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Abstract: This paper is the first to examine the operation of the HawkEye satellite in the presence
of dust aerosol. The study region is the Black Sea. Dust transport dates were identified using
visual inspection of satellite imagery, back-kinematic HYSPLIT trajectory analysis, CALIPSO aerosol
stratification and typing maps, and the global forecasting model SILAM. In a comparative analysis
of in-situ and satellite measurements of the remote sensing reflectance, an error in the atmospheric
correction of HawkEye measurements was found both for a clean atmosphere and in the presence
of an absorbing aerosol. It is shown that, on average, the dependence of the atmospheric correction
error on wavelength has the form of a power function of the form from λ−3 to λ−9. The largest errors
are in the short-wavelength region of the spectrum (412–443 nm) for the dust and dusty marine
aerosol domination dates. A comparative analysis of satellite and in situ measurements of the optical
characteristics of the atmosphere, namely the AOD and the Ångström parameter, was carried out.
It is shown that the aerosol model used by HawkEye underestimates the Angström parameter and,
most likely, large errors and outliers in satellite measurements are associated with this.

Keywords: aerosol optical depth; fine particles; coarse particles; SPM; atmospheric aerosol; dust
aerosol; remote sensing; HawkEye; remote sensing reflectance; atmospheric correction; dust; Black
Sea; AERONET; Ångström parameter

1. Introduction

This study is a continuation of a series of works devoted to the study of the optical
properties of atmospheric aerosol over the Black Sea and its influence on satellite data
products presented on the Ocean Color platform. A comprehensive analysis of an array
of long-term in situ measurements obtained at AERONET (Aerosol ROboties NETwork)
stations (NASA), measurement data from the spectrophotometer SPM (Sun Photometer
Mobile) and other independent in situ measurements made it possible to complement the
understanding of aerosol load in the region under study and the factors that influence
it [1–10]. In previous studies, background optical characteristics of atmospheric aerosol
were obtained for the Black Sea region: aerosol optical depth at a wavelength of 500 nm
AOT(500) = 0.22 ± 0.05 and the value of the Ångström parameter (α = 1.3 ± 0.3 [11]). For the
region under study, the influence of background aerosol on the accuracy of remote sensing
results is minimal. Theoretical estimates show that the extrapolation error of the aerosol
scattering value at wavelength, λ, is proportional to the second-degree polynomial of the
wave number k = 2π/λ. The quadratic dependence of errors on k is explained by inaccurate
estimates of the contribution of the fine fraction of aerosol particles to radiation scattered by
the atmosphere [12–16]. The situation worsens when an aerosol with pronounced absorbing
properties appears (smoke, mineral dust, smog, anthropogenic dust) [14,17,18].

Over the Black Sea region, transfers of mineral dust are observed annually both
from the African continent (Saharan dust), the Middle East and Asia. Among all types of
atmospheric aerosol, it is dust that has the greatest influence on satellite data of the remote
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sensing reflectance (Rrs(λ)), which, in the presence of an absorbing aerosol, is often negative
in the short-wave region of the spectrum (400–443 nm) [2,10,19–24]. Obvious outliers
indicate systematic errors in standard atmospheric correction algorithms, which rely on
extrapolation of aerosol properties for the visible range from data obtained in the near infra
red (NIR) region of the spectrum [25]. Also, a number of studies note the poor performance
of standard correction methods for coastal waters, which also manifests itself in negative
or overestimated Rrs(λ) values [19,26–28]. These errors mainly occur because the black
pixel assumption in the near-infrared (NIR) bands is not valid in turbid waters because of
the elevated signals in the NIR bands associated with significant particle scattering. An
additional challenge for the NIR-based method is signal saturation over highly reflective
waters [29], which further limits the validity of Rrs(λ) products. In Ref. [30], a technique
was proposed where two limiting aerosol models are determined for a pixel, then the
water reflectance coefficient is calculated by subtracting the signal from the atmosphere
(Rayleigh + aerosols) in the entire visible range of the spectrum. Previously, in Ref. [24], it
was analytically proven that if there is a dust-absorbing aerosol in the atmosphere above a
region, the atmospheric correction error is expressed by a power function of the wavelength
of the fourth degree, i.e., close to λ−4. This is due to the absorption by the aerosol of
radiation scattered by air molecules (according to Rayleigh’s law) τ0

m ≈ λ−4. It can also
increase with pronounced spectral properties of aerosol absorption, which are determined
by the microphysics of the aerosol (source of dust, processes of its transformation in the
atmosphere, etc.). Based on this and the found constancy of the blue color index for
the Black Sea, where the ratio Rrs(412 nm)/Rrs(443 nm) is almost always close to 0.8, a
correction to the Rrs(λ) values was proposed in Ref. [31]. Later in Ref. [32], it was found that
the analytical formula corresponds to the results of numerical calculations of Santinel-3A
satellite data using transport theory for cases of intense dust transport over the Black Sea
region for 29 November 2021. It was shown that in the range of solar zenith angles 0–55◦, the
spectral slope of the atmospheric correction error is practically constant, and its analytical
expression predicts a value that is overestimated by 0.5. The findings are consistent with
the results described in Ref. [33]. When modeling radiative transfer, the authors prove that
the effect of absorption prevails over the effect of scattering in the presence of a dust layer
when the solar zenith angle approaches 50◦. This is due to two factors. Firstly, at lower
solar zenith angles, the path length of a direct solar ray through the dust layer is shorter.
Secondly, at large solar zenith angles, such as 80◦, air molecules located above the dust
layer are more effective in reducing the amount of solar radiation reaching the dust layer.
Due to strong Rayleigh scattering, especially if the solar zenith angle approaches 80◦, the
TOA (Top of Atmosphere) albedo is clearly less sensitive to the light scattering properties of
dust particles than the reflectivity of the dust layer itself. Conclusions about the absorption
of radiation scattered by air molecules by fine dust aerosol, and, as a consequence, the
change in the contribution of Rayleigh scattering, are also described and discussed in
Refs. [34,35]. The reliability of the analytical and experimental conclusions was confirmed
by the validation of satellite (MODIS Aqua) and in situ (AERONET-OC) data over the Black
Sea region [36]. For the 49 selected dust transport events, principal component analysis
(PCA) was used to estimate the contribution of the first eigenvector. The experimental
patterns of the MODIS Aqua satellite data validation error in the presence of a dust aerosol
had the form of a power function of the form 90 + 08λ−n, where n = 3.57 ± 0.32. Similar
results were obtained for the case of transport of mixed aerosol (burning biomass and
mineral dust) over the Black Sea region for 18 October 2017–19 October 2017 according to
VIIRS SNPP data [37].

Since the MODIS and VIIRS satellites are older generation remote sensing instruments
and have low spatial resolution (750 m−1 km), the authors of this study conducted a
similar study for the new HawkEye remote sensing instrument (SeaHAWK) and verified
its performance in different types of atmospheric aerosols over the Black Sea region. It
is worth noting that HawkEye currently has the highest spatial resolution (120 m−1 km)
of all remote sensing tools presented on Ocean Color. This satellite resolution makes it
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possible to obtain better results of Rrs(λ) measurements in coastal areas, in particular for
AERONET-OC stations located 12–15 nautical miles from the Black Sea coast. This was the
reason for choosing HawkEye satellite data to study the optical properties and reconstruct
the vertical attenuation of light in Lake Baikal [38]. Another interesting feature of HawkEye
satellite data is the use of a completely different approach to atmospheric correction, which
is similar to the algorithm used in CZCS [19,39].

The HawkEye sensor has a range set similar to SeaWiFS and is capable of using the
standard Gordon and Wang (1994) approach for atmospheric correction. Unfortunately, due
to technical problems when launching the satellite into orbit and stabilizing it, the problem
of loss of sensitivity in the blue region of the spectrum and the presence of large amounts
of illumination with “bright targets” (ground, clouds) arose, which greatly affects the NIR
bands [40]. For this reason, using NIR bands for atmospheric correction would inevitably
be accompanied by large errors in standard products. To avoid this, one aerosol model is
used (instead of the 80 used in the current implementation of the GW94 approach) with
the 670 nm band to estimate the aerosol contribution, assuming that the remote sensing
reflectance at 670 nm is negligible. The disadvantage of this method is that with a moderate
or large contribution from the remote sensing reflectance, this correction will not be effective
and the aerosol signal will be overestimated, which will lead to underestimated Rrs(λ)
values. The technical characteristics and atmospheric correction of HawkEye will be
discussed in more detail in Section 2.

The purpose of this study is to test the quality of HawkEye satellite products for
the Black Sea region in the presence of background and absorbing dust aerosol. The
analysis is carried out in two stages, the first of which includes consideration of the optical
characteristics of the atmosphere on selected dates. The second stage is devoted to the
influence of aerosols on the magnitude of atmospheric correction error when calculating
the remote sensing reflectance for cases with recording background and dust aerosol in the
atmosphere. The magnitude of the error is determined by comparing in situ (AERONET-
OC) and satellite data. The work also compared results of in situ measurements (by SPM
(MHI RAS) and AERONET)) and satellite AOT data at a wavelength of 870 nm (AOT(870))
and Ångström parameter at wavelength 440–870 nm (α).

It is worth noting that such an analysis for the HawkEye satellite in the presence of
mineral dust in the atmosphere was carried out for the first time, which determines the
novelty and relevance of this work. Also, comparisons of its satellite measurements with in
situ measurements presented on the Ocean Color SeaBASS platform (SeaWiFS Bio-optical
Archive and Storage System) have not yet been carried out, which also emphasizes the
novelty of the study [41].

2. Materials and Methods
2.1. HawkEye Satellite, Technical Characteristics and Algorithm of Atmospheric Correction

The main remote sensing tool considered in this work is a low-cost miniature ocean
color sensor (HawkEye) carried aboard a Cube Sat (SeaHawk). The HawkEye instrument
collects images that are 1800 pixels × 6000 lines over 100 s which at the current altitude
(~585 km) provides a scene that is approximately 200 km across track and 600 km along
track. Schedules for image collection and data downlinks are created to cover a 10-day
period (approximately 100 images per week). As noted before, HawkEye uses CZCS correc-
tion. The longest available wavelength for CZCS ocean observations is 670 nm, which has a
small but significant water-leaving radiance contribution in oligotrophic and mesotrophic
waters (larger and less predictable in eutrophic and turbid waters). To determine the
water-leaving radiance contribution at 670 nm (and thereby the aerosol contribution at that
longest wavelength), the OBPG developed an iteration scheme very similar to Ref. [42].
This was used in combination with an assumption about the aerosol type to determine
the aerosol contribution in the shorter visible wavelengths. The CZCS algorithm uses a
linear relationship between particulate backscattering and Rrs_550 described in Ref. [43].
The spectral scattering function described by Ref. [44] is used to estimate backscattering



Atmosphere 2024, 15, 617 4 of 19

at 670 nm from backscattering at 550 nm. The radiance model formulation [45] is then
used to estimate reflectance at 670 from backscattering and absorption. The absorption
terms account for water (computed a priori for the CZCS spectral bands) particulate matter
(estimated from chlorophyll via Ref. [46]), and detritus (estimated via Ref. [42]). This algo-
rithm uses only one aerosol model, namely the aerosol type was fixed to that of a maritime
aerosol at 99% relative humidity. This M99 aerosol is one of the most commonly retrieved
aerosol types in the global SeaWiFS and MODIS processing. With the aerosol type fixed,
and a method developed to estimate water-leaving reflectance at 670 nm (Rrs_670) given
water-leaving reflectance at 550 nm (Rrs_550) and chlorophyll (Chl), an iteration process is
employed until Rrs_670 stops changing. As a verification of this approach, a time-series
was generated using SeaWiFS data processed using (1) the standard NIR algorithm, and
(2) the CZCS algorithm (i.e., treating SeaWiFS as if it lacked NIR bands). Comparisons of
normalized water-leaving radiance retrievals at 443nm (nLw_443), retrieved chlorophyll,
and retrieved vs. modeled nLw_670 are shown below. For this mesotrophic region, the
two processing methods yield very similar results. In Ref. [47] it is noted that one possible
enhancement to the current OBPG aerosol correction approach would be to utilize a global
climatology of aerosol type, such as the SeaWiFS Ångström in situ, to select aerosol type.
At the moment, HawkEye uses a fixed value of α = 0.68420005. The first image for the Black
Sea according to HawkEye dates back to November 2020. It is worth noting that flights
of this satellite over the studied region are quite rare; more precisely, during the period
2020–2023, 21 images were obtained for the central and western parts of the Black Sea. For
this small data set, detection of dust transport events seemed unlikely, but luck was on the
side of the authors.

2.2. In Situ Data, AERONET and AERONET OC Network, Portable Solar Spectrophotometer SPM

AERONET uses automatic photometers (Cimel-318, Cimel Electronique, Paris, France)
and standardized procedures for calibration and processing of the received data. This was
used as a source of in situ measurements of aerosol optical thickness. The AERONET-
Ocean Color (AERONET-OC) extension with support marine applications provides an
additional capability to measure the water-leaving radiance. This was used to extract
data on the spectral radiance coefficient of the sea [48]. At the moment, only two Black
Sea stations provide information on the ocean color according to the measurements
of Section-7_Platform (29.45◦ E, 44.45◦ N) (in the past: Gloria) and Galata_Platform
(28.19◦ E, 43.05◦ N) stations. In the current research, we used the daily average data
of the Level 2 normalized water radiance LWN, which is considered to have better quality.
Level 1.5 includes only cloudiness screening using a series of quality tests, while Level 2
consists of completely cleaned data obtained after calibration and software verification [49].
In the course of the research, the values of LWN(λ) were converted into Rrs(λ) by dividing
by the solar constant Fo(λ) [50].

To measure the aerosol optical depth and the Ångström parameter over Sevastopol
(MHI RAS (33.15170◦ E, 44,6150◦ N)), a portable solar spectrophotometer SPM was
used [51]. Air samples to assess PM10 and PM2.5 in the ground layer (80–100 m above
sea level) concentrations were collected with a dust analyzer “Atmas” (Moscow, Russia,
https://ntm.ru/products/150/8342 [accessed on 5 December 2022]) every day since
February 2020 to November 2021 [52]. The analyzer was equipped with an impactor,
with replaceable nozzles for fractional separation of suspended aerosol particles (PM10,
PM2.5). The “Atmas” directly measured the mass concentration. There was no need
to adjust the conversion factor for different dust compositions. The dust analyzer
operation principle was based on the piezoelectric measurement method, the essence
of which was to measure the in situ frequency of the piezoelectric element during the
deposition of aerosol particles on its surface. When the air was pumped through the
analyzer, the particles in the air sample entered the corona discharge in situ created
by the electrode, where they received an electric charge and were deposited on the
surface of the piezoelectric element. When particles were deposited on the surface
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of the piezoelectric element, the frequency of its oscillations changed, which was
proportional to the mass of the settled dust. The measurement range of the mass
concentration of dust was 0.1–150 mg m−3. The error in the concentration range
from 0.1 to 20 mg m−3 was equal to 20%. If the dust concentration was more than
20 mg m−3, it was necessary to use a special diluents cartridge, while the error was
±25%. Single values of the concentration of PM were recorded every 5 s [53].

2.3. Additional Tools for Comparative Analysis and Confirmation of Dust Presence

The sources of aerosol transport can be analyzed using the results of modeling the
back trajectories of air flow movement using the HYSPLIT V1 software package (Integrated
hybrid Lagrangian trajectory model for a single particle) developed by the Air Resources
Laboratory (ARL), (https://www.ready.noaa.gov/HYSPLIT.php [accessed on 21 June
2023]). To confirm the presence of a dust aerosol over the Black Sea, in addition to satellite
data and analysis of optical characteristics based on in situ data, the HYSPLIT model data
were used [54]. A comprehensive analysis of the described data makes it possible to predict
the region of aerosol origin (source) and visualize the stratification of various types of
atmospheric aerosols using CALIPSO satellite data [55,56]. Additionally, to confirm the
presence of dust, the System for Integrated modeLing of Atmospheric composition (SILAM
v.5.7/5.7.1) was used [57,58].

The HawkEye satellite measurements are compared with measurements from another
high-resolution satellite, namely OLCI. The Ocean and Land Color Instrument (OLCI)
installed aboard Sentinel 3A, and Sentinel 3B is a European Space Agency Earth observation
satellite dedicated to oceanography that launched on 16 February 2016. The Ocean and
Land Color Instrument (OLCI) is the successor to ENVISAT’s Medium Resolution Imaging
Spectrometer (MERIS), having additional spectral bands, different camera arrangements,
and simplified onboard processing. The OLCI is a push-broom instrument with five camera
modules sharing the in situ view. The in situ of view of the five cameras is arranged in
a fan-shaped configuration in the vertical plane, perpendicular to the platform velocity.
Each camera has an individual in situ view of 14.2◦ and a 0.6◦ overlap with its neighbors.
The whole in situ view is shifted across the track by 12.6◦ away from the sun to minimize
the impact of sun glint. OLCI is equipped with onboard calibration hardware based on
sun diffusers. There are three sun diffusers: two “white” diffusers for radiometric and
one for spectral calibration, with spectral reflectance features. The native resolution is
approximately 300 m, referred to as Full Resolution (FR). A Reduced Resolution (RR)
processing mode provides Level-1B data at sampling rates decreased by a factor of four in
both spatial dimensions resulting in a resolution of approximately 1.2 km [59].

3. Results and Discussion

The optical characteristics of the atmosphere for the period since 2021 to 2023 which
include 21 days of HawkEye satellite data obtained for the Black Sea region are the main
research results. The data are presented for the western and central parts of the Black Sea.
As mentioned above the HawkEye validation data is not available in the SeaBASS database.
This means that a similar procedure was used to correct satellite data in the SeaDAS V.
7.5.3. software package. Satellite measurements were averaged for an area (5 km × 5 km)
centered above the in situ measurement site. The satellite value is defined as the average
Rrs(λ) value not marked with error flags pixels. Spatial homogeneity and the proportion of
pixels with error flags are also evaluated. All pixels containing the following error flags
were excluded: LAND, glint (STRAYLIGHT, HIGLINT, HILT, MODGLINT, ATMWAR) and
navigation errors (NAVFAILE), cloud boundaries or ice (CLDICE) and underestimated Lwn
(LOWLW). The quality of satellite images is influenced by the geometry of observations,
especially in the case of dust aerosol presence [33]. Consequently, the data with error
flags HISOLZEN (large values of the zenith angle of the sun) and HISATZEN (high values
of the sensor observation zenith angle) were additionally removed. This corresponds
to the protocols for comparing and improving the quality of data from both NASA and
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NOAA [60,61]. After data correction for the selected pixels, 11 images were received
(28 May 2021, 26 July 2021–28 July 2021, 17 August 2021, 26 September 2021, 5 November
2021, 17 February 2022, 2 April 2022, 25 April 2022, 17 May 2022). Since the averaging of
satellite pixels was centered on two AERONET Black Sea stations, only 14 measurements
were left: 9 for Galata_Platform and 5 for Section_7. Unfortunately, not all HawkEye
images covered 2 stations at the same time and also not all days showed a complete
absence of clouds, straylight or other error flags. Despite all the steps described for satellite
data rejection, data with negative values of the remote sensing reflectance in the short-
wavelength spectrum range remained. Also, despite the high degree of data selection, days
with suspected dust in the atmosphere over the researched region remained. For such days,
the analysis of the in situ and satellite data variability was continued.

The first stage of the study contains an analysis of full-scale measurements of the
atmosphere optical characteristics over the Black Sea AERONET stations and photometric
SPM in-situ measurements received in Sevastopol on the dates under study. Conclusions
about the presence of dust in the atmosphere over the Black Sea were based on satellite
data and additionally from high values of AOD and low values of the Ångström parameter.
Low values of AOD (AOD(500) < 0.1) are observed in a clean atmosphere, and values
of α > 2. We planned to use the “Atmas” dust meter to analyze the fine and coarse dis-
persed fractions of aerosol in the ground layer (100 m above sea level). Unfortunately,
the return trajectories of HYSPLIT did not confirm the transfer specifically from the Sa-
hara, and we decided not to add this data to avoid errors and uncertainties. Table 1
shows measurements of AOD and α for the obtained dates at four wavelengths: 412 nm,
443 nm, 510 nm and 865 nm, as well as the Ångström parameter at wavelengths 440–870 nm.
Additionally, the predominant radius of aerosol particles based on the inversion products
of AERONET V3 [62] was determined. The average daily values were considered at the
highest level of data processing quality (level 2).

As was mentioned above, the background atmosphere aerosol values for the
Black Sea region are AOD(500) = 0.22 ± 0.05; α = 1.3 ± 0.3, so, from Table 1 it
can be assumed that on 2 April 2022, 25 April 2022, 17 February 2022, 5 Novem-
ber 2021, 27 July 2021–28 July 2021 mineral dust was present in the atmosphere. For
28 May 2021, 26 July 2021, 17 August 2021, 26 September 2021 and 17 May 2022, low
AOD values (AOD < 0.22) and average values of the Ångström parameter (α > 1.3)
were obtained, which means that these days can be denoted as relatively “clean” days
(the main optical characteristics are close to background values). For the selected dates,
analysis of System for Integrated Modeling of Atmospheric composition (SILAM mode
l.5.7/5.7.1) [57] was performed to determine the concentration of PM2.5 and PM10 par-
ticles to state the presence or absence of dust in the atmosphere. According to SILAM
data, dust plumes and high concentrations of coarse PM10 particles (40–80 mg/m3)
over the western and central part of the Black Sea were identified on 2 April 2022,
25 April 2022, 17 February 2022, 5 November 2021. By SILAM modeling data for
28 July 2021, the average concentrations of fine and coarse particles (<25 mg/m3) were
obtained over the western part of the Black Sea. For the selected dates, the next stage
of the study is the analysis of atmospheric aerosol stratification maps by CALIPSO
satellite data [63]. For this task the latest version of the CALIPSO V4 typing algorithm
was used [64]. Over the eastern part of the Black Sea on 28 May 2021 at an altitude
up to 5 km, marine and polluted marine aerosols were observed, and at an altitude
of 8 km, the smoke aerosol was registered. On 27 July 2021, the polluted marine and
polluted continental aerosols were registered at an altitude up to 2 km. The marine and
dusty marine aerosols were registered on 26 September 2021 and 17 August 2021 at an
altitude up to 2 km. The dust aerosol and polluted dust aerosol were observed on 17
February 2022, 2 April 2022 and 25 April 2022 over the central and western part of the
Black Sea at an altitude up to 5 km.
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Table 1. Daily and monthly aerosol optical depth and Ångström parameter measurement averages
for each date.

Data Station AOD
(412)

AOD
(443)

AOD
(510)

AOD
(865) α PM

28 May 2021 Galata 0.282 0.255 0.210 0.103 1.386 -

Section_7 0.245 0.226 0.19 0.111 1.068 -

AOT(441) AOT(501) AOT(872)

MHI 0.197 0.177 0.165 0.632

26 July 2021 Galata 0.252 0.225 0.179 0.070 1.780 fine

Section_7 0.267 0.236 0.19 0.077 1.724 fine

27 July 2021 Galata 0.266 0.247 0.215 0.134 0.979 coarse

Section_7 0.267 0.243 0.208 0.118 1.111 coarse

28 July 2021 Galata 0.304 0.284 0.252 0.170 0.783 coarse

Section_7 0.343 0.317 0.279 0.177 0.887 coarse

17 August 2021 Galata 0.111 0.099 0.081 0.032 1.742 fine

Section_7 0.12 0.106 0.089 0.039 1.576 fine/coarse

26 September 2021 Galata 0.132 0.119 0.095 0.042 1.560 coarse

Section_7 0.134 0.119 0.098 0.044 1.545 fine/coarse

5 November 2021 Galata 0.084 0.08 0.071 0.049 0.751 coarse

Section_7 0.152 0.145 0.131 0.087 0.818 coarse

MHI 0.075 0.065 0.059 1.006

17 February 2022 Galata 0.28 0.268 0.243 0.181 0.600 coarse

Section_7 0.283 0.270 0.246 0.175 0.667 coarse

MHI 0.259 0.246 0.237 0.366

2 April 2022 Galata 0.151 0.146 0.134 0.108 0.488 coarse

Section_7 0.073 0.067 0.06 0.036 0.989 -

MHI 0.204 0.193 0.187 0.361

25 April 2022 Galata 0.221 0.209 0.185 0.137 0.667 coarse

Section_7 0.193 0.178 0.143 0.104 0.966 coarse

MHI 0.101 0.088 0.080 0.924

17 May 2022 Galata 0.234 0.209 0.166 0.074 1.560 fine

Section_7 0.364 0.326 0.263 0.114 1.594 fine

MHI 0.296 0.248 0.215 1.512

The next step of research is the complex analysis of VIIRS satellite images (Figure 1)
and HYSPLIT model 7-day back trajectories for the selected dates (Figure 2). Because the
HawkEye satellite regularly flies over the Black Sea region within 8.30–9 a.m. the modeling
of trajectories were made for 9 a.m. with AERONET-OC stations communication. The
analysis of these data makes it possible to more reliably conclude the source of the aerosol.
For example, if the movement at any height was over the desert, then a dust aerosol is more
likely to be registered over the researched region [65].
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According to satellite images, dust air flow movements were confirmed on 27 July 2021
(afternoon), 28 July 2021, 17 February 2022, 2 April 2022 that were visualized as plumes of
white or yellow color mainly from the south-west direction (Figure 1). Over the Black Sea
region on 5 November 2021, heavy clouds were observed so it is not possible to confirm or
deny the presence of dust from the images but based on the back trajectories, the movement
was from Sahara Desert. No anomalies were observed on satellite images for the rest of the
selected dates, but sometimes a slight cloud cover was present. Figure 2 confirms that for
the selected days, the source of the aerosol is the Sahara Desert.

The next stage of the research is the analysis of full-scale remote sensing reflectance
measurements obtained at the western Black Sea AERONET-OC stations, and further
comparative analysis of the HawkEye satellite data. It must be noted that before comparing
the data, it is necessary to interpolate full-scale measurements for the same wavelengths at
which the Rrs(λ) satellite data are provided. For the HawkEye, the Rrs(λ) measurements
are carried out at λ = 412 nm, 447 nm, 488 nm, 510 nm, 556 nm and 670 nm, and for the
AERONET Galata_Platform and Section_7 stations, the nearest satellite channels are 412 nm,
443 nm, 488 nm, 510 nm, 560 nm and 667 nm. Despite the slight difference in the channel
wavelengths, an improved approach was used in this study to increase the accuracy of
interpolation. The problem of remote sensing reflectance values interpolation arises due to
the complex shape of the seawater absorption spectrum. Scattering also affects the shape of
the Rrs(λ) spectrum. However, the corresponding spectral dependencies do not have sharp
jumps, which makes it possible to use a second-degree polynomial for the interpolation.
For the Black Sea, the absorption spectrum should be separately distinguished by the
absorption of pure seawater, the values of which strongly change the values of Rrs(λ) in
the long-wavelength spectrum range. This means that pure seawater absorption is the
most inconvenient function for interpolation. Our method involves multiplying the in situ
remote sensing reflectance by the value of the seawater model absorption:

aw(λi) = apw(λi) + 0.1 · Cy · exp[0.015 · (400 − λi)] (1)
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where the Cy value is estimated by statistical relationship with the color index:

Cy = 2.3 · CI(555/510)2.18 (2)

The equation was obtained based on the regression dependencies given in Refs. [66,67].
After multiplying the full-scale Rrs(λ) by the model value of the absorption coefficient,
the result was interpolated for the satellite channel values by a second-degree polynomial.
Then, at the satellite wavelengths, the ratio of the obtained values to the value of the model
value of the absorption coefficient was calculated. The next step is a comparison of in
situ (and satellite optical characteristics of the atmosphere, namely aerosol optical depth
at wavelength 870 nm (AOD(870)) and the Ångström parameter at wavelengths 440 nm
and 870 nm (α). The “description” column provides brief day-to-day information based
on AERONET, SPM, CALIPSO, SILAM data and analysis of HawkEye satellite images
(Table 2). It is noteworthy that all satellite pixels examined within a radius of 5 km from
AERONET-OC stations averaged after the cleaning procedure (Section 2). The result of
pixel culling based on error flags for some dates resulted in a smaller quantity of data
remaining. The main reasons for poor measurement quality were glint and cloudiness.
In Table 2, the “Quality” column presents the percentage of high-quality pixels after the
culling (filtering) procedure. Unfortunately, the percentage of quality data after this filtering
at 5 November 2021, 17 February 2022 and 17 May 2022 was only 1–2%. The most reliable
images were obtained on 27 July 2021, 17 August 2021, 26 September 2021, 25 April 2022,
26 July 2021 and 2 April 2022 (AERONET station Section 7). Constructing a linear regression
for the AOD values obtained an equation: AOD_HawkEye = 1.215 (AOD_AERONET), with
R2 = 0.69. This indicates a satisfactory correlation between satellite and in situ data with
a regular overestimation of satellite AOD values. The value of the Ångström parameter
α = 0.6842, obtained from the M99 model, is 1.5 to 2.5 times less than the measured in situ
α value, which indicates that its use for this region is incorrect.

Further in this work an analysis of errors in the satellite and in situ data validation was
carried out, namely the calculation of the difference between Rrs(λ)AERONET) and Rrs(λ)
(HawkEye) (Table 3). It was shown that for those dates when the α was overestimated
and the presence of a dust aerosol was not identified, the overestimated Rrs(λ) values
were obtained at all spectral wavelengths. On the contrary, on days with the presence of
mineral dust in the atmosphere when the values of α_HawkEye (α_H) and α_Aeronet
(α_A) differed minimally, the remote sensing reflectance values were underestimated at all
wavelengths of the spectrum by the HawkEye data. Interesting results were obtained for
days when the predominant aerosol type according to CALISPO data was identified as dust-
marine (polluted marine) aerosol. This type of aerosol has both scattering properties that
are strongly dependent on wavelength, and, based on its chemical composition, absorbing
properties. The sign of the difference between Rrs(λ) (AERONET) and Rrs(λ) (HawkEye)
was variable, depending on the wavelength. For clarity, on Figure 3, the examples of
satellite and in situ Rrs(λ) spectra for the cases of various types of atmospheric aerosol
are presented.
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Table 2. In situ and HawkEye comparison of AOD and α data for the researched dates with a brief summary of the day.

Date and
Station AOT(867)_H AOT(865)_A α_H α_A Quality

% Description

28 May 2021
Galata 0.1255 0.103 0.6842 1.386 53 Low α, low aerosol load, marine polluted aerosol, cloud cover

27 July 2021
Galata 0.1074 0.134 0.6842 0.979 62 AOD and α are slightly overestimated,

Polluted marine + continental + dust aerosol, haze

28 July 2021
Galata 0.1634 0.170 0.6842 0.783 16 Slightly overestimated α, dust aerosol

17 August 2021
Galata 0.0485 0.032 0.6842 1.742 60 α is underestimated by 2.5 times, polluted dust and clean marine aerosol

26 September 2021
Galata 0.0822 0.042 0.6842 1.560 65 AOD is underestimated by 2 times, α is overestimated by 2 times, polluted marine aerosol

5 November 2021
Galata 0.0614 0.049 0.6842 0.751 1 AOD is slightly underestimated, α is slightly overestimated, cloud cover, dust aerosol

17 February 2022
Galata 0.2469 0.181 0.6842 0.600 2 The AOD is greatly overestimated, cloud cover, the presence of dust aerosol and polluted dust

2 April 2022
Galata 0.1034 0.108 0.6842 0.488 16 Slightly overestimated α, dust aerosol

25 April 2022
Galata 0.1504 0.137 0.6842 0.667 85 AOD is slightly overestimated, dust aerosol, cloud cover

26 July 2021
Section_7 0.1075 0.077 0.6842 1.545 63 α is underestimated by 2.5 times, the presence of fine polluted marine aerosol particles

27 July 2021
Section_7 0.1062 0.118 0.6842 1.111 25 The α is underestimated, the presence of a marine and dust aerosol

17 February 2022
Section_7 0.2473 0.175 0.6842 0.667 27 Overestimated AOD, dust aerosol

2 April 2022
Section_7 0.0699 0.036 0.6842 0.989 53 Overestimated AOD, understated α, dusty, cloudy

17 May 2022
Section_7 0.219 0.114 0.6842 1.594 2 AOD is overestimated by 2 times, α is underestimated by 2.5 times, fine aerosol
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Table 3. HawkEye data validation error for the Black Sea region for the obtained dates.

Data/Rrs(λ) 412 nm 447 nm 490 nm 510 nm 556 nm 670 nm Slope R2

28 May 2021
Galata −0.00306 −0.00245 −0.00094 −0.00098 −0.00122 0.000193 −5.260 0.916

27 July 2021
Galata −0.00014 −0.00145 −0.00091 −0.00073 −0.00082 0.000207 −1.481 0.125

28 July 2021
Galata 0.003183 0.000248 0.001139 0.000845 0.001018 0.000325 −7.017 0.609

17 August 2021
Galata 0.001112 −0.0009 7.86 × 10−6 −0.00046 −0.00049 0.000138 −9.457 0.134

26 September 2021
Galata 0.000497 −0.00152 −4.3 × 10−5 −2.3 × 10−5 0.000481 0.000394 −4.395 0.023

5 November 2021
Galata 0.004687 0.002371 0.003015 0.002984 0.002297 0.000519 −2.774 0.783

17 February 2022
Galata 0.003343 0.002139 0.000762 0.000839 −0.00111 2.74 × 10−5 −8.837 0.825

2 April 2022
Galata 0.001837 0.00039 0.000887 0.00102 0.001232 0.000643 −1.582 0.244

25 April 2022
Galata 0.002529 0.000254 0.000446 0.000354 0.000644 0.000562 −9.457 0.702

26 July 2021
Section_7 −0.00284 −0.00185 −8.8 × 10−5 0.000172 −0.00035 7.44 × 10−5 −9.457 0.905

27 July 2021
Section_7 0.001592 −0.00062 0.000546 0.000737 0.001001 0.000819 0.325 0.003

17 February 2022
Section_7 0.004708 0.000261 −0.00077 −0.00149 −0.00156 6.95 × 10−5 −9.457 0.552

2 April 2022
Section_7 0.00048 −0.00127 0.000408 −0.00025 0.001001 0.000613 3.457 0.126

17 May 2022
Section_7 −0.00519 −0.00559 −0.00348 −0.00254 −0.0019 0.000534 −3.931 0.836

As can be seen from Table 3, the greatest difference between the data is observed on
channels in the short-wavelength spectrum range (412–447 nm) and at a wavelength of
556 nm. The smallest differences were observed at 490 nm, 510 nm and 670 nm. In the cases
of a dust aerosol presence, the difference between in situ and remote sensing reflectance
in the short-wave spectrum range has the highest positive value. To approximate the
error in Rrs(λ) values determined by a power law, a nonlinear optimization method was
used. The need to use a nonlinear optimization method is due to the presence of a variable
sign in the difference of the Rrs(λ)spectral values from in situ and satellite data. In this
work, by analogy with Ref. [68], we use the residual (SSE—sum of square error) as the
initial function:

SSE =
n

∑
i=1

[
Rrs f ield − Rrssat − δ400 · (λ/400)γ

]2
(3)

At the same time, there are two unknowns in the equation: δ400—deviation in the
shortwave region and γ—exponent. The value δ400 is found by differentiating Equation (1),
for any γ value. Thus, the task reduced to a numerical search of a one-variable function
minimum. To characterize the tightness of the connection, a regression ratio was calculated:

R2 =
n

∑
i=1

[
δ(λ)− δaprox(λ)

]2/
n

∑
i=1

[
δ(λ)− δ

]2
(4)

Low values are quite common in Table 3, which indicates that there is no obvious
pattern in the difference between in situ and satellite data. A positive validation error
simultaneous with high R2 values were observed at the AERONETGalata_Platform station
on 28 July 2021, 5 November 2021, 17 February 2022 and 25 April 2022. According to
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Table 2, the minimum difference between in situ and satellite values corresponds to this.
Large values of validation error with a negative sign are observed on 28 May 2021 at the
Galata_Platform station, as well as on 26 July 2021 and 17 May 2022 at Section_7 stations,
while the Ångström parameter had values two or more times higher than the model value
0.6842, and the values of AOD(865) are in the range of 0.077–0.114. At lower values of
AOD(865) the error decreases, which is explained by a decrease in the contribution of the
atmosphere to the total signal at TOA.
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4. Discussion

From Tables 2 and 3 it can be seen that satellite Rrs(λ) in the shortwave region and
556 nm contain large errors not only on dust transfer days, but also in the presence of
background aerosol. It was shown that for dates without dust transport, the α values were
overestimated (the dominance of fine mode aerosols), and the values of Rrs(λ) were over-
estimated on all spectral channels. On the contrary, on days with the presence of mineral
dust in the atmosphere, when the values of α_H and α_A almost coincide, the HawkEye
remote sensing reflectances were underestimated. On the days with the identification of
the dust-marine aerosol, when the greatest errors were observed in the shortwave region
and at 556 nm, the data at 470 nm and 670 nm had a smaller deviation, which corresponds
to the principle of the atmospheric correction algorithm operation for HawkEye. With
nonlinear optimization of HawkEye atmospheric correction errors, it is seen that with a
dust aerosol, the power dependence is expressed by a degree from λ−3 to λ−9. Most often,
such a steep course of the power function is associated with underestimated satellite values
of the remote sensing reflectance of the sea at the wavelength 412 nm.

The authors of this research suggest that the main problem of incorrect HawkEye
satellite data for the Black Sea is in an incorrect estimate of the Ångström parameter. It is
noted in Ref. [47] that one possible enhancement to the current OBJECT aerosol correction
approach would be to utilize a global climatology of aerosol type, such as the SeaWiFS
Ångström in situ, to select aerosol type. Nowadays, a fixed value α = 0.68420005 is used for
HawkEye according to the M99 aerosol model (aerosol type was fixed to that of a maritime
aerosol at 99% relative humidity). From Table 2, it can be seen that in most of the presented
dates, this value is greatly overestimated. That is why a long-term array of in situ data
was additionally analyzed based on the results of AERONET and SPM measurements. For
the Section_7 station, the 1067 values of α were analyzed, which allowed us to determine
the average value of α = 1.39 ± 0.32. For the Galata_Platform station, the 2074 values was
averaged and the result is α = 1.47 ± 0.34. According to the SPM data, the analysis of
measurements was carried out for 834 days (2970 measurements) and the average value of
the Ångström parameter for this data is α = 1.13 ± 0.26.

As a result, it was concluded that fixing the α = 0.68 value is not advisable, be-
cause the average of the Ångström parameter values for the Black Sea region ranges from
1.1–1.5. Values below and equal to 0.68 have only 4–7% of the data. We suppose that
this is the reason why even with a relatively clean atmosphere over the Black Sea region,
the satellite values of the HawkEye remote sensing reflectance contain large errors. It is
worth noting that when choosing a fixed value of the α, it is necessary to rely on in situ
data, and not on the data from other satellites. In the long-term analysis of satellite data,
mainly Modis Aqua, VIIRS NOAA, Santinel 3B and Santinel 3A are used to determine the
hydrophysical and optical characteristics of the water. The listed satellite data are available
in the SeaBASS [69] database, and have a very wide range (Figure 4) and a tendency to
underestimate the α values.

In the presence of a dust aerosol in the atmosphere, especially in the spring period,
the Ångström parameter is close to a fixed value of α = 0.68, however, the dust and its
extinguishing properties alone contribute the main errors when the Rrs(λ) is determined
by the HawkEye satellite measurements. Therefore, in order to improve the quality of
HawkEye satellite products, a regional recalculation of the model fixed values of α is
necessary. In this paper for the Black Sea region the calculation was made based on the
condition that α = 1.28, which is 2 times higher than that used by the M99 model.
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The authors evaluated the accuracy of the Ångström parameter determining for the
case of coincidence of two new high-resolution satellites HawkEye and Sentinel 3A/3B
measurements. It was shown in Ref. [70] that OLCI Sentinel presents highly accurate results
for the Black Sea, in particular for the coastal zone. For example, on 28 May 2021 in the
case of the regional background aerosol presence (Table 2), when α = 1.39 was obtained at
the AERONET Galata_Platform station, for the same date according to HawkEye data, this
value was 2 times lower, and according to Sentinel 3A measurements, the data were more
realistic and closer to in situ data (α = 1.123). It can be seen from Figure 5 that the satellite
remote sensing reflectance spectrum by Sentinel 3A measurements has great consistency
with the in situ data. A similar situation was observed for 25 April 2022 and 17 May 2022.
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