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Abstract1

Accurate retrieval of remote-sensing reflectance (Rrs) from lakes requires separating water-leaving radiance from2

atmospheric, surface and adjacency contributions. We assessed adjacency effect correction (AEC) methods for3

Sentinel-2 MultiSpectral Instrument (MSI) imagery using 329 satellite–in-situ matchups from four mid-latitude4

lakes: Greifensee, Lake Geneva, Lake Garda and Lake Trasimeno. The AEC methods TMART and RAdCor were5

combined with atmospheric correction (AC) methods ACOLITE, C2RCC and POLYMER, while GAAC was6

evaluated as an integrated AEC+AC approach. RAdCor+POLYMER produced the lowest median symmetric7

accuracy (MdSA) in three of the four lakes. The largest AEC benefit occurred in narrow Greifensee, where MdSA8

was 49.5 percentage points lower for RAdCor+POLYMER than for standalone POLYMER. Prior AEC reduced9

MdSA in 98 of 144 comparisons, with improvements most frequent at 705 and 740 nm. Rrs retrieval variation10

among AEC+AC combinations increased towards longer wavelengths: the median normalised interquartile range11

was 15.9% at 560 nm and 104.4% at 740 nm. Higher aerosol load was associated with larger AEC benefits in several12

combinations, whereas associations with sun zenith angle were generally small and varied among approaches and13

wavelengths. These results support routine inclusion of AEC in MSI lake Rrs processing, particularly for small or14

narrow lakes and products that use red and near-infrared bands. However, correction magnitude, sign and AEC15

benefit depended on water type, aerosol conditions, wavelength and downstream AC approach. Further method16

development and broader validation are required before AEC+AC combinations provide consistent benefit across17

inland waters.18

Keywords: Remote-sensing reflectance; Atmospheric correction; Adjacency effect correction; Validation; MSI;19

Water quality; Lakes20

1 Introduction21

The blue-to-near-infrared spectral range of the Sentinel-2 MultiSpectral Instrument (MSI; 443–740 nm) is widely22

used to retrieve lake optical properties and water quality variables, including phytoplankton chlorophyll-a, suspended23

particulate matter, turbidity and water transparency (Toming et al., 2016; Bresciani et al., 2018; Werther et al.,24

2022b). These products depend on accurate retrieval of remote-sensing reflectance (Rrs). Atmospheric correction25

(AC) methods remove molecular scattering, aerosol scattering and surface reflection terms so that the remaining26

water signal can be expressed as Rrs. This step is difficult over inland waters because the radiance contribution from27

the water to the top-of-atmosphere (TOA) signal is typically small (1–10%), while atmospheric path radiance and28

surface-reflected radiance commonly dominate the signal measured by an optical satellite sensor over water (Gordon,29

1978, 1985; IOCCG, 2010).30

Several approaches are available for AC of MSI and Landsat OLI imagery over inland and coastal waters, including31

ACOLITE dark spectrum fitting (Vanhellemont and Ruddick, 2018; Vanhellemont, 2019), C2RCC neural network32

inversion (Brockmann et al., 2016), POLYMER spectral optimisation (Steinmetz et al., 2011), iCOR (De Keukelaere33

et al., 2018), and NASA SeaDAS l2gen (Gordon and Wang, 1994; Mobley et al., 2016). Intercomparisons over inland,34
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coastal and optically complex waters show that AC approach performance depends strongly on water type and35

wavelength, and that no single approach consistently outperforms all others across these environments (Warren et al.,36

2019; Pahlevan et al., 2021; Hu et al., 2025). For lakes and rivers, the AC problem is further complicated by sun glint,37

directional reflectance effects, wind-driven foam or whitecaps, and adjacency effects (Koepke, 1984; Frouin et al.,38

1996; Steinmetz et al., 2011; Groetsch et al., 2017; Harmel et al., 2018; Wang et al., 2024; Pitarch et al., 2025; Paulino39

et al., 2025). The adjacency effect (AE) is particularly important for MSI and OLI observations over inland waters40

because these water bodies are often optically dark, spatially narrow and bordered by much brighter land surfaces.41

AE occurs when radiance reflected by neighbouring land, islands, shallow water margins, soil, vegetation, snow, urban42

surfaces or clouds is scattered by the atmosphere into the sensor field of view over water. This process produces an43

atmospheric point-spread contribution from the surrounding radiance field and can bias the apparent water signal,44

especially where land and water contrast is strong (Tanre et al., 1981; Tanré et al., 1987; Reinersman and Carder,45

1995; Santer and Schmechtig, 2000; Bélanger et al., 2007). Radiative transfer studies show that the magnitude,46

spectral shape and spatial extent of AE depend on aerosol optical depth, wavelength, illumination and viewing47

geometry, land cover reflectance, water optical properties and shoreline morphology (Bulgarelli et al., 2014, 2017;48

Bulgarelli and Zibordi, 2018). For MSI lake applications, AE can extend beyond the first shoreline-adjacent water49

pixels wherever strong land-water contrast and atmospheric scattering affect the target radiance field (Bulgarelli and50

Zibordi, 2018; Lion et al., 2025).51

AEC methods for aquatic applications follow several principles. Near-infrared (NIR) similarity methods assume52

that nearby water targets have similar NIR reflectance and use deviations from that similarity as an adjacency indicator53

(Sterckx et al., 2011). Environment-similarity methods compare the target with spectrally similar surrounding54

environments and are implemented, for example, in SIMEC and iCOR (Sterckx et al., 2015; De Keukelaere et al.,55

2018). Point-spread-function (PSF) approaches estimate the atmospheric scattering kernel that mixes neighbouring56

land and water radiance into the target pixel (Kiselev et al., 2015; Paulino et al., 2022). These studies show57

that AEC can improve nearshore water reflectance retrieval, while also pointing to important constraints: some58

methods rely on assumptions about NIR water similarity, others are tied to a specific AC approach, and many59

approaches have been validated for only one or a small number of algorithms, lakes or regions. More recent AEC60

methods include the Topography-adjusted Monte Carlo Adjacency-effect Radiative Transfer code (TMART), which61

uses Monte Carlo radiative transfer to estimate the atmospheric point-spread contribution from the surrounding62

land and water radiance field and subtracts this adjacency signal from TOA reflectance before AC (Wu et al.,63

2023, 2024); the Remote Sensing Adjacency Correction method (RAdCor), implemented in ACOLITE, which64

retrieves surface reflectance over heterogeneous scenes by accounting for contributions from surrounding surfaces with65

atmospheric PSFs and spatially resolved spherical albedo functions calculated for each wavelength and atmospheric66

state (Castagna and Vanhellemont, 2025); and the Genetic Algorithm for Atmospheric Correction (GAAC), which67

jointly retrieves aerosol optical depth, sun glint, adjacency terms, Rrs and inherent optical properties through a68

genetic optimisation framework (Pan and Bélanger, 2025). Recent, independent studies provide evidence that AEC69

can improve Rrs retrieval and downstream water constituent products, while also indicating that the benefit depends70

on approach choice, wavelength and scene context (Xu et al., 2025; Ansari et al., 2026; Giardino et al., 2025).71

Despite this progress, two knowledge gaps remain. First, most AE studies evaluate one AEC implementation with72

one downstream AC approach. Cross-comparisons of the same prior AEC with several downstream AC approaches73

remain limited. Second, the conditions controlling AEC benefit over lakes remain insufficiently quantified. Lake74

environments often combine narrow basins, complex shorelines, islands, steep or heterogeneous surrounding terrain,75

strong seasonal illumination changes and large optical gradients between clear and productive waters. AEC may76

therefore be strongest where shoreline geometry, land-water contrast and aerosol scattering coincide. The sign77

and magnitude of the final Rrs change, however, may differ among approaches, wavelengths and optical water78

types (OWTs). OWT frameworks were developed to organise such spectral diversity for algorithm selection and79

interpretation (Moore et al., 2014; Spyrakos et al., 2018; Uudeberg et al., 2019; Bi and Hieronymi, 2024), but their80

use as indicators of AEC benefit remains limited.81

The sparse availability of in-situ radiometry that has passed documented quality control limits the study of82

AEC implementations near lake shores (Peters et al., 2018; Braga et al., 2022; Avouris et al., 2025). Autonomous83

spectroradiometer systems such as the Water Insight SPectrometer station (WISPstation) can provide high-frequency84

above-water Rrs time series and have been used for validation. They are suitable for validation provided careful85

filtering is applied to account for illumination, cloud effects, glint, viewing geometry and spatial representativeness.86

These stations are often deployed close to shore or on fixed platforms, which makes them useful for assessing AEC87

under nearshore conditions. In this study, three fixed WISPstation datasets from Greifensee, the Lake Geneva88

LéXPLORE platform and Lake Trasimeno provide repeated nearshore matchup observations, while a Lake Garda89

campaign dataset provides an additional long-term validation set with a broader range of station locations and90
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shoreline distances.91

This study makes three specific contributions. First, we implement RAdCor as a modular MSI preprocessing92

step that produces a Level-1C-equivalent product for independent downstream AC approaches. Second, we validate93

TMART+AC and RAdCor+AC combinations against standalone AC products for the same matchups. Third,94

we link AEC benefit to OWT, aerosol load, observation geometry and lake spatial context to analyse AEC as a95

differentiated implementation effect whose magnitude and sign may vary among scenes, wavelengths and approaches.96

The analysis is guided by two hypotheses. First, we hypothesise that explicit AEC improves MSI lake Rrs accuracy97

relative to standalone AC. We expect the largest gains in the red, red-edge and near-infrared bands, where weak98

water-leaving radiance and atmospheric estimates influenced by nearby soil, vegetation, built surfaces, shallow99

margins or islands can strongly affect Rrs retrieval. Under this hypothesis, prior AEC methods such as TMART and100

RAdCor, and the integrated AEC+AC GAAC approach, should reduce matchup errors across many lake, approach101

and wavelength combinations, although the gain may differ strongly among downstream AC approaches.102

Second, we hypothesise that the validation benefit of current AEC implementations is context-dependent. We103

expect the magnitude and sign of the Rrs correction to depend on OWT, aerosol loading, acquisition geometry,104

shoreline configuration and downstream AC approach. We expect AEC to produce band, scene and approach105

dependent Rrs changes, with both increases and decreases possible after correction.106

To evaluate these hypotheses, we compare three standalone AC approaches, ACOLITE, C2RCC and POLYMER,107

with AEC+AC approaches based on GAAC, TMART and RAdCor. We combine exact paired AEC+AC versus108

standalone AC comparisons with OWT stratification, conditional analyses of aerosol load and observation geometry,109

and spatial case studies to identify where AEC improves MSI lake Rrs retrieval, where its validation benefit is weak110

or adverse, and which factors are associated with the magnitude and sign of the retrieved correction.111

2 Datasets112

The assessment dataset consists of two sample types: first, observations from fixed WISPstations installed on113

Greifensee (2022, 2023, 2025), Lake Geneva (2022, 2023, 2025) and Lake Trasimeno (2018–2025), and second, a114

spatially distributed field campaign dataset (2015–2024) from Lake Garda (Fig. 1). The three WISPstation sites115

provide autonomous above-water Rrs observations. Greifensee is a eutrophic, 2.3 km2 lake in the Swiss Midlands,116

with the WISPstation mounted on a platform close to shore (≤300 m). Lake Geneva is a large peri-alpine lake; the117

LéXPLORE platform is located about 500 m offshore and provides a fixed station in the western basin of the lake118

(Wüest et al., 2021). The western basin provides a geometrically complex shoreline setting for spatial analyses. Lake119

Trasimeno is a shallow, productive and often turbid Italian lake; the WISPstation is located on a platform about120

400 m north of Isola Polvese, a small island. These three fixed station records provide the in-situ component needed121

to generate matchups with MSI imagery under consistent local sampling geometry and distance from shore.122

The Lake Garda dataset provides a complementary validation case. Unlike the WISPstation sites, Lake Garda123

was sampled through targeted MSI field campaigns at multiple stations and distances to shore from the launch124

of Sentinel-2A until 2024. This long-term campaign record extends the validation beyond nearshore or platform125

locations and allows AEC performance to be assessed over a broader spatial gradient within a large, deep peri-alpine126

lake bordered by steep terrain and characterised by generally clear waters. Together, the four lakes span contrasting127

lake sizes, optical regimes, shoreline morphologies and surrounding topography, all of which are relevant for assessing128

AEC methods.129

2.1 In-situ WISPstation remote-sensing reflectance130

WISPstations installed at Greifensee, Lake Geneva and Lake Trasimeno provided autonomous fixed-position above-131

water hyperspectral radiometry. The instruments measured downwelling irradiance, Ed(λ), downwelling sky radiance,132

Ls(λ), and upwelling water-leaving radiance, Lu(λ), from 350 to 900 nm at 15 min intervals. The Greifensee133

and Lake Geneva stations were mounted on floating platforms, and the Lake Trasimeno station was installed on134

a pole-mounted platform approximately 3 m above the water surface and about 400 m north of Isola Polvese.135

Measurements were transmitted to WaterInsight WISPcloud and, for the Swiss stations, are available in near-real136

time through Datalakes (see Code availability section).137

Level-1 radiometric components were processed to Rrs with the three-component above-water reflectance model,138

hereafter referred to as 3C. The 3C approach derives Rrs from measured Ed(λ), Ls(λ) and Lu(λ), while estimating139

residual surface reflection from direct sun glint and diffuse sky glint. The spectral glint formulation underlying this140

processing follows the work of Gege and Grötsch (2016) and the subsequent validation of the 3C model by Groetsch141

et al. (2017), with further assessment by Pitarch et al. (2020). A recent update by Pitarch (2026), published while142
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Figure 1: Locations retained for the assessment in Greifensee (A; CH), Lake Geneva (B; CH/FR), Lake Garda (C;
IT) and Lake Trasimeno (D; IT). Land colours show elevation; colours within each lake show approximate distance
to the nearest shoreline.

this manuscript was being finalised, introduced the 3C-O25 formulation. Processing of the matchup dataset had143

already been completed with the existing 3C formulation when 3C-O25 became available.144

For this study, we implemented the 3C equations in a differentiable JAX workflow to accelerate batch processing145

of the WISPstation time series and to make the optimisation step reproducible within our processing pipeline. The146

spectral model structure was retained, and ancillary atmospheric and geometric inputs were updated dynamically147

for each individual measurement. Relative humidity and air pressure were estimated from COSMO meteorological148

fields (Baldauf et al., 2011), solar zenith angle (SZA) was computed with pvlib (Holmgren et al., 2018), and viewing149

geometry was read from the WISPstation metadata. These changes improved processing consistency across stations150

and acquisition times. The in-situ–satellite matchup residuals played no role in selecting the ancillary inputs or151

geometry. The Greifensee WISPstation record and related quality control checks have been independently described152

and used for hyperspectral phytoplankton taxonomic analysis and validation against imaging microscopy (Maire153

et al., 2025).154
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2.2 In-situ Lake Garda field campaign measurements155

Lake Garda in-situ Rrs spectra were obtained from targeted MSI matchup field campaigns beginning after the launch156

of the mission in 2015. This dataset has been steadily extended over the years and used in several studies related157

to AC and bio-optics (Giardino et al., 2014; Cazzaniga et al., 2016; Bresciani et al., 2018; De Keukelaere et al.,158

2018). The measurements were acquired with different radiometers: the handheld WISP-3 radiometer covering159

400–800 nm and full-range ASD FieldSpec-FR and Spectral Evolution radiometers operating from 350–2500 nm.160

The above-water acquisitions recorded Ed(λ), Ls(λ) and Lu(λ). WISP-3 acquired the radiometric components161

simultaneously, with water and sky views approximately 40◦ from nadir. ASD and Spectral Evolution acquisitions162

were sequential: downwelling irradiance was measured with a cosine receptor, and water and sky radiance were163

measured with a 5◦ fore-optic at approximately 40◦ from nadir and 135◦ relative azimuth from the Sun, following164

the SeaWiFS above-water protocol (Bresciani et al., 2018; De Keukelaere et al., 2018).165

2.3 Matchup generation166

Matchups between in-situ and satellite-derived Rrs were generated in three steps. First, hyperspectral observations167

from the WISPstations and Lake Garda campaigns were converted to glint-corrected hyperspectral Rrs, because the168

3C correction requires hyperspectral input. The corrected spectra were then convolved with the spectral response169

functions of the corresponding S2A, S2B and S2C MSI instruments, using the ESA Sentinel-2 spectral response170

function release (European Space Agency, 2024), to obtain MSI band-equivalent in-situ Rrs. Second, Sentinel-2 scenes171

were retrieved from the archive for observations that passed the field radiometry quality criteria in Section 2.3.1.172

Third, satellite pixels were masked using the IdePix water, cloud, cloud shadow, snow/ice and invalid pixel flags,173

then assessed for local homogeneity. Paired analyses were restricted to records for which both the standalone AC174

product and the corresponding AEC+AC product were available.175

2.3.1 In-situ Rrs quality control176

For the WISPstation sites, WISPstation observations around candidate Sentinel-2 overpass times were evaluated177

with a Level-1 radiometric Ed(560) illumination indicator. This illumination stability check follows the WISPstation178

quality control logic described by Maire et al. (2025); here it was applied only to the overpass window used for179

satellite matchup selection. For each site and candidate overpass, measured Ed(560) in a ±15 min overpass window180

was compared with a modelled clear-sky daily irradiance curve (Fig. 2). The curve was a sine-shaped clear-sky181

proxy scaled with the 90th percentile of noon Ed(560) observations within a ±15 day window. Candidate overpasses182

were retained when the mean absolute percentage error (MAPE) between measured and modelled Ed(560) in the183

overpass window was ≤ 20%. This filter was introduced because a spectrum can pass shape-based spectral criteria184

while still being acquired under transient cloud, shadow or rapidly changing illumination near the satellite overpass;185

Ed(560) provides an independent high-frequency indication of whether the in-situ and satellite observations sampled186

a comparable illumination state. The ≤ 20% threshold was chosen as a conservative compromise that removes187

unstable overpass windows without rejecting normal clear-sky variability in the station irradiance record. For the188

retained matchups, the median overpass window Ed(560) errors were 3.2% for Greifensee, 7.4% for Lake Geneva and189

5.5% for Lake Trasimeno; for the 172 Trasimeno matchups, the 95th percentile was 16.1%, below the 20% threshold.190

The closest WISPstation Rrs measurement within the overpass window was then selected for the in-situ side of the191

matchup. Lake Garda field campaign spectra were processed from the matched hyperspectral records and convolved192

to MSI band-equivalent Rrs.193

All retained in-situ spectra were additionally evaluated using the Quality Water Index Polynomial (QWIP) and194

retained when |QWIP| ≤ 0.2 (Dierssen et al., 2022). The maximum absolute QWIP values were 0.190 for Greifensee,195

0.179 for Lake Geneva, 0.200 for Lake Trasimeno and 0.1377 for Lake Garda.196

2.3.2 MSI scene selection197

S2A, S2B and S2C MSI Level-1C products were retrieved for dates and locations that passed the in-situ quality198

control. Level-1C products are TOA reflectance products that are radiometrically calibrated, geometrically corrected199

and distributed in UTM projection (Drusch et al., 2012). AC outputs and matchup validation spectra were evaluated200

on a common 20 m grid. Earlier inland water validation studies commonly used small resolution neighbourhoods201

around the station; for example, Bresciani et al. (2018) used centred 3× 3 pixel windows, whereas De Keukelaere202

et al. (2018) used 5 × 5, 3 × 3 and single pixel supports for the 10, 20 and 60 m Sentinel-2 bands, respectively.203

All analyses were performed on a common 20 m grid because adjacency effects were assessed using the complete204

validation band set, including the native 20 m bands at 705 and 740 nm. This choice preserves the native spatial205
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compare measured Ed(560) with the modelled clear-sky proxy for all available measurement days. The black curve
in panels A–F is the clear-sky proxy, the light red band is the ±20% acceptance envelope, orange points fall outside
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support of the analysis while avoiding resampling to the coarser 60 m resolution. Platform-specific adjacency effects206

at Greifensee and Lake Geneva remain part of the 20 m observations and were not removed by this choice of spatial207

resolution. The 443 nm band therefore remains constrained by its native 60 m information content but is evaluated208

at the common 20 m approach output to maintain a consistent spatial grid across validation bands and approaches.209

Satellite imagery was masked with IdePix, a multi-sensor pixel classification tool. For MSI, only pixels classified210

as water and free of cloud, cloud shadow, snow or ice, and other invalid conditions were retained (Skakun et al.,211

2022; Wevers et al., 2025). Following established ocean colour matchup protocols, local spatial homogeneity was212

assessed using the spatial coefficient of variation of native 10 m Level-1C B03 TOA reflectance at 560 nm, hereafter213

CV560 (Zibordi et al., 2009; Concha et al., 2021). A centred 3× 3 window was extracted at each in-situ coordinate,214

and CV560 was calculated as the population standard deviation divided by the mean of the finite positive pixels.215

Matchups with a finite CV560 > 0.25 were excluded. Median CV560 values were 0.0056 for Greifensee, 0.1037 for216

Lake Geneva, 0.0043 for Lake Trasimeno and 0.0054 for Lake Garda.217

Candidate in-situ matchup measurements differed between the continuous WISPstation records and the discrete218

Lake Garda campaign observations and are therefore described separately. For Greifensee and Lake Geneva, the219

stable illumination control described in Section 2.3.1 retained 57 and 60 candidate Sentinel-2 MSI overpass dates,220

respectively. Application of the |QWIP| ≤ 0.2 criterion retained 29 matchups for Greifensee and 31 for Lake Geneva.221

Of the 338 candidate Lake Trasimeno matchups, 190 met the IdePix valid water criterion, Level-1C CV560 and222
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QWIP criteria. The resulting dataset comprised the 172 matchups that also met the stable illumination criterion223

described in Section 2.3.1. For 230 original Lake Garda records, same-day MSI matching and IdePix valid water224

pixel identification yielded 97 matchups. All 97 satisfied the QWIP and Level-1C CV560 criteria. All WISPstation225

matchups were acquired within 15 minutes of the Sentinel-2 overpass, whereas the Lake Garda matchups were226

date-matched, with a mean absolute time difference of 1.84 h and a median of 2.01 h.227

2.4 Regional aerosol reanalysis data228

Regional aerosol conditions were characterised with two global reanalyses of atmospheric composition. The primary229

dataset was the Modern-Era Retrospective analysis for Research and Applications, Version 2 (MERRA-2), produced230

by the National Aeronautics and Space Administration (NASA) (Gelaro et al., 2017; Randles et al., 2017). We231

used the hourly M2T1NXAER aerosol collection on its native 0.5◦ latitude × 0.625◦ longitude grid. The extracted232

variables were total aerosol extinction optical thickness (AOT) at 550 nm, τaerext (550 nm) (TOTEXTTAU), and total233

aerosol scattering AOT at 550 nm, τaersca (550 nm) (TOTSCATAU). These variables were almost perfectly correlated in234

the matchup dataset. We therefore retained τaersca (550 nm) as the primary MERRA-2 aerosol descriptor because235

atmospheric scattering directly contributes to adjacency radiance.236

The comparison dataset was the European Centre for Medium-Range Weather Forecasts (ECMWF) Atmospheric237

Composition Reanalysis 4 (EAC4), distributed by the Copernicus Atmosphere Monitoring Service (CAMS) (Inness238

et al., 2019). CAMS EAC4 provides global atmospheric composition fields at 3-hourly intervals on a 0.75◦×0.75◦ grid.239

We retained total aerosol optical depth at 550 nm, hereafter AOD550, as the CAMS aerosol descriptor. Throughout240

the manuscript, AOT refers to the MERRA-2 optical thickness variables, whereas AOD550 refers to the CAMS total241

aerosol optical depth at 550 nm.242

Both products were extracted over 42.0–48.5◦N and 5.0–13.5◦E. MERRA-2 fields were interpolated to the243

matchup coordinates and Sentinel-2 sensing time, while CAMS EAC4 fields were matched to the available 3-hourly244

analysis times. MERRA-2 τaersca (550 nm) was available for 328 of 329 matchups. CAMS AOD550 was available for 323245

of 329 matchups across all four lakes.246

3 Methods247

We evaluated ten AC and AEC+AC approaches (Fig. 3): standalone ACOLITE/DSF, C2RCC and POLYMER;248

TMART followed by each of these three AC approaches; modular RAdCor preprocessing followed by C2RCC249

or POLYMER; the original ACOLITE/TSDSF approach using RAdCor internally; and GAAC as an integrated250

AEC+AC approach. The AEC and AC approaches are described in Sections 3.1 and 3.2, respectively.251

The assessment first compared satellite-derived and in-situ Rrs for each standalone AC or AEC+AC approach252

and then quantified the change in retrieval error produced by adding AEC before the same downstream AC. This253

paired AEC benefit was used as the response in the conditional analyses of solar geometry, optical water type and254

aerosol load. These variables were analysed jointly because their distributions differed among lakes and acquisition255

conditions. We used Huber M regression to estimate the conditional associations while limiting the influence of256

extreme response residuals. Sentinel-2 scene identifiers defined the clustering unit because multiple matchup events257

could originate from the same satellite acquisition. Section 3.4 defines this common estimation and scene-clustered258

inference approach. The validation statistics and paired AEC benefit response are defined in Section 3.3. Section 3.4259

describes the sensitivity analyses, including the OWT and shoreline analyses and the conditional solar geometry and260

aerosol models.261

3.1 Adjacency effect correction262

3.1.1 Topography-adjusted Monte Carlo Adjacency effect Radiative Transfer (TMART)263

TMART simulates millions of photon paths in a 3-D land–atmosphere–water system and derives a scene-specific264

PSF for every wavelength. The PSF is then deconvolved from the original Level-1 radiance product to produce265

an AE-corrected Level-1B product that can be forwarded to any AC (Wu et al., 2024). In this study, the public266

tmart v2.5.1 code was run with its default Monte Carlo configuration (106 photons, 1 km cut-off radius) and the267

same 20 m grid as the AC approaches.268
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1. Adjacency effect
correction (AEC)

2. Atmospheric
correction (AC)

3. AC standalone or with AEC

MSI Level-1C

TMART

RAdCor

ACOLITE/DSF

C2RCC

POLYMER

ACOLITE/

TSDSF

ACOLITE C2RCC POLYMER GAAC

Standalone

TMART
+ AC

RAdCor
+ AC

ACOLITE/
TSDSF

—

—

IdePix
valid pixels

OWT
classes4. Assessment

ACOLITE/
DSF

GAAC

Figure 3: Sentinel-2 MSI processing scheme used to assess standalone AC and combined AEC+AC configurations.
Level-1C products were processed directly by ACOLITE/DSF, C2RCC or POLYMER, or first by TMART or the
Sencast implementation of RAdCor. TMART outputs were passed to all three AC approaches; modular RAdCor
outputs were passed to C2RCC and POLYMER. ACOLITE/TSDSF denotes the native ACOLITE route that couples
RAdCor and TSDSF. GAAC was evaluated as an integrated AEC+AC approach. Outputs were assessed on the
common 20 m grid using IdePix valid pixels and OWT classes after application of the matchup criteria in Section 2.3.

3.1.2 Remote Sensing Adjacency Correction (RAdCor)269

RAdCor is distributed with ACOLITE v20250114.0 as the surface reflectance retrieval component of an adjacency-270

corrected atmospheric correction approach (Castagna and Vanhellemont, 2025). In the native ACOLITE setting,271

TOA–Surface Dark Spectrum Fitting (TSDSF) first estimates a representative aerosol model and aerosol optical272

thickness for the processed subscene. RAdCor then uses these atmospheric parameters to retrieve surface reflectance273

while accounting for radiance contributed by surrounding surfaces. The spatial transport of diffuse upward radiance is274

represented by an atmospheric PSF, while the contribution of diffuse illumination scattered back towards the surface275

is represented by a spatially resolved spherical albedo function (SAF). The PSF and SAF depend on wavelength and276

atmospheric state and are supplied through precomputed look-up tables.277

TSDSF and RAdCor therefore perform separate functions within ACOLITE: TSDSF estimates the aerosol state,278

and RAdCor retrieves surface reflectance using that estimate. We refer to this native sequence as ACOLITE/TSDSF279

throughout the figures and results (Fig. 3). This label includes the subsequent RAdCor surface reflectance retrieval.280

To evaluate RAdCor with independent downstream AC approaches, we implemented an export procedure in the281

open source Sencast framework (see Code availability section). Sencast runs the RAdCor implementation distributed282

with ACOLITE on the original MSI Level-1C product and reads the adjacency-corrected TOA-equivalent rhotc283

variables from the ACOLITE Level-2R file before Level-2W aquatic products are generated. These variables are284

mapped deterministically to MSI band identifiers and written to a duplicate Level-1C-equivalent product that285

preserves the original product geometry, metadata and file structure. The resulting product can be processed286

independently with C2RCC or POLYMER. The corresponding AEC+AC combinations are denoted RAdCor+C2RCC287

and RAdCor+POLYMER.288

The mapping used MSI band identifiers rather than nominal wavelengths to ensure consistent treatment of S2A,289

S2B and S2C. The six channels are denoted 443, 492, 560, 665, 705 and 740 nm. The B5 centre wavelength varies290

slightly among MSI platforms and metadata conventions and may be described near 704 or 705 nm; we use 705 nm291

consistently as the manuscript wavelength while mapping the channel by band identifier in the processing code.292

RAdCor was run on a 20 m target grid. During write-back to the native MSI band files, B02, B03, B04 and B08293

were resampled with nearest-neighbour assignment because their native resolution is 10 m. This step reproduces294

each corrected 20 m value on the finer file grid without introducing interpolated subpixel variation. The remaining295

MSI bands were written using average resampling. Native 20 m bands therefore retained the RAdCor target support,296
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while the corrected grid was spatially aggregated for native 60 m bands.297

RAdCor exposes several processing settings whose influence on the lake matchups was not known before the298

assessment. Appendix 1 describes the tests used to select one configuration for processing the complete dataset.299

3.1.3 Genetic Algorithm for Atmospheric Correction (GAAC)300

Although GAAC was introduced as an AC approach, it embeds an explicit AE model and therefore acts as a joint301

AEC+AC solver. The forward model expresses TOA reflectance as the sum of (i) direct atmospheric path radiance,302

(ii) adjacency-scattered land radiance parameterised with a single coupling coefficient kAE and a 2D exponential303

PSF, (iii) specular sun glint, and (iv) water-leaving radiance simulated with a two-component bio-optical approach.304

Seven unknowns, namely AOD550, Ångström exponent, aerosol single-scattering albedo proxy, kAE, glint reflectance,305

chlorophyll-specific absorption and the backscattering slope, are solved simultaneously with a genetic algorithm306

optimiser (population 200, 50 generations). The number of equations equals the number of VIS–NIR bands (SWIR307

bands are used only for Rayleigh correction), ensuring an exactly determined system (Pan and Bélanger, 2025).308

GAAC retrieves AE, aerosol, glint and water terms in one inversion. Its PSF mixing and coupling factors use the309

aerosol and transmittance state estimated within the same optimisation and operate on GAAC-internal radiometric310

variables. We therefore evaluated GAAC as one integrated AEC+AC configuration.311

3.2 Atmospheric correction312

Four AC approaches were evaluated: the Case-2 Regional CoastColour approach (C2RCC v2024.10), POLYMER313

v4.17, ACOLITE v20250114.0, and GAAC v20250415. C2RCC, POLYMER and ACOLITE are widely applied in314

inland water research and have been included in major intercomparisons (Pahlevan et al., 2021; Giardino et al.,315

2025; Warren et al., 2019; Werther et al., 2022b, 2025).316

C2RCC couples forward and inverse neural networks trained with approximately five million radiative transfer317

simulations spanning atmospheric and water optical conditions (Brockmann et al., 2016). The inversion estimates318

inherent optical properties and water-leaving reflectance after gaseous absorption correction.319

POLYMER fits atmospheric and aquatic spectral components simultaneously. A low-order polynomial represents320

aerosol-scattered reflectance, while a bio-optical model is fitted iteratively to the residual water signal. Its explicit321

sun glint term supports processing under geometries with substantial glint risk (Steinmetz et al., 2011).322

ACOLITE/DSF denotes the standalone ACOLITE configuration used without RAdCor (Vanhellemont and323

Ruddick, 2018). After Rayleigh correction, Dark Spectrum Fitting (DSF) estimates aerosol reflectance from324

image-based dark targets and extrapolates it across the visible and NIR spectrum.325

GAAC is described in Section 3.1.3. It retrieves atmospheric, glint, adjacency and water terms in one optimisation.326

Outputs were harmonised to Rrs according to the radiometric convention of each product. Outputs supplied as327

water-leaving reflectance, ρw(λ), were divided by π; outputs already expressed as Rrs were used directly.328

3.3 Assessment statistics and paired AEC benefit329

All validation statistics were calculated at the MSI validation wavelengths after spectral matching of satellite and330

in-situ Rrs. Let R
sat
rs,i(λ) and Rin situ

rs,i (λ) denote the satellite-derived and in-situ Rrs for matchup i at wavelength λ.331

For each valid matchup, multiplicative retrieval error was expressed as the symmetric absolute error:332

SAEi(λ) = 100

[
exp

(∣∣∣∣∣ln
(

Rsat
rs,i(λ)

Rin situ
rs,i (λ)

)∣∣∣∣∣
)

− 1

]
. (1)

The median symmetric accuracy was calculated as the median SAE over the valid matchup set Pλ:333

MdSA(λ) = mediani∈Pλ
[SAEi(λ)] . (2)

Median overestimation or underestimation in satellite-derived Rrs was quantified with the symmetric signed percentage334

bias:335

SSPB(λ) = 100 sign
(
δ̃(λ)

) [
exp

(∣∣∣δ̃(λ)∣∣∣)− 1
]
, δ̃(λ) = mediani=1,...,n ln

(
Rsat

rs,i(λ)

Rin situ
rs,i (λ)

)
. (3)

Mean absolute error, mean bias and correlation coefficients were calculated using standard validation definitions336

(Seegers et al., 2018; Werther et al., 2022a). Paired AEC benefit was evaluated for six AEC+AC combinations, each337

compared with its corresponding standalone AC approach. Throughout the paired analyses, i indexes a matchup,338
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j ∈ {1, . . . , 6} indexes one of the following six comparisons, and λ indexes one of the six MSI wavelengths, 443, 492,339

560, 665, 705 or 740 nm:340

1. TMART+ACOLITE/DSF relative to standalone ACOLITE/DSF;341

2. ACOLITE/TSDSF relative to standalone ACOLITE/DSF;342

3. TMART+C2RCC relative to standalone C2RCC;343

4. RAdCor+C2RCC relative to standalone C2RCC;344

5. TMART+POLYMER relative to standalone POLYMER; and345

6. RAdCor+POLYMER relative to standalone POLYMER.346

GAAC was not included in the paired AEC benefit analyses because it is an integrated AEC+AC approach and347

has no corresponding standalone AC result. For matchup i, AEC+AC combination j and wavelength λ, paired AEC348

benefit was defined as:349

Bi,j,λ = SAEstandalone
i,j,λ − SAEAEC+AC

i,j,λ . (4)

A positive value of Bi,j,λ indicates that the AEC+AC combination produced a smaller retrieval error than the350

corresponding standalone AC approach. A negative value indicates that the error increased after AEC. The same351

standalone-minus-AEC+AC sign convention was applied to MdSA:352

∆MdSAj,λ = MdSAstandalone
j,λ −MdSAAEC+AC

j,λ . (5)

Each paired comparison used only matchups for which both the standalone AC result and the corresponding353

AEC+AC result were finite and positive at the same wavelength.354

To quantify disagreement among the available AEC+AC outputs relative to the magnitude of the retrieved355

signal, we calculated a normalised interquartile range (IQR) for each matchup and wavelength. For this calculation,356

the seven distinct outputs were GAAC, TMART+ACOLITE/DSF, TMART+C2RCC, TMART+POLYMER,357

ACOLITE/TSDSF, RAdCor+C2RCC and RAdCor+POLYMER. For matchup i, wavelength λ and available output358

set Ki,λ, the normalised interquartile range was:359

Di,λ = 100
Q75

(
{Rrs,i,λ,k}k∈Ki,λ

)
−Q25

(
{Rrs,i,λ,k}k∈Ki,λ

)
mediank∈Ki,λ

|Rrs,i,λ,k|
. (6)

Here, k indexes the available AEC+AC outputs. A matchup–wavelength group was retained when at least six360

outputs were finite and the median absolute Rrs exceeded 10−5 sr−1. Lake- and wavelength-specific results were361

calculated from the median and IQR of the matchup event Di,λ values. For Figs. 5–8, MdSA, MAE, SSPB and362

Pearson’s r were calculated from all valid matchup–wavelength records at 443, 492, 560, 665, 705 and 740 nm within363

each lake and approach. We refer to these as validation metrics calculated across all six wavelengths.364

Validation metrics retained only records with finite, positive in-situ and satellite-derived Rrs; zero, negative,365

missing and non-finite values were excluded. For GAAC, accepted replacements were used, unresolved exact366

lower-bound outputs of 10−5 sr−1 were set to missing and accepted near-lower-bound outputs remained eligible367

under the same value rule (related to GAAC retrieval results, see Section 4.2). Paired AEC benefit required finite,368

positive in-situ, standalone and corresponding AEC+AC values for the same matchup and wavelength.369

3.4 Sensitivity analyses of AEC benefit370

The sensitivity analyses examined how paired AEC benefit varied with optical water type, distance from shore,371

observation geometry and regional aerosol load. They comprised an OWT analysis at the WISPstation sites, a372

distance-to-shoreline analysis for Lake Garda and two conditional regression models. Model M1 estimated the373

associations of SZA and OWT jointly after accounting for viewing zenith angle (VZA) and lake. Model M2 added374

one regional aerosol quantity to the M1 model.375

As in Section 3.3, i denotes a matchup, j denotes one of the six AEC+AC comparisons and λ denotes one of the376

six MSI wavelengths. The response was the paired AEC benefit Bi,j,λ defined in Eq. 4. A separate regression was377

fitted for each combination of j and λ. Each model specification therefore comprised 6× 6 = 36 regressions.378
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3.4.1 Huber M regression379

Ordinary least squares regression minimises the sum of squared residuals, thus observations with very large residuals380

can exert disproportionate influence on the estimated coefficients. The paired AEC benefit distributions contained381

such values. We therefore used Huber M regression, which behaves like ordinary least squares for moderate residuals382

but reduces the influence of larger residuals without removing the corresponding observations. For each AEC+AC383

combination j and wavelength λ, the Huber estimate was:384

ϑ̂j,λ = argmin
ϑ

∑
i

Lc

(
Bi,j,λ − xT

i,j,λϑ

sj,λ

)
, (7)

where xi,j,λ contains the model variables for matchup i, including the intercept, scaled continuous variables and385

categorical terms in the relevant model; ϑj,λ is the corresponding coefficient vector; and sj,λ is an estimate of the386

residual magnitude. The residual for matchup i was:387

ri,j,λ = Bi,j,λ − xT
i,j,λϑ. (8)

At each fitting step, the residual scale was estimated as:388

sj,λ =
mediani |ri,j,λ|
Φ−1(0.75)

= 1.4826 mediani |ri,j,λ| , (9)

where Φ−1(0.75) = 0.67449 is the 75th percentile of the standard normal distribution. The factor 1.4826 places the389

median absolute residual centred at zero on approximately the same scale as a residual standard deviation under390

normally distributed errors (Rousseeuw and Croux, 1993). The Huber loss function in Eq. 7 was:391

Lc(u) =

{
1
2u

2, |u| ≤ c,

c|u| − 1
2c

2, |u| > c,
(10)

with tuning constant c = 1.345 (Huber, 1964). Residuals with |u| ≤ 1.345 therefore contributed the same quadratic392

loss used by ordinary least squares, whereas larger residuals contributed a linear loss. The coefficients were estimated393

by iteratively re-weighted least squares. Residuals from one fit determined the weights for the next fit, and the394

procedure continued until the coefficients stabilised.395

The separate Lake Garda distance-to-shoreline analysis used a Theil–Sen estimator, defined as the median slope396

among all pairs of observations (Sen, 1968). This estimator was used because the shoreline analysis related paired397

AEC benefit to one continuous variable without additional adjustment terms. Huber M regression was used for M1398

and M2 because those models estimated several continuous and categorical terms simultaneously.399

3.4.2 Variable scaling and categorical terms400

Continuous variables were rescaled so that their coefficients represented interpretable changes. SZA was divided401

by 5◦, thus its coefficient gives the change in paired AEC benefit associated with a 5◦ increase in SZA. VZA was402

divided by its observed interquartile range. Its coefficient gives the change associated with a one-IQR increase in403

VZA. Each aerosol quantity was divided by its own product-specific IQR, calculated once for the corresponding404

analysis and then held fixed across its 36 regressions.405

OWT and lake were represented as categorical variables. The model therefore estimated separate terms for the406

observed OWT classes and lakes instead of imposing a numerical order or continuous relationship among them.407

OWT 3a and Lake Garda were used as reference categories. This parameterisation determines how the intercept and408

category coefficients are written but does not change the fitted values, the continuous variable coefficients or the409

pairwise comparisons among OWT classes.410

3.4.3 Uncertainty and hypothesis tests411

Several matchups could originate from the same Sentinel-2 acquisition and therefore share atmospheric conditions,412

observation geometry and image processing characteristics. Such matchups are statistically dependent. The complete413

Sentinel-2 scene identifier defined an independent cluster, and all matchups from the same acquisition remained414

together in every resampling step.415

Confidence intervals (CIs) for the SZA and aerosol coefficients were obtained with a scene-pairs bootstrap. For416

each of 9,999 bootstrap replicates, scene identifiers were sampled with replacement, all matchups belonging to each417
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selected scene were retained together, and the complete Huber model was refitted. The 2.5th and 97.5th percentiles418

of the resulting coefficient distribution defined the 95% CI.419

Two-sided hypothesis tests used a null-imposed Rademacher wild-scene bootstrap-t procedure (Cameron et al.,420

2008). For each coefficient, the model was first fitted under the null hypothesis that the coefficient equalled zero.421

All residuals belonging to one scene were then multiplied by the same randomly selected sign, either +1 or −1,422

and the model was refitted. This procedure was repeated 9,999 times. The unadjusted two-sided p value was the423

proportion of bootstrap statistics at least as extreme as the observed statistic. A finite +1 correction was applied to424

the numerator and denominator, therefore no resampling-based p value was described as zero.425

Each SZA or aerosol analysis contained 36 simultaneous coefficient tests, corresponding to the six AEC+AC426

combinations at the six MSI wavelengths. Testing many coefficients increases the probability of obtaining low427

unadjusted p values by chance. We therefore corrected for multiple testing separately within each predefined analysis428

family. The 36 SZA coefficients formed one family, the 36 MERRA-2 aerosol coefficients formed a second family, and429

the 36 CAMS aerosol coefficients formed a third family.430

Benjamini–Hochberg (BH) correction was applied independently within each family to control the false discovery431

rate, defined as the expected proportion of false positives among the coefficients identified as supported (Benjamini432

and Hochberg, 1995). A coefficient was classified as BH-supported when its BH-adjusted value was below 0.05.433

The tests within each family were not independent because the same matchups contributed to several wavelengths434

and AEC+AC combinations. Benjamini–Yekutieli (BY) adjusted values were therefore also calculated independently435

within each family (Benjamini and Yekutieli, 2001). The BY procedure provides a more conservative correction436

when dependence among the tests is present. A coefficient was classified as BY-supported when its BY-adjusted437

value was below 0.05. Let:438

f ∈ {SZA,MERRA,CAMS}

identify the analysis family. For AEC+AC combination j and wavelength λ,439

p
(f)
j,λ ,

denotes the unadjusted two-sided p value, while:440

q
BH,(f)
j,λ and q

BY,(f)
j,λ ,

denote the corresponding BH- and BY-adjusted values. Thus, q
BH,(SZA)
j,λ refers to the BH-adjusted SZA result,441

whereas q
BH,(MERRA)
j,λ and q

BH,(CAMS)
j,λ refer to the two aerosol analyses.442

CI exclusion, BH support and BY support were described separately. The CIs quantify coefficient uncertainty443

using the scene-pairs bootstrap distribution. The unadjusted p values test the null hypothesis that the corresponding444

coefficient equals zero using the null-imposed wild-scene bootstrap. The q values additionally account for the 36445

simultaneous tests within the relevant analysis family. A CI can therefore exclude zero even when the coefficient446

does not retain BH or BY support after multiple testing correction.447

3.4.4 Optical water type and shoreline analyses448

OWT classification was used to examine whether paired AEC benefit differed among water optical regimes. Each449

matchup was assigned an OWT from its in-situ Rrs spectrum using pyOWT (Bi and Hieronymi, 2024). The full450

pyOWT scheme defines ten classes. Five classes occurred in the dataset: 3a (n = 59), 3b (n = 19), 4a (n = 73), 4b451

(n = 174) and 5a (n = 3) (Fig. 4); one spectrum could not be classified.452

OWT 3a denotes waters with low to moderate phytoplankton, detritus and coloured dissolved organic matter,453

while OWT 3b is its brighter, more strongly scattering counterpart. OWT 4a represents waters with elevated454

biomass and low short-wavelength reflectance caused by particle and coloured dissolved organic matter absorption,455

while OWT 4b is a brighter, green and more strongly scattering variant. OWT 5a represents substantially higher456

phytoplankton biomass and elevated reflectance near 560 nm and in the red-to-near-infrared range.457

The WISPstation sites at Greifensee, Lake Geneva and Lake Trasimeno were analysed separately from Lake458

Garda because they provided repeated observations at constant local shoreline geometry. For each site s, OWT class459

c, AEC+AC combination j and wavelength λ, paired ∆MdSA was calculated using the sign convention in Eq. 5. The460

site-specific values were then combined using the number of valid matchups in each site-specific group as weights:461

∆MdSAweighted
c,λ,j =

∑
s ns,c,λ,j ∆MdSAs,c,λ,j∑

s ns,c,λ,j
, (11)
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Figure 4: OWT composition and median in-situ reflectance spectra for the matchup dataset. Panel A gives retained
matchup counts by lake and OWT class. Panel B shows class median hyperspectral Rrs curves, with symbols at the
six MSI wavelengths.

where ns,c,λ,j is the number of valid matchups contributing to the corresponding site, OWT class, wavelength and462

AEC+AC combination.463

Lake Garda was evaluated separately because its campaign locations span a broader distance-to-shoreline gradient.464

This distance analysis used RAdCor+POLYMER relative to standalone POLYMER and was fitted separately for each465

wavelength. A Theil–Sen slope related Bi,j,λ to distance from the nearest shoreline and was expressed in percentage466

points of paired AEC benefit per kilometre. Two-sided 95% CIs were obtained from 9,999 scene-cluster bootstrap467

resamples. Within each wavelength, represented Sentinel-2 acquisition scenes were sampled with replacement, all468

valid matchups from each sampled scene were retained together and the Theil–Sen slope was recalculated. The 2.5th469

and 97.5th percentiles defined the interval. The analysis is described in Appendix 3.470

3.4.5 Solar geometry and optical water type model (M1)471

Model 1 (M1) estimated the associations of SZA and OWT simultaneously while accounting for VZA and lake.472

SZA and OWT were included in the same model because their distributions were not independent in the dataset.473

Particular OWT classes occurred more frequently in some lakes and under some illumination geometries than in474

others. A model containing SZA without OWT could therefore attribute differences among water types to SZA.475

Conversely, an OWT comparison without SZA could attribute differences in illumination geometry to OWT.476

M1 addressed two complementary questions. The SZA coefficient estimated how paired AEC benefit changed with477

SZA when VZA, OWT class and lake were held constant. This is the OWT-adjusted SZA association. Differences478

among the fitted OWT terms estimated how paired AEC benefit differed among OWT classes when SZA, VZA and479

lake were held constant. These are the SZA-adjusted OWT contrasts.480

For each AEC+AC combination j and wavelength λ, M1 was:481

Bi,j,λ = α
(1)
j,λ + βSZA

j,λ

(
SZAi

5◦

)
+ βVZA

j,λ

(
VZAi

IQRVZA

)
+ γOWT(i),j,λ + δlake(i),j,λ + ε

(1)
i,j,λ.

(12)

Here, the coefficient βSZA
j,λ is the estimated change in paired AEC benefit per 5◦ increase in SZA after accounting for482

VZA, OWT and lake. The coefficient βVZA
j,λ accounts for variation associated with viewing geometry. The terms483

γOWT(i),j,λ allow the modelled level of paired AEC benefit to differ among OWT classes, and δlake(i),j,λ accounts for484

persistent differences among the four lakes.485
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OWT 3a and Lake Garda were the reference categories. This choice affects the intercept and the way individual486

category coefficients are written but does not affect fitted values, SZA or VZA coefficients, or pairwise OWT487

comparisons.488

For example:489

γOWT4b,j,λ − γOWT4a,j,λ, (13)

compares paired AEC benefit between OWT 4b and OWT 4a for observations with comparable SZA, VZA and490

lake. The M1 model includes lake as a categorical term and therefore accounts for average differences in paired AEC491

benefit among the four lakes. It nevertheless estimates one common SZA coefficient from the complete dataset. We492

used two exploratory analyses to examine whether that coefficient adequately represented the individual lakes.493

First, each of the 36 M1 analyses was extended by adding interactions between SZA and lake. These interaction494

terms allowed the SZA coefficient to differ among lakes. A joint test of the three lake-by-SZA interaction terms495

evaluated the null hypothesis that the SZA association was the same in all four lakes. The 36 joint tests formed a496

separate exploratory family for BH and BY correction. Support for a lake-by-SZA interaction indicates that at least497

one lake had a different SZA association and that one common coefficient did not describe all four lakes equally well.498

Second, the RAdCor+POLYMER SZA models were refitted four times, each time omitting all matchups from499

one lake. These leave-one-lake-out refits assessed whether the coefficient estimated from all four lakes depended500

strongly on the contribution of an individual lake. They were evaluated descriptively from the coefficient estimates501

and scene-pairs bootstrap CIs. No p values, q values or significance classifications were assigned. A large change in502

coefficient magnitude or sign indicates sensitivity to lake composition.503

Five observed OWT classes yield ten pairwise OWT contrasts within each of the 36 M1 regressions, giving504

360 contrasts. All 360 estimates were retained descriptively. Formal inference was limited to contrasts for which505

each OWT class was represented by at least ten independent Sentinel-2 scenes and at least one lake contained five506

independent scenes from each class. This support criterion was applied to the contrast inference only; it did not507

remove observations from the fitted M1 regressions.508

For each contrast eligible for formal inference under the independent-scene criterion, the standard error was509

calculated from the scene-clustered covariance matrix of the fitted Huber model. The 95% CI was the contrast510

estimate plus or minus 1.96 times its scene-clustered standard error, and the unadjusted two-sided p value used the511

corresponding normal approximation. These OWT contrasts formed a separate multiplicity family to which BH and512

BY correction were applied. These scene-clustered CIs differ from the scene-pairs bootstrap CIs used for the SZA513

coefficients.514

3.4.6 Aerosol load model (M2)515

Model 2 (M2) added one regional aerosol quantity to the SZA, VZA, OWT and lake terms in M1. MERRA-2 and516

CAMS were analysed in separate models. As in M1, a separate regression was fitted for each of the six AEC+AC517

combinations and six MSI wavelengths:518

Bi,j,λ = α
(2,d)
j,λ + βaer,d

j,λ

(
Ai,d

IQR(Ad)

)
+ βSZA,d

j,λ

(
SZAi

5◦

)
+ βVZA,d

j,λ

(
VZAi

IQRVZA

)
+ γd

OWT(i),j,λ + δdlake(i),j,λ + ε
(2,d)
i,j,λ ,

(14)

where d ∈ {MERRA,CAMS} identifies the aerosol dataset, Ai,d is the corresponding aerosol quantity for matchup i519

and the product-specific interquartile range IQR(Ad). The IQR was calculated once for the corresponding aerosol520

analysis and held fixed across its 36 regressions. The primary aerosol analysis used MERRA-2 total aerosol scattering521

optical thickness at 550 nm:522

Ai,MERRA = τaersca,i(550 nm), (15)

from TOTSCATAU. Its matchup event IQR was 0.08609. The coefficient βaer,MERRA
j,λ is the estimated change in paired523

AEC benefit associated with one MERRA-2 scattering AOT IQR after accounting for SZA, VZA, OWT and lake.524

The secondary aerosol analysis used CAMS EAC4 total aerosol optical depth at 550 nm:525

Ai,CAMS = AOD550,i. (16)

Its matchup event IQR was 0.13325. The coefficient βaer,CAMS
j,λ is the corresponding change in paired AEC benefit526

per CAMS AOD550 IQR after accounting for the same model variables. For each aerosol product, M1 was refitted527

using the same matchups and OWT specification as M2. The difference between these M1 and M2 estimates for528
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the same sample therefore measures the change associated with adding the aerosol quantity instead of a change in529

data availability. The primary M2 analysis retained all five observed OWT classes. As a sensitivity analysis, M2530

and its corresponding M1 fit for the same sample were repeated using only OWT 3a, 4a and 4b, the three classes531

represented by at least 20 matchups. The product-specific aerosol IQR was recalculated for this restricted analysis.532

The primary MERRA-2 M2 regressions were also refitted four times in a leave-one-lake-out analysis, each time533

omitting one lake while retaining the aerosol IQR over the entire sample. A direction was retained only when the534

coefficient sign matched the sign over the full dataset after every individual lake omission.535

4 Results536

4.1 Remote-sensing reflectance matchups537

The ten approaches produced different validation rankings across the four lakes. RAdCor+POLYMER achieved538

the lowest MdSA in Greifensee, Lake Geneva and Lake Trasimeno, whereas TMART+POLYMER produced the539

lowest MdSA in Lake Garda (Figs. 5–8). The unweighted mean of the four lake-specific MdSA values was 46.9% for540

standalone POLYMER and 30.8% for RAdCor+POLYMER. The corresponding difference was 16.1 %pt., equivalent541

to 34.3% of the standalone POLYMER value.542

Greifensee showed the largest response to prior AEC (Fig. 5). The standalone approaches produced MdSA543

values between 82.1 and 89.2%, whereas GAAC, RAdCor+C2RCC and RAdCor+POLYMER reduced MdSA to544

45.9, 37.4 and 32.6%, respectively. RAdCor+POLYMER therefore had an MdSA 49.5 %pt. lower than standalone545
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ACOLITE/DSF 85.0 0.0014 1.6 0.87
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POLYMER 82.1 0.0020 44.3 0.90

GAAC 45.9 0.0012 17.8 0.97

TMART+ACOLITE/DSF 67.1 0.0015 21.2 0.86

TMART+C2RCC 52.1 0.0013 -12.1 0.84

TMART+POLYMER 52.1 0.0016 18.3 0.91
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RAdCor+C2RCC 37.4 0.0014 26.2 0.93

RAdCor+POLYMER 32.6 0.0012 26.6 0.97

Greifensee
retrieval metrics
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Figure 5: Satellite–in-situ Rrs comparison and retrieval metrics for Greifensee WISPstation matchups. Columns show
ACOLITE/DSF, C2RCC, POLYMER and GAAC; rows show standalone, TMART and RAdCor approaches. Point
colours identify the six MSI wavelengths and the dashed line is the 1:1 relation. Panel annotations use one common
denominator within each lake: ntotal is the number of possible lake matchups multiplied by six MSI wavelengths,
nabove counts Rrs outputs above 1.05× 10−5 sr−1 and nexcluded = ntotal − nabove.
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ACOLITE/DSF 60.6 0.0014 18.5 0.69

C2RCC 59.4 0.0012 -42.5 0.80

POLYMER 44.4 0.0011 4.7 0.82

GAAC 71.6 0.0018 -44.2 0.71

TMART+ACOLITE/DSF 47.2 0.0013 13.4 0.78

TMART+C2RCC 45.7 0.0010 -18.0 0.84

TMART+POLYMER 41.7 0.0010 -2.8 0.82

ACOLITE/TSDSF 47.0 0.0016 3.6 0.72

RAdCor+C2RCC 42.4 0.0011 -20.3 0.81

RAdCor+POLYMER 34.7 0.0010 -7.1 0.80

Lake Geneva
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Figure 6: Satellite–in-situ Rrs comparison and retrieval metrics for Lake Geneva WISPstation matchups. Columns
show ACOLITE/DSF, C2RCC, POLYMER and GAAC; rows show standalone, TMART and RAdCor approaches.
Point colours identify the six MSI wavelengths and the dashed line is the 1:1 relation. Panel annotations use
one common denominator within each lake: ntotal is the number of possible lake matchups multiplied by six MSI
wavelengths, nabove counts Rrs outputs above 1.05× 10−5 sr−1 and nexcluded = ntotal − nabove.

POLYMER. RAdCor+POLYMER and GAAC also produced the lowest MAE values at this site and both reached a546

Pearson correlation of 0.97. The SSPB results showed that prior AEC altered not only error magnitude but also547

retrieval bias. For example, the negative SSPB of standalone C2RCC was reduced by TMART+C2RCC, whereas548

RAdCor+C2RCC changed the sign of the bias.549

Lake Geneva showed the same overall ranking. Standalone POLYMER was the most accurate of the three550

standalone AC approaches, with an MdSA of 44.4%, and RAdCor+POLYMER produced the lowest MdSA overall,551

at 34.7% (Fig. 6). TMART+POLYMER, RAdCor+C2RCC and TMART+C2RCC formed a second group with552

MdSA values between 41.7 and 45.7%. The ACOLITE-based AEC+AC approaches produced similar MdSA values553

of approximately 47%, whereas GAAC had the largest retrieval error at this site. Within the POLYMER branch,554

prior AEC reduced both MdSA and the magnitude of SSPB, with TMART+POLYMER producing an SSPB close555

to zero and RAdCor+POLYMER producing a small negative SSPB.556

Lake Trasimeno produced the lowest retrieval errors overall. RAdCor+POLYMER, GAAC and TMART+557

POLYMER all achieved MdSA below 20%, while standalone POLYMER remained close at 22.8%. Differences558

among these four approaches were therefore much smaller than those observed in Greifensee (Fig. 7). The same559

pattern occurred within the C2RCC branch, where both AEC combinations reduced MdSA relative to standalone560

C2RCC and reduced the magnitude of the negative SSPB. The three ACOLITE-based approaches were more closely561

grouped and all produced MdSA values between 32.6 and 33.5%.562

Lake Garda differed from the three WISPstation sites. The three POLYMER-based results were nearly identical,563

with MdSA values of 37.9% for TMART+POLYMER, 38.1% for RAdCor+POLYMER and 38.3% for standalone564

POLYMER. Their MAE, SSPB and Pearson correlation values were also similar (Fig. 8). The C2RCC-based565

approaches showed only small differences in MdSA, whereas the ACOLITE branch showed a clearer separation:566
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TMART+C2RCC 25.6 0.0029 -16.3 0.88
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Figure 7: Satellite–in-situ Rrs comparison and retrieval metrics for Lake Trasimeno WISPstation matchups. Columns
show ACOLITE/DSF, C2RCC, POLYMER and GAAC; rows show standalone, TMART and RAdCor approaches.
Point colours identify the six MSI wavelengths and the dashed line is the 1:1 relation. Panel annotations use
one common denominator within each lake: ntotal is the number of possible lake matchups multiplied by six MSI
wavelengths, nabove counts Rrs outputs above 1.05× 10−5 sr−1 and nexcluded = ntotal − nabove.

standalone ACOLITE/DSF had an MdSA of 65.9%, TMART+ACOLITE/DSF had an MdSA of 74.5%, and567

ACOLITE/TSDSF had an MdSA of 94.5%. Thus, prior AEC did not produce a consistent lake-wide improvement568

in Lake Garda, and the result depended strongly on the downstream AC approach.569

The wavelength analysis compared each AEC+AC result with the corresponding standalone AC result (Fig. 9).570

Prior AEC reduced MdSA in 98 of the 144 lake, approach and wavelength comparisons, corresponding to 68%.571

Positive changes were least frequent at 560 nm and became increasingly common towards longer wavelengths. Prior572

AEC reduced MdSA in 19 of 24 comparisons at 665 nm, 22 of 24 at 705 nm and 21 of 24 at 740 nm. By contrast,573

positive changes occurred in 14 of 24 comparisons at 443 nm, 13 of 24 at 492 nm and only 9 of 24 at 560 nm.574

The frequency of positive changes also differed among lakes. Greifensee showed the largest number of improvements,575

followed by Lake Trasimeno and Lake Geneva, whereas Lake Garda showed the fewest. Every AEC+AC combination576

reduced MdSA at 443, 665 and 705 nm in Greifensee, at 705 and 740 nm in Lake Geneva, and at 740 nm in Lake577

Trasimeno. Across all four lakes, improvements were therefore concentrated at 665–740 nm, while changes at 560 nm578

were smaller and less consistently positive.579

Agreement among the seven AEC+AC approaches also depended strongly on wavelength (Fig. 10). The analysis580

retained all 1,974 event–wavelength groups from the 329 matchup events. Median normalised disagreement was lowest581

at 560 nm, at 15.9%, and increased towards longer wavelengths, reaching 48.1% at 705 nm and 104.4% at 740 nm.582

The same wavelength dependence occurred in all four lakes. At 740 nm, the lake-specific median disagreement was583

143.3% in Lake Garda, 142.4% in Lake Geneva, 93.7% in Greifensee and 72.5% in Lake Trasimeno. Lake Trasimeno584

generally showed the smallest disagreement among AEC+AC approaches, whereas Lake Garda and Lake Geneva585

showed the largest disagreement at 705 and 740 nm. These results show that the choice of AEC+AC approach had586

relatively little effect at 560 nm but produced substantially different retrievals at the longer MSI wavelengths.587
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C2RCC 44.8 0.0012 -35.1 0.82
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GAAC 55.9 0.0018 15.5 0.81
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TMART+C2RCC 45.8 0.0015 -6.4 0.80
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RAdCor+C2RCC 43.4 0.0012 -30.8 0.83
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Figure 8: Satellite–in-situ Rrs comparison and retrieval metrics for the Lake Garda matchups acquired from 12
September 2015 to 9 July 2024. Columns show ACOLITE/DSF, C2RCC, POLYMER and GAAC; rows show
standalone, TMART and RAdCor approaches. Point colours identify the six MSI wavelengths and the dashed
line is the 1:1 relation. Panel annotations use one common denominator within each lake: ntotal is the number of
possible lake matchups multiplied by six MSI wavelengths, nabove counts Rrs outputs above 1.05× 10−5 sr−1 and
nexcluded = ntotal − nabove.

4.2 GAAC lower-bound remote-sensing reflectance retrieval588

Some GAAC matchup spectra reached the approach lower bound for Rrs, which appeared as exactly Rrs =589

1× 10−5 sr−1. These instances were investigated with a custom procedure and were not interpreted as physically590

meaningful near-zero water-leaving reflectance. The procedure recovered 16 flagged GAAC values where investigation591

supported correction and masked 169 unresolved exact lower-bound values from GAAC validation statistics. The592

lower-bound behaviour was consistent with GAAC correction terms driving the pre-clipped water-leaving reflectance593

below zero, mainly through aerosol/sky path closure and residual glint sensitivity. The complete investigation and594

accepted recovery rules are detailed in Appendix 2.595
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Figure 9: Change in matchup agreement after prior AEC. Panels show Greifensee (A), Lake Geneva (B), Lake Garda
(C) and Lake Trasimeno (D). Each heatmap entry describes ∆MdSA = MdSA(standalone AC) − MdSA(AEC + the
same AC) for one wavelength, prior AEC method and downstream AC approach. Positive values indicate lower
MdSA after AEC. The colour scale is centred at zero and saturated at ±175 %pt.; printed values retain their full
magnitude.

This figure is intentionally presented on a dedicated page to retain it within the relevant section for peer-review.
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Figure 10: Normalised disagreement among AEC+AC approaches. Each translucent point is one retained
matchup event–wavelength group containing at least six outputs drawn from GAAC, TMART+ACOLITE/DSF,
TMART+C2RCC, TMART+POLYMER, ACOLITE/TSDSF, RAdCor+C2RCC and RAdCor+POLYMER. The
value is 100 times the output interquartile range divided by the median absolute Rrs for the same matchup event
and wavelength, which was required to exceed 10−5 sr−1. Large symbols show lake-specific medians and vertical
bars show the corresponding matchup event interquartile ranges.
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4.3 Sensitivity analyses596

The sensitivity analyses examined whether paired AEC benefit differed among OWTs, changed with distance from597

shore or varied with regional aerosol load and solar geometry. The WISPstation observations provided comparisons598

among OWT classes under constant site geometry, whereas the spatially distributed Lake Garda observations were599

used to examine distance from shore. M1 estimated the SZA and OWT associations jointly after adjustment for600

VZA and lake, and M2 added one regional aerosol quantity to the same model structure. Together, these analyses601

separated the broad patterns observed at the fixed sites from associations estimated after accounting for observation602

geometry and lake.603

4.3.1 Optical water type and shoreline distance604

At the WISPstation sites, the reduction in retrieval error produced by AEC differed strongly among OWT classes605

and wavelengths (Fig. 11). Across the displayed AEC+AC combinations and wavelengths, mean weighted paired606

∆MdSA was 79.9 %pt. for OWT 4a and 5.3 %pt. for OWT 4b. The mean response also increased towards the607

longer MSI wavelengths. Averaged across OWT classes and AEC+AC combinations, weighted paired ∆MdSA was608

38.7 %pt. at 665 nm, 57.8 %pt. at 705 nm and 119.6 %pt. at 740 nm, whereas the mean responses at 492 and609

560 nm were small. Thus, the largest mean AEC benefits occurred in OWT 4a and at 665–740 nm.610

The response also differed among AEC+AC combinations. The C2RCC-based combinations produced positive611

∆MdSA in most OWT–wavelength combinations, indicating lower MdSA after AEC in most of these strata. The612

ACOLITE- and POLYMER-based validation response depended more strongly on OWT class and wavelength.613

After adjustment for SZA, VZA and lake in M1, the evidence for systematic differences among OWT classes was614

more limited. Of the 121 contrasts with sufficient independent-scene support, 9 had 95% scene-clustered CIs that615

lay entirely above or below zero, and one contrast had both BH- and BY-adjusted values below 0.05. Most adjusted616

OWT contrasts therefore did not establish a clear difference in paired AEC benefit between classes.617

The supported contrast occurred for RAdCor+POLYMER relative to standalone POLYMER at 443 nm. Paired618

AEC benefit was 31.5 %pt. lower in OWT 4b than in OWT 4a (95% CI: −37.9 to −25.1 %pt.). For observations with619
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Figure 11: OWT-stratified benefit of prior AEC at the three WISPstation sites. Values are weighted paired ∆MdSA
across Greifensee, Lake Geneva and Lake Trasimeno, with site weights equal to the number of valid matchups in
the corresponding site-specific group. Positive values indicate lower MdSA after AEC, whereas negative values
indicate higher MdSA. The colour scale is centred at zero and saturated at ±400 %pt.; printed values keep their full
magnitude. Lake Garda is analysed separately by shoreline distance in Appendix 3. OWT 5a was excluded from
this visualisation because of its low abundance (n=3).
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comparable SZA, VZA and lake, RAdCor therefore reduced POLYMER retrieval error more strongly in OWT 4a620

than in OWT 4b at 443 nm.621

In Lake Garda, paired AEC benefit did not show a consistent dependence on distance from shore. While most622

wavelength-specific slopes were negative, indicating a tendency for AEC benefit to decrease with increasing distance623

from shore, only the 492 nm scene-cluster bootstrap interval excluded zero (−0.28 %pt. km−1, 95% CI: −0.72 to624

−0.01 %pt. km−1). The largest estimated decline occurred at 705 nm (−4.24 %pt. km−1), but its uncertainty was625

substantially larger and the interval included zero, as did those at 443, 560, 665 and 740 nm. Following exploratory626

BH and BY adjustment across the six wavelength-specific shoreline tests, no distance-to-shoreline association627

remained supported (see Appendix 3 for more details).628

4.3.2 Regional aerosol loading629

Both aerosol reanalyses identified the same principal result: higher regional aerosol load was associated mainly with630

larger AEC benefits for the RAdCor-based combinations, particularly at 705 nm. The coefficient signs agreed between631

MERRA-2 and CAMS in 35 of the 36 analyses defined by the six AEC+AC combinations and six wavelengths. Eight632

positive RAdCor associations had q
BH,(MERRA)
j,λ < 0.05 and q

BH,(CAMS)
j,λ < 0.05 for the same AEC+AC combination633

and wavelength (Fig. 12). The aerosol response was therefore concentrated in selected RAdCor combinations and634

wavelengths and not shared by all 36 analyses.635

In the primary MERRA-2 analysis, positive associations were retained for RAdCor+C2RCC at 560, 665, 705636

and 740 nm and for RAdCor+POLYMER at 492, 560, 665, 705 and 740 nm. Across all 36 coefficients, the median637

association was +0.237 %pt. per MERRA-2 scattering AOT IQR, and the coefficients ranged from −4.757 to638

+17.328 %pt. per IQR. Thirteen 95% scene-pairs bootstrap CIs lay entirely above or below zero. Of the 36 MERRA-2639

coefficients, 10 had q
BH,(MERRA)
j,λ < 0.05, and 8 had q

BY,(MERRA)
j,λ < 0.05.640
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Figure 12: Conditional associations between regional aerosol load and AEC benefit from M2. The six panels show
the six AEC+AC combinations, each compared with its corresponding standalone AC approach. Positive coefficients
indicate that AEC benefit increased with aerosol load, whereas negative coefficients indicate that it decreased. Blue
points show coefficients per IQR of MERRA-2 total aerosol scattering optical thickness at 550 nm, and orange
points show coefficients per IQR of CAMS EAC4 total aerosol optical depth at 550 nm. The two aerosol products
were fitted separately, with adjustment for SZA, VZA, OWT class and lake. Horizontal lines are 95% scene-pairs
bootstrap CIs, and filled points identify intervals that do not include zero. Asterisks identify MERRA-2 coefficients

with q
BH,(MERRA)
j,λ < 0.05 and CAMS coefficients with q

BH,(CAMS)
j,λ < 0.05.
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The largest MERRA-2 coefficient occurred for RAdCor+POLYMER at 705 nm. A one-IQR increase in MERRA-2641

scattering AOT was associated with a 17.33 %pt. larger reduction in retrieval error from adding RAdCor before642

POLYMER (95% CI: 8.07 to 28.56 %pt. per IQR). The only supported negative MERRA-2 association occurred for643

TMART+ACOLITE/DSF at 705 nm. In that analysis, a one-IQR increase in scattering AOT was associated with a644

3.14 %pt. smaller AEC benefit (coefficient: −3.14 %pt. per IQR; 95% CI: −15.01 to −0.03 %pt. per IQR).645

The separate CAMS analysis reproduced the main directional pattern. The CAMS coefficients had a median646

of +1.651 %pt. per CAMS AOD550 IQR and ranged from −14.829 to +21.223 %pt. per IQR. Thirteen CIs lay647

entirely above or below zero. Of the 36 CAMS coefficients, 9 had q
BH,(CAMS)
j,λ < 0.05, and 7 had q

BY,(CAMS)
j,λ < 0.05.648

Eight positive associations were supported with both products: RAdCor+C2RCC at 560, 665, 705 and 740 nm, and649

RAdCor+POLYMER at 492, 560, 665 and 705 nm. MERRA-2 additionally supported RAdCor+POLYMER at650

740 nm and the negative TMART+ACOLITE/DSF association at 705 nm, whereas CAMS additionally supported a651

positive TMART+POLYMER association at 560 nm.652

The two products therefore identified the same principal RAdCor response, although the numerical coefficient sizes653

differed. Across the eight RAdCor associations supported by both products, the CAMS coefficient was numerically654

larger in every case. For RAdCor+POLYMER, the CAMS and MERRA-2 coefficients were 1.82 and 1.15 %pt. per655

IQR at 492 nm and 21.22 and 17.33 %pt. per IQR at 705 nm, respectively. These magnitudes cannot be compared656

as measurements of the same physical increment because MERRA-2 and CAMS represent different aerosol quantities657

and were scaled by different product-specific IQRs.658

Regional aerosol load also covaried with SZA in the available observations. Higher SZA values tended to occur659

with lower aerosol values: Pearson’s r was −0.356 for MERRA-2 scattering optical thickness and −0.424 for CAMS660

AOD550. When M1 was refitted using the same events as the MERRA-2 model, adding the aerosol term changed661

the sign of 9 of the 36 SZA coefficients, with a median absolute change of 0.320 %pt. per 5◦.662

For RAdCor+POLYMER at 705 nm, the SZA coefficient changed from −1.957 %pt. per 5◦ in M1 to +0.123 %pt.663

per 5◦ in M2. The estimated decrease in AEC benefit with SZA was therefore reduced to a value close to zero after664

regional aerosol load was included. At 740 nm, the coefficient increased from +1.007 to +1.692 %pt. per 5◦. In665

contrast, the direction of 142 of 144 directly parameterised OWT coefficients relative to OWT 3a was unchanged666

after the aerosol term was added. The aerosol adjustment therefore altered several SZA estimates but had little667

effect on the direction of these coefficients.668

Restricting the analysis to the more frequently represented OWT 3a, 4a and 4b classes preserved the main aerosol669

result. Within this sensitivity analysis, eight coefficients for each aerosol product had BH-adjusted values below 0.05,670

and only three product-specific BH decisions changed relative to the analysis with all OWT classes. The positive671

RAdCor associations identified by both MERRA-2 and CAMS remained present.672

4.3.3 Solar geometry673

SZA was associated with paired AEC benefit in a subset of the analyses, but the direction and magnitude of the674

association differed among AEC+AC combinations and wavelengths. Higher SZA corresponded to greater AEC675

benefit in some cases and smaller AEC benefit in others.676

M1 produced 12 of 36 scene-pairs bootstrap CIs excluding zero. Of the 36 SZA coefficients, 8 had q
BH,(SZA)
j,λ < 0.05,677

and 4 had q
BY,(SZA)
j,λ < 0.05. The median association was +0.224 %pt. of paired AEC benefit per 5◦ increase in SZA,678

with a range from −8.118 to +1.889 %pt. per 5◦. The coefficients with q
BH,(SZA)
j,λ < 0.05 spanned both signs and679

several AEC+AC combinations: RAdCor+C2RCC at 665 and 705 nm; RAdCor+POLYMER at 560 and 705 nm;680

TMART+ACOLITE/DSF at 740 nm; and TMART+POLYMER at 492, 560 and 705 nm. Thus, the analysis681

identified supported SZA associations for selected AEC+AC combinations and wavelengths, but no single positive or682

negative response described all 36 analyses.683

The RAdCor+POLYMER results illustrate this wavelength dependence (Fig. 13). At 560 nm, paired AEC684

benefit increased by 0.437 %pt. for each 5◦ increase in SZA. At 705 nm, paired AEC benefit decreased by 1.937 %pt.685

for each 5◦ increase in SZA. For both coefficients, q
BH,(SZA)
j,λ < 0.05. Higher SZA was therefore associated with686

greater RAdCor+POLYMER benefit at 560 nm but smaller benefit at 705 nm.687

At 443, 492, 665 and 740 nm, the analysis did not establish a clear SZA association for RAdCor+POLYMER688

because the CIs included zero or q
BH,(SZA)
j,λ ≥ 0.05. Panel A of Fig. 13 also shows broad distributions of paired AEC689

benefit at 665–740 nm and substantial overlap among lakes across the sampled SZA range. The RAdCor+POLYMER690

response therefore varied by wavelength without a common SZA relationship.691

To assess whether one SZA coefficient adequately represented all four lakes, exploratory versions of M1 allowed692

the SZA association to differ by lake. The joint lake-by-SZA interaction tests had BH-adjusted values below 0.05 in693

11 of the 36 analyses and BY-adjusted values below 0.05 in 9 analyses. For these analyses, the association between694
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Figure 13: SZA analysis for RAdCor+POLYMER relative to standalone POLYMER. Panel A shows observed paired
AEC benefit by wavelength and lake. Triangles at the upper and lower boundaries denote observations outside the
displayed benefit range; black points and connecting lines are medians in SZA quantile bins containing at least
eight observations. Panel B shows the M1 Huber SZA coefficient at each wavelength after adjustment for VZA,
OWT class and lake, expressed per 5◦ increase. Positive coefficients indicate that paired AEC benefit increased
with SZA, whereas negative coefficients indicate that paired AEC benefit decreased with SZA. Horizontal lines
are 95% scene-pairs bootstrap CIs, and filled points have CIs excluding zero. Asterisks identify coefficients with

q
BH,(SZA)
j,λ < 0.05 within the family of 36 M1 SZA coefficients.

SZA and paired AEC benefit differed among lakes, thus the coefficient estimated from the complete dataset did not695

describe every lake equally well.696

The leave-one-lake-out refits show how the RAdCor+POLYMER estimates depended on lake composition. At697

705 nm, the coefficient estimated from all four lakes was −1.937 %pt. per 5◦. Omitting Lake Trasimeno changed698

the estimate to +2.359 %pt. per 5◦, with a wide CI from −19.24 to +22.47 %pt. per 5◦. The refit without Lake699

Trasimeno therefore did not establish whether paired AEC benefit increased or decreased with SZA. The change700

in sign shows that the estimate from the four lakes was sensitive to the observations and SZA–OWT distribution701

contributed by Lake Trasimeno.702

Overall, SZA was related to paired AEC benefit for selected AEC+AC combinations and wavelengths, while the703

direction and strength of the relationship varied among wavelengths and, for some models, among lakes.704

4.4 Spatial analysis705

RAdCor+POLYMER was selected for the spatial analysis because it had the lowest MdSA calculated across all six706

wavelengths in both Lake Geneva and Lake Trasimeno and produced the most consistent validation performance707

across the four lakes. The spatial analysis therefore compared RAdCor+POLYMER with standalone POLYMER.708

GAAC was included in the Lake Trasimeno map as an additional integrated AEC+AC result.709

4.4.1 Lake Geneva710

The Lake Geneva case study used a Sentinel-2 MSI acquisition from 8 August 2025 and examined a shoreline-to-711

open-water transect through the inner Geneva bay and Petit Lac. Differences between RAdCor+POLYMER and712

standalone POLYMER were small over most of the open water section and larger in the inner bay and near shoreline713

margins (Fig. 14). Median absolute relative differences remained below 10% at 665, 705 and 740 nm, and the714

corresponding 95th-percentile values remained below 20%. The largest relative differences occurred at 740 nm.715

The direction of the difference varied among wavelengths. RAdCor+POLYMER generally produced higher716

Rrs than standalone POLYMER at 665 nm. At 705 nm, standalone POLYMER frequently produced negative or717

near-zero values in the inner bay and near shoreline sections, whereas RAdCor+POLYMER produced higher values.718

At 740 nm, RAdCor+POLYMER generally produced lower Rrs. The difference did not follow a monotonic change719
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Figure 14: Lake Geneva west-bay transect for the Sentinel-2 MSI acquisition on 8 August 2025. Panel A shows
RAdCor+POLYMER Rrs at 665 nm and the shoreline-to-open-water transect through the inner Geneva bay and
Petit Lac. Panels B–D compare standalone POLYMER and RAdCor+POLYMER at 665, 705 and 740 nm. Shading
shows the signed difference ∆Rrs = Rrs,RAdCor+POLYMER − Rrs,standalone POLYMER. The mean absolute relative
difference along the same transect was 2.2% across the omitted 443, 492 and 560 nm products.

from the shoreline towards open water. Across the omitted 443, 492 and 560 nm products, the mean absolute720

relative difference was 2.2%.721

Rrs for the entire scene followed the same wavelength-dependent response as the transect (Fig. 15).722

RAdCor+POLYMER increased Rrs over nearly all valid pixels at 665 nm. Differences at 705 nm included723

both positive and negative values, while RAdCor+POLYMER decreased Rrs over most valid pixels at 740 nm.724

The largest differences occurred in the inner bay and along shoreline margins. Pixels in the central Petit Lac725

generally changed less. The 95th-percentile absolute relative difference was 17.9% at 665 nm, 22.3% at 705 nm and726

22.7% at 740 nm, and the mean absolute relative difference across the omitted 443, 492 and 560 nm products was727

4.2%. The Lake Geneva case study therefore showed a spatially coherent but moderate RAdCor response whose728

direction depended on wavelength.729

4.4.2 Lake Trasimeno730

The Lake Trasimeno case study used a Sentinel-2 MSI acquisition from 9 April 2024. The transect crossed the731

western part of the lake near Isola Polvese, while the lake-wide comparison showed the complete spatial distribution732

of the differences among standalone POLYMER, RAdCor+POLYMER and GAAC.733

The Lake Trasimeno transect showed larger differences between RAdCor+POLYMER and standalone POLYMER734

than the Lake Geneva transect, particularly at 665, 705 and 740 nm (Fig. 16). Median absolute relative differences735

were approximately 3–5% at 443, 492 and 560 nm and 16–28% at 665, 705 and 740 nm. The largest median difference736

occurred at 705 nm.737

The first kilometre of the transect showed larger differences than the more open water section, especially at 665738

and 705 nm. Within the 1–4 km section crossing the high Rrs feature west of Isola Polvese, RAdCor+POLYMER739

produced lower Rrs than standalone POLYMER at 443 nm and higher Rrs from 492 to 740 nm. At 740 nm, the median740

signed difference relative to RAdCor+POLYMER in this section was 42.1%. These differences extended beyond the741

selected transect (Fig. 17). RAdCor+POLYMER generally produced lower Rrs than standalone POLYMER near742

shoreline areas at 443 and 492 nm. It produced higher Rrs over extensive parts of the lake at 560, 665 and 705 nm,743

while differences at 740 nm included both positive and negative values.744

25



UN
D
ER

RE
VI
EW

POLYMER
AC

RAdCor+POLYMER
AC

Rrs due
to AEC

46.2

46.3

46.4

46.5

Relative difference
due to AEC

46.2

46.3

46.4

46.5

6.15 6.25 6.35 6.45 6.55 6.15 6.25 6.35 6.45 6.55 6.15 6.25 6.35 6.45 6.55 6.15 6.25 6.35 6.45 6.55
46.2

46.3

46.4

46.5

0.000 0.001 0.002

Rrs (sr 1)

0.0002 0.0000 0.0002

Rrs due to AEC (sr 1)

0.000 0.125 0.250

| Rrs|/|Rrs, RAdCor + POLYMER|

66
5 

nm
70

5 
nm

74
0 

nm

La
tit

ud
e

Longitude

Figure 15: Spatial comparison over the Lake Geneva west bay on 8 August 2025. Rows show 665, 705 and 740 nm.
Columns show standalone POLYMER, RAdCor+POLYMER, the signed difference ∆Rrs, and the absolute relative
difference |∆Rrs|/|Rrs,RAdCor+POLYMER|. The mean absolute relative difference over valid lake pixels was 4.2%
across the omitted 443, 492 and 560 nm products.

Across the complete scene, median absolute relative differences were approximately 2–4% at 443–560 nm and745

11–18% at 665–740 nm. The largest differences occurred at 705 and 740 nm, with substantial positive differences746

also present at 665 nm. Positive differences at 665 and 705 nm occurred around Isola Polvese, over the western high747

Rrs feature, across parts of the south-eastern shallow water region and along several shoreline sections.748

GAAC producedRrs values that differed substantially from both standalone POLYMER and RAdCor+POLYMER,749

particularly at 665, 705 and 740 nm. The Lake Trasimeno case study therefore showed larger and more spatially750

extensive differences among AEC+AC approaches than the Lake Geneva case study.751

Across the two selected scenes, Lake Geneva showed moderate differences concentrated in the inner bay and752

near shoreline margins. Lake Trasimeno showed larger differences across broader areas of the lake, particularly at753

665–740 nm. In both scenes, the sign and magnitude of the difference varied among wavelengths.754
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Figure 16: Lake Trasimeno transect for the Sentinel-2 MSI acquisition on 9 April 2024. Panel A shows
RAdCor+POLYMER Rrs at 665 nm, the 8 km transect, 1 km distance markers and a contextual macrophyte area
polygon supplied by CNR-IREA. Grey pixels within the polygon are invalid under the IdePix mask; other pixels
retain the 665 nm colour scale. Panels B–G compare standalone POLYMER and RAdCor+POLYMER at 443, 492,
560, 665, 705 and 740 nm. Shading shows ∆Rrs.
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Figure 17: Lake Trasimeno spatial comparison for the Sentinel-2 MSI acquisition on 9 April 2024. Rows show 443,
492, 560, 665, 705 and 740 nm. Columns show GAAC, standalone POLYMER, RAdCor+POLYMER, signed ∆Rrs,
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product processing seam.
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5 Discussion755

5.1 Adjacency effect correction results and interaction with downstream atmospheric756

correction757

Prior AEC changed both MSI-derived Rrs and its agreement with in-situ measurements. Applying the same upstream758

AEC approach before different downstream AC approaches produced different retrieval responses. TMART estimates759

and removes the adjacency contribution before AC, RAdCor retrieves surface reflectance using atmospheric PSF760

and spherical albedo terms, and GAAC estimates adjacency together with aerosol, glint and water terms (Wu761

et al., 2024; Castagna and Vanhellemont, 2025; Pan and Bélanger, 2025). ACOLITE/DSF, C2RCC and POLYMER762

then partition the corrected TOA signal differently among atmospheric path radiance, surface reflection, glint and763

water-leaving components. The resulting Rrs therefore depends on the complete AEC+AC combination. Our results764

across the approaches extend earlier radiative transfer and method-specific studies by quantifying that dependence765

for identical lake matchups (Tanre et al., 1981; Reinersman and Carder, 1995; Bulgarelli et al., 2014; Bulgarelli and766

Zibordi, 2018).767

RAdCor+POLYMER produced the lowest method-specific MdSA calculated across the six MSI wavelengths768

in Greifensee, Lake Geneva and Lake Trasimeno. In Lake Garda, its MdSA was 38.1%, compared with 37.9% for769

TMART+POLYMER. The unweighted mean of the four method-specific lake MdSA values was 46.9% for standalone770

POLYMER and 30.8% for RAdCor+POLYMER. The largest difference occurred in Greifensee, where standalone771

POLYMER had the largest error and strongest positive SSPB among the four lake-specific POLYMER results.772

Differences were smaller in Lake Geneva, Lake Trasimeno and Lake Garda, where standalone POLYMER already773

agreed more closely with the field measurements. In this sequence, RAdCor first accounts for radiance contributed774

by the spatially heterogeneous surroundings, after which POLYMER fits the remaining atmospheric, glint and775

water-leaving spectral components (Steinmetz et al., 2011; Castagna and Vanhellemont, 2025).776

The sign of the retrieved Rrs change varied among wavelengths, scenes and downstream AC approaches. Every777

downstream inversion re-estimates its atmospheric, glint and water terms after the TOA signal has been corrected.778

A positive Rrs change can occur when the standalone fit assigned part of the adjacency-contaminated signal to779

atmospheric or glint terms. A negative change can occur when surrounding radiance remained in the standalone780

water term. The spatial case studies contained both responses. In Lake Geneva, RAdCor+POLYMER generally781

increased Rrs at 665 nm, produced positive and negative differences at 705 nm and decreased Rrs at 740 nm. In782

Lake Trasimeno, differences were generally negative near shore at 443 and 492 nm, positive over extensive areas at783

560–705 nm and spatially mixed at 740 nm. Correction sign therefore records how the downstream spectral inversion784

responds to the corrected TOA signal. Correction sign alone cannot quantify the amount of adjacency radiance785

removed.786

The Lake Geneva comparison identified a recurring spectral feature of the POLYMER retrieval. We processed787

three additional same-orbit acquisitions from 29 June, 9 July and 12 July 2025 with the same standalone POLYMER788

and RAdCor+POLYMER settings used for the displayed 8 August scene. Median Rrs at 740 nm exceeded median789

Rrs at 705 nm for both POLYMER approaches on all four dates. RAdCor increased the 705 nm median and790

decreased the 740 nm median in every scene, while the wavelength ordering remained. The four acquisitions therefore791

establish that this ordering recurred across dates. POLYMER retained it before and after RAdCor, which associates792

the pattern with the downstream POLYMER retrieval under weak water-leaving signals at 705 and 740 nm. Small793

residual path radiance or spectral fit errors can occupy a large fraction of Rrs in this spectral region (Steinmetz794

et al., 2011; Warren et al., 2019; Pahlevan et al., 2021). Spatially coincident field spectra were unavailable, therefore795

the absolute local spectral ordering remains unvalidated. Shallow water and benthic contributions may also affect796

individual nearshore sections.797

Prior AEC reduced MdSA in 98 of the 144 comparisons defined by four lakes, six AEC+AC combinations and798

six wavelengths, with the most frequent improvements at 705 and 740 nm. At 560 nm, 9 comparisons improved799

and 15 deteriorated. The median normalised IQR increased from 15.9% at 560 nm to 104.4% at 740 nm. At800

740 nm, the interquartile spread among AEC+AC combinations was therefore approximately equal to the retrieved801

signal magnitude for a typical matchup event. AEC+AC combination selection is consequently a major source of802

uncertainty for products that depend on 740 nm Rrs. The 560 nm result demonstrates that agreement among the803

combinations and validation accuracy are separate properties: relative AEC+AC combination disagreement was804

smallest at this wavelength, while prior AEC increased MdSA in most paired comparisons.805
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5.2 Water type, aerosol load, solar geometry and shoreline context806

The WISPstation OWT analysis identified large differences in AEC benefit among optical regimes. Mean weighted807

paired ∆MdSA was 79.9 %pt. for OWT 4a and 5.3 %pt. for OWT 4b, with the largest mean responses at 665–740 nm.808

After M1 accounted for SZA, VZA and lake, only one OWT contrast retained support after both BH and BY809

correction: RAdCor+POLYMER produced a larger 443 nm benefit in OWT 4a than in OWT 4b. These results810

therefore identify a strong OWT pattern, while the adjusted analysis establishes one class difference that can be811

separated clearly from the sampled geometry and lake composition. Optical regime alters the magnitude and spectral812

structure of the water signal used by the downstream AC approach. OWT describes this water type state, but it813

does not represent the surrounding land radiance field that supplies the adjacency contribution (Moore et al., 2014;814

Spyrakos et al., 2018; Uudeberg et al., 2019; Bi and Hieronymi, 2024).815

The two aerosol reanalyses identified the same principal RAdCor response. MERRA-2 and CAMS coefficient816

signs agreed in 35 of the 36 analyses defined by the six AEC+AC combinations and six wavelengths, and both817

products supported eight positive RAdCor associations. These common associations occurred for RAdCor+C2RCC818

at 560, 665, 705 and 740 nm and for RAdCor+POLYMER at 492, 560, 665 and 705 nm. Higher regional aerosol load819

was therefore associated with larger RAdCor benefit in these specific wavelength and downstream AC combinations.820

Atmospheric scattering transfers radiance from surrounding surfaces into the target field of view, therefore the821

common MERRA-2 and CAMS pattern agrees with radiative transfer estimates of aerosol-dependent adjacency822

radiance (Bulgarelli et al., 2014; Bulgarelli and Zibordi, 2018). Eight of the ten BH-supported MERRA-2 coefficient823

directions were retained after every individual lake omission. The two failures occurred when omitting Lake Trasimeno824

moved the coefficient across zero: RAdCor+C2RCC vs C2RCC at 560 nm changed from +3.7176 to −0.0803 %pt.825

per IQR, and RAdCor+POLYMER vs POLYMER at 665 nm changed from +5.1689 to −0.3085 %pt. per IQR.826

Most of the primary MERRA-2 pattern therefore remained stable when each lake was omitted in turn.827

The two aerosol products quantify different atmospheric properties. MERRA-2 supplied total aerosol scattering828

optical thickness, whereas CAMS supplied total aerosol optical depth. Each coefficient was scaled by a product-829

specific IQR. Agreement in coefficient direction across AEC+AC combinations and wavelengths therefore provides830

the direct cross-product comparison while numerical coefficient magnitudes represent different aerosol increments.831

Both reanalyses also describe regional atmospheric conditions on grids that are much coarser than the lake scenes.832

They cannot resolve local aerosol gradients, shoreline microclimates or residual sub-pixel cloud contamination (Gelaro833

et al., 2017; Randles et al., 2017; Inness et al., 2019).834

SZA was associated with paired AEC benefit in selected analyses, and the direction varied among wavelengths835

and AEC+AC combinations. For RAdCor+POLYMER, higher SZA was associated with greater benefit at 560 nm836

and smaller benefit at 705 nm. The other four RAdCor+POLYMER wavelengths did not retain BH support.837

Lake-by-SZA tests and leave-one-lake-out refits further showed that some coefficients fitted to the complete dataset838

depended on the lakes represented in the analysis. The SZA associations therefore describe the sampled combination839

of AEC method, downstream AC approach, wavelength and lake conditions. No common increase or decrease in840

AEC benefit with SZA described all analyses.841

Regional aerosol load also changed several SZA estimates. Adding the MERRA-2 term changed the sign of 9 of842

the 36 SZA coefficients. For RAdCor+POLYMER at 705 nm, the negative M1 coefficient moved to a value close843

to zero in M2. MERRA-2 scattering optical thickness and SZA were correlated in the matchup dataset, thus M2844

estimated the SZA association at comparable regional aerosol load. The resulting coefficient changes show that845

selected M1 SZA associations were sensitive to aerosol context. This wavelength- and combination-specific response846

agrees with radiative transfer descriptions in which illumination geometry acts together with viewing geometry,847

aerosol scattering, water optical state and land–water contrast (Bulgarelli and Zibordi, 2018; Wu et al., 2024).848

Nearest distance to shore captured only part of the spatial variation in AEC benefit. In Lake Garda, the849

scene-cluster bootstrap interval excluded zero only at 492 nm, but exploratory BH and BY adjustment across the850

six shoreline tests retained no slope. The 705 nm point estimate was strongly negative, but its interval included851

zero after accounting for observations shared within acquisition scenes. The percentile intervals included zero at the852

other wavelengths. The Lake Geneva and Lake Trasimeno maps showed spatial organisation around bays, islands,853

shoreline curvature, and shallow water areas. Atmospheric scattering integrates radiance from the full surrounding854

field through a wavelength- and atmosphere-dependent PSF. Two-dimensional measures of shoreline geometry,855

surrounding land fraction and land–water radiometric contrast therefore correspond more directly to this source856

term than nearest-shore distance alone (Reinersman and Carder, 1995; Bulgarelli et al., 2014).857
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5.3 Implications for operational processing and downstream products858

The validation results justify explicit AEC as a default component of Sentinel-2 MSI lake processing for lakes with859

sizes, optical conditions and shoreline settings comparable to those studied here. The strongest case applies to small860

or narrow lakes and to products that use 665, 705 and 740 nm. Operational implementation should treat the AEC861

approach and downstream AC approach as one combination because both determine Rrs. RAdCor+POLYMER862

provided the strongest validated combination in this dataset. The mixed 560 nm response and the differences863

among ACOLITE-, C2RCC- and POLYMER-based combinations require wavelength-specific validation before a864

configuration is transferred to another lake type or processing system.865

Band-dependent changes in Rrs propagate directly into downstream products. Phytoplankton chlorophyll-a,866

cyanobacteria and suspended matter algorithms often use spectral ratios or features near 665 and 705 nm, and867

sun-induced fluorescence retrieval depends on small red and near-infrared signals (Warren et al., 2019; Pahlevan868

et al., 2021; Gupana et al., 2025). In Lake Trasimeno, RAdCor+POLYMER altered the 665–740 nm spatial structure869

across extensive parts of the lake. Products derived from these wavelengths can therefore change even where the870

blue-green correction remains small. Existing MSI products generated without AEC should be reassessed where871

nearby land, islands or shallow margins contribute materially to the TOA signal.872

OWT-dependent processing systems require an additional consistency assessment. OWT classification uses873

spectral shape, therefore wavelength-dependent AEC changes can move a spectrum across a class boundary. Systems874

that select or blend retrieval algorithms from OWT membership may then change both the input Rrs and the875

subsequent algorithm pathway (Moore et al., 2014; Spyrakos et al., 2018; Uudeberg et al., 2019). Where OWT is876

derived from satellite Rrs, operational systems should evaluate class membership from the AEC-corrected spectrum877

and document its sensitivity to the selected AEC+AC combination.878

The evidence in this study applies to near-nadir MSI observations over four mid-latitude lakes. Transfer to larger879

lakes, strongly CDOM-dominated waters or substantially different shoreline settings requires additional validation.880

Wider-swath and off-nadir sensors, including the Sentinel-3 Ocean and Land Cover Instrument, also sample larger881

viewing angle ranges and different atmospheric path lengths, scattering geometries, surface anisotropy and projected882

adjacency footprints (Bulgarelli and Zibordi, 2018). Their AEC performance should be assessed with sensor-specific883

geometry. Further work should evaluate complete AEC+AC combinations across additional lake types, aerosol884

regimes and acquisition geometries and should quantify the uncertainty caused by aerosol inputs, PSFs, masks and885

downstream AC settings.886

6 Conclusions887

This study evaluated ten Sentinel-2 MSI AC and AEC+AC approaches using 329 satellite–in-situ matchups from888

Greifensee, Lake Geneva, Lake Garda and Lake Trasimeno. Prior AEC improved retrieval agreement in most paired889

comparisons and substantially changed the ranking of AC approaches. RAdCor+POLYMER achieved the lowest890

method-specific MdSA in Greifensee, Lake Geneva and Lake Trasimeno, whereas TMART+POLYMER performed891

marginally better in Lake Garda. Across the four lakes, the method-specific mean MdSA decreased from 46.9%892

for standalone POLYMER to 30.8% for RAdCor+POLYMER, corresponding to a relative difference of 34.3%.893

Improvements occurred in 98 of the 144 paired comparisons and were most consistent at 665, 705 and 740 nm,894

whereas responses at 560 nm were mixed.895

AEC benefit depended on environmental and processing context instead of a single controlling variable. Larger896

validation gains were most frequently observed for OWT 4a (elevated biomass concentration and low short-wavelength897

reflectance), longer wavelengths and several RAdCor-based combinations under higher aerosol loading. In contrast,898

SZA and distance to shore did not provide general indicators of Rrs retrieval benefit across lakes, wavelengths or899

AEC+AC combinations. Together, these results show that the performance of current AEC approaches depends on900

the complete combination of water type, atmospheric conditions, observation geometry, wavelength and downstream901

AC.902

Differences among AEC+AC approaches also increased towards longer wavelengths. Median processor disagree-903

ment relative to the retrieved signal was lowest at 560 nm (15.9%), increased to 48.1% at 705 nm and reached904

104.4% at 740 nm, where disagreement frequently exceeded the retrieved signal itself. The spatial analyses further905

showed that AEC effects could extend well beyond the immediate shoreline and influence larger parts of a lake.906

Overall, these results support routine inclusion of AEC in Sentinel-2 MSI lake processing, particularly for small907

and narrow lakes and for products using wavelengths ≥ 665 nm. At the same time, the magnitude, direction908

and benefit of AEC remain approach-, wavelength- and environment-dependent, and cannot yet be generalised909

across inland waters. Future work should focus on both methodological refinement and broader validation across910
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more diverse lake types, shoreline configurations, aerosol conditions and observation geometries, with evaluation of911

complete AEC+AC combinations instead of individual components.912
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Appendix 1: Determination of RAdCor processing settings941

We carried out an additional RAdCor area of interest (AOI) analysis to identify a processing geometry that could be942

used consistently for the matchup analysis. The purpose of this analysis was to evaluate a common set of AOI, buffer943

and kernel settings across representative platform cases. This was necessary because RAdCor requires sufficient944

spatial context around the target water pixel. If the processed footprint is too small relative to the requested945

correction kernel, the correction cannot be completed and no valid Level-2 reflectance product is produced.946

The assessment used two selected dates for each of the three WISPstations: Greifensee, the Lake Geneva947

LéXPLORE platform and Lake Trasimeno. For each site and date, we processed the same family of RAdCor948

configurations. Five AOI sizes were considered: an AOI centred on the station (denoted as “small”), one point-949

spread-function (PSF) footprint, two PSF footprints, a 3 km box, and a 5 km box. These AOIs were combined with950

different RAdCor limit buffer settings and kernel radii. The limit buffer (lb) expands the processing domain around951

the AOI, while the kernel radius (kr) defines the neighbourhood used by the RAdCor correction.952

To avoid configurations where the requested kernel was not supported by the buffered footprint after cropping953

around the centre, combinations with an active kernel were filtered before processing:954

Leff ≥ 2R,

where955

Leff = Lbase + 2B.

Here, Leff is the effective footprint edge length in kilometres after applying buffer B (km) to a base footprint of956

edge length Lbase (km), and R is the kernel radius (km). The factor of two arises because the kernel radius must be957

supported on both sides of the target pixel, so the minimum required footprint width is the kernel diameter, 2R.958

The buffer also contributes on both sides of the base AOI, giving Leff = Lbase + 2B.959

Starting from a factorial grid of 5× 4× 3 = 60 combinations with an active kernel, the geometric criterion was960

applied to the buffered configurations. The 15 unbuffered active kernel configurations were retained as controls. For961

the five base AOI edge lengths used here, Lbase = 0.22, 0.75, 1.5, 3 and 5 km, the criterion retained only R = 2 km962

for B = 2 km, retained R = 2 and R = 5 km for B = 5 km and retained all three tested radii for B = 10 km. This963

gave 15 + 5 + 10 + 15 = 45 active kernel configurations including the unbuffered controls. Five reference runs with964

the kernel switched off were then added, yielding 50 runs per site and date.965

Each configuration was assessed separately for the two dates at each site. A run was considered feasible when966

it produced a valid ACOLITE/TSDSF Level-2 product from which a Rrs spectrum centred on the station could967

be extracted. Runs that stopped because the scene was too small, or that failed to produce the required output968

product, were classified as infeasible. The resulting feasibility counts are given in Table 1.969

The feasibility pattern was highly consistent across the three sites. For each site, 31 of the 50 configurations were970

feasible on both selected dates, while 19 configurations were not feasible on either selected date. No configuration971

showed a mixed result between the two dates within a site. The cases that were not feasible were associated with972

insufficient scene size for the requested RAdCor settings. In particular, unbuffered configurations with an active973

kernel generally failed for the smaller AOIs, while buffered configurations succeeded when the buffer was large974

enough for the requested kernel radius. The largest 5 km AOI allowed the unbuffered 2 km kernel case to succeed,975

but larger unbuffered kernels remained infeasible.976

After the feasibility assessment, we compared the feasible retrievals with the field spectra for the six site–date977

cases shown in Fig. 18. Among the feasible settings, the AOI centred on the station with a 2 km limit buffer and a978

2 km kernel radius produced the closest overall statistical agreement with the field spectra across these six cases.979

The final configuration was therefore selected after examining agreement for these six scenes and was then applied980

to all matchups. We used base AOIs with a 200 m edge length, together with the 2 km limit buffer and 2 km kernel981

radius.982

33



UN
D
ER

RE
VI
EW

Table 1: Feasibility of the 50 tested RAdCor AOI configurations across the two selected dates for each site. Entries
describe the number of feasible runs out of the two selected dates for Greifensee, Lake Geneva and Lake Trasimeno.
Values of 2/2 denote feasible processing for both selected dates at a given site, whereas 0/2 denotes not feasible
processing for both selected dates. The selected date pairs are Greifensee: 2022-05-11 and 2022-07-18; Lake Geneva:
2025-07-17 and 2025-08-18; Lake Trasimeno: 2018-07-30 and 2024-04-09.

Run Size LB KR Greifensee Lake Geneva Lake Trasimeno Note

1 small none 2 0/2 0/2 0/2 Scene too small
2 small none 5 0/2 0/2 0/2 Scene too small
3 small none 10 0/2 0/2 0/2 Scene too small
4 small 2km 2 2/2 2/2 2/2 -
5 small 5km 2 2/2 2/2 2/2 -
6 small 5km 5 2/2 2/2 2/2 -
7 small 10km 2 2/2 2/2 2/2 -
8 small 10km 5 2/2 2/2 2/2 -
9 small 10km 10 2/2 2/2 2/2 -

10 PSF none 2 0/2 0/2 0/2 Scene too small
11 PSF none 5 0/2 0/2 0/2 Scene too small
12 PSF none 10 0/2 0/2 0/2 Scene too small
13 PSF 2km 2 2/2 2/2 2/2 -
14 PSF 5km 2 2/2 2/2 2/2 -
15 PSF 5km 5 2/2 2/2 2/2 -
16 PSF 10km 2 2/2 2/2 2/2 -
17 PSF 10km 5 2/2 2/2 2/2 -
18 PSF 10km 10 2/2 2/2 2/2 -
19 2×PSF none 2 0/2 0/2 0/2 Scene too small
20 2×PSF none 5 0/2 0/2 0/2 Scene too small
21 2×PSF none 10 0/2 0/2 0/2 Scene too small
22 2×PSF 2km 2 2/2 2/2 2/2 -
23 2×PSF 5km 2 2/2 2/2 2/2 -
24 2×PSF 5km 5 2/2 2/2 2/2 -
25 2×PSF 10km 2 2/2 2/2 2/2 -
26 2×PSF 10km 5 2/2 2/2 2/2 -
27 2×PSF 10km 10 2/2 2/2 2/2 -
28 3km none 2 0/2 0/2 0/2 Scene too small
29 3km none 5 0/2 0/2 0/2 Scene too small
30 3km none 10 0/2 0/2 0/2 Scene too small
31 3km 2km 2 2/2 2/2 2/2 -
32 3km 5km 2 2/2 2/2 2/2 -
33 3km 5km 5 2/2 2/2 2/2 -
34 3km 10km 2 2/2 2/2 2/2 -
35 3km 10km 5 2/2 2/2 2/2 -
36 3km 10km 10 2/2 2/2 2/2 -
37 5km none 2 2/2 2/2 2/2 -
38 5km none 5 0/2 0/2 0/2 Scene too small
39 5km none 10 0/2 0/2 0/2 Scene too small
40 5km 2km 2 2/2 2/2 2/2 -
41 5km 5km 2 2/2 2/2 2/2 -
42 5km 5km 5 2/2 2/2 2/2 -
43 5km 10km 2 2/2 2/2 2/2 -
44 5km 10km 5 2/2 2/2 2/2 -
45 5km 10km 10 2/2 2/2 2/2 -
46 small none off 0/2 0/2 0/2 Scene too small
47 PSF none off 0/2 0/2 0/2 Scene too small
48 2×PSF none off 0/2 0/2 0/2 Scene too small
49 3km none off 0/2 0/2 0/2 Scene too small
50 5km none off 0/2 0/2 0/2 Scene too small
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Figure 18: Feasible ACOLITE/TSDSF processing configurations for Greifensee, Lake Geneva at LéXPLORE and
Lake Trasimeno. Columns are the two selected dates at each site; rows are the small, PSF, 2×PSF, 3 km and
5 km AOI extents defined in Appendix 1. Curves show in-situ spectra, standalone ACOLITE/DSF and feasible
ACOLITE/TSDSF combinations; kr and lb denote kernel radius and limit buffer. Configurations absent from a
panel failed the feasibility criteria summarised in Table 1.

Appendix 2: GAAC investigation of lower-bound remote-sensing re-983

flectance retrieval984

GAAC retrieves water-leaving reflectance after subtracting estimated atmospheric path, sky reflection, adjacency985

and residual glint contributions from the observed signal. Before applying the minimum permitted output value, the986

water-leaving reflectance can be written schematically as:987

ρw,pre(λ) =
ρobs(λ)− ρatm(λ)− ρsky(λ)− ρadj(λ)− ρglint(λ)

T ↑(λ)T ↓(λ)
, (17)

where ρobs is the observed reflectance after the initial sensor and gas treatment; ρatm, ρsky, ρadj and ρglint are the988

atmospheric path, sky reflection, adjacency and residual glint contributions; and T ↑ and T ↓ are the upward and989

downward atmospheric transmittances. The numerator is the residual signal assigned to the water component.990

A lower-bound retrieval occurs when the combined non-water terms exceed the observed signal:991

ρatm(λ) + ρsky(λ) + ρadj(λ) + ρglint(λ) > ρobs(λ), (18)

which makes ρw,pre(λ) negative or smaller than the permitted output minimum. GAAC then writes:992

ρw,out(λ) = max [ρw,pre(λ), ρw,min] , (19)

with:993

ρw,min = π × 10−5. (20)

Because Rrs(λ) = ρw(λ)/π, this lower bound appears as:994

Rrs,min = 10−5 sr−1. (21)
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Repeated values of exactly 10−5 sr−1 therefore identify the GAAC output limit rather than independently retrieved995

low water-leaving signals. Values close to the limit were retained as flagged near-lower-bound cases unless the996

intermediate products supported a specific correction or exclusion.997

2.1 GAAC investigation design998

The investigation addressed two questions: which fitted terms produced the lower-bound values, and which affected999

matchup values could be recovered without using the in-situ spectra to select settings. Decisions used only information1000

from the GAAC products and ancillary data, including pre-lower-bound water reflectance, exact and near-lower-bound1001

masks, atmospheric and adjacency terms, residual glint, matchup window statistics, atmospheric metadata and1002

acquisition geometry. The analysis comprised four stages:1003

Stage 1: The original products were compared with products generated from larger areas of interest around the1004

matchup location. This test assessed whether limited land–water context caused the lower-bound retrieval.1005

For each target 3× 3 window, we recorded the area size, land–water context, exact lower-bound count,1006

negative pre-lower-bound count and fitted correction terms.1007

Stage 2: A 6 km spatial context was held fixed while deterministic optimisation pixel choices were varied. This test1008

assessed whether the solution depended on an optimisation pixel affected by local masks, shoreline mixing1009

or invalid water classification.1010

Stage 3: For unresolved scenes, we tested a bounded set of physically motivated changes to residual glint treatment,1011

fit band weighting, AOD bounds and aerosol model constraints. A revised result was accepted only when1012

the target window contained neither exact lower-bound values nor negative pre-lower-bound values.1013

Stage 4: The remaining cases were evaluated from the fitted reflectance components. The final 329-event GAAC1014

matchup dataset contained 184 exact lower-bound scene–wavelength retrievals and 13 near-lower-bound1015

retrievals. Sixteen were recovered: six exact lower-bound retrievals through accepted scene settings, eight1016

through supported residual glint updates, one by recomputing the 3× 3 statistic from valid pixels, and one1017

near-lower-bound retrieval through a wavelength-specific update. The remaining 169 exact lower-bound1018

retrievals were set to missing. The remaining 12 near-lower-bound retrievals were retained with flags1019

because the intermediate products did not support a change.1020

The component budgets showed that the lower-bound cases occurred when the fitted atmospheric, sky reflection,1021

adjacency and residual glint contributions left a negative pre-lower-bound water signal. The most frequent pattern1022

involved large aerosol and sky terms combined with residual glint. Local window contamination contributed in1023

some cases. Optimised AOD by GAAC at 550 nm was often higher than CAMS EAC4 AOD550 and the MERRA-21024

scattering AOT variables. These products represent different aerosol quantities. Therefore, the comparison was used1025

only to identify unusually large GAAC aerosol estimates. In 31 investigation runs, GAAC AOD at 550 nm exceeded1026

CAMS EAC4 AOD550 by more than 0.15.1027

2.1.1 Rules used for GAAC matchup handling1028

Final GAAC matchup values were selected with a fixed hierarchy. Valid original retrievals were retained unchanged.1029

Exact lower-bound values were replaced only when an accepted scene or wavelength-specific result removed both the1030

lower-bound value and the negative pre-lower-bound water signal without using in-situ spectra for selection. Where1031

a 3× 3 target window contained both lower-bound and valid pixels, the matchup statistic was recomputed from1032

the valid pixels only when at least five of the nine pixels remained and their pre-lower-bound water signals were1033

positive. Changes to residual glint treatment were accepted only when the intermediate products showed that the1034

change removed the lower-bound behaviour. Exact lower-bound retrievals that did not meet these criteria were set1035

to missing.1036

These rules recovered 15 exact lower-bound retrievals and one near-lower-bound retrieval. The remaining 1691037

exact lower-bound retrievals were excluded from the GAAC validation statistics, and 12 near-lower-bound retrievals1038

were retained. The statistics of this paper therefore exclude values imposed by the GAAC output limit while1039

retaining low Rrs values that were supported by the intermediate products.1040
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2.1.2 GAAC lower-bound interpretation1041

The investigation identified a GAAC-specific closure problem in the affected retrievals: the fitted non-water1042

contributions exceeded the observed signal and left a negative water component before the output limit was applied.1043

Increasing the spatial context or changing the optimisation pixel resolved only a subset of cases. Targeted settings,1044

supported residual glint updates and wavelength-level window checks recovered 16 retrievals. The remaining1045

exact lower-bound values were excluded, and the standard global GAAC parametrisation was retained for the1046

full assessment. This handling prevents the output limit from biasing the comparison among AC and AEC+AC1047

approaches while preserving GAAC retrievals supported by the component-level evidence.1048

Appendix 3: Lake Garda distance-to-shoreline sensitivity1049

The Lake Garda campaign stations span a distance-to-shore gradient that is absent from the WISPstation records.1050

We therefore analysed the association between shoreline distance and paired AEC benefit separately for each1051

wavelength. The Theil–Sen estimator defined in Section 3.4 was used because this was a univariate analysis without1052

the multivariable adjustment required in M1 and M2. To preserve dependence among matchups from the same1053

acquisition, two-sided 95% CIs were calculated from 9,999 scene-cluster bootstrap resamples. For each wavelength,1054

the represented Sentinel-2 sensing times were sampled with replacement and all valid matchups belonging to each1055

selected scene were retained. The Theil–Sen slope was recalculated for every resample, and the 2.5th and 97.5th1056

percentiles formed the interval. There were 19 represented scenes at 443, 492, 560, 665 and 740 nm and 13 at 705 nm.1057

For RAdCor+POLYMER relative to standalone POLYMER, AEC benefit generally decreased with increasing1058

distance from shore, but the relationship was weak and inconsistent among wavelengths. The only scene-cluster1059

bootstrap interval that excluded zero occurred at 492 nm, where the Theil–Sen slope was −0.276 %pt. km−1 and1060

the 95% CI ranged from −0.717 to −0.009 %pt. km−1. The largest estimated decline occurred at 705 nm, with1061

a slope of −4.237 %pt. km−1, but the interval was wide and included zero. The intervals at 443, 560, 665 and1062
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Figure 19: Lake Garda distance-to-shoreline sensitivity of paired AEC benefit for RAdCor+POLYMER relative to
standalone POLYMER in the Lake Garda matchup dataset. Points are valid matchups coloured by OWT class;
OWT 5a did not occur among the valid Lake Garda shoreline records. Boxes describe Theil–Sen slopes in %pt. km−1,
two-sided 95% percentile-bootstrap CIs from 9,999 scene-cluster bootstrap resamples and wavelength-specific valid
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740 nm also included zero. After exploratory BH and BY adjustment across the six wavelength-specific tests, no1063

distance-to-shoreline association remained supported. Distance to shore therefore did not provide a consistent1064

explanation of RAdCor+POLYMER benefit across wavelengths. The full wavelength-specific slopes, intervals and1065

sample counts are shown in Fig. 19.1066
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