68 sites (Fig. 1). The spectral reflectance measurements were 
carried out from the shipboard with a  spectrophotometer developed 
in the Department of Marine Optics and Biophysics of MHI RAS [16].  

F i g .  1 .  Measurement sites during the two cruises 
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The reflectance of the radiation rising from the sea at an angle of 30° to the nadir 
and the reflectance of a reference white screen at the same angle were measured. 
As a ratio of these quantities, the spectra of a dimensionless R were obtained 
in the wavelength range of 390–750 nm with a step of 1 nm and an error of 3 %. 

AOD and Angström parameters α and β were determined from the data of 
spectral measurements of atmospheric transparency taken with the SPM sun 
photometer simultaneously with R measurements. The measurements were carried 
out simultaneously in 12 spectral channels from near UV to mid-IR, channel 
centres: 340, 379, 441, 501, 548, 675, 872, 940, 1020, 1244, 1556, and 2134 [17]. 
The Angström parameters were determined by approximating the obtained AOD 
data with the dependence AOD() = β·λ–αin the wavelength range of 501–872 nm. 
In this work, only the α parameter will be considered as an indicator of the AOD 
spectral slope. 

The work also uses the data of the second level of processing on the rising 
radiation from the sea (Rrs), on the aerosol optical depth (aod_869) and 
the Angström index in the wavelength range of 550–869 nm (angstrom), obtained 
using satellite scanners MODIS Aqua/Terra, Sentinel-3 A/B and VIIRS Suomi 
NPP/JPSS-1. During the analysis, these data were compared with the indications of 
in situ measurements. Rrs MODIS and VIIRS data are reduced to dimensionless 
values by multiplying by π. For a correct comparison with in situ data, pixels were 
selected without the Straylight, Cloud_Margin, Cloud_Ambiguous flags, coinciding 
in coordinates with the in situ measurement point within 0.01° and in time – 
within 3 h. In total, the study used data from 49 stations for cruise 106 and 39 
for cruise 116 (for all satellites). The data obtained under conditions of a cloudless 
or slightly cloudy sky at sun angles exceeding 30° were selected. 

Results and discussion 

The average R spectra plotted from the in situ measurements of 106 and 116 
cruises are shown in Fig. 2. Judging by the standard deviation (SD) shown 
on the graphs, the variability of the R spectra in the spring of 2019 was 

F i g .  2 .  Average reflectance spectra. Vertical bars show standard 
deviation of all measurements 
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F i g .  3 .  Spatial distribution of maximal values of reflectance 

significantly higher than in the same period of 2021. A similar situation can be 
observed in Fig. 3, which shows the spatial distribution of the maximum R 
values. It shows a significant difference between the R values in the coastal and 
deep-water areas of the sea during cruise 106, while in cruise 116, a more 
uniform distribution of optical properties was observed. The differences are 
most likely due to climatic and weather conditions (average temperature of 
the previous winter, amount of precipitation in the winter-spring period, etc.). 

In 2019, the lowest R values were observed on the northwestern shelf and 
in the central deep-water part of the polygon. Increased values were observed 
in the eastern part of the polygon and along the southern coast of Crimea. 
All spectra have a similar characteristic shape, with the R maximum lying 
near 480 nm in the eastern deep-sea part and near 490 nm in the coastal part. 
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In the area of Sochi, a plume was observed due to the runoff of the Mzymty 
River. Here, the shape of the spectrum and the reflectance values changed, 
the maximum shifted towards long waves up to 497 nm, which can be explained 
by the influence of an increased concentration of suspended matter and inanimate 
organic matter coming with river runoff. 

In 2021, the R variability in the study area was relatively low. There was 
no difference between the deep-water and coastal parts both in the shape of 
the spectra and in the values. The greatest variations were observed in the east of 
the study area; the scatter in the values of the R maxima ranged from 0.02 
on the shelf outside the Feodosiya Bay to 0.049 in the bay itself. 

Fig. 4 compares reflectance with remote sensing data. Basically, there is 
an underestimation of the satellite data compared to thein situ data, however, 
in some cases, a good match is observed for the open sea, an example of 
which dated 14.05.2021 is shown in Fig. 4, d. The underestimation is especially 
pronounced in the short-wavelength region, which is the main type of error 
introduced by incorrect selection of atmospheric correction parameters. 
Extrapolation of atmospheric aerosol parameters found from measurements 
in the near-IR range using an atmospheric model leads to the accumulation of 
errors with decreasing wavelength. In the case when the ascending reflectance of 
water in the near-IR region (for turbid waters) cannot be neglected, the ascending 
reflectance of the atmosphere is overestimated and the reflectance values of 
the water column are underestimated. 

To analyze the AOD and the Angström parameter, their frequency histograms 
were constructed. Fig. 5 shows that the scatter of the AOD values and 
the Angström parameter according to satellite data is quite large, despite the fact 
that during the expedition no extreme phenomena were observed in the atmosphere 
(dust transport, fire smoke spread, etc.).  Surface measurements show that 
the distribution of values occupies a fairly narrow range. The characteristics of 
the atmosphere according to satellite measurements are overestimated on average 
by a factor of 2–3, which leads to a regular underestimation of the values of 
the satellite reflectance, especially in short-wavelength channels.  

Similar frequency distributions were constructed for the difference between 
in situ and satellite data, which was calculated using the formulas 

satsituin АОDАОD)АОD(  , 

satsituin )(  , 

sat412situin Rrs412_Rrs)412_Rrs(  . 

The obtained values of ∆(AOD), ∆(α), and ∆(Rrs_412) are shown in Fig. 6. 
It can be seen that the dominant negative values of ∆ for AOD and the Angström 
parameter correspond mainly to positive values for the reflectance at a wavelength 
of 412 nm.  
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F i g .  4 .  Examples of comparison of satellite and in situ reflectances 
(MA – MODIS Aqua, MT – MODIS Terra, S3A/B – Sentinel-3 A/B) 

 
To consider the average error of the standard atmospheric correction, such 

characteristics as the average error (bias) and the root mean square error of the 
model (RMSE) are chosen: 
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a b 

F i g .  5 .  Frequency distribution of aerosol optical depth (AOD) and Angstrom 
parameter from satellite and in situ (SPM) data (Ма – mean value, SD – standard 
deviation, Md – median) 

 
 

which are a function of the difference between in situ and satellite Rrs after 
the correction by Rrs

sat data and depend on the wavelength. Fig. 7 shows their 
spectral dependences for the data from MODIS Aqua/Terra scanners. The data 
from other scanners in this study were used in a relatively small amount, not 
enough to build reliable RMSE and bias spectra. 

The spectral bias values are positive for all wavelengths and decrease 
with wavelength. This indicates an underestimation of satellite data compared to 
in situ data on average over the entire spectral range (despite the fact that there are 
some cases when satellite values are higher than in situ data). At the same time, 
the values in the short-wavelength region are also the most subject to atmospheric  
 

 

 
 

F i g .  6 .  Frequency distribution of discrepancy between in situ and satellite data 
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F i g .  7 .  Spectra of bias (a) and RMSE (circles are for RMSE before bias 
subtraction, crosses – after that) (b) for in situ and MODIS Aqua/Terra 
reflectances  

 
 
correction errors. The same is evidenced by the RMSE values, which also decrease 
with the wavelength (shown by circles in Fig. 7, b). 

The average bias spectrum approximated by a linear function (dashed line 
in Fig. 7, a) can be used as a correction for satellite data added to compensate 
for negative values in the shortwave region. If the bias value is added to 
the satellite R spectra, then the correspondence between the satellite data and 
in situ data becomes, on average, somewhat higher. This can be seen from 
the RMSE values in Fig. 7, marked with crosses, and in some examples shown 
in Fig. 8. However, this method will not completely eliminate individual cases 
when underestimation of the satellite data is too strong or when the values, 
on the contrary, are overestimated. 

The presented bias values were obtained only from the data of the spring period 
of 2019 and 2021 and represent an attempt to correct the reflectance satellite data. 
Such model accuracy criterion as RMSE is reduced by 16 % for the wavelength of 
412 nm, which shows a slight improvement in the accuracy of reconstructing 
satellite reflectance spectra. For better results, it is necessary to process a larger 
array of in situ data for different seasons and areas of the sea, which is not 
currently available. 

The study used a strict rejection of satellite data according to the criterion of 
the possible presence of clouds, so the average correction value was calculated 
without their influence. However, even in the presence of illumination from clouds, 
the proposed approach will partially compensate for the contribution of additional 
reflectance, since it is either spectrally nonselective or, like the correction term, 
increases toward short waves. 
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F i g .  8 .  Examples of comparison of corrected satellite and in situ reflectances 
(MA – MODIS Aqua, MT – MODIS Terra) 

 

Conclusions 

Comparison of the data of satellite color scanners with the results of in situ 
measurements made it possible to make a conclusion about the influence of errors 
in determining the parameters of aerosol over the Black Sea from satellite data on 
the possibility of reconstructing the radiation ascending from the sea. 

1. The satellite data on the reflectance in the Black Sea in the spring period are 
on average underestimated compared to the contact measurements 

2. The average values of the Angström and AOD values according to 
the satellite data are twice as high as the in situ measurements. The values of 
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the Angström parameter, which are greatly overestimated compared to the in situ 
measurements, lead to an excessive allowance for the influence of the atmosphere 
and, as a result, to an underestimation of the reflectance values. 

3. The use of bias values as a correction term makes it possible to reduce
the average error in calculating reflectance from satellite measurements. 
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