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Abstract

Around 90% of the oceanic and inland waters’ reflectance registered in satellite detectors comes from the atmospheric con-
tribution. Hence the water-leaving radiances in the Near-InfraRed (NIR) region are above the zero value over inland waters
because of sediments and dissolved organic particles, this radiance cannot be ignored. To accurately retrieve water quality
parameters from water-leaving reflectance, atmospheric correction is the most important step. This study evaluated five
reliable atmospheric correction algorithms (AC) known as: (ACOLITE, C2RCC, iCOR, 6SV, and Sen2Cor) against optical
in-situ measurements collected above the water in Qiandao Lake, China using Sentinel-2 Multi-Spectral Imager. 60 in-situ
water samples and optical measurements (range 400-900 nm) above the water were collected at different points in Qiandao
Lake. The spectra measurements were used to validate the atmospheric correction processors. All ACs that were evaluated
showed high levels of uncertainty. ACOLITE and ICOR performed the best statistics with root mean square differences
(RMSD) (0.006 sr~!) while Sen2Cor achieved the lowest RMSD (0.023 sr™!) across the different modules. ACOLITE, had a
better performance when applied to meso- and hypereutrophic waters, compared with oligotrophic, while C2RCC performs
better at the wavelength of 833 nm (0.007 sr™!). Finally, 6S performs better at the wavelength of 665 nm (0.015 sr™!). This
study introduces insights and addresses a significant research gap in the field of atmospheric correction for satellite imagery
over inland waters. Prior studies have primarily focused on atmospheric correction algorithms for coastal and open ocean
environments while few studies focused on the unique characteristics and challenges associated with inland water bodies.
The findings of this study are crucial for researchers, remote sensing experts, and environmental scientists working with
Sentinel-2A imagery, as it enables them to make more accurate and reliable interpretations of water quality and other envi-
ronmental parameters derived from satellite data.

Keywords Atmospheric correction - Sentinel-2 - Qiandao Lake - Inland Water

1 Introduction
1.1 Water Quality Problem in Lake Qiandao

The Qiandao Lake, also called the Xin’anjiang Reservoir, is
situated in the western portion of the Chinese province of
Zhejiang. It is the largest (580 km?) and deepest reservoir
(about 34 m on average) in China, and represents a signifi-
cant water source (Li et al. 2021a; Wu et al. 2015) and is
developed sustainably in eastern China (Gu et al. 2016a).
Hence, monitoring the water environment of Qiandao Lake
is a crucial aspect of reservoir management. Unfortunately,
due to rapid growth in the surrounding area, fertilizer and
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other contaminants have increasingly invaded the lake (Zeng
et al. 2020; Wang et al. 2018). Simis et al. (2005) reported
that according to the results of monthly field measurements
carried out at five different locations in the lake between
2002 and 2011, the mean chlorophyll values were between
2.72 and 1.38 mg/m’ annually. The results that were col-
lected from the satellite showed that the surface chlorophyll
annual mean value was less than 3.65 mg/m’ (Gu et al.
2016b).

Generally, Qiandao Lake exhibited oligotrophic con-
ditions (Carlson 1977). In this regard, Yang et al. (2013)
measured the trophic state index between 2007 and 2011,
observing an annual mean value of 26.6 Furthermore, sev-
eral modeling, and field studies have helped to increase our
understanding of changes in the ecosystem of the entire area
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of the lake and its surroundings. Blooms and eutrophica-
tion were detected in Qiandao Lake during the 1990s. These
changes can be largely ascribed to an increase in input nutri-
ents, generated by human activity (Wu et al. 2015). Although
Qiandao Lake has many environmental problems, the water
quality spatiotemporal distribution in the lake of and how
they affect the environment is still unclear. Thus, it is impor-
tant to observe the water quality of this lake. Remote sensing
approaches are reliable and powerful tools that can estimate
the near-surface Chl-a concentrations of the inland waters
(Zeng et al. 2020).

1.2 Remote Sensing and Water Quality Studies

The European Space Agency (ESA) launched the Sentinel-
2A instrument as a series of Multi-Spectral Imager (MSI)
nearly in June 2015. This satellite is characterized by a
revisit time of 10 days, but which is reduced to 5 days with
the introduction of Sentinel-2B. These satellites are char-
acterized by a spatial resolution of 10-60 m depending on
the band. The instrument was designed principally as a ter-
restrial-monitoring component of the Copernicus program.
Nevertheless, MSI kept recording coastal marine areas that
can be useful for other monitoring purposes including the
inshore water quality areas and inland water bodies that are
not detectable by Ocean Colour Sensors like OLCI (Sen-
tinel-3). The design of the MSI optical waveband is com-
parable to that of former terrestrial-monitoring satellites
such as NASA/USGS Landsat 7 and 8. These instruments
have proven consistent in water remote sensing applications
(Bresciani et al. 2018; Pahlevan et al. 2017a; Vanhellemont
and Ruddick 2015; Khattab and Merkel 2014; Dona et al.
2015). The 705 nm band of the MSI was designed to map
the essential “red edge” behavior which is an essential wave-
length to detect accurately the Chlorophyll as well as the
inland water bodies (Bresciani et al. 2018).

1.3 Atmospheric Correction as an Important Step
in Monitoring Water Quality

The optically active components (OACs) that interact with
sunlight include phytoplankton, Colored Dissolved Organic
Matter (CDOM), non-algal particles (NAP), and suspended
sediment. These OACs have a significant contribution to
the water radiance that satellite instruments measure.
Moreover, the atmosphere, composed by gases and aero-
sols, also contributes to the water radiance (Warren et al.
2019). The atmospheric path-radiance in the visible por-
tion of the spectrum is at least 80-90% higher than water-
leaving radiance (Warren et al. 2019; Gordon et al. 1985;
Gordon 1978; Harmel et al. 2018). This is mostly due to the
scattering in the atmosphere due to aerosol molecules' pres-
ence decreases with the wavelength increases. These signal
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components need to be removed in order to measure the
actual reflection of the water surface. Whitecaps (Wang and
Bailey 2001; Steinmetz et al. 2011; Gordon 1997; Gordon
and Wang 1994; Richter 1990) as adjacency (Reinersman
and Carder 1995; Santer and Schmechtig 2000; Keukelaere
et al. 2018; Moses et al. 2017) can also be considered as
additional influences. These effects produce an additional
signal and can complicate their removal (Mograne et al.
2019). Therefore, any AC method basically subtracts the
atmospheric contribution in terms of sunglint, aerosols
scattering, and/or whitecaps from the TOA signal (Richter
1990). As a result, there is a need to assess the effectiveness
of various AC algorithms in order to better retrieve inland
water quality. The inland water bodies represent our main
supplies of potable water, are often for recreational uses,
and have a high level of biodiversity (40%( of freshwater
and marine biomass) (Groetsch et al. 2017). The in-situ data
were collected from handheld and shipborne spectrometers
may possibly be viewed as atmospheric effects-free due to
the optical path from the sensor to the observed target being
mainly negligible (Gordon et al. 1985). These observations
can, therefore, be used as a source of validation for the AC
(Simis and Olsson 2013; Doxani et al. 2018). AC’s proces-
sors and reflectance products have previously been evaluated
in previous studies (Warren et al. 2019; Gordon et al. 1985;
Gordon 1978, 1997; Harmel et al. 2018; Wang and Bailey
2001; Steinmetz et al. 2011; Gordon and Wang 1994; Richter
1990; Reinersman and Carder 1995; Santer and Schmechtig
2000; Keukelaere et al. 2018; Moses et al. , 2017; Mograne
et al. 2019; Groetsch et al. 2017; Simis and Olsson 2013;
Doxani et al. 2018; Xu et al. 2020). For example, ACIX
has evaluated the performance of ACOLITE and SeaDAS
(Warren et al. 2019). Moreover, Gordon et al. (1985) com-
pared above-water optical in-situ observations to six publicly
accessible atmospheric correction algorithms (ACOLITE,
C2RCC, iCOR, 12gen, Polymer, and Sen2Cor) and discov-
ered that Polymer and C2RCC achieved the lowest Root
Mean Square Difference (RMSD). This study also revealed
that further developments AC algorithms are needed to map
accurately the spectral shape in the Red and NIR domains in
order to retrieve chlorophyll-a concentrations with precision.
The main objective of this work is to evaluate five selected
AC algorithms, applied to Sentinel-2 data: ACOLITE, Case
2 Regional Coast Color (here referred to as C2RCC), Image
correction for atmospheric effects (iCOR), Sentinel-2 Cor-
rection (Sen2Cor), and Second Simulation of a Satellite Sig-
nal in the Solar Spectrum (6SV). All of these processors are
available free of charge to users, and the results produced by
each processor will be validated using in-situ measurements
of water properties.

The research article makes significant contributions to
our understanding of the conceptual basic correction algo-
rithms for Sentinel-2A satellite imagery over inland waters.

Published in partnership with CECCR at King Abdulaziz University
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By assessing various algorithms, the study provides valuable
insights into their performance and identifies the most effec-
tive approaches for accurate atmospheric correction in these
specific environments. This research enhances our under-
standing by shedding light on the challenges and limitations
associated with atmospheric correction over inland waters
and proposing solutions to overcome them. The novelty
lies in the comprehensive assessment of these algorithms,
considering factors such as, adjacency effects, and specific
atmospheric conditions prevalent in inland water regions.
By doing so, this research article contributes to the develop-
ment of more accurate and reliable atmospheric correction
techniques for Sentinel-2A imagery over inland waters, thus
enabling improved monitoring and understanding of these
crucial ecosystems.

2 Materials and Methods
2.1 Study Area

Qiandao Lake lies between latitudes 29° 11" and 30° 15’ N
and longitudes 118° 34" and 119° 15’ E (Fig. 1). It is a man-
made water body built for the construction purposes of
Xin’anjiang Hydropower Station. This region is character-
ized by a distinctively subtropical monsoon climate, with
an average annual temperature of 17.8 °C. It has a capacity

incoming inflow to the Xin’anjia Reservoir annually (Zeng
et al. 2020).

2.2 In Situ Observation Data

Nanjing Normal University campaigns (Li et al. 2021a) col-
lected data on Lake Qiandao above-water reflectance and
water properties in May 2020. As a result, 60 water samples
were collected, and radiometric measurements were carried
out concurrently at each sampling site (Fig. 1). The study
area includes trophic levels ranging from ultraoligotrophic
to eutrophic along a broad gradient (Table 1). Applying the
classification system for trophic levels suggested by the
Organization for Economic Co-operation and Development
for lake waters (Warren et al. 2019), of the 60 collected sam-
ples, 22 belong to water Type 1 and 38 to water Type 2.
Spectroradiometer device was used to measure the near
water surface reflectance Rrs(4). In the studies by Zeng et al.
(2020) and Brockmann et al. 2016), all information regard-
ing the measurement of Rrs(4) was provided. At, respec-
tively, sampling site, the total water-leaving radiance L,, the

sky-viewing radiance Ly, and the radiance reflected by a

Table 1 Classification scheme by water type in Qiandao Lake (Li
et al. 2021)

of 17.8 billion m?, a width of 150 km, a maximum depth of  Water type  Description Chl-a (mg m™3)
30 m, an annual average precipitation of 1489 mm, and an - - - -
. . . Type 1 Ultraoligotrophic to oligotrophic <25
average water retention time of two years. The Xin’anjiang _ i
. . . . S . Type 2 Mesotrophic-to-eutrophic 2.5-25
River, Wugiangxi River, and Fuqiangxi River, respectively, Tvne 3 H o )5
contribute 60%, 20%, and 10%, respectively, of the mean ype ypertrophic >
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which Chl-a <2.5, red dots ] DU |
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standard gray panel L, were registered. The computation of
Rrs(A) is as follows:

L — L.
Rrs(1) = Po(L~ FawLay)
(L)

where p,, is the reflectance of the gray panel and r,,, is the
skylight reflectance at the air—water surface (in our case
2.2%). The in-situ collected spectra used in the current
study covers wide spectral ranges, including the MSI spec-
tral bands (Fig. 2).

ey

2.3 Earth Observation Data and Atmospheric
Correction

Sentinel-2 was developed specifically for use in land research
purposes, but because to its spatial resolution (10—60 m),
advance radiometric resolution, appropriate band configura-
tion, and a short temporal resolution, it may also be used for
inland water studies. This makes Sentinel-2 an appropriate
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Fig.2 In-situ mean spectra demonstrating a characteristic reflectance
for each region. Vertical bars illustrates the Sentinel-2B MSI bands
corresponding

remote monitoring for lakes, reservoirs, and coastal waters.
In this study, one S2-MSI L1 synchronous scene was down-
loaded from the Copernicus Open Access Hub of the Euro-
pean Space Agency (https://scihub.copernicus.eu) to match
up the field campaign day, 24 May 2020. The image was
resampled to a spatial resolution of 10 m using SNAP-ESA
Sentinel Application Platformv2.0.2, before applying ACs.
The spatial resolution merging across all bands is chosen to
enhance the signal/noise ratio and also ease the application
of AC. Then, sampled TOA reflectance data atmospheri-
cally corrected. In this study, five atmospheric corrections
(AC) processors are evaluated: C2RCC v1.0 (Drusch et al.
2012; Main-Knorn et al. 2017), Sen2Cor v2.4.0 (Vermote
et al. 1997), ACOLITE 20221025., iCOR v1.0 (Moses et al.
2017), and the Second Simulation of a Satellite Signal in
the Solar Spectrum—Vector (6SV) (Sterckx et al. 2015).
Figure 3 shows the methodology of the study.

C2RCC algorithm is a multi-sensor per-pixel artificial neu-
ral network (ANN) process in which the ANNs were trained
using a huge database of simulated water-leaving and related
TOA radiances. The trained ANN datasets were used to con-
vert TOA radiances to water-leaving radiance. In addition,
it can generate Chl-a maps and calculate water body IOPs.
C2RCC processor requires air pressure, temperature, 0zone,
and salinity as input parameters in addition to calibrated TOA
reflectances. The enduring parameters were processed using
the processing default parameters (Gordon et al. 1985).

iCOR, formally referred to as OPERA (Guanter et al.
2007), is an approach to correct the atmosphere of land and
aquatic targets. First, terrestrial and aquatic pixels are iden-
tified, and then Land pixels are utilized to calculate Aero-
sol Optical Thickness (AOT) based on Berk et al. (2006).
Using SIMEC (Guanter et al. 2007), the adjacency correc-
tion is performed over water. iCOR employs MODTRAN
5 (Pereira-Sandoval et al. 2019) Look Up Tables (LUT) to

Fig.3 Converting top of atmos-

phere reflectance (TOA) to
remote sensing reflectance (Rrs) {

Sentinel- .
2levellC ’E> [Resamp lmgw

In situ (" Convolte using
reflectance J E> Sentinel-2 spectr alJ

respone functions

: @ (Lw),

Atmospheric Correction Processor (EE).

C2RCC || iCOR || Sen2Cor| 6sV || Acolite (L),

(Lsky),

(Lg)

@
N
Rrs(SR?) Rrs(SRY)
@
R?>,¥, RDMS, &
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implement the atmospheric correction. iCOR requires Solar
and Sensor viewing angles, (as well as a digital elevation
model (DEM) (Kaufman and Sendra 1988). In this study,
the image was processed using the default processing param-
eters, with the SIMEC adjacency correction applied.

Sentinel-2 Correction (Sen2Cor) is Dense Dark Vegeta-
tion (DDV)-based module (Gao et al. 2009; Vanhellemont
2019). This latter implies the vegetation is entirely dark and
the atmosphere’s reflectance bottom ratios are constant at all
wavelengths, necessitating that some pixels in the image cor-
respond to DDV. Once dark pixels exist, the algorithm auto-
matically selects them and corrects the image (Vanhellemont
2019). It is considered a Lambertian surface, while the air
and/or water interfaces have a specular reflection (Vanhel-
lemont and Ruddick 2018). The default settings were used
to process Sentinel-2 images.

The Management Unit of the Mathematical Model of the
North Sea (MUMM) in Belgium developed the AC algo-
rithm ACOLITE for coastal and inland seas (Vanhellemont
and Ruddick 2018). The latter uses the dark spectrum fit-
ting approach in principle; nonetheless, it can be adjusted
to implement the exponential extrapolation method (Kotch-
enova et al. 2006). ACOLITE combines diverse aerosol cor-
rection techniques for Sentinel-2 data applications includ-
ing Turbid water. After Rayleigh correction, two bands of
aerosol reflectance are produced from the images based on
the method selected in the settings.

6SV is a Radiative Transfer (RT) code designed to cal-
culate the look-up tables in terms of AC algorithms for the
Moderate-resolution Imaging Spectroradiometer (MODIS)
sensor (Sterckx et al. 2015; Liu et al. 2015; Park and Rud-
dick 2005). It is one of the most used, rigorously validated,
in addition to well-known RT published codes within the
field of scientific remote sensing. In the current study, the
atmospheric profile was defined as “Mid-latitude Summer”
according to the geo-location and time of sampling. The
aerosol optical depth at 550 nm (AODss,) was acquired from
MODIS Deep Blue (DB) AOD product retrieved at the same
day of sampling. Continental aerosol model was selected as
the aerosol type for 6SV model, according to previous study
(Pahlevan, et al. 2017b). Two of the processors (C2RCC
and ACOLITE) are specifically designed for water bodies,
whereas iCOR was developed for use on land and in inland
waters, it is not appropriate for use in open water. Sen2Cor

Table 2 AC processors and options selected

is not intended for use in water. However, it is considered
in current research because it is the default L2A AC algo-
rithm. Each of the AC methods considers the screening and
the illumination of solar angles, and in certain instances, a
water model as well (Mobley 1999), or radiative transfer
model. The default parameters for each processor were used,
along with suggested alternatives for water correction. Those
parameters considered to be the optimum configurations for
general use deprived of acquaintance of the water bodies or
atmospheric conditions. The specific settings, and the data
used were defined in Table 2 (Gordon et al. 1985).

2.4 In Situ Data Processing

The Spectral Response Functions of Sentinel-2 sensor
(S2-SRF) v3.0 were applied to convolute the in-situ spectral
reflectance (Vanhellemont and Ruddick 2018). The results
were estimated using the approach provided by Main-Knorn
et al. (2017). Five measurements, including total water-leav-
ing radiance (L,,) and total downward irradiance (Ep), total
observed radiance (L,), the radiance of the sky (Lgy)- and con-
tribution diffuse sunlight reflected by the water surface (L,)
were collected at each water sampling point. The following
equations were used to estimate the in-situ reflectance (Rrs):

L
Rrs() = —

15(4) E. Q)
Ly=L-L, 3)
L, =rho X Ly, 4)

2.5 Extraction of Reflectances

For the S2-MSI images, the reflectances were extracted from
a 3x 3 ROI (Region of interest, equivalent to 30X 30 m).
Then, the mean in-situ spectral signature was calculated.
Using a series of statistical parameters, a comparison was
made between the in-situ reflectance and those collected by
S2-MSI. This involved the determination coefficient (R?),
the Mean Absolute Percentage Difference (¥), the Root
Mean Square Difference (RMSD), and the Mean Relative

ACOLITE C2RCC iCOR Sen2COR 6S
Input data TOA reflectances TOA reflectances TOA reflectances TOA reflectances ~ TOA radiances
Output resolution 10 m 10 m 10, 20, 60 m 10, 20, 60 m 10 m
Other information ~ SWIR-NIR estimation  0.001 for salinity, SIMEC adjacency correc- Automatic aerosol type,

108 m for eleva-
tion

tion (Guanter et al. 2007)

mild-latitude and
ozone

Published in partnership with CECCR at King Abdulaziz University
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Fig.4 ACOLITE per-band 0.012 0.012 0.012
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Difference (6). Those metrics were described, respectively,
as follows:
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3 Result
3.1 Summary of Pre-processing Analyses

Banding between the detectors can be seen in the data as a
result of the different air path lengths. This is because MSI
is composed of data from multiple detectors. As the results
of different wave lengths for the bands, in addition to MSI is
composed from data from multiple detectors, banding was
present in all bands after atmospheric corrections.

3.2 Qiandao Lake Match-Up Analysis
The scatter plots comparing the on-site spectra to each AC

processor’s spectral performance are shown in Figs. 4, 5, 6,
7 and 8. Figure 9, on the other hand, shows all the results

Published in partnership with CECCR at King Abdulaziz University
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Fig.5 iCOR per-band scat- 0.03 0.03 0.03
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of the statistical indices for the 5 ACs. The algorithms per-
formed similarly in the Qiandao Lake. In general, ACO-
LITE, iCOR and C2RCC showed the best performance,
though with clear biases with RMSD from 0.006 (ACOLITE
and iCOR) to 0.007 (C2RCC). 6SV and Sen2COR show
lower mean RMSD from 0.016 (6SV) to 0.023 (Sen2COR).
6SVcorrection ranked third at shorter wavelengths (<600
nm) from the perspective of R.

3.3 Combined and Common Match-Up Dataset
In-situ reflectances were compared with measured reflec-
tances generated from S2 images. These comparisons were

used to generate descriptive statistics to evaluate the perfor-
mance of the algorithms used. The statistical findings for

Published in partnership with CECCR at King Abdulaziz University

Rrs in situ (sr™)

each dataset are displayed in Appendix 1. ACOLITE and
iCOR showed the best results, producing the lowest RMSD,
while iCOR tended to give the higher R2. For 6SVhigh,
RMSD for eight wavelengths was observed.

4 Discussion

The radiation that reaches the satellite sensor interacts
with the aquatic and atmospheric systems in various ways.
70-90% of the signals measured by the sensors come from
the atmosphere. This noise must be eliminated to acquire
the water-leaving reflectance, the actual signal coming from
the water surface. The light detected by the sensor is also

@ Springer
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Fig.6 Sen2COR per-band scat- 0.09 0.09 0.09
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affected by outside elements such as sunglint, wind speed,
observation geometry, solar angles, and possible land adja-
cency effects. This led to the development of several AC
algorithms concentrating on coastal, oceanic, and inland
waters (Pyo et al. 2022). Due to these issues, validation of
the reflectance derived from AC processors is required. In
this study, five atmospheric corrections processors applied
to S2-MSI is tested, analyzed, and validated against in-situ
reflectance over Qiandao Lake. In general, two distinct
groupings can be distinguished: ACOLITE, iCOR and
C2RCC, that replicated the spectral structure of the in-situ
data most accurately, and Sen2COR and 6S that show less
favorable results. To evaluate the spectral dependence errors
for each processor, a statistical analysis was conducted on
all bands of the S2. The statistics for each AC algorithm
estimated for Qiandao Lake are shown in Table 3. ACOLITE
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and iCOR performed best and achieved the lowest RMSD
(0.006). This suggests that they best reproduced the spectral
shape of the in-situ data respect the other AC models. Our
findings are consistent with (Wu et al. 2015; Kaufman and
Sendra 1988), which showed that ACOLITE, iCOR and Sen-
2COR perform better in meso- and hypereutrophic waters
than in oligotrophic waters. However, none of the AC mod-
els performed well over the entire bandset (444—-865 nm).
Although the applied AC modules compared use different
methodology ACOLITE and iCOR performed similarly.
ACOLITE performed best in the 740 nm band, whereas
iCOR had good performance in the band 704 nm. iCOR is
the only processor in which the adjacency adjustment comes
before the atmospheric correction. Moses et al. (2017) iden-
tified several issues regarding iCOR. First, unless there is
some pixel land present in the image, the surface reflectance
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Fig. 7. 6SV per-band scatterplot 0.06 0.06 0.06
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of the ocean and inlands water cannot be represented by
a linear combination of two pure green and one bare soil
endmembers. Once this requirement is not achieved, they
advised the user to be specific to specify an Atmospheric
Optical Thickness (AOT) value suitable for each area. This
factor could explain bad results with default setting. C2ZRCC
performs better at the wavelength of 832.8 nm. The poor
performance of the algorithm may be induced by insuffi-
cient atmospheric correction of a strong Rayleigh scatter-
ing. Given that the amplitude of water-leaving reflectance
appears to scale with the shapes of the C2RCC RMSD plot
in Fig. 9, which suggests that aerosol scattering is not the
main factor. We must also consider that waves and currents
regularly cause water surfaces to be in motion, scattering
the sunlight in various directions, blurring the areas, and
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causing the radiance received by the sensor to be greater
than the radiance emitted by the water surfaces (Matthews
2011).

For the Sen2COR and 6SV AC models, RMSD ranged
between 0.0235 and 0.0165, respectively. The low perfor-
mance of the algorithms can be due to the DDV method,
which is better suited for atmospheric correction of land
scenes (Bassani et al. 2015). The main reason behind the bad
performance of 6SV correction is the complex parameter
settings of 6SV. Necessary parameters such as aerosol opti-
cal depth (AOD) and water vapor (WV) are crucial to the
accurate retrieval of surface reflectances (Zhou et al. 2021).
In addition, inaccurate assumptions on aerosol microphysics,
which are especially critical to atmospheric accuracy, lead to
poor correction results (Kharazmi et al. 2023; Martins et al.
2017). Another critical factor influencing 6SV performance
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Fig.8 C2RCC per-band scat- 0.012 0.012 0.012
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is the ambient environment of the observation lake. Accord-
ing to Martins et al. (2017), the assumption of homogeneous
atmospheric effects over the lake is a large source of error
in 6SV result (Shahbandeh and Elhag 2023). The overall
performance 6SV algorithm achieves relatively low RMSD
and y at the wavelengths of 704 nm and 665 nm (Fig. 9),
which is consistent with Li et al. (2021b).

We found it necessary to employ a prior classification
of water types based on the trophic status of the lakes. The
classification is determined by the Chl-a values measured
directly on-site and is divided into three categories: Type
1, which represents ultra-to-oligotrophic conditions; Type 2,
indicating mesotrophic-to-eutrophic conditions; and Type 3,
signifying hypertrophic conditions (Harmel et al. 2018). The
categorization of water types serves the purpose of helping
us comprehend how various atmospheric correction (AC)
processors perform. For instance, the AC algorithm may
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not have been trained for a specific range of inherent optical
properties (IOPs), or it may influence the magnitude of the
adjacency effect (AE) in the visible bands (Liu et al. 2015).
The Hyperspectral data spans the 400900 nm spectrum
through a continuous sequence of narrow bands, enabling the
data to be averaged utilizing the spectral response MSI func-
tion instrument. The system’s automation will guarantee the
validation of new sensors and algorithms over significantly
shorter timeframes and across a broader range of atmospheric
and water conditions than what was previously accomplished.

5 Recommendations and Limitations
The high variability of the dataset could help better under-

stand the performance of the different ACs, consider-
ing several new variables. The combination of the two
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Sentinel-2 satellite missions will increase the revisit time
of measurements over the lake, helping monitor many pro-
cesses. However, the algorithms are considered mature and
are in use, so it is appropriate to test their current perfor-
mance. However, the size of the dataset is still limited
and prevents further analysis of the performance of AC
processors, an increase in the number of match-up points
leads to more robust statistics, and including more water
bodies in the dataset gives further information on the per-
formance under varying atmospheric conditions. With a
much larger dataset and associated observations on the
optical properties, it will be giving further information
and possible targeting of water bodies with specific AC
processors. Different available sensors (e.g., Landsat 5,
Landsat 7, Advanced Spaceborne Thermal Emission and
Reflectance Radiometer (ASTER)) and Synthetic Aperture
Radar (SAR) will be applied in values assessment (Naz
et al. 2021; Allama et al. 2021).

6 Conclusions

Through the analysis of the five atmospheric correction
processors to S2-MSI, the main objective of this study was
to evaluate the retrieved reflectance acquired from S2-MSI
by comparing it with the in-situ reflectance measurements.
The statistical linearity reveals that the algorithms with
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the least errors are ACOLITE and iCOR. The analysis by
spectral band helps identify each processor’s strengths
and weaknesses in the visible and near-infrared spectrum.
More match-up points result in more accurate statistics, and
increasing the number of water bodies to the dataset would
provide more details on how the system performed under
various climatic circumstances. Finally, because of the good
water reflectance results obtained with ACOLITE and iCOR,
it is conceivable to justify the applicability of S2-MSI in
estimating inland water quality that will be functional and
validated in our next paper. The data fusion of Sentinel-3
and Sentinel-2 sensors will upsurge the temporal resolution
of the measurements over lakes, assisting in the monitoring
of algal blooms, which are very dynamic and take place in
a short time. As the major dam in eastern China, Qiandao
Lake has been subjected to anthropogenic disturbance ris-
ing with an increasing activity within the lake catchment. It
is important to improve the monitoring processes of water
environment variability which aids environmental manage-
ment, and the sustainable ecological conservation plans in
this region. EO technique provides a fast and inexpensive
monitoring system (Pisanti et al. 2022). In water monitor-
ing studies, atmospheric correction is an important step. In
addition, this might be an effective tool for monitoring water
quality and providing a framework for making decisions that
safeguard public health (Senta et al. 2018).
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This study enhances our overall understanding of atmos-
pheric correction techniques for Sentinel-2A imagery over
inland waters. By systematically evaluating and comparing
different algorithms, the study provides valuable insights
into their strengths, weaknesses, and performance in these
specific environments. This improved understanding allows
researchers, scientists, and remote sensing experts to make
more informed decisions when selecting and applying

potential solutions to address these issues. The findings of
this research article contribute to the advancement of the
field by providing a solid foundation for future studies and
the development of improved algorithms for accurate and
reliable atmospheric correction over inland waters using
Sentinel-2A imagery.

atmospheric correction algorithms for inland water bod- Appendix 1
ies. Moreover, the article highlights the challenges asso-
ciated with atmospheric correction in such settings, such See Table 3.
as water turbidity and adjacency effects, and proposes
Table 3 Statistics for the match- AC 2 N R RMSD v 5 Tntercept Slope
ups in the Qiandao Lake
iCOR Bl 51 0.006 0.007 314 2.2237 0.01 0.216
B2 51 0.022 0.007 339.1469 1.5647 0.01 0.342
B3 51 0.11 0.008 294.1938 0.9312 0.008 0.795
B4 51 0.045 0.005 680.5864 1.436 0.004 0.528
BS 51 0.061 0.004 906.7716 1.0248 0.003 0.493
B6 51 0 0.005 6833.512 0.0254 0.003 0.002
B7 51 0 0.005 3269.444 —-0.163 0.003 0.007
B8 51 0.005 0.005 4035.6806 —0.0422 0.003 0.039
ACOLITE B1 39 0.009 2.3556 226.7839 0.014 -0.415 0.009
B2 39 0.009 2.2043 160.0765 0.013 0.016 0.009
B3 39 0.009 1.9821 95.9519 0.013 0.21 0.009
B4 39 0.005 2.1864 153.5972 0.006 0.019 0.005
BS 39 0.004 2.0857 121.8235 0.004 0.455 0.004
B6 39 0.003 1.7974 62.7227 0.003 0.255 0.003
B7 39 0.003 1.763 57.9401 0.002 0.276 0.003
B8 39 0.003 1.799 62.955 0.002 0.244 0.003
C2RCC Bl 51 0 0.009 237.7906 0.5458 0.012 -0.022
B2 51 0.029 0.009 136.3033 0.7768 0.01 0.442
B3 51 0.099 0.012 221.2517 0.7293 0.008 1.364
B4 51 0 0.007 794.254 0.6549 0.006 —0.406
B5 51 0.003 0.006 1134.8336 0.6468 0.006 -1.791
B6 51 0.007 0.005 3093.1622 5.8431 0.004 -8.357
B7 51 0.007 0.004 2979.2524 2.3445 0.004 -8.233
B8 51 0.008 0.004 6523.4266 2.3181 0.004 —18.338
Sen2COR B1 51 0 0.021 237.7906 0.5458 0 0
B2 51 0.01 0.031 136.3033 0.7768 0.01 0.065
B3 51 0.071 0.029 221.2517 0.7293 0.007 0.181
B4 51 0.007 0.02 794.254 0.6549 0.005 0.054
B5 51 0.012 0.021 1134.8336 0.6468 0.003 0.063
B6 51 0.004 0.022 3093.1622 5.8431 0.004 —-0.026
B7 51 0.002 0.023 2979.2524 2.3445 0.004 -0.015
B8 51 0.006 0.021 6523.4266 2.3181 0.003 -0.024
6SV B1 51 0.001 0.018 58.2695 —0.5373 0.012 -0.018
B2 51 0.012 0.015 53.2945 —0.4198 0.011 0.067
B3 51 0.085 0.018 52.8468 —0.4839 0.009 0.188
B4 51 0.008 0.012 62.8771 —-0.5479 0.005 0.053
BS 51 0.034 0.015 71.4537 —0.6896 0.003 0.099
B6 51 0.01 0.018 80.3369 —0.8034 0.003 0.042
B7 51 0.019 0.018 81.9241 —-0.8192 0.002 0.057
B8 51 0.02 0.019 84.0668 —0.8407 0.002 0.045
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