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Abstract

Purpose. This article discusses the use of the blue colour index in atmospheric correction for remote
sensing instruments. The blue colour index is defined as the ratio of remote sensing reflectance in two
shortwave channels: CI(412/443) = Ris(412)/Ris(443). Previously, the constancy of this index
was confirmed for the Black Sea. In this study, using a long-term global dataset from AERONET-OC
(AErosol RObotic NETwork-Ocean Color) stations, we show that this pattern holds across other water
bodies regardless of their bio-optical characteristics. The purpose of this study is to analyse the global
variability of CI(412/443) using all available AERONET-OC in situ data, to develop a method for
minimising polarization-induced biases in its estimation, and to evaluate the consistency of
satellite-derived CI values from major ocean colour scanners (MODIS, VIIRS, OLCI) against the
corrected in situ reference.

Methods and Results. We analyse Ris(412), Rrs(443) and their ratios obtained from AERONET-OC data.
To improve the reliability of in situ data, we introduce a quantitative factor dependent on solar
and viewing angles, which characterises the influence of sky polarisation on the sea surface reflectivity.
A systematic underestimation of the blue colour index calculated from raw AERONET-OC data
is revealed. Without accounting for viewing geometry and the degree of polarisation of skylight,
the systematic error in CI can reach 0.1-0.2. Due to measurement errors in the shortwave region at low
Ris(412), raw AERONET-OC data overestimate the natural variability of the blue colour index.
We estimate the maximum possible standard deviation of CI caused solely by variability in the optical
properties of seawater to be 0.109. Satellite-derived CI(412/443) values at AERONET-OC station
coordinates are also analysed. For all satellite sensors except Sentinel-3B OLCI, satellite C/ values
show high RMSD values, sometimes exceeding 0.4. In general, average CI(412/443) values from
satellite data and in situ measurements show moderate agreement, although notable discrepancies exist
for certain sensors and stations.

Conclusions. Our study has shown that the variability of the blue colour index across all AERONET-
OC coastal stations should be significantly smaller than the variability estimated from in situ
and satellite measurements. For most ocean colour scanners, variations in the blue colour index
significantly exceed the expected variability. The results obtained have important practical applications
for the creation and further development of regional algorithms for atmospheric correction.
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Introduction

Remote sensing reflectance, Ri(A), is an essential input parameter
for calculating a number of bio-optical parameters. It is known that Ris(A) data often
have abnormally low or even negative values in the shortwave (“blue”) spectral
region, regardless of the satellite used and the study area, indicating poor-quality
atmospheric correction. This problem is common in coastal and inland water bodies,
usually related to Case 2 waters [1-7], and can be explained by a combination
of hydro-optical and atmospheric factors. Thus, R(A) values, influenced by large
variations in the concentrations of optically active constituents, may be significantly
reduced due to light absorption by non-living organic matter. As the relative
contribution of the atmospheric component increases, inadequate accounting
for atmospheric aerosols — including mineral dust, smog, industrial aerosols and
even fine background aerosols — can result in poor-quality satellite products [8—14].

The problem of poor-quality Ri(A) data in the blue bands is not limited
to the Black Sea but has been documented globally. The authors in [15]
demonstrated across more than 1,000 matchups from lakes, rivers, and coastal waters
that the largest atmospheric correction uncertainties (25-60%) consistently occur
at 412-443 nm. The authors in [7] developed a spectral-shape algorithm to recover
R(412) and R.(443) from global SeaWiFS, MODIS, and VIIRS data, confirming
that blue-band uncertainties are a universal challenge for ocean colour remote
sensing. The proportion of scattered radiation also increases with increasing solar
zenith and viewing angles, particularly at temperate and polar latitudes [16].

A number of studies have shown that incorporating information from the “blue”
spectral region into standard approaches (e.g., the approach of Gordon and Wang
[17]) improves the quality of remote sensing data. Remote sensing reflectance
in the shortwave region can be used to construct a fundamentally new atmospheric
correction algorithm based on interpolation methods, as demonstrated for the Black
Sea [18—19]. To implement such an atmospheric correction procedure, it is necessary
to specify a constraint for the value of the remote sensing reflectance
in the shortwave region. In [20], the concept of the “blue” colour index
was introduced to determine the upwelling radiation signal in the shortwave region
from remote sensing data. The “blue” colour index is defined as the ratio of remote
sensing reflectance in two channels in the shortwave region, for example,
Rs(412)/R(443) (hereinafter CI(412/443)).

The concept of using CI(412/443) as a relatively stable optical characteristic
is supported by observations from various marine regions. For the oligotrophic
waters of the Mediterranean Sea, it was shown that elevated CDOM absorption
reduces the overall “blueness”, while the relationship between the blue bands
remains regionally consistent, with CI(412/443) varying between 0.8 and 1.1 [21].
In the optically complex Arctic waters of the Beaufort Sea, CDOM dominance was
reported to result in extremely low Ri(A) values in the blue spectral region [22],
highlighting the need for stable blue-band references for atmospheric correction.
Analysis of global bio-optical data from NOMAD (NASA bio-Optical Marine
Algorithm Data) indicates that C/(412/443) typically falls within the range of 0.65—
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1.2 [23]. A value of 1.2 + 0.2 has also been reported for Case 1 waters [24]. Further
evidence comes from observations in the Red Sea, where seasonal variation
in CI(412/443), ranging from 0.6 to 1.1 and associated with spring phytoplankton
blooms, was reported [25]. This example shows that, despite its overall stability,
the index may exhibit a seasonal cycle. It has been reported in [26] that blue-band
uncertainties dominate satellite validation errors across European seas, with certain
regions (e.g., the South-East Mediterrancan and the Atlantic Ocean) being
underrepresented in AERONET-OC (AErosol RObotic NETwork-Ocean Color)
data. An analysis of the long-term in situ dataset from AERONET stations and
shipborne measurements by MHI RAS showed that the values of the “blue” colour
index for the coastal waters of the Black Sea varied only slightly. The optimal values
of CI(412/443) for the Black Sea are in the range of 0.77—0.80. These values were
derived from long-term in situ measurements by MHI RAS and correspond to the
typical bio-optical conditions of the Black Sea coastal waters, where CDOM
absorption dominates over chlorophyll @ absorption in the blue spectral region [20].

The broad potential applications of the “blue” colour index for a number
of oceanographic tasks, demonstrated for the Black Sea [18-20], indicate the need
to investigate its variability in other water bodies. The analysis includes not only
coastal stations (Case 2 waters) but also stations in the open ocean (Case 1 waters).
Since skylight is partially polarised and the AERONET-OC processing protocol does
not account for this, systematic errors in Rs(412) and Rs(443) can occur, particularly
in the blue spectral region where water-leaving radiance is low [27]. A detailed
description of the correction method is given in the next Section.

In addition to the in situ data, this paper presents an analysis of CI(412/443)
value at the locations of the AERONET-OC stations under study, derived from
the available ocean colour sensors: MODIS on board Aqua/Terra, VIIRS on board
SNPP, and OLCI on board Sentinel 3A/3B. The comparison of satellite and in situ
measurements allows the agreement and accuracy of data obtained using different
remote sensing instruments to be assessed. The potential applications of this study
include the development of new regional algorithms based on the assumption
of the constancy of the “blue” colour index in the studied areas, the use of the
existing algorithm for additional correction proposed in [18], and the development
of acompletely new approach to atmospheric correction using Level-1 data,
as proposed in [19].

Despite the demonstrated utility of the blue colour index for atmospheric
correction in the Black Sea, its global variability remains poorly quantified,
and the influence of skylight polarization on in situ CI estimates has not been
systematically addressed. Moreover, a comprehensive cross-comparison of CI
retrievals from major ocean colour sensors (MODIS, VIIRS, OLCI) against a unified
in situ reference is lacking. This study fills these gaps by (1) developing a simple
correction for polarisation-induced biases in AERONET-OC data, (2) establishing
the global range and natural variability of CI(412/443), and (3) providing the first
multi-sensor assessment of satellite-derived CI against corrected in situ
measurements.
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The aim of this paper is to analyse the global variability of CI(412/443) using
all available AERONET-OC in situ data, to develop a method for minimising
polarization-induced biases in its estimation, and to evaluate the consistency
of satellite-derived CI values from the MODIS, VIIRS and OLCI ocean colour
sensors with the corrected in situ reference data.

Materials and methods

The main source of in situ data was the AERONET-OC measurements.
The AERONET network of land-based CIMEL-318 photometers was originally
designed for atmospheric studies, but was later extended to support marine
applications. AERONET-OC provides measurements of water-leaving radiance
following standardised protocols [28]. In this study, we used Level-2 remote sensing
reflectance data from all 38 AERONET-OC stations (including successor stations).
The data cover the entire available period for each station, from the start
of operations (the earliest being 2002 for AAOT) to 2025. For satellite data from
SeaBASS, the match-ups were selected over the same temporal range (2002-2025)
with a £3-hour window around each in situ measurement. Fig. 1 shows the spatial
coverage of the in situ measurements.
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Fig 1 Locations of the AERONET-OC stations used in this study (source:
https://aeronet.gsfc.nasa.gov)

The distribution of stations is uneven, with the largest number located near
North American and European waters. The full list of stations is available
on the AERONET-OC website. Four stations are located in clear oceanic waters
(Case 1). The data include remote sensing reflectance values obtained with CIMEL
CE-318 photometers. Over the long-term operation of the AERONET-OC network,
several stations have been decommissioned and replaced by successor stations
to ensure data continuity. Specifically, the AAOT station in the Mediterranean Sea
was replaced by Venice; the USC_SEAPRISM station in the Pacific Ocean was
replaced by USC_SEAPRISM2; and the Gloria station in the Black Sea was replaced
by Section-7 Platform. In this study, data from both the original stations
and their successors were treated as belonging to the same time series, given their
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close proximity and the use of identical measurement protocols. This approach
maximises the temporal coverage while maintaining consistency across the record.
The remote sensing reflectance is calculated as Ris(A) = Lwn(A)/F,(X), where Lyn(X)
is the normalised water-leaving radiance and F,(A) is the extraterrestrial solar
irradiance. The AERONET-OC network provides Lwn(A) data at Levels 1.5 and 2.
All data are publicly available and accessible on https://aeronet.gsfc.nasa.gov/.

A simple method for minimising polarization effects when calculating
average colour index values using AERONET-OC data

Minimising polarisation effects is necessary to reduce bias in CI(412/443)
estimates from AERONET-OC data. Because the AERONET-OC processing
protocol does not account for skylight polarisation, systematic errors occur —
especially for shortwave channels where water-leaving radiance is low. These errors
affect R(412) more strongly than R.(443), thereby biasing CI(412/443).
By quantifying the dependence of CI on cos 2a, we account for this bias and estimate
the corrected CI value at cos 2a = 0. This corrected CI is then used as a reference
for evaluating satellite data. The measurement protocol uses a viewing angle of 140°
and an azimuth offset of £90° relative to the Sun. Fig. 2 shows the reflection
geometry of atmospherically scattered light during measurements of sea-surface
reflectance.

F i g. 2. Geometry of the reflection of scattered skylight during sea-surface reflectance measurements.
O — observer position; Z — zenith; N — nadir; V — observation point on the sea surface; M — point
in the sky from which scattered light enters the instrument after specular reflection from the sea surface;
S — the Sun; SG — sun glint; 6o — solar zenith angle; 6 — viewing zenith angle; ¢ — relative azimuth angle
between the solar and viewing azimuths; o — angle between the scattering plane and the observation
plane; y — scattering angle
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The geometry shown in Fig.2 is used to calculate the reflected component.
The viewing plane passes through points Z, M, O; the solar vertical plane passes
through points Z, S, O; and the scattering plane passes through points M, O, S. Points
Z, S, M form a spherical triangle in which the angle o between the scattering plane
and the observation plane affects the reflection coefficient of polarised light.
The degree of polarisation of scattered light is defined as P, = (L. — L) /(L. + Lyp),
where L. and Ly are the perpendicular and parallel components of scattered
radiation. The polarized component is reflected according to the two Fresnel
coefficients R. and Ry as follows: R.cos?a+ Rysin?a. The unpolarised
component is reflected with the mean Fresnel coefficient R = (R.+Ry;)/2 and is
weighted by the coefficient (1 — P,). Since 2cos?a—1=1—2sin? a = cos2 a,
the resulting reflection coefficient is given by:

R, = P,(R.cos®a+ Rysin®a) + (1 — P)(R.+Ry)/2 = 0
= R¢(1 + P¢P,cos2 o),
where Pf= (R.— Ry)/(R.+ Ryy) is the degree of polarisation arising from
reflection at the surface.
In the spherical triangle ZSM, arc ZS represents the solar zenith angle 6, arc
ZM represents the viewing zenith angle 0, and arc SM represents the scattering angle
v. The azimuth angle ¢ is the difference between the solar azimuth and the viewing
azimuth, i.e. the angle between the arcs ZS and ZM. According to the sine rule,
sin a/sin B, = sin ¢/sin y. The scattering angle is given by cos y = cos 8,cos 6 +
sin B,sin 0 cos @, hence:
2 sin? B,sin?¢

2a=1- .
cosc 1 — (cos Bycos 6 + sin B sin O cos @)?

The AERONET sensor observes the sea surface at a viewing angle of 40°
and an azimuthal angle of 90° relative to the Sun. Under these conditions,
P¢ = 0.761, and the factor in parentheses in equation (1) for a viewing angle of 40°
is given by:

2 cos?h,
1+0.761-P,(1 ,

~ 1—0.587 sin2h,

where /i, is the solar elevation angle.

At cos 2a = 0, the polarisation-dependent term vanishes. By quantifying
the dependence of C/on cos 20, we accounted for this bias. For each station,
the CI(412/443) values were plotted against cos 20, and an approximation function
was fitted. The corrected value of CI was taken as the value of this function at cos
20, = 0. If no data were available at cos 2a > 0, the corrected value of CI was taken
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as the value of the approximation function at the available cos 2o value closest
to zero. The RMSD was calculated relative to the approximation function. When
the central wavelengths of a given instrument deviated from the nominal
wavelengths of 412 nm and 443 nm by up to 3 nm, CI(412/443) was recalculated
using linear interpolation to the nominal wavelengths based on instrument-specific
calibration data. In particular, for each measurement, we identified the actual central
wavelengths A1 and 2> closest to 412 nm and 443 nm, respectively, using
the calibration coefficients provided for each CIMEL-318 photometer. The remote
sensing reflectance Rys(A1) and Rrs(A2) were then linearly interpolated to the nominal
wavelengths 412 nm and 443 nm before computing CI(412/443).

Remote sensing data from SeaBASS

We used data from SeaBASS, the official ocean colour validation database, [29],
which provides synchronised pairs of in sifu and satellite measurements. Satellite
measurements were obtained from a 5x5-pixel window centred on the in situ
location, with standard quality flags applied. We used data from MODIS aboard
Aqua/Terra, VIIRS aboard SNPP, and OLCI aboard Sentinel 3A/3B at the locations
of AERONET-OC stations. Of the 38 AERONET-OC stations described above, 29
had sufficient high-quality satellite match-ups in the SeaBASS database.
For the remaining 9 stations, co-located satellite data were either unavailable
or excluded because they did not meet the quality-control criteria. All satellite data
are publicly available from the SeaBASS website: https://seabass.gsfc.nasa.gov/.

Results and discussion

To assess the variability of the blue colour index and to validate the proposed
polarisation correction method, we first analysed the relationship between
CI(412/443) and the geometric factor cos 2a for individual AERONET-OC stations.
As shown in Fig. 3, the dependence of C/ on cos 2a exhibits a clear systematic trend:
the colour index increases with cos 2a for all stations, regardless of their bio-optical
characteristics. This confirms that neglecting skylight polarisation introduces
a systematic bias into the in situ estimates of CI. Fig. 3, a presents an example
for the Chesapeake Bay station, located in coastal waters of the USA. At low values
of cos 2a, the AERONET-OC algorithms underestimate the colour index. The mean
CI value of 0.723 differs from the fitted value at cos 2a = 0 (CI = 0.826). Figs. 3, b
and 3, ¢ show CI data at AAOT (Venice Tower) in the Mediterranean Sea
and at ARIAKE TOWER in Japan, where the mean R.(412) values (> 0.0076
and > 0.0079, respectively) are higher than that at Chesapeake Bay, and the slope
of the dependence of CI on cos2a is less pronounced. Finally, Fig. 3, d shows
the results for the Palgrunden station in the Baltic Sea, which exhibits the lowest
water-leaving reflectance among all AERONET-OC stations. Here, despite the weak
correlation, the approximation function shows a similar pattern, while the correction
is more significant. This station, like other stations with low R.(412) values,
represents an extreme case where accurate correction for polarisation effects
is essential for reliable C/ estimation.
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The systematic dependence of CI(412/443) on cos 2a observed in Fig. 3
was not limited to the four stations shown but was also found throughout
the analysed AERONET-OC dataset.

Table 1 summarises the corrected CI(412/443) values along with
the corresponding reflectance R.(412) for all 38 stations, sorted in ascending order
of CI. These data allow us to quantify the range of the blue colour index across
the analysed stations and to assess the influence of the optical properties of water
on its variability. AMAX characterises the optical properties of water with respect
to the concentration of dissolved organic matter. For clear oceanic waters, AMAX
typically lies in the range of approximately 440—470 nm, whereas for high-CDOM
waters (usually coastal), it is higher than 500 nm.

Table 1
Statistical characteristics (mean CI(412/443) =+ RMSD and reflectance
R.(412)) for the AERONET-OC stations after accounting for polarisation effects

Station Coordinates CI(412/443) Res(412), srl | AMAX]

nm
Palgrunden 58.755°N, 13.152°E 0.620 £0.135 0.00073 555
Sacramento River 38.050°N, 121.888°W  0.645 +0.021 0.00403 551
Banana RIVER 28.367°N, 80.633°W 0.680+£0.116 0.00129 560
Grizzly Bay 38.108°N, 122.056°W 0.718 £0.037 0.00745 560
Helsinki_Lighthouse 59.949°N, 24.926°E 0.734 £0.191 0.00054 555
Gustav_Dalen_Tower | 58.594°N, 17.467°E 0.751 £0.151 0.00085 555
Lake_Okeechobee N | 27.139°N, 80.789°W 0.778 £0.078 0.0018 710
LISCO 40.955°N, 73.342°W 0.779 £0.101 0.00141 550
Lucinda 18.520°S, 146.388°E 0.780+0.074 0.00737 551
Zeebrugge-MOW1 51.362°N, 3.120°E 0.785 +0.060 0.00893 531
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Table 1. (Continued)

JMAX
Station Coordinates CI1(412/443) Ris(412), sr! am >
Leodo_Station 32.123°N, 125.182°E 0.804 £ 0.061 0.00796 532
Galata_Platform 43.045°N, 28.193°E 0.805 +£0.068 0.00301 490
Irbe_Lighthouse 57.751°N, 21.723E 0.806 +0.130 0.00113 560
Gloria 44.600N, 29.360°E 0.818 £0.089 0.00266 555
Chesapeake Bay 39.124°N, 28.193°W 0.826 +0.059 0.00198 560
Blyth NOAH 55.146°N, 1.421°W 0.826 +£0.079 0.00173 532
South_Greenbay 44.598°N, 87.954°W 0.832+0.083 0.00164 560
ARTAKE TOWER 33.104°N, 130.272°E 0.834 +0.055 0.00512 560
Bahia Blanca 39.148°S, 61.722°W 0.835+0.039 0.01258 560
MVCO 41.325°N, 70.567°W 0.836 +0.069 0.00266 555
Lake Okeechobee S 26.902°N, 80.789°W 0.837 +0.053 0.00348 710
COVE_SEAPRISM 36.900°N, 75.710°W 0.846 £0.132 0.00293 530
Thornton_C-power 51.532°N, 2.955°E 0.847 +0.106 0.00235 551
San_Marco_Platform | 2.942°S,40.215°E 0.852 +0.078 0.00406 560
Section7_Platform 44.546°N, 29.447°E 0.854 +£0.083 0.00256 560
WaveCIS_Site_CSI_6 | 28.867°N, 90.483°W 0.867 £0.103 0.00226 552
Kemigawa_Offshore 35.611°N, 140.023°E 0.873 £0.109 0.00122 560
Gageocho Station 33.942°N, 124.593°E 0.887 +0.109 0.00332 532
Socheongcho 37.423°N, 124.738°E 0.902 +0.097 0.00326 531
Abu_Al Bukhoosh 25.495°N, 53.146°E 0.911+0.094 0.00392 490
AAOT, (Venice) 43.314°N; 12.508°E 0.913 +£0.056 0.00477 490
Lake_ Erie 41.826°N, 83.194°W 0.923 £0.109 0.00643 550
Venice 43.314°N, 12.508°E 0.930+0.056 0.00483 490
USC_SEAPRISM 2 33.564°N, 118.118°W 1.034 +£0.063 0.00378 490
USC_SEAPRISM 1 33.564°N, 118.118°W 1.040 +0.069 0.00375 412
GOT _Seaprism 9.286°N, 101.14°E 1.077 £0.051 0.00575 412
Casablanca_Platform | 40.717°N, 1.358°E 1.128 £ 0.035 0.00738 412
Plogan_Tower 28.041°N, 15.385°W 1.218 £0.061 0.00613 400

Note: The stations are listed in ascending order of CI(412/443). Stations with successors
(AAOT/Venice, USC _SEAPRISM1/USC SEAPRISM2, Gloria/Section-7 Platform) are listed
separately to preserve the original time series; their data were, however, treated as continuous records
for the analysis.

Table 1 reveals three key features of the corrected blue colour index. First,
CI(412/443) is relatively stable across most stations, with 86% of values lying
between 0.75 and 0.95. Second, there is a general distinction between high-CDOM
coastal waters (CI < 0.8, AMAX > 550 nm) and clear oceanic waters (CI > 1.0,
AMAX < 490 nm), with transitional waters occupying the intermediate range. Third,
the RMSD tends to decrease with increasing Ry(412), reaching a minimum of 0.109
at Ris(412) > 0.006, which we interpret as the maximum natural variability of CI.
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The RMSD of CI is strongly anti-correlated with R.(412): stations with very low
Ri(412) (< 0.001) show the largest RMSD (> 0.13), which may reflect the greater
contribution of instrumental noise at low signal levels. For stations with R.(412)
>0.006 sr! (e.g., Grizzly Bay, Zeebrugge-MOW1, Blyth NOAH, Lake FErie),
the RMSD does not exceed 0.109. We therefore propose 0.109 as a conservative
upper bound for the natural variability of CI(412/443) in the absence of significant
measurement errors.

Having established the corrected in situ CI(412/443) values and their variability,
we evaluated the agreement between the satellite-derived and corrected in situ
estimates. Using the SeaBASS database, we calculated C/(412/443) from MODIS
aboard Aqua/Terra, VIIRS aboard SNPP, and OLCI aboard Sentinel 3A/3B
for the AERONET-OC stations that had sufficient match-ups. Despite
the application of standard Sea BASS quality-control procedures, negative Ris(412)
or R(443) values remained in the dataset. These values were removed as indicators
of atmospheric correction failure; an equal number of anomalously high C/ values
were also excluded to avoid bias caused by asymmetric truncation of the distribution.
Notably, despite following the seabass standard data cleaning protocols, negative
values of the remote sensing reflectance  were  still  present
in the dataset. Table 2 presents the mean satellite-derived CI(412/443) values
alongside the corrected in situ reference values for all available stations, listed
alphabetically. This comparison allows us to assess the agreement between
the estimates from each sensor and the in situ benchmark and to identify systematic
biases in atmospheric correction.

Table 2 reveals systematic but sensor-dependent discrepancies between
satellite-derived and in situ CI(412/443) values. For clear oceanic waters
(Casablanca_Platform, USC_SEAPRISM, GOT _Seaprism), all satellite sensors
yield values lower than the in situ reference, with MODIS Terra showing the largest
negative bias in some cases. For high-CDOM coastal waters (Palgrunden,
Helsinki Lighthouse, Gustav_Dalen Tower), the bias direction varies by sensor:
MODIS Aqua and Terra tend to overestimate C/, while VIIRS SNPP often
underestimates it. Sentinel 3A and Sentinel 3B show intermediate behaviour,
with the latter generally providing closer agreement with in situ measurements.

The RMSD of satellite-derived CI varies widely across stations and sensors.
While many MODIS and VIIRS retrievals exhibit RMSD values exceeding
the proposed natural variability limit of 0.109, several stations (e.g., Bahia Blanca,
Lucinda, Zeebrugge-MOW1) show RMSD below this threshold, particularly
for OLCI sensors. Overall, Sentinel 3B OLCI demonstrates the most consistent
performance, with the smallest RMSD and the closest mean C/ values to the in situ
reference across the majority of stations. Sentinel 3A shows generally higher scatter,
and its bias is less systematic.

The results presented above indicate that standard atmospheric correction does
not always produce consistent C/(412/443) values, particularly in optically complex
coastal waters with low R.((412). To address this issue, a correction algorithm was
previously proposed in [18—19]. The algorithm uses a regionally stable value
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of the blue colour index, derived from in situ data such as AERONET-OC
measurements, to adjust the satellite-derived remote sensing reflectance throughout
the visible spectral range.

Table 2
Comparison of satellite-derived CI(412/443)

Station In situ | Modis Aqua | Modis Terra | VIIRS SNPP | Sentinel 3A | Sentinel 3B
AAOT 0.913 | 0.884 £0.192 | 0.894 +0.169 | 0.800 = 0.125 | 0.817 +0.130 {0.885 + 0.067
ARIAKE TOWER | 0.834 | 0.676 £ 0.307 | 0.689 +0.209 | 0.612 = 0.207 | 0.669 + 0.201 {0.836 + 0.060
Bahia Blanca 0.835 | 0.824 £ 0.046 | 0.850 £ 0.063 | 0.773 £0.054 | 0.770 £ 0.102 {0.871 £ 0.036
Casablanca Platfor | 1.128 | 1.084 £0.222 | 1.058 £0.159 | 0.949 £ 0.129 | 0.990 + 0.090 |1.070 + 0.084
I(;lhesapeakeiBay 0.826 | 0.768 £0.210 | 0.885+0.298 | 0.677 £0.340 | 0.810 +0.313 |0.739 + 0.099
COVE_SEAPRISM | 0.846 | 0.857 £0.156 | 0.836 +0.168 | 0.715 +0.103 - -
Galata_Platform 0.805 | 0.810 +0.303 | 0.750 £0.262 | 0.704 £ 0.169 | 0.724 +0.195 |0.791 + 0.107
Gloria 0.818 | 0.740 +£0.180 | 0.686 £ 0.303 | 0.702 £ 0.177 | 0.692 + 0.198 |0.838 + 0.089
GOT _Seaprism 1.077 { 0.951 £0.170 | 1.070 £0.131 | 0.990 + 0.094 - -
Gustav_Dalen Tow | 0.751 | 0.974 +£0.456 | 0.920 +0.526 | 0.656 +0.271 | 0.753 +0.264 |0.783 £ 0.161
Ie-Irelsinld_Lighthouse 0.734 | 1.059 £0.333 | 0.984 +£0.534 | 0.662 +0.301 | 0.876 + 0.234 -
Leodo_Station 0.804 - - 0.688 £0.001 - -

Irbe Lighthouse 0.806 | 0.905+0.422 | 0.931 £0.391 | 0.662 £ 0.248 | 0.691 +0.210 |0.721 + 0.16
Kemigawa Offshore| 0.873 | 1.216 £0.579 | 1.188 £0.500 | 0.742 £0.251 | 0.845 £ 0.205 |0.710 :7t 0.139
Lake Erie 0.923 | 0.850 £0.134 | 0.856+0.183 | 0.762 £0.139 | 0.762 +0.118 {0.837 £ 0.110
Lake Okeechobee | 0.808 | 1.729 +£0.644 | 1.660 = 0.460 | 1.772 £0.640 | 1.674 £ 0.282 |0.831 £ 0.056
LISCO 0.779 | 0.921 £0.522 | 0.810 £ 0.553 | 0.565 £ 0.288 | 0.754 +0.322 [{0.651 £ 0.133
Lucinda 0.78 | 0.747+0.071 | 0.754 £ 0.069 | 0.656 £ 0.116 | 0.626 + 0.083 |0.782 + 0.048
MVCO 0.836 |0.785 +£0.205 | 0.709 +£0.238 | 0.621 £0.177 | 0.743 + 0.146 {0.840 + 0.135
Palgrunden 0.620 | 0.721 £0.384 | 0.936 £ 0.613 | 0.600 = 0.304 | 0.584 +0.240 {0.574 + 0.139
San Marco Platfor | 0.852 | 0.743 £0.132 | 0.875+0.124 | 0.760 + 0.138 | 0.891 £ 0.113 [0.869 £ 0.071
ISnectioanlatform 0.854 | 0.872+0.357 | 0.835+0.285 | 0.720 £ 0.168 | 0.766 + 0.179 |0.829 + 0.105
Socheongcho 0.902 | 0.829+0.215 | 0.745+0.179 | 0.741 £0.169 | 0.764 +0.118 |0.832 + 0.093
South_Greenbay 0.832 | 0.913£0.794 | 1.684 £0.594 | 1.123 £0.875 | 1.501 +0.564 |0.768 + 0.091
Thornton C-power | 0.847 | 0.847 £0.150 | 0.790 + 0.306 | 0.781 £0.150 | 0.817 +0.182 [0.819 £ 0.113
USC_SEAPRISM 1.04 | 1.007 £0.209 | 0.982 +0.237 | 0.885 +0.144 | 0.925 £ 0.122 |1.031 + 0.059
Venice 0.930 | 0.884 £0.162 | 0.851 £0.192 | 0.774 £0.143 | 0.814 +0.150 {0.879 + 0.072
WaveCIS Site CSI | 0.867 | 0.872+0.217 | 0.833 £0.199 | 0.739£0.165 | 0.819 £0.113 |0.810 + 0.137
26eebrugge-MOW1 0.785 | 0.701 £0.102 | 0.697 £ 0.165 | 0.656 £0.120 | 0.727 +0.114 |0.801 + 0.081

Note: values are given as mean = RMSD with corrected in sifu measurements at AERONET-OC
stations. /n situ reference values are taken from Table 1. For stations with two records in Table 1 (Lake
Okeechobee N/S and USC_SEAPRISM1/2), the mean value is used.
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The method does not rely on assumptions specific to the Black Sea and may
therefore be applicable to other marine regions, provided that the local reference
CI(412/443) is known or can be reliably estimated from existing measurements.

Conclusions

The evaluation of satellite-derived CI(412/443) against the corrected in situ
reference reveals that current atmospheric correction schemes produce estimates
with considerable scatter, the magnitude and direction of which depend on both
the sensor and the optical water type. MODIS Aqua, MODIS Terra, and VIIRS
SNPP exhibit RMSD values that often — but not always — exceed the estimated
natural variability limit of 0.109. Among the analysed sensors, Sentinel 3B OLCI
shows the most consistent agreement with in situ measurements, with the lowest
RMSD and smallest bias across most stations, while Sentinel 3A demonstrates
greater variability. These findings highlight the need for improved atmospheric
correction algorithms, particularly for optically complex coastal waters, and support
the use of regionally stable CI reference values derived from polarisation-corrected
in situ data.
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