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1. Executive summary 

System Vicarious Calibration (SVC) historically has been introduced in the processing of ocean colour 

missions to meet the stringent requirements in absolute accuracy and across-sensor consistency of retrieved 

marine reflectance at bottom of atmosphere (BOA), so far unachievable by instrumental calibration alone. It 

consists of adjusting the top of atmosphere (TOA) radiometry by relying on high-quality field measurements 

concurrent with space acquisitions. In practice, vicarious gains are computed at each coincident point and 

each relevant wavelength to make the system comprising sensor and processing chain exactly match the in-

situ marine reflectance. 

Such an approach has been developed in the last year in the frame of the ESA Ocean-Colour Climate 

Change Initiative (OC-CCI), whose goal is to produce harmonised Climate Data Records based on several 

ocean colour sensors. OC-CCI has identified a non-standard atmospheric correction (AC), characterised by a 

non-linear inversion of the whole TOA spectrum, called POLYMER, which outperforms other ACs under 

climate change related criteria. Traditional SVC, where gains are calculated individually for each spectral 

band, cannot be applied because of the spectral coupling. Thus, a complete revisit of the SVC method has 

been necessary. The theoretical background developed in previous OC-CCI phases is currently applied 

without any fundamental change and is fully reminded in this ATBD for the sake of self-completeness. In 

short, the SVC problem is reformulated as a sensitivity problem between TOA and BOA radiometry. We 

demonstrate that it generally cannot be solved by the usual approach, and may even not have a strict 

solution, due to the spectral constraints of the marine model embedded in the AC. The SVC definition is 

extended in a least-square sense, and gains are computed by a generic numerical method that handles the 

spectral coupling. The method is a natural generalisation of the traditional SVC and reverts to it in case of a 

standard AC. 

This approach is applied in the present OC-CCI+ Phase 2 to compute POLYMER gains for MERIS, MODIS, 

OLCI-A, OLCI-B VIIRSJ1 and VIIRSN sensors at the MOBY site (Marine Optical Buoy), characterised by 

oligotrophic waters and highly accurate measurements. While the POLYMER code (v4.17) and overall SVC 

method are identical to those used previous OC-CCI phases, new gains presented in this report relates to 

updates in both the satellite Level-1 archive (sometimes recalibrated by space agencies) and the in-situ data 

(extended match-up database and correction of bidirectional effects) and, marginally, the computations of 

gains at more individual bands actually not coupled in the POLYMER inversion (e.g. 709 nm for OLCI). 

Individual gains (i.e. for each match-up) show a remarkable stability in time for all considered bands and 

sensors, what allows the computation of mission-averaged gains, generally of small amplitude (less than 2%). 

Relevance of these gains is discussed, notably regarding their impact over other water types. A full validation 

is however out of scope of this ATBD. Finally, we summarise the fundamental specificities and limitations of 

SVC for POLYMER. 
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Introduction 

Context and purpose of vicarious calibration 

This work is carried out in the broad scope of remote sensing Essential Climate Variables (ECV) related to the 

biological state of the world’s ocean, namely ocean colour radiometry (OCR), chlorophyll concentration and 

inherent bio-optical properties (WMO 2010; WMO 2022). Specifically, this study supports the Ocean Colour 

Climate Change Initiative (OC-CCI) of the European Space Agency (ESA) whose goal is to produce long-term 

time-series of ECVs based on several satellite-borne ocean colour sensors (Hollmann et al. 2013, 

Sathyendranath et al., 2019). While using multiple sources of remote-sensing data is the only feasible 

approach for building Climate Data Records (CDRs), it raises a critical question about the harmonisation of 

the various datasets (cf. Mélin et al. 2009, Maritorena et al. 2010, Brewin et al. 2014). Within the processing 

chain for generating the ECVs, OCR in the visible part of the spectrum is of utmost concern, since it is the 

primary ocean colour data and other ECVs, such as chlorophyll-a concentration, are derived quantities. Thus, 

very stringent requirements of 5% uncertainty in the blue and green channels and 0.5% stability over a 

decade have been defined for climate applications (WMO 2011, Zibordi et al. 2015); recently WMO (2022)1 

has clarified the metrological meaning of this uncertainty requirement, by specifying the coverage factor (k=2, 

i.e. two standard deviation for the confidence level).  

OCR results from correction of the radiometry acquired by the sensor at top of atmosphere (TOA) and can be 

formally seen as the output of the system comprising sensor and processing chain. Hence the generation of a 

harmonised CDR requires i) a unique processing chain, which is mainly a matter of technical adaptation and 

ii) a consistent radiometric calibration between all space missions. System Vicarious Calibration (SVC) is the 

standard approach recommended by the Ocean Community to address the second requirement (Zibordi et al., 

2025). Applied after the instrumental radiometric calibration (i.e. pre-launch as well as post-launch), it consists 

of adjusting the TOA radiometry through the use of ground-truth measurements, generally high-quality marine 

radiance, concurrent with space acquisitions. In practice, a vicarious calibration method produces gains at 

each validation point and each wavelength that make the {sensor + processing chain} system exactly match 

the field measurements. By construction, using the same reference in-situ measurements for different 

missions should harmonise the different CDRs, at least for marine and atmospheric conditions under which 

the processing chain performs similarly (see e.g. Mélin and Zibordi 2010 for a discussion on regional 

limitations). 

The concept of vicarious calibration was introduced very early in ocean colour remote-sensing (e.g. Gordon 

1987) to meet the specified accuracy of the water-leaving radiance, which forms only a small portion of the 

radiance measured at the sensor. To understand this aspect, let us first express the radiometry in term of 

reflectance (𝜌), instead of radiance (𝐿) primarily measured by the sensor, by using the following conversion:  

𝜌(𝜆) =
𝜋𝐿(𝜆)

𝐹0(𝜆) cos 𝜃𝑠
 (1) 

Where 𝐹0is the extraterrestrial solar irradiance at time of acquisition and 𝜃𝑠the solar zenith angle. 

Then the reflectance at sensor level 𝜌𝑇𝑂𝐴, at a given wavelength 𝜆 is classically modelled by: 

𝜌𝑡(𝜆) = 𝑡𝑔(𝜆) ∙ (𝜌𝑅(𝜆) + 𝜌𝑎(𝜆) + 𝜌𝑅𝑎(𝜆) + 𝑡(𝜆)𝜌𝑤(𝜆)) (2) 

Where 𝑡𝑔 is the transmittance for gaseous absorption, 𝜌𝑅, 𝜌𝑎and 𝜌𝑅𝑎are respectively the reflectance for pure 

Rayleigh scattering, pure aerosol and multiple-scattering between air molecules and aerosols, 𝜌𝑤 is the 

 

1 Note that therecent update of the WMO report in 2025 does not concern the Ocean Colour section. 
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desired marine reflectance and 𝑡 the total upward and downward transmittance of the atmosphere. This 

formulation ignores implicitly diffuse reflection from whitecaps and sun glint contribution, which can be 

achieved by avoiding observations at high wind speed and the geometry of specular reflection 

The contribution of the marine signal 𝜌𝑤 to 𝜌𝑇𝑂𝐴 is generally around 10% to 15%; over very clear waters the 

highest contributions occur in the blue wavelengths. Thus, the above-mentioned requirement of 5% accuracy 

for the water leaving reflectance translates into an accuracy of 0.5% for the TOA reflectance, which is already 

out of the scope of instrumental calibration for any mission (Eplee et al. 2011, Delwart and Bourg 2013). The 

atmospheric correction (AC) process, whose goal is to retrieve 𝜌𝑤 from measurement of 𝜌𝑇𝑂𝐴, adds further 

uncertainty which can be substantial. Hence, vicarious calibration has been historically introduced to complete 

the imperfect instrumental radiometric calibration, compensate AC errors and reach a higher performance for 

the whole system. 

This general consideration must, however, be clarified by considering the exact link between 𝜌𝑤 and 𝜌𝑇𝑂𝐴. 

Atmospheric correction consists formally of inverting Eq. (2): 

𝜌𝑤(𝜆) =

𝜌𝑡(𝜆)
𝑡𝑔(𝜆)

− (𝜌𝑅(𝜆) + 𝜌𝑎(𝜆) + 𝜌𝑅𝑎(𝜆))

𝑡(𝜆)
 

(3) 

In standard atmospheric corrections (e.g. Gordon and Wang 1994, Antoine and Morel 1999), the unknown 

aerosol signal, involving atmospheric reflectance and transmittance is inferred from two near-infrared (NIR) 

bands only. Typically, the algorithm uses bands around 765 nm and 865 nm to compute aerosol optical 

thickness and identify one amongst a set of precomputed aerosol models. From a spectral point of view, this 

means that 𝜌𝑤(𝜆) depends on the TOA radiometry at band 𝜆 itself in the visible and at two other bands in the 

NIR. If the NIR bands are well-calibrated, then the TOA relative error 
Δ𝜌𝑡

𝜌𝑡
 in the visible leads to a relative error 

at sea level of:  

Δ𝜌𝑤
𝜌𝑤

(𝜆) =

Δ𝜌𝑡
𝜌𝑡

(𝜆)

𝑡𝑔𝑡𝜌𝑤(𝜆)

𝜌𝑡(𝜆)

⁄  (4) 

The denominator of (4) represents exactly the contribution of marine reflectance to TOA signal. This equation 

justifies the well-known rule previously stated: “If 𝑡𝜌𝑤 is 10% of 𝜌𝑡, and we want 𝜌𝑤 with an uncertainty of ±5%, 

one would expect that it would be necessary to know 𝜌𝑇𝑂𝐴 with an uncertainty of no more than ±0.5%” 

(Gordon 1998). More recently the basic equation (4) has been exploited in detail by Zibordi et al. (2015) to 

derive specifications for the quality of in-situ data for the purpose of CDRs. However, it is important to 

emphasise that this overall algebra is intrinsically linked to the standard atmospheric correction scheme, in 

particular, to the decoupling between all bands in the visible as well as to the supposed perfect calibration of 

NIR bands. This is why the system of sensor and processing chain must be considered as a whole, and has 

led to the concept of system vicarious calibration (Gordon 1987, Evans and Gordon 1994). In particular, the 

first attempts for SeaWiFS tried to simultaneously calibrate both visible and NIR bands (Gordon 1998, Eplee 

et al. 2001). It is worth noting that Gordon (1998) concluded the previous rule with following statement, which 

is not important for standard atmospheric correction but very relevant in the present study: “However, as 

several bands are used in the atmospheric correction of a single band, the variation of the calibration error 

from band to band is also important”. 

Reminder of the standard method 

While several approaches have been tested since end of the 1980s, we will restate only the successful 

method of Franz et al. (2007) which has been operationally used by NASA for SeaWiFS and MODIS and now 

for PACE (Frouin et al., 2025), by ESA for MERIS with minor adaptation (Lerebourg et al. 2011), by NOAA for 

VIIRS (Wang et al., 2016) and by EUMETSAT for OLCI (Mazeran and Ruescas, 2020). As with any system 
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vicarious calibration, it relies strongly on the atmospheric correction scheme (Gordon and Wang 1994, Patt et 

al. 2003) and in particular on two key aspects: 

• A decoupling between NIR and visible bands: two bands in the NIR are used to detect the 

atmosphere (aerosol content), and the atmospheric correction is successively applied in the visible 

• A decoupling between all visible bands: the correction is applied independently band per band 

For historical reasons we will refer the class of atmospheric correction algorithms that fulfils these criteria to as 

standard atmospheric correction, in contrast to alternative approaches coupling all bands in the visible and in 

the NIR. Consequently, it enables an independent (successive) vicarious calibration of the NIR and visible 

bands, which we will also refer to as standard. 

For any wavelength, in both regions of the spectrum, the method seeks to reconstruct the true (or targeted) 

TOA signal 𝜌𝑡
𝑡 using indirect measurements or assumptions. Comparison with actual sensor acquisition 

provides vicarious calibration gains: 

𝑔(𝜆) =
𝜌𝑡
𝑡(𝜆)

𝜌𝑡(𝜆)
 (5) 

In essence, vicarious calibration assumes that these gains, computed in ideal conditions, represent a 

systematic bias of the sensor and processing chain system. 

The method is conducted in two steps. First, in the NIR, the targeted signal is computed over stable and 

homogenous oligotrophic waters (typicaly the South Pacific Gyre, SPG), where the marine signal can be 

neglected: 

𝜌𝑡
𝑡(𝜆𝑁𝐼𝑅) = 𝑡𝑔(𝜆𝑁𝐼𝑅)(𝜌𝑅(𝜆𝑁𝐼𝑅) + 𝜌𝑎

𝑡 (𝜆𝑁𝐼𝑅) + 𝜌𝑅𝑎
𝑡 (𝜆𝑁𝐼𝑅)) (6) 

 

The method assumes that the aerosol model is known (maritime atmosphere and relative humidity) and that 

the longest wavelength is already well calibrated (for example, NASA uses 𝑔(865) = 1 for SeaWiFS and 

𝑔(869) = 1 for MODIS). It is then possible to predict the TOA signal at the shortest NIR wavelength and 

deduce a calibration factor. After this NIR calibration, all quantities derived by the atmospheric correction can 

be considered as reference: aerosol signal 𝜌𝑎
𝑡 (𝜆) + 𝜌𝑅𝑎

𝑡 (𝜆) and diffuse transmittance 𝑡𝑡(𝜆), at any wavelength 

𝜆.  

Second, in the visible (VIS), the targeted signal is computed using reference in-situ marine reflectance 𝜌𝑤
𝑡 (𝜆), 

acquired concurrently with the satellite measurement:  

𝜌𝑡
𝑡(𝜆) = 𝑡𝑔(𝜆)(𝜌𝑅(𝜆) + 𝜌𝑎

𝑡 (𝜆) + 𝜌𝑅𝑎
𝑡 (𝜆) + 𝑡𝑡(𝜆)𝜌𝑤

𝑡 (𝜆)) (7) 

 

The criticality of these in-situ measurements, which calibrate ocean colour mission at global scale and on the 

long-term, requires rigorous protocols in the instrumentation. To date, the Marine Optical Buoy (MOBY; Clark 

et al. 1997) located off the Lanai Hawaiian island has constituted the reference site for deriving consistent 

SVC gains since 1997, due to its oligotrophic waters and highly accurate measurements (Clark et al. 2003). 

On top of that, SVC needs stringent protocols to build match-up with satellite data (Mueller et al. 2003; Bailey 

and Werdell 2006).  

We insist on the fact that the targeted signal in Eq. (7) is constructed with very same elements as that of the 

atmospheric correction, cf. Eq. (3), in particular radiative transfer look-up tables, so that there is a perfect 

consistency between atmospheric correction and calibration. By construction, the system vicarious calibration 

in the visible will make the algorithm exactly match the in-situ signal, whatever the real source of error in the 

system (from sensor or algorithm or probably from both). 
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Technically, vicarious gains given in Eq. (5) are first computed pixel by pixel for each match-up. The perfect 

match with in-situ data demonstrates the relevance of these so-called individual gains. The pixel-per-pixel 

gains are then spatially averaged, providing a unique gain per match-up, for each wavelength. Eventually, 

matchup-per-matchup gains are temporally averaged, yielding a unique set of gains 𝑔̅(𝜆) at each wavelength, 

over the entire mission lifetime. To minimise impact of outliers, Franz et al. (2007) used the mean of the semi-

interquartile range (MSIQR, mean of data within the 25th and 75th percentiles) for both spatial and temporal 

averaging: 

𝑔̅(𝜆) = MSIQR
𝑡𝑖𝑚𝑒 

(MSIQR
𝑠𝑝𝑎𝑐𝑒 

(𝑔(𝜆))) (8) 

Because of the variability in marine reflectance errors, the mean gains 𝑔̅ in the visible can only remove biases, 

i.e. average systematic errors. Hence the reference dataset must be representative of most common 

atmospheric and marine conditions. 

We emphasize that all recent works on SVC remain within this framework of aerosol detection in the NIR only 

(Zibordi et al., 2025), and do not introduce new methodological foundation that could be relevant for 

POLYMER (next section). For instance, Wang and Liang (2025) have extended the method of Franz et al. 

(2007) for SWIR-based AC, using the two-step approach and very same assumptions (aerosol detection in 

the NIR-SWIR where marine signal is negligible). Another example from Wang et al. (2025) concerns the SVC 

of the Ultraviolet Imager (UVI), a sensor onboard the Chinese HY-1C platform not endowed with NIR bands; 

here the solution consisted in using the concurrent NIR measurements of the COCTS sensor also onboard 

HY-1C to detect aerosols, and then in applying the standard SVC approach from NIR to UV. Adaptation may 

also concern the unavailability of in-situ data. A noticeable case is the SVC of GOCI, a geostationary sensor 

focused on the North-East Asian region, hence, without any match-ups over SPG and MOBY: in the NIR, 

authors have considered a mix of aerosol models more representative of the local atmosphere (50% and 99% 

relative humidity), and in the VIS they have used less accurate in-situ data, generally considered for validation 

(measurements from ASD-FieldSpec and TriOS-RAMSES radiometers). More recently, the need to quickly 

compute SVC gains for PACE in its early phase was achieved by complementing the usual MOBY instrument 

with radiometers installed on an autonomous profiling float (HyperNav, Barnard et al. 2024), providing a large 

number of match-ups over other regions in the world (Chamberlain et al. 2024; Frouin et al., 2025). In Europe, 

the key on-going activity about SVC is precisely about the design of a dedicated long-term infrastructure, as 

part of the Copernicus program (EUMETSAT, 2017). Candidate technologies and sites in European waters 

have been investigated (Zibordi and Mélin 2017; Antoine et al., 2020; Liberti et al., 2020), targeting clear 

waters and low aerosol load, which are the baseline assumptions for standard AC and standard SVC. 

Challenges of SVC for non-standard atmospheric correction 

In the last decade there has been an emergence of alternative ocean colour algorithms which do not use the 

NIR to identify aerosol and may even not follow the standard formulation (Eq. (3)). These atmospheric 

corrections makes use of most of the available radiometry from blue to NIR-SWIR channels, with the objective 

of better addressing optically complex waters with significant scattering in the NIR (IOCCG, 2025), of being 

more robust to radiometric noise, of having a larger spectral basis for better aerosol propagation or of 

inverting more complex physical effects such as thin clouds, sun glint residual and absorbing aerosols. 

Without being comprehensive, most of these techniques are referred to as artificial neural networks (e.g. 

Doerffer and Schiller 2007, Schroeder et al. 2007, Fan et al. 2021), spectral matching algorithms (e.g. 

Chomko et al. 2003, Spurr et al. 2007, Kuchinke et al. 2009, Steinmetz et al. 2011) or Bayesian approach 

(e.g. Frouin and Pelletier 2015). Within the OC-CCI project, POLYMER (Steinmetz et al. 2011) was 

successfully tested in a first phase on the MERIS sensor (Müller et al. 2015) and is being used for 

harmonisation of all sensors (except SeaWiFS). It is described in more detail in the next section and will serve 

as a practical case to illustrate more generally our findings about SVC for non-standard AC. Note than an 

evolution of POLYMER was investigated more recently as part of the EUMETSAT SACSO study (Steinmetz 
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and Mazeran, 2021), relying on the same spectral matching approach but involving an alternative aerosol 

model and numerical optimization scheme; since this variant is not considered in current OC-CCI phase, it is 

not further detailed, while overall theoretical findings presented in this report remain applicable. 

A common feature of all non-standard ACs is to determine either explicitly or implicitly the atmospheric path 

signal from knowledge of several bands in the visible, and possibly the NIR bands, and requires embedding a 

marine model in the algorithm. This is opposed to the standard approach, which is based on the black pixel 

assumption in the NIR, and does not, at least for clear waters, impose any modelling hypothesis on the 

marine reflectance (Gordon 1978, Siegel et al. 2000). From a purely radiometric point of view, the retrieval of 

marine reflectance at band 𝜆𝑖 by any atmospheric correction scheme can be formally written by: 

𝜌𝑤𝑁(𝜆𝑖) = 𝑓𝑖(𝜌𝑡(𝜆1),⋯ , 𝜌𝑡(𝜆𝑛)),   𝑖 = 1…𝑚 (9) 

where the 𝑚 functions 𝑓𝑖 express the link to TOA radiometry and may also depend on other non-radiometric 

parameters such as ancillary data, geometrical conditions, physical constants, etc., not made explicit in the 

present context. These functions may be more or less complex depending on the atmospheric correction 

scheme, and may even not be explicit, such as in artificial neural networks. In Eq. (9) we note 𝑛 the number of 

TOA bands used as input to the atmospheric correction and 𝑚 the number of bottom of atmosphere (BOA) 

bands at which a marine reflectance is provided, with  𝑚 ≤ 𝑛. Note also that for convenience we deal with fully 

normalised marine reflectance 𝜌𝑤𝑁 (see Morel and Gentili 1996 for Case-1 waters), that is, we include the 

bidirectional reflectance distribution function (BRDF) correction in functions 𝑓𝑖 for a direct comparison with in-

situ measurements in normalised condition. 

Such algorithms make the standard SVC approach inoperative for two reasons. The first technical reason is 

that Eq. (9) is not algebraically invertible (assuming that it would even be invertible), making it impossible to 

reconstruct the targeted TOA signal 𝜌𝑡
𝑡 from knowledge of the target marine signal 𝜌𝑤𝑁

𝑡 . Hence the definition of 

vicarious calibration gains Eqs. (5)-(7) simply cannot be applied. The second reason is that the SVC approach 

relies intrinsically on the linear response of the marine reflectance in one band with respect to the TOA signal 

at this very same band (see Eq. (3)). This decoupling and linearity are no longer true with non-standard 

atmospheric corrections, so that changing (calibrating) the radiometry at one band also impacts the marine 

reflectance at other bands. This effect is illustrated in Figure 1 for a typical MODIS TOA spectrum over clear 

water, processed on the one hand by the SeaDAS standard algorithm (Baith et al 2001) and on the other 

hand by POLYMER (Steinmetz et al. 2011, see detailed description in section 2). In both cases the remote-

sensing marine signal, prior to any SVC, is too high when compared to the in-situ measurement at all bands 

and especially by around 25% at 412 nm. A calibration gain of -1% is then applied on 𝜌𝑡(412) and results into: 

• A relative change of about -7% on 𝜌𝑤(412) only, in case of SeaDAS 

• A relative change of less than -2% on 𝜌𝑤 at 412 nm, becoming positive and growing with wavelength, 

from about +3% at 443 nm to +30% at 667 nm, in case of POLYMER 

This example shows that it may be possible to make the POLYMER 𝜌𝑤(412) match the in-situ measurement 

by decreasing 𝜌𝑡(412), but with a much greater amplitude than for SeaDAS. More importantly, this change 

causes biases in other bands and calibrating the TOA signal at other bands also impacts 𝜌𝑤(412). Hence the 

vicarious gain at 412 nm cannot be computed independently.  

 

SeaDAS POLYMER 
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Figure 1. Relative change of the marine reflectance (dashed blue) due to a TOA relative change of 1% at 412 nm (solid 
blue, left Y-axis), for SeaDAS algorithm (left) and POLYMER (right) over a typical clear water spectrum. Clear and dark 
green lines represent respectively the in situ and satellite marine reflectance (right Y-axis)  

In conclusion, vicarious gains for non-standard atmospheric correction are all spectrally coupled. At this stage, 

a relevant object to inspect the spectral coupling of the SVC problem is the Jacobian matrix of the generic 

function 𝑓 defining the atmospheric correction in Eq. (9): 

∇𝑓 =

(

 
 

𝜕𝑓1
𝜕𝑥1 

⋯
𝜕𝑓1
𝜕𝑥𝑛 

⋮ ⋱ ⋮
𝜕𝑓𝑚
𝜕𝑥1 

⋯
𝜕𝑓𝑚
𝜕𝑥𝑛 )

 
 

 (10) 

This matrix expresses the sensitivity of the BOA quantity (marine reflectance) on the TOA radiometry; its 

coefficients can be written more explicitly by 𝜕𝑓𝑖/𝜕𝑥𝑗 = 𝜕𝜌𝑤𝑁(𝜆𝑖)/𝜕𝜌𝑡(𝜆𝑗). An example of such matrix is given 

on Figure 2, for a typical clear water pixel and at six wavelengths in the visible (𝑚 = 𝑛 = 6). Note that its 

computation requires numerical differentiation, as will be described in section 2. The colour of each cell 

represents the absolute value of the partial derivative, while the sign is written in the cell. In the SeaDAS 

example (left image), the NIR iteration scheme (Bailey et al. 2010) has been de-activated, which yields a 

diagonal matrix, and reflects the decoupling of the standard atmospheric correction. Looking into details 

actually shows a slight extra-diagonal dependence in 𝜌𝑡(443) and 𝜌𝑡(547), due to the bidirectional effect 

correction, using these two bands in the chlorophyll estimate (Morel and Gentili 1996); this sensitivity is, 

however, extremely small compared to the diagonal terms. The right image displays the Jacobian matrix over 

same condition for POLYMER and shows a totally different structure. First the matrix is no longer diagonal, 

characteristic of the spectral coupling. Then for a given row (i.e. given 𝜕𝜌𝑤𝑁(𝜆𝑖)), diagonal terms are 

sometimes smaller than extra-diagonal terms. This means that the spectral constraints of the atmospheric 

correction are stronger than the TOA radiometry itself. For instance, 𝜌𝑤𝑁(412) is much more sensitive to 

𝜌𝑡(488) and 𝜌𝑡(531) than to 𝜌𝑡(412) itself. Also relative change between bands may be of opposite sign: for 

instance a positive change at 𝜌𝑡(443) increases 𝜌𝑤𝑁(531) but a positive change at 𝜌𝑡(531) decreases 

𝜌𝑤𝑁(443). Eventually, bands near the red, such as 547 and 667nm, are weakly sensitive to the TOA 

radiometry (rows 𝜕𝜌𝑤𝑁(547) and 𝜕𝜌𝑤𝑁(667)), but inversely they impact marine reflectance in the blue 

(columns 𝜕𝜌𝑡(547) and 𝜕𝜌𝑡(667)), so are part of the SVC problem. 
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Figure 2. Jacobian matrix on a typical clear water pixel for SeaDAS (left) and POLYMER (right). 

Hence, the structure of the Jacobian matrix illustrates the complexity of the vicarious calibration problem, 

which is now described as a problem of BOA sensitivity to the TOA radiometry. In this respect the behaviour 

of algorithms such as POLYMER is significantly different compared to standard atmospheric corrections. It 

requires us to have a broader understanding of the SVC problem than we have been used to. 

Generalizing the SVC definition 

Since atmospheric correction schemes following the generic formalism of Eq. (9) preclude computing the 

gains with standard equations (5)-(7), we propose generalising the definition of gains. The intrinsic definition 

of a set of SVC gains (𝑔1, 𝑔2, ⋯ , 𝑔𝑚) associated to wavelengths 𝜆1, 𝜆2, ⋯ 𝜆𝑚 is that it allows the exact retrieval 

of the targeted signal 𝜌𝑤𝑁
𝑡  at the same bands; this can be written as 

𝑓𝑖(𝑔1 ∗ 𝜌𝑡(𝜆1),⋯ , 𝑔𝑚 ∗ 𝜌𝑡(𝜆𝑚), 𝜌𝑡(𝜆𝑚+1),⋯ , 𝜌𝑡(𝜆𝑛)) = 𝜌𝑤𝑁
𝑡 (𝜆𝑖),   𝑖 = 1…𝑚 (11) 

In its most generic form, Eq. (11) must be understood as a non-linear system of 𝑚 equations and 𝑚 

unknowns, which defines implicitly the gains. It is important that the number of gains cannot be greater than 

the number of available information, 𝑚, so that 𝑛 −𝑚 bands cannot be vicariously calibrated. For the sake of 

simplicity, we have sorted the 𝑚 calibrated channels in the lowest positions, without any assumption on the 

real order of the wavelengths. 

We will refer to Eq. (11) as the strict SVC problem because a strict retrieval of the in-situ data is expected, in 

accordance with the standard SVC definition. This definition however does not ensure existence and 

uniqueness of a solution, which is the general impediment of any non-linear system, depending on the non-

linearity of the atmospheric correction (i.e. of functions 𝑓𝑖). We will demonstrate in section 3 that the strict SVC 

problem applied to POLYMER allows solution only under very particular conditions, and furthermore that there 

is a multiplicity of possible gains. The only way to deal with such cases is to solve Eq. (11) in a weaker sense, 

i.e. in a least-square sense. For such purpose we will define the optimal SVC problem as finding a set of 𝑙 

gains 𝑔 = (𝑔1, 𝑔2, ⋯ , 𝑔𝑙) with 𝑙 ≤ 𝑚 ≤ 𝑛 which minimises the discrepancy between the retrieved and targeted 

marine signal, for a given 𝜒2 cost function: 

𝜒𝑆𝑉𝐶
2 (𝑔) =∑(𝜌𝑤𝑁

𝑡 (𝜆𝑖) − 𝑓𝑖(𝑔1 ∗ 𝜌𝑡(𝜆1),⋯ , 𝑔𝑙 ∗ 𝜌𝑡(𝜆𝑙), 𝜌𝑡(𝜆𝑙+1),⋯ , 𝜌𝑡(𝜆𝑛)))
2

𝑚

𝑖=1

 (12) 

This minimisation problem also provides an implicit definition of the gains, but now ensures existence of at 

least one solution to the SVC. Furthermore, if by chance the strict SVC admits a solution, then it will also be a 

solution of the optimal SVC. Hence this latter formalism will be considered by default in the following. Note 

that the cost function 𝜒𝑆𝑉𝐶
2  could be refined by weighting each square of the sum, typically by uncertainty at 
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each band, without changing the aim of the method. This option is not retained in the present work, first 

because of lack of knowledge in the remote-sensing uncertainty and second because of spectrally white 

uncertainty of the MOBY data considered here (between 2 and 4% from 412 to 666nm, see Brown et al. 

2007). 

A noticeable difference between the strict (Eq. (11)) and optimal (Eq. (12)) SVC is the number of bands to be 

calibrated. The strict SVC needs as many TOA gains as marine reflectance bands, i.e. 𝑚. On the contrary the 

optimal SVC can relax the number of gains to 𝑙 ≤ 𝑚, although all 𝑚 information at BOA are kept in the cost 

function. For example, we may search gains at two bands (𝜆1, 𝜆2) to best match in-situ data of four bands 

(𝜆1, 𝜆2, 𝜆3, 𝜆4), keeping in mind that the TOA radiometry at the two first bands impacts all fours bands at BOA. 

This flexibility will be used to solve the issue of non-uniqueness.  

Finally let us emphasise that this revisited definition of SVC in Eq. (12) is a natural extension of the standard 

SVC formalism (Eqs. (5)-(7)), in the sense that it leads to the same gains when applied to the standard 

atmospheric correction scheme. This can be verified by fitting the standard scheme Eq. (3) in our general 

formalism with  

𝑓𝑖(𝜌𝑡(𝜆1),⋯ ) = 𝐶𝐵𝑅𝐷𝐹(𝜆𝑖)

𝜌𝑡(𝜆𝑖)
𝑡𝑔(𝜆𝑖)

− (𝜌𝑅(𝜆𝑖) + 𝜌𝑎(𝜆𝑖) + 𝜌𝑅𝑎(𝜆𝑖))

𝑡(𝜆𝑖)
,   𝑖 = 1…𝑚 

(13) 

Where 𝐶𝐵𝑅𝐷𝐹(𝜆𝑖) is the BRDF correction factor converting marine reflectance from sensor geometry (𝜌𝑤) to 

normalised geometry (𝜌𝑤𝑁). This factor generally depends on the bio-optical content just beneath the sea 

surface, which in operation can only be deduced from the radiometry and induces a spectral coupling in the 

𝜌𝑤𝑁. In the context of vicarious calibration, this knowledge is provided by the in-situ data, breaking the 

dependence of 𝐶𝐵𝑅𝐷𝐹 on the sensor radiometry. Remember also that atmospheric quantities do not depend on 

radiometry of bands 1…𝑚, because aerosol detection is conducted at other bands in the NIR. Thus 𝑓𝑖 are 

simple linear functions of 𝜌𝑇𝑂𝐴(𝜆𝑖) only and the optimal SVC problem, computable through ∇𝜒𝑆𝑉𝐶
2 = 0, 

simplifies immediately to the strict SVC problem, written as a linear system: 

𝐽 (
𝜌𝑡(𝜆1) ⋯ 0
⋮ ⋱ ⋮
0 … 𝜌𝑡(𝜆𝑚)

) (

𝑔1
⋮
𝑔𝑚
) − (

𝜌̃𝑝𝑎𝑡ℎ(𝜆1)

⋮
𝜌̃𝑝𝑎𝑡ℎ(𝜆𝑚)

) = (
𝜌𝑤𝑁
𝑡 (𝜆1)
⋮

𝜌𝑤𝑁
𝑡 (𝜆𝑚)

) (14) 

Where 𝜌̃𝑝𝑎𝑡ℎ(𝜆𝑖) = 𝐶𝐵𝑅𝐷𝐹(𝜆𝑖)(𝜌𝑅(𝜆𝑖) + 𝜌𝑎(𝜆𝑖) + 𝜌𝑅𝑎(𝜆𝑖))/ 𝑡(𝜆𝑖) and the Jacobian matrix 𝐽 of the atmospheric 

correction is diagonal: 

𝐽 =

(

  
 

𝐶𝐵𝑅𝐷𝐹(𝜆1)

𝑡𝑔(𝜆1)𝑡(𝜆1)
⋯ 0

⋮ ⋱ ⋮

0 …
𝐶𝐵𝑅𝐷𝐹(𝜆𝑚)

𝑡𝑔(𝜆𝑚)𝑡(𝜆𝑚))

  
 

 (15) 

The trivial solution is given by: 

𝑔𝑖 =
𝑡𝑔(𝜆𝑖) (𝜌𝑅(𝜆𝑖) + 𝜌𝑎(𝜆𝑖) + 𝜌𝑅𝑎(𝜆𝑖) + 𝑡(𝜆𝑖)

𝜌𝑤𝑁
𝑡 (𝜆𝑖)

𝐶𝐵𝑅𝐷𝐹(𝜆𝑖)
)

𝜌𝑡(𝜆𝑖)
,   𝑖 = 1…𝑚 

(16) 

We recognise identical gains as the standard definition in Eqs. (5)-(7), with 
𝜌𝑤𝑁
𝑡

𝐶𝐵𝑅𝐷𝐹
 being the targeted marine 

signal converted to sensor geometry. 

This ATBD will show that such a new formalism is necessary and efficient to handle SVC for non-standard 

atmospheric corrections. Section 2 presents the material (POLYMER algorithm, in-situ data used for 

calibration and validation, satellite data) and introduces the OC-CCI numerical method to solve the optimal 

SVC. In section 3, a theoretical analysis of POLYMER atmospheric correction demonstrates the problem of 
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non-uniqueness and non-existence of gains in the strict sense. We present detailed gains in section 4 as 

defined by the optimal SVC, for MERIS, MODIS, OLCI-A, OLCI-B, VIIRSJ1 and VIIRSN. In section 5, we 

analyse the meaning of these average gains, discuss their relevance and limits (notably by a quick 

assessment of their impact over different water types) and finally summarise the key conclusion of SVC for 

non-standard AC like POLYMER. 
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2. Data and method 

POLYMER algorithm 

POLYMER atmospheric correction was first introduced in Steinmetz et al. (2011) for the MERIS sensor and 

stands for “POLYnomial based algorithm applied to MERIS”. Its initial motivation was to correct for the sun 

glint effect, which affects a large part of the MERIS swath. Authors showed a roughly equivalent performance 

of the inversion inside and outside the glint area, hence increasing the usual coverage of MERIS data. The 

algorithm has since been updated within the ESA OC-CCI project as described in Steinmetz et al. (2015). The 

main difference consists in using an alternate water reflectance model including bidirectional correction to sun 

at zenith and sensor at nadir, based on Park and Ruddick (2005) and more suited to case 2 waters than the 

previous model. Other updates relate to of numerical inversion, atmospheric parameterization and the 

adaptation to SeaWiFS and MODIS. POLYMER version used in this ATBD is v4.14, strictly equivalent to 

release v4.17 for the considered sensors. 

In POLYMER, a preliminary sun glint reflectance is estimated from the Cox and Munk (1954) model relating 

sea surface roughness to wind speed and acquisition geometry. This contribution is tabulated simultaneously 

with Rayleigh scattering (including coupling between both) and contains potentially large errors due to only 

approximate knowledge of the wind field at pixel scale. The core of the atmospheric correction is then built 

upon an ocean-atmosphere radiometric model, in which coupled inversion over the full spectrum seeks to 

retrieve the residual sun glint, together with aerosol signal and any other atmospheric contributor (e.g. 

undetected thin cloud). This atmospheric and glint residual component, noted 𝜌𝑎𝑔, is modelled by a function of 

𝜆 consisting of three terms: 

𝜌𝑎𝑔(𝜆, 𝑐0, 𝑐1, 𝑐2) = 𝑐0𝑇0(𝜆)𝜆
𝑝0 + 𝑐1𝜆

𝑝1 + 𝑐2𝜌𝑅(𝜆) (17) 

We refer to Steinmetz et al. (2015) for a detailed description of this modelling, where the exponents 𝑝0 = 0, 

 𝑝1 = −1 and third term in 𝜌𝑅(𝜆) close to 𝜆−4 are chosen to represent spectrally flat components (attenuated 

by a mixed direct/diffuse transmittance 𝑇0(𝜆)), aerosol, and coupling with Rayleigh respectively. Coefficients 

(𝑐0, 𝑐1, 𝑐2) are the atmospheric unknowns. The marine model, noted 𝜌𝑤
𝑚𝑜𝑑 , is inevitably required when 

atmospheric correction deals with wavelengths in the visible (see e.g. Bricaud and Morel (1987) for a 

precursor approach on CZCS). The earliest version of POLYMER relies on the Morel and Maritorena (2001) 

model parameterised by chlorophyll concentration, modified to also take into account backscattering of non-

covarying particles and extended beyond 700 nm by the similarity spectrum of Ruddick et al. (2006). Some 

bio-optical constraints have been further added in Steinmetz et al. (2015), so that we shall simply keep the 

generic notation  𝜌𝑤
𝑚𝑜𝑑(𝜆, 𝜑) where 𝜑 represents a set of biological unknowns. The present analysis does not 

need a more explicit form, except to count the degrees of freedom, here two. In the end POLYMER relies on 

following TOA formulation: 

𝜌𝑡(𝜆) = 𝑡𝑔(𝜆) (𝜌𝑅(𝜆) + 𝜌𝑎𝑔(𝜆, 𝑐0, 𝑐1, 𝑐2) + 𝑡(𝜆)( 𝜌𝑤
𝑚𝑜𝑑(𝜆, 𝜑) + 𝜀(𝜆))) (18) 

Where 𝜀(𝜆) is the BOA residual resulting from inherent discrepancy between the full model and the TOA 

radiometry. Note that 𝜌𝑅 is here a shorthand which implicitly contains the Cox and Munk sun glint (term 

𝜌𝑚𝑜𝑙+𝑔𝑙𝑖 in Steinmetz et al. 2011). Moreover, the diffuse transmittance 𝑡(𝜆) includes only the Rayleigh part and 

it is thus known from auxiliary data. The actual TOA quantity involved in POLYMER optimisation is the 

radiometry corrected for gaseous absorption, Rayleigh and sun glint, noted 𝜌𝑅𝑐 hereafter: 

𝜌𝑅𝑐(𝜆) =
𝜌𝑡(𝜆)

𝑡𝑔(𝜆)
− 𝜌𝑅(𝜆) (19) 

It follows that given a set of atmospheric and bio-optical parameters (𝑐0̂, 𝑐1̂, 𝑐2̂, 𝜑̂), both terms 𝜌𝑎𝑔 and  𝜌𝑤
𝑚𝑜𝑑  

can be evaluated and marine reflectance is retrieved at any wavelength by: 
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𝜌𝑤(𝜆) =
𝜌𝑅𝑐(𝜆) − 𝜌𝑎𝑔(𝜆)

𝑡(𝜆)
=  𝜌𝑤

𝑚𝑜𝑑(𝜆, 𝜑̂) + 𝜀(𝜆) (20) 

Importantly the second equality shows that this reflectance is also the sum of  𝜌𝑤
𝑚𝑜𝑑 and the residual 𝜀(𝜆) (by 

definition of Eq. 18), so that POLYMER final product is not strictly speaking the output of the marine model 

 𝜌𝑤
𝑚𝑜𝑑 . The left part of Eq. (20) differs essentially from standard atmospheric correction (Eq. (3)) in the way the 

𝜌𝑎𝑔 term is computed. POLYMER first reduces the dimensionality of the non-linear problem by linking the 

atmospheric unknowns to the bio-optical unknowns. Indeed, for any  𝜌𝑤
𝑚𝑜𝑑 , the coefficients can be best 

evaluated by minimising a linear least-square problem:  

{
 
 

 
 (𝑐0̂, 𝑐1̂, 𝑐2̂) = 𝑎𝑟𝑔𝑚𝑖𝑛

(𝑐0,𝑐1,𝑐2)
 𝜒𝑎𝑡𝑚
2

with 𝜒𝑎𝑡𝑚
2 =∑(𝑇0(𝜆𝑖)𝑐0𝜆𝑖

𝑝0 + 𝑐1𝜆𝑖
𝑝1 + 𝑐2𝜌𝑅(𝜆𝑖) − (𝜌𝑅𝑐(𝜆) − 𝑡(𝜆𝑖) 𝜌𝑤

𝑚𝑜𝑑(𝜆𝑖 , 𝜑)))
2

𝑛

𝑖=1

 
 (21) 

These coefficients are thus a linear combination of  𝜌𝑤
𝑚𝑜𝑑(𝜆𝑖 , 𝜑) (see section 3 for an explicit formulation) and 

provide, through 𝜌𝑎𝑔, a marine reflectance depending on 𝜑, noted 𝜌𝑤(𝜆, 𝜑). Then POLYMER minimises the 

discrepancy between this retrieved reflectance and the marine model, with respect to the 𝜑 unknown only: 

𝜑̂ = 𝑎𝑟𝑔𝑚𝑖𝑛
𝜑

 𝜒𝑏𝑖𝑜
2 (𝜑)  where  𝜒𝑏𝑖𝑜

2 (𝜑) =∑(
𝜌
𝑤
(𝜆, 𝜑) −  𝜌

𝑤
𝑚𝑜𝑑(𝜆𝑖, 𝜑)

√ 𝜌𝑤
𝑚𝑜𝑑(𝜆𝑖, 𝜑)

)

2𝑛

𝑖=1

 (22) 

Numerator of Eq. 22 is exactly the residual 𝜀(𝜆). Root square in denominator weights the cost function 

according to the amplitude of the marine signal at different wavelengths (with a threshold of 0.005, not made 

explicit here). The spectral coupling over the full spectrum appears clearly in minimisation of cost functions 

𝜒𝑎𝑡𝑚
2  and 𝜒𝑏𝑖𝑜

2 , built upon all available 𝑛 bands of the sensor. 

In situ database 

The single source of in-situ data considered for present vicarious calibration is the Marine Optical BuoY 

(MOBY), whose data have been used for decades by space agencies. On top of its high quality and 

appropriateness for vicarious calibration (e.g. Zibordi et al. 2015), the MOBY dataset has the rare advantage 

of exhibiting systematic measurements at all visible bands of all sensors, what is strictly required in the 

present context of spectrally coupled atmospheric correction. This is achieved by integration of the raw 

hyperspectral measurements against each sensor spectral response function (RSF). So-called “GOLD” and 

“Platinum” datasets were downloaded by PML. MOBY GOLD data are available up to May 2022 for 6 sensors 

(Aqua-MODIS, MERIS, Suomi-VIIRS, NOAA-20-VIIRS, OLCI-A, and OLCI-B). MOBY Platinum started in May 

2024, and for this dataset only 4 sensors are available (Suomi-VIIRS, NOAA-20-VIIRS, OLCI-A, and OLCI-B). 

We emphasize that only Platinum data over Hawaii were considered for the SVC. 

For independent validation, we use MarONet data in Australia (off Perth), where waters are not as clear as 

over Hawaii. Another independent dataset for assessing the impact of SVC over diverse coastal waters is the 

Ocean Colour component of the Aerosol Robotic Network (AERONET-OC, Zibordi et al. 2009b); currently, we 

consider only the Aqua-Alta Oceanographic Tower in the northern Adriatic Sea (AAOT, Zibordi et al. 2004). 

Note that no band-shift is applied at this stage. 

For all sites, the normalisation procedure follows Park and Ruddick (2005), because it corresponds exactly to 

the BRDF model used by POLYMER (consistency between in situ and satellite data). 

Satellite data and match-up building 

Six ocean colour sensors are considered and listed in Table 1. Level-1 data are exempt of any space 

agency’s vicarious calibration. MODIS and VIIRS data are first corrected for polarisation (this is done in 

POLYMER, with polarisation coefficients). The OC-CCI satellite archive was extracted by PML over the 
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coincident in situ data, and forms the so-called match-up database (MDB). The meteorological ancillary data 

used in POLYMER processing comes most recent ECMWF reanalysis (ERA5). 

Table 1. List of sensors and L1 data used for SVC 

Sensor short 
name 

Platform Level Processing version Resolution at 
nadir 

Time range 
(approximate) 

MERIS ENVISAT Level-1b ESA 4th reprocessing 1.2 km (RR) 2002-2012 

MODIS Aqua Level-1C NASA latest reprocessing 1 km  2002-2022 

OLCI-A Sentinel-3A Level-1b EUMETSAT baseline 
OL__L1_.004.00.00 

300 m (FR) 2016-2022 & 
2024-2025 

OLCI-B Sentinel-3B Level-1b EUMETSAT baseline 
OL__L1_.004.00.00 

300 m (FR) 2018-2022 & 
2024-2025 

VIIRSN S-NPP Level-1C NASA latest reprocessing 750 m 2012-2022 & 
2024-2025 

VIIRSJ1 JPSS1 Level-1C NASA latest reprocessing 750 m 2018-2022 & 
2024-2025 

 

For vicarious gain computation and pixel-by-pixel verification at MOBY, we follow as much as possible 

protocols of the standard SVC defined in Franz et al. (2007): time difference between satellite and ground 

measurement less than three hours, sun zenith angle less than 70°, view zenith angle less than 56°, 5x5 

macro-pixel extractions around the in-situ point without any flagged pixel. Due to its robustness, POLYMER is 

quite permissive in the data screening and provides few quality flags. Hence only pixels flagged by POLYMER 

as cloud or with an explicit atmospheric correction failure are discarded (negative particulate backscattering, 

out of bound parameters in the minimisation). There was no screening based on chlorophyll concentration, 

expected to be very low at MOBY. After careful consideration, pixels impacted by sun glint have been kept as 

valid because of POLYMER’s capability to well perform under such condition and because such data are 

considered in the Level-2 OC-CCI dataset. 

Numerical method 

We first introduce vector and matrix notation to deal more easily with the spectral dimension. Unless explicitly 

mentioned, the dimension is 𝑛 (number of bands used in the atmospheric correction) and we note: 

𝜌 = (
𝜌(𝜆1)
⋮

𝜌(𝜆𝑛)
) (23) 

For the sake of readability, we start by studying the optimisation problem of Eq. (12) in the simple case 𝑙 =

𝑚 = 𝑛, and will deal with the general case just after. Let us call 𝐹 the function relating vicarious gains to the 

retrieved marine reflectance: 

𝐹: ℝ𝑛 → ℝ𝑛

𝑔 → 𝐹(𝑔) = (𝑓1(𝑔1 ∗ 𝜌𝑡
(𝜆1),⋯ , 𝑔𝑛 ∗ 𝜌𝑡(𝜆𝑛))

⋮
)
 (24) 

This is just another writing of functions 𝑓𝑖, directly expressed with respect to gains instead of TOA radiometry. 

In particular, we have 𝐹(1) = 𝜌𝑤𝑁, i.e. the marine reflectance without any vicarious calibration. The cost 

function then simply writes 𝜒𝑆𝑉𝐶
2 (𝑔) = ‖  𝜌𝑤𝑁

𝑡 − 𝐹(𝑔)‖2 and its minimum is solution of the 𝑛 × 𝑛 non-linear 

system 

∇𝐹′(𝜌𝑤𝑁
𝑡 − 𝐹(𝑔)) = 0 (25) 

Where ∇𝐹 is the Jacobian matrix of 𝐹, evaluated at current 𝑔, and the prime superscript stands for its 

transpose. There is an obvious link between ∇𝐹 and the Jacobian matrix 𝐽 of function 𝑓 previously defined in 

Eq. (10); notably for 𝑔 = 1 we have: 
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∇𝐹(1) =

(

 
 
𝜌𝑡(𝜆1)

𝜕𝜌𝑤𝑁(𝜆1)

𝜕𝜌𝑡(𝜆1) 
⋯ 𝜌𝑡(𝜆𝑛)

𝜕𝜌𝑤𝑁(𝜆1)

𝜕𝜌𝑡(𝜆𝑛) 
⋮ ⋱ ⋮

𝜌𝑡(𝜆1)
𝜕𝜌𝑤𝑁(𝜆𝑛)

𝜕𝜌𝑡(𝜆1) 
⋯ 𝜌𝑡(𝜆𝑛)

𝜕𝜌𝑤𝑁(𝜆𝑛)

𝜕𝜌𝑡(𝜆𝑛) )

 
 

 (26) 

Such system can only be solved numerically, especially if the atmospheric correction of concern is not explicit. 

Any standard computational method can be candidate, albeit it requires iterative runs of the atmospheric 

correction, on a pixel-per-pixel basis. By default, we propose here a one-step inversion, based on the fact that 

calibration gains are expected to be small with respect to unity, typically less than 5%. Any larger value would 

originate from a major problem in either the instrumental calibration or the atmospheric correction itself, and 

would need a dedicated correction beyond the scope of vicarious calibration. It is worth noting that iteration 

around the step described hereafter is still possible in our code. 

A first order Taylor expansion around 𝑔 = 1 writes 𝐹(𝑔) ≈ 𝐹(1) + ∇𝐹(1)(𝑔 − 1) and allows Eq. (25) to be 

solved approximately with the 𝑛 × 𝑛 linear system: 

∇𝐹′∇𝐹(𝑔 − 1) = ∇𝐹′(𝜌𝑤𝑁
𝑡 − 𝜌𝑤𝑁) (27) 

Here ∇𝐹 is implicitly defined at 𝑔 = 1. This solution can be interpreted as the first iteration of the Gauss-

Newton algorithm minimising 𝜒𝑆𝑉𝐶
2 . Now, when dealing with the general case of gains retrieval for 𝑙 bands 

only, with a cost function defined on 𝑚 bands with 𝑙 ≤ 𝑚 ≤ 𝑛, the very same algebra is true when considering 

in Eq. (27) the 𝑚 × 𝑙 submatrix of ∇𝐹 and restricting 𝜌𝑤𝑁
𝑡 − 𝜌𝑤𝑁 to 𝑚 rows. Due to multiplication with matrix 

∇𝐹′, Eq. (27) is then simply a 𝑙 × 𝑙 linear system. Such solver is used hereafter in section 4 for SeaWiFS, 

MODIS and MERIS, with details on the band sets for each sensor. 

Note that if the strict SVC were possible, with an equal number of unknowns and equations (𝑙 = 𝑚), Eq. (27) 

would be equivalent to the linear system ∇𝐹(𝑔 − 1) = 𝜌𝑤𝑁
𝑡 − 𝜌𝑤𝑁, which now would be interpreted as the first 

iteration of the Newton-Raphson algorithm to solve the strict problem 𝐹(𝑔) = 𝜌𝑤𝑁
𝑡 . It follows that our solution is 

exact for a linear atmospheric correction (with respect to the TOA radiometry); it is indeed an easy exercise to 

check that it retrieves exactly the standard gains when applied to the standard atmospheric correction, cf. 

Eqs. (14)-(15)-(16). In this respect we can see the solution of Eq. (27) as a natural generalisation of the 

standard gain computation Eqs. (5)-(7). Furthermore, the linear system highlights, at first order, the spectral 

coupling between gains through the Jacobian matrix. 

For an algorithm such as POLYMER, when the aerosol component is not analytically given, partial derivatives 

must be approximated numerically. We use a second order approximation, to have more accuracy in the 

Jacobian matrix than in the inverse method itself: 

𝜕𝑓𝑖
𝜕𝑥𝑗  

≈
𝑓𝑖(𝑥1, ⋯ , 𝑥𝑗 + ℎ𝑗 , ⋯ , 𝑥𝑛) − 𝑓𝑖(𝑥1, ⋯ , 𝑥𝑗 − ℎ𝑗 , ⋯ , 𝑥𝑛)

2ℎ𝑗
    with  ℎ𝑗 ≪ 1 (28) 

In practice for each calibration scene, these terms are computed by applying POLYMER on 2 ∗ 𝑙 Level1 

modified scenes whose TOA signal are 𝜌𝑡(𝜆𝑗) ± ℎ𝑗 for 𝑗 = 1… 𝑙. Note again that this approximate scheme 

gives exactly the expected vicarious gains for a linear atmospheric correction decoupling all bands. The 

choice of step ℎ𝑗 depends on how quickly 𝑓𝑖 varies with respect to 𝑥𝑗. Numerical tests have convinced us to 

consider a relative step instead of an absolute step, i.e. ℎ𝑗 = 𝑠 ∗ 𝜌𝑡(𝜆𝑗). Another advantage is that because of 

the 𝜌𝑡(𝜆𝑖) factor in Eq. (26), a relative step allows to use either TOA radiance and reflectance as the input 

variable: 

𝐿𝑡
𝜕𝜌𝑤(𝐿𝑡  )

𝜕𝐿𝑡  
= 𝜌𝑡

𝜕𝜌𝑤(𝜌𝑡  )

𝜕𝜌𝑡  
 (29) 

While we have here described the formalism in term of 𝜌𝑡, in practice radiance 𝐿𝑡 is used, as it is provided in 

the Level 1 products. Several trials for various relative steps (from 0.05% to 5%) show that 𝑠 =0.5% or 1% 

gives a good approximation of the derivative at every wavelength. This is illustrated on Figure 3 for 
𝜕𝜌𝑤(443)

𝜕𝜌𝑡 (560)
: 
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the 0.5% differentiation has the closest numerical derivative to the exact derivative computed by spline 

interpolation. It is noteworthy that increments that are too small yield to totally erroneous values because then 

numerical differences reach the limit of numerical accuracy and become meaningless. 

 

Figure 3. Example of numerical differentiation of 𝜌𝑤(443) by 𝐿𝑡(560). The red dot corresponds to nominal signal and 
ten black dots for modified 𝐿𝑡(560) with step ±5%, ±1%, ±0.5%, ±0.1% and ±0.05% (ordered on the x-axis). Numerical 
derivative for each step is represented by the tangent lines in grey. The true derivative is computed by spline 
interpolation and represented by the tangent red line. 

To sum up, our numerical method defined by Eqs. (27)-(28) is based on the sole approximation of a first order 

expansion. Validity of this reduction is directly linked to the degree of linearity of the atmospheric correction 

with respect to radiometry. We remind that our code allows for more iterations, if needed. Practically, 

suitability of the computed individual gains is checked a posteriori, on pixel-by-pixel calibrated data. For all 

subsequent analysis (plots, statistics, averaging…), we only keep individual gain which allow to retrieve the in 

situ reflectance within 5x10-4. 

Eventually, the gain averaging needs to be explained. Due to the spectral coupling, individual gains for a 

certain match-up point are only meaningful when defined spectrally. In order to keep this spectral consistency 

in the mean gains (first per match-up and then per mission), we thus apply the MSIQR of Eq. (8) 

simultaneously for all calibrated bands. In other words, the spatial (respectively temporal) mean is computed 

on the same pixels (respectively same match-ups) for all wavelengths. This generally results in a more severe 

screening than the band-per-band MSIQR: if some gain spectra differ too much from the mean shape, the 

mean may be based on less than 50% of the initial data. 

Decoupled step 

In some cases, non-standard AC may decouple a subset of the bands, which then may be calibrated with the 

standard SVC method. Typically, POLYMER uses 𝑚 bands 𝜆𝑖 (ordered previously with indices 1 ≤ 𝑖 ≤ 𝑚) to 

retrieve the unknown atmospheric parameters (𝑐0, 𝑐1, 𝑐2), from which the atmospheric term 𝜌𝑎𝑔(𝜆𝑘) and the 

marine reflectance  𝜌𝑤(𝜆𝑘) can be computed at any other band 𝜆𝑘 not involved in the inversion (𝑘 > 𝑚), 

thanks to Eqs. (17)-Eq.(18). It follows that band 𝜆𝑘  is fully decoupled from the aerosol detection and can be 

calibrated independently. More generally, a set of decoupled bands can be calibrated at once, as for standard 

AC, where the Jacobian matrix is diagonal. Practically, we achieve this calibration by the very same code, in a 
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second step, i.e. after application of the averaged (coupled) gains. This situation potentially concerns bands 

681 & 709 nm for MERIS, 400, 412, 681 & 709 nm for OLCI and 410 nm for VIIRS, assuming in situ data are 

provided. 
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3. Theoretical analysis of POLYMER vicarious calibration 

Multiplicity of vicarious gains 

We start by rewriting the POLYMER algorithm in a more compact form, using the vector and matrix notation. 

First, the atmospheric term 𝜌𝑎𝑔 defined by Eq. (17) depends linearly on the coefficients (𝑐0, 𝑐1, 𝑐2) through 

(
𝜌𝑎𝑔
⋮
) =  𝛬 (

𝑐0
𝑐1
𝑐2
)     where  𝛬 =  (

𝑇0(𝜆1)𝜆1
𝑝0 𝜆1

𝑝1 𝜌𝑅(𝜆1)
⋮ ⋮ ⋮

𝑇0(𝜆𝑛)𝜆𝑛
𝑝0 𝜆𝑛

𝑝1 𝜌𝑅(𝜆𝑛)
) (30) 

Matrix 𝛬 is rectangular, of size 𝑛 × 3, and computed once for each pixel. Thus the over constrained least-

square minimisation of Eq. (21) writes: 

𝜒𝑎𝑡𝑚
2 (𝑐0, 𝑐1, 𝑐2) = ‖ 𝛬(

𝑐0
𝑐1
𝑐2

) − (𝜌𝑅𝑐 − 𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑)
⋮

)‖

2

 (31) 

Solution is given by introducing the pseudo-inverse matrix of 𝛬: 

(

𝑐0
𝑐1
𝑐2
) = (𝛬′𝛬)−1𝛬′ (𝜌𝑅𝑐 − 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑)
⋮

) (32) 

Secondly, let us introduce the square 𝑛 × 𝑛 matrix 𝑀 by 

𝑀 = 𝐼 − 𝛬(𝛬′𝛬)−1𝛬′ (33) 
Then the whole POLYMER optimisation problem Eq. (22) and associated marine reflectance Eq. (20) can be 

summarised by 

{
  
 

  
 (

𝑡𝜌𝑤
⋮
) = (𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂)
⋮

) + 𝑀 (𝜌𝑅𝑐 − 𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑̂)
⋮

)

𝜑̂ = 𝑎𝑟𝑔𝑚𝑖𝑛
𝜑

 𝜒𝑏𝑖𝑜
2 (𝜑)   where 𝜒𝑏𝑖𝑜

2 (𝜑) = ‖‖
𝑀(𝜌𝑅𝑐 − 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑)
⋮

)

𝑡√ 𝜌𝑤
𝑚𝑜𝑑(𝜑)

‖‖

2

 
 (34) 

Marine reflectance is here provided at TOA for the sake of simplicity, what is equivalent to BOA since diffuse 

transmittance does not depend on the inversion. Eq. (34) gives a direct insight in POLYMER spectral coupling 

by matrix 𝑀, through both the definition of 𝜌𝑤 (top equation) and the determination of 𝜑̂ (bottom equation). 

A key feature of matrix 𝑀 is to be singular, and more precisely that its kernel is of dimension 3. Indeed, for any 

triplet (𝑥0, 𝑥1, 𝑥2), we have 

𝑀𝛬(

𝑥0
𝑥1
𝑥2
) = (𝛬 − 𝛬(𝛬′𝛬)−1𝛬′𝛬)(

𝑥0
𝑥1
𝑥2
) = (

0
⋮
) (35) 

This has direct implication for vicarious calibration. For any (𝑥0, 𝑥1, 𝑥2), we define specific gains by  

𝑔(𝜆) = 1 + 𝑡𝑔(𝜆)
𝑥0𝑇0(𝜆)𝜆

𝑝0 + 𝑥1𝜆
𝑝1 + 𝑥2𝜌𝑅(𝜆)

𝜌𝑡(𝜆)
 (36) 

By construction, applying these gains at TOA yields to a new Rayleigh-corrected signal which satisfies (we 

here used the 𝑐𝑎𝑙 superscript for all quantities after vicarious calibration): 

(𝜌𝑅𝑐
𝑐𝑎𝑙

⋮
) = (

𝜌𝑅𝑐
⋮
) + 𝛬 (

𝑥0
𝑥1
𝑥2
) (37) 

Following Eqs. (34) and (35), this leads to the very same solution: 𝜌𝑤
𝑐𝑎𝑙 = 𝜌𝑤 and 𝜑̂𝑐𝑎𝑙=𝜑̂. Hence POLYMER is 

insensitive to any gain which effect is to add an aerosol contribution. More generally, given some hypothetical 
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vicarious gains independently derived for POLYMER, this algebra demonstrates that there is a multiplicity of 

equivalent calibrations by addition of any spectral shape as in Eq. (36). Very importantly, equivalence 

between all these calibrations is true only when this equation is applied to all bands involved in the 

atmospheric correction. At first sight this property is striking, in comparison with the usual experience of 

vicarious calibration which classically defines unique gains by Eq. (5); the standard case is however more 

complex than it appears to be and is further discussed in section5. 

Let us give a tangible illustration, by comparing a standard POLYMER run on MODIS at MOBY with two 

others after application of some specific gains. Instead of fixing coefficients (𝑥0, 𝑥1, 𝑥2), which meaning is not 

straightforward, we can equivalently define three gains at three wavelengths, then deduce the coefficients by 

solving the linear system 

Λ[𝜆1,𝜆2,𝜆3] (

𝑥0
𝑥1
𝑥2
) =

(

 
 
 
 

(𝑔(𝜆1) − 1)
𝜌𝑡
𝑡𝑔
(𝜆1)

(𝑔(𝜆2) − 1)
𝜌𝑡
𝑡𝑔
(𝜆2)

(𝑔(𝜆3) − 1)
𝜌𝑡
𝑡𝑔
(𝜆3)

)

 
 
 
 

 (38) 

Where Λ[𝜆1,𝜆2,𝜆3] is the 3 × 3 submatrix of Λ restricted to lines 𝜆1, 𝜆2, and 𝜆3. We take here two examples 

differing significantly in their spectral shapes: first we fix 𝑔(412) = 1.02, 𝑔(488) = 1.01 and 𝑔(667) = 0.99; 

then we fix 𝑔(412) = 0.97, 𝑔(488) = 0.99 and 𝑔(667) = 1.02. In each case, solving Eq. (38) gives the three 

coefficients, then providing gains at all other wavelengths through Eq. (36). All individual gains of all match-

ups are plotted on Figure 4 (left), on top and bottom row for the two examples respectively. Gains differ a 

priori for each pixel due to the 𝜌𝑡/𝑡𝑔 term, yet they appear here very stable in the visible bands, where they 

are forced to match three unique values. The associated marine reflectance is provided on middle and right 

side of Figure 4 at 412 and 488 nm respectively, in comparison with the non-calibrated case. The perfect 

match illustrates numerically our theoretical findings. 

   

   

Figure 4. Individual gains computed artificially for MODIS at MOBY from Eq. (30) (left, grey curves; black curve is the 
average gain) in two cases (top and bottom rows, see text for values) and the associated retrieval of 𝜌𝑤(412) (middle, 
y-axis) and 𝜌𝑤(488) (right, y-axis) compared to the nominal 𝜌𝑤 without calibration (x-axis). 

As a consequence, POLYMER gains have no absolute meaning per se; in particular, gains with large 

amplitude may have exactly the same effect as a very small calibration. The key parameter is the shape of the 

gains, after removal of the aerosol and residual glint component. This property can be used to filter the gain 



ESA Ocean Colour Climate Change Initiative+ – Phase 2 
System Vicarious Calibration of MERIS, MODIS, OLCI and VIIRS sensors processed by POLYMER 

 

 

  

 
 

 
Page 22 of  62 

 

spectra and find the shape with lowest dispersion around unity. From a numerical point of view, multiplicity of 

solution may lead to instability in the inversion. A solution to circumvent this issue is to fix three gains (to any 

values), what set the aerosol component to a given level (as in Eq. 38). Hence, when POLYMER uses 𝑛 

bands in the AC, our numerical method computes gains at only 𝑛 − 3 bands. Practical details for each sensor 

are given in section 4. 

Impossibility of a strict SVC 

As already defined in Eq. (11), the strict SVC aims at forcing the processor to exactly match the in-situ data, 

on a pixel-per-pixel basis. We here consider in-situ reflectance 𝜌𝑤
𝑡  converted to the geometry of the pixel, as 

done in practice by the standard SVC, in order to directly use POLYMER formulation of Eq. (34) in the sensor 

geometry. The vicarious gain 𝑔 = (𝑔(𝜆1), … , 𝑔(𝜆𝑛) ) is unequivocally related to 𝜌𝑅𝑐
𝑐𝑎𝑙(𝑔) = 𝑔 ∗ 𝜌𝑡/𝑡𝑔 − 𝜌𝑅 which 

by definition of SVC must satisfy: 

{
 
 

 
 𝑀 (𝜌𝑅𝑐

𝑐𝑎𝑙(𝑔) − 𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑̂(𝑔))
⋮

) = (𝑡𝜌𝑤
𝑡 − 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔))
⋮

)

where 𝜑̂(𝑔) = 𝑎𝑟𝑔𝑚𝑖𝑛
𝜑

‖
𝑀 (𝜌𝑅𝑐

𝑐𝑎𝑙(𝑔) − 𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑)

⋮
)

𝑡√ 𝜌𝑤
𝑚𝑜𝑑(𝜑)

‖

2

 

 (39) 

Here it is important to note the dependency of retrieved bio-optical unknown 𝜑̂ on the gain itself. Because 𝑀 is 

not invertible, the necessary condition for the first equation to be solved it that it exists a vector 𝑋, a priori 

dependent on 𝑔, such that 

𝑡𝜌𝑤
𝑡 − 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔)) = 𝑀𝑋(𝑔) (40) 

In this case, gains are solution of the non-linear system 

𝜌𝑅𝑐
𝑐𝑎𝑙(𝑔) = 𝑋(𝑔) + 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔)) + Λ(

𝑥0
𝑥1
𝑥2
) (41) 

The last term comes from the multiplicity of gains with any aerosol term defined by (𝑥0, 𝑥1, 𝑥2). 

In such case, the POLYMER cost function is evaluated as  

𝜒𝑏𝑖𝑜
2 (𝜑) = ‖

𝑀 (𝑋
(𝑔) + 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔)) − 𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑)

⋮
)

𝑡√ 𝜌𝑤
𝑚𝑜𝑑(𝜑)

‖

2

 (42) 

Now we use the fact that 𝑀 ∗ 𝑀 = 𝑀 (this is a trivial check from definition of Eq. (33)), so that we have 

𝑀𝑋(𝑔) = 𝑀(𝑡𝜌𝑤
𝑡 − 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔))) (43) 

POLYMER solution is thus given by 

𝜑̂(𝑔) = 𝑎𝑟𝑔𝑚𝑖𝑛
𝜑

‖
𝑀 (𝑡𝜌𝑤

𝑡 − 𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑)
⋮

)

𝑡√ 𝜌𝑤
𝑚𝑜𝑑(𝜑)

‖

2

 (44) 

This shows that 𝜑̂(𝑔) does in fact not depend on 𝑔. The minimum of POLYMER cost function is simply 

reached for 𝜑̂ which best fits the in-situ data (in the POLYMER norm). It follows that 𝑋, which is related 

through matrix 𝑀 to the discrepancy between the in-situ signal and the modelled reflectance retrieved by 

POLYMER, does not depend on 𝑔 either. Then, because 𝑀 is built upon atmospheric terms totally 

independent of any marine model, it is physically only relevant to restrict 𝑋 to zero and understand Eq. (40) 

as: 

𝑡𝜌𝑤
𝑡 = 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂) (45) 
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In such case, we recognize in Eq.(41) the very same definition of gain as in the standard case, written for any 

POLYMER aerosol reflectance: 

𝑔(𝜆) =
𝑡𝑔(𝜆)(𝑡(𝜆)𝜌𝑤

𝑡 (𝜆) + 𝜌𝑅(𝜆) + 𝑥0𝑇0(𝜆)𝜆
𝑝0 + 𝑥1𝜆

𝑝1 + 𝑥2𝜌𝑅(𝜆))

𝜌𝑡(𝜆)
 (46) 

Interestingly this means that, in such very particular condition, POLYMER SVC can be solved analytically; at 

first sight Eq. (46) could appear as spectrally-decoupled, but we must remind that the coupling is done 

implicitly through the marine model since one has 𝜌𝑤
𝑡 (𝜆) = 𝜌𝑤𝑚𝑜𝑑(𝜑̂,𝜆) for all bands. 

This analysis demonstrates that the strict SVC problem can only be solved if the marine model embedded in 

POLYMER manages to exactly match the in-situ measurement, for some bio-optical parameters, Eq.(45). In 

practice there is obviously no chance to meet such condition. We can a posteriori check that applying gains of 

Eq. (46) does not force POLYMER to exactly retrieve 𝜌𝑤
𝑡 , as can be seen on scatter plots of Figure 5, despite 

a noticeable improvement. 

This fundamental finding, associated to the multiplicity of solution (previous section), explains why trying to 

solve the strict SVC problem leads to numerical instability and erroneous solution, variable with the chosen 

bands set (results not shown here). 

 

  

  

Figure 5. Validation of MODIS 𝜌𝑤 at MOBY after applying standard pixel-by-pixel vicarious gains, defined by Eq. (47). 
Bands are 412, 443, 488 and 547 nm from top to bottom and left to right. 

 

Optimal SVC 

Now that we have demonstrated that a strict SVC is not possible, we can study the optimal SVC, as 

introduced and defined in Eq. (12). Its application to POLYMER means that we search for a gain 𝑔̂ solution of 

this minimisation problem: 
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{
 
 
 
 

 
 
 
 

𝑔̂ = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑔

 𝜒𝑆𝑉𝐶
2 (𝑔)  

where  𝜒𝑆𝑉𝐶
2 (𝑔) = ‖

𝑀 (𝜌𝑅𝑐
𝑐𝑎𝑙(𝑔) − 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔))
⋮

) − (𝑡𝜌𝑤
𝑡 − 𝑡 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔))
⋮

)

𝑡
‖

2

and  𝜑̂(𝑔) = 𝑎𝑟𝑔𝑚𝑖𝑛
𝜑

 𝜒𝑏𝑖𝑜
2 (𝜑, 𝑔)  with  𝜒𝑏𝑖𝑜

2 (𝜑, 𝑔) = ‖
𝑀 (𝜌𝑅𝑐

𝑐𝑎𝑙(𝑔) − 𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑)

⋮
)

𝑡√ 𝜌𝑤
𝑚𝑜𝑑(𝜑)

‖

2

 (47) 

The hat accent is here added to the optimal gain, to avoid any confusion with the free variable in  𝜒𝑆𝑉𝐶
2 (𝑔). 

Note also in this cost function the division by transmittance, aiming at best matching the in-situ reflectance at 

sea level. Dimensions of vectors being here implicit, we remind that in the most general case, summation runs 

over 𝑛 bands in 𝜒𝑏𝑖𝑜
2  (POLYMER inversion), 𝑚 bands in  𝜒𝑆𝑉𝐶

2
and that 𝑔 is defined on 𝑙 bands (the other ones 

being set to unity) with 𝑙 ≤ 𝑚 ≤ 𝑛. Eq. (47) is a coupled minimisation problem in the two free variables 𝑔 and 

𝜑, defining POLYMER individual gains in an optimal sense. Its exact resolution is beyond our reach and 

justifies the use of a numerical method such as that one introduced in section 2. 

To seize in more concrete terms the optimal SVC, we can deal with a slightly modified and more tractable 

version of POLYMER, allowing a direct resolution of Eq. (47). In this simplified version, the output of 

POLYMER is set to the marine model only, without adding the residual term. This means Eq. (20) is replaced 

by 𝜌𝑤(𝜆) =  𝜌𝑤
𝑚𝑜𝑑(𝜆, 𝜑̂), while the whole inversion process is unchanged and retrieves identical POLYMER 

bio-optical parameter 𝜑̂ and aerosol content. The associated optimal SVC problem writes: 

 

{
  
 

  
 

𝑔̂ = 𝑎𝑟𝑔𝑚𝑖𝑛
𝑔

 𝜒𝑆𝑉𝐶_𝑛𝑜𝑟𝑒𝑠
2 (𝑔)  

where  𝜒𝑆𝑉𝐶_𝑛𝑜𝑟𝑒𝑠
2 (𝑔) = ‖ 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔)) − 𝜌𝑤
𝑡 ‖2

and  𝜑̂(𝑔) = 𝑎𝑟𝑔𝑚𝑖𝑛
𝜑

 𝜒𝑏𝑖𝑜
2 (𝜑, 𝑔)  with  𝜒𝑏𝑖𝑜

2 (𝜑, 𝑔) = ‖
𝑀(𝜌𝑅𝑐

𝑐𝑎𝑙(𝑔)−𝑡 𝜌𝑤
𝑚𝑜𝑑(𝜑)

⋮
)

𝑡√ 𝜌𝑤
𝑚𝑜𝑑(𝜑)

‖

2 (48) 

Interest of the new cost function  𝜒𝑆𝑉𝐶_𝑛𝑜𝑟𝑒𝑠
2  is to discard the term related to residual, although the full spectral 

coupling remains in  𝜒𝑏𝑖𝑜
2 . We can show that solution of Eq. (48) is explicitly given by 

𝑔̂(𝜆) =
𝑡𝑔(𝜆)(𝑡(𝜆) 𝜌𝑤

𝑚𝑜𝑑(𝜑𝑡 , 𝜆) + 𝜌𝑅(𝜆) + 𝑥0𝑇0(𝜆)𝜆
𝑝0 + 𝑥1𝜆

𝑝1 + 𝑥2𝜌𝑅(𝜆))

𝜌𝑡(𝜆)
 (49) 

Where the aerosol term is, as previously, computed for any (𝑥0, 𝑥1, 𝑥2) and where 𝜑𝑡 provides the best match 

between the model and the in-situ data: 

𝜑𝑡 = 𝑎𝑟𝑔𝑚𝑖𝑛
𝜑

‖ 𝜌𝑤
𝑚𝑜𝑑(𝜑) − 𝜌𝑤

𝑡 ‖2  (50) 

Indeed, it is clear that 𝑚𝑖𝑛
𝜑
‖ 𝜌𝑤

𝑚𝑜𝑑(𝜑) − 𝜌𝑤
𝑡 ‖2 ≤ ‖ 𝜌𝑤

𝑚𝑜𝑑(𝜑̂(𝑔)) − 𝜌𝑤
𝑡 ‖

2
 so that ‖ 𝜌𝑤

𝑚𝑜𝑑(𝜑𝑡) − 𝜌𝑤
𝑡 ‖2 is a lower 

bound of  𝜒𝑆𝑉𝐶_𝑛𝑜𝑟𝑒𝑠
2 (𝑔). Then choosing 𝑔̂ as in Eq. (49) yields to 𝜌𝑅𝑐

𝑐𝑎𝑙(𝑔̂) =  𝑡𝜌𝑤
𝑚𝑜𝑑(𝜑𝑡), so that minimisation of 

 𝜒𝑏𝑖𝑜
2  gives trivially 𝜑̂(𝑔̂) = 𝜑𝑡, and  𝜒𝑆𝑉𝐶_𝑛𝑜𝑟𝑒𝑠

2 (𝑔̂) = ‖ 𝜌𝑤
𝑚𝑜𝑑(𝜑𝑡) − 𝜌𝑤

𝑡 ‖2. This lower bound being reached, it 

means that it is the minimum, what ends the proof. It is remarkable that optimal gain of Eq. (49) looks very 

similar to the standard vicarious gain definition (see e.g. Eq. (46) when the strict SVC is hypothetically 

possible), except that the in-situ reflectance is not directly used to reconstruct the TOA targeted signal. The 

spectral coupling in the vicarious gain appears once again through the  𝜌𝑤
𝑚𝑜𝑑(𝜑𝑡 , 𝜆) term. Furthermore, this 

coupling is fully non-linear with respect to TOA radiometry, as the linear contribution 𝜌𝑡 𝑡𝑔⁄  of Eqs. (19)-(20) is 

here not applicable. By construction, applying such vicarious gains yields to a marine signal equal to 

 𝜌𝑤
𝑚𝑜𝑑(𝜑𝑡), which is not strictly matching the in-situ data; the discrepancy between both, ∆ 𝜌𝑤

𝑚𝑜𝑑, is the residual 

of minimisation Eq. (50):  
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∆ 𝜌𝑤
𝑚𝑜𝑑(𝜆) =  𝜌𝑤

𝑚𝑜𝑑(𝜑𝑡 , 𝜆) − 𝜌𝑤
𝑡 (𝜆)  (51) 

This term appears to be most informative for understanding imperfection of the marine model on the 

calibration site and assessing the bias that cannot be corrected by the SVC. 

To conclude this section, we insist on the fact that gains of Eq. (49) do not apply to the real POLYMER 

algorithm because of the significant role of residual in the final marine reflectance. Hence, despite its 

theoretical interest, the simplified formulation of Eq. (48) is no longer considered in coming results. 
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4. Results: SVC gains 

The following sections presents gains computed for the six sensors considered in this study. In each case, we 

detail: 

• The configuration in term of bands for SVC. The theoretical analysis has shown that 3 bands need to 

be fixed to remove the ambiguity in the inversion, and they are here selected in the NIR (somehow 

arbitrarily). In some case, a 2nd decoupled step can be done. 

• The statistics and plots of the averaged gains: number of match-ups 𝑁, averaged gains 𝑔̅ and 

standard-deviation 𝜎. We also provide the Relative Standard Error of the Mean (RSEM) proposed by 

Zibordi et al. (2015), which is an interesting indicator to check the suitability of gains with respect to 

stability requirement in ocean colour (0.5% on marine reflectance over a decade. For a given band 𝜆𝑖 

it is computed by: 

𝑅𝑆𝐸𝑀(𝜆𝑖) =

𝜎(𝜆𝑖)
𝑔̅(𝜆𝑖)

√𝑁𝑦
⁄  

Where 𝑁𝑦 is the number of individual gains (i.e. good match-ups), scaled over a decade, i.e. 𝑁𝑦 =

10 𝑁/𝑌 where 𝑌 is the number of measurement years. 

• Validation plots before and when applying the individual gains per matchup, to show their relevance 

and limit; we remind this is done after screening, hence limited to match-ups where gains allow 

POLYMER to best match the in-situ data. We emphasise that application of individual gains is a 

theoretical exercise to get confidence in the necessarily approximated SVC for not standard AC, and 

that it does not inform about relevance of mission average gains. 

MERIS gains 

The choice of bands for SVC of MERIS is given in Table 2. Only bands relevant for POLYMER are provided 

(i.e. not absorption bands, not used in the AC nor available at Level-2). Three bands are fixed in the NIR and 

seven bands are handled in the coupled SVC. Bands 681 and 709 nm are calibrated in the second decoupled 

step. 

Table 2. POLYMER & SVC band set configuration for MERIS. 

Sensor bands 
(Level-2 output) 

Used in AC Fixed for SVC Used for SVC – 
coupled step 

Used for SVC – 
decoupled step 

412 ✓  ✓  

443 ✓  ✓  

490 ✓  ✓  

510 ✓  ✓  

560 ✓  ✓  

620 ✓  ✓  

665 ✓  ✓  

681    ✓ 

709    ✓  

754 ✓ ✓   

779 ✓ ✓   

865 ✓ ✓   

 

MERIS average gains are provided in Table 3 and spectral shapes of all individual gains are displayed on 

Figure 6. Time-series of individual gains are provided in Figure 7. Validation before and after individual gains 

is shown in Figure 8, only for gains actually selected in the averaging process, and demonstrates that the 
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individual gains perfectly make sense for all bands (only noise is visible in the red, where the signal is 

extremely low for such oligotrophic waters). 

Table 3. Averaged POLYMER vicarious gains derived for MERIS at MOBY. Asterisk stands for fixed gains. 

Band N 𝒈̅ σ RSEM 

412 96 1.015955 0.018419 0.001821 

443 96 1.012668 0.015077 0.001495 

490 96 0.99911 0.009998 0.001005 

510 96 0.997717 0.009297 0.000936 

560 96 0.985534 0.006831 0.000696 

620 96 0.985615 0.006128 0.000624 

665 96 0.982342 0.00586 0.000599 

681 259 0.981968 0.000978 0.000061 

709 259 1.021344 0.007793 0.000470 

754 NA 1(*) NA NA 

779 NA 1(*) NA NA 

865 NA 1(*) NA NA 

 

 

  

Figure 6. POLYMER vicarious gains derived for MERIS at MOBY as a function of wavelength, left for coupled bands and 
right for decoupled bands. Solid grey lines represent individual gains, with green overlay when they are within the 
MSIQR. Black line with dots is the mission mean gain.  
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Figure 7. Time-series of POLYMER vicarious gains derived for MERIS at MOBY at 412, 443, 490 and 560 nm (from top to 
bottom). Circles represent all individual gains, with dark fill when they are within the MSIQR. Black line is the mission 
average gain.  
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Figure 8. Validation of MERIS 𝜌𝑤 at MOBY before (left) and after (right) applying pixel-by-pixel gains.  
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MODIS gains 

The choice of bands for SVC of MODIS is given in Table 4. Three bands are fixed in the NIR and six bands 

are handled in the coupled SVC. 

Table 4. POLYMER & SVC band set configuration for MODIS. 

Sensor bands 
(Level-2 output) 

Used in AC Fixed for SVC Used for SVC – 
coupled step 

Used for SVC – 
decoupled step 

412 ✓  ✓  

443 ✓  ✓  

488 ✓  ✓  

531 ✓  ✓  

547 ✓  ✓  

667 ✓  ✓  

678 ✓ ✓   

748 ✓ ✓   

869 ✓ ✓   

 

MODIS average gains are provided in Table 5 and spectral shapes of all individual gains are displayed on 

Figure 9. Time-series of individual gains are provided in Figure 10. Validation before and after individual gains 

is shown in Figure 11 and demonstrates, as for MERIS, relevance of the selected gains per match-ups. 

 

Table 5. Averaged POLYMER vicarious gains derived for MODIS at MOBY. Asterisk stands for fixed gains. 

Band N 𝒈̅ σ RSEM 

412 187 0.998032 0.017519 0.00181 

443 187 1.002437 0.015165 0.00156 

488 187 0.999126 0.01117 0.001153 

531 187 0.998477 0.008768 0.000905 

547 187 0.997932 0.007633 0.000788 

667 187 1.001547 0.001791 0.000184 

678 NA 1(*) NA NA 

748 NA 1(*) NA NA 

869 NA 1(*) NA NA 
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Figure 9. POLYMER vicarious gains derived for MODIS at MOBY as a function of wavelength. Solid grey lines represent 
individual gains, with green overlay when they are within the MSIQR. Black line with dots is the mission mean gain.  
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Figure 10. Time-series of POLYMER vicarious gains derived for MODIS at MOBY at 412, 443, 488 and 667 nm (from top 
to bottom). Circles represent all individual gains, with dark fill when they are within the MSIQR. Black line is the mission 
average gain.  
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Figure 11. Validation of MODIS 𝜌𝑤 at MOBY before (left) and after (right) applying pixel-by-pixel gains.  
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OLCI-A gains 

The choice of bands for SVC of OLCI-A is given in Table 6. Three bands are fixed in the NIR, six are handled 

in the coupled SVC, and five in the decoupled SVC. 

Table 6. POLYMER & SVC band set configuration for OLCI-1. 

Sensor bands 
(Level-2 output) 

Used in AC Fixed for SVC Used for SVC – 
coupled step 

Used for SVC – 
decoupled step 

400    ✓ 

412    ✓ 

443 ✓  ✓  

490 ✓  ✓  

510 ✓  ✓  

560 ✓  ✓  

620 ✓  ✓  

665 ✓  ✓  

681    ✓ 

709    ✓ 

754 ✓ ✓   

789 ✓ ✓   

865 ✓ ✓   

1020    ✓ 

 

OLCI-A average gains are provided in Table 7 and spectral shapes of all individual gains are displayed on 

Figure 12 (for the decoupled and coupled steps). Time-series of individual gains are provided in Figure 13. 

Validation before and after individual gains is shown in Figure 14; individual gains yield a significant 

improvement, yet we observe a very slight overestimate of marine reflectance for coupled bands, contrary to 

MERIS or MODIS. For decoupled bands (like 412 nm on Figure 14), the match is perfect, as we expect for 

standard AC. 

 

Table 7. Averaged POLYMER vicarious gains derived for OLCI-A at MOBY. Asterisk stands for fixed gains. 

Band N 𝒈̅ σ RSEM 

400 92 0.992768 0.005099 0.000513 

412 92 0.987377 0.005093 0.000515 

443 65 0.995437 0.001246 0.000149 

490 65 0.986123 0.002279 0.000275 

510 65 0.98803 0.002139 0.000257 

560 65 0.993077 0.002314 0.000277 

620 65 0.997434 0.003598 0.000428 

665 65 0.994448 0.003713 0.000444 

681 92 0.990531 0.000694 0.00007 

709 92 1.026283 0.004805 0.000468 
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754 NA 1(*) NA NA 

779 NA 1(*) NA NA 

865 NA 1(*) NA NA 

1020 92 0.923525 0.019072 0.002062 

 

 

  

Figure 12. POLYMER vicarious gains derived for OLCI-A at MOBY as a function of wavelength, left for coupled bands and 
right for decoupled bands. Solid grey lines represent individual gains, with green overlay when they are within the 
MSIQR. Black line with dots is the mission mean gain.  
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Figure 13. Time-series of POLYMER vicarious gains derived for OLCI-A at MOBY at 412, 443, 490 and 560 nm (from top to 
bottom). Circles represent all individual gains, with dark fill when they are within the MSIQR. Black line is the mission 
average gain.  
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Figure 14. Validation of OLCI-A 𝜌𝑤 at MOBY before (left) and after (right) applying pixel-by-pixel gains.  
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OLCI-B gains 

The choice of bands for SVC of OLCI-B is similar to OLCI- A and reproduced in Table 8. Three bands are 

fixed in the NIR, six are handled in the coupled SVC, and five in the decoupled SVC. 

Table 8. POLYMER & SVC band set configuration for OLCI-B. 

Sensor bands 
(Level-2 output) 

Used in AC Fixed for SVC Used for SVC – 
coupled step 

Used for SVC – 
decoupled step 

400    ✓ 

412    ✓ 

443 ✓  ✓  

490 ✓  ✓  

510 ✓  ✓  

560 ✓  ✓  

620 ✓  ✓  

665 ✓  ✓  

681    ✓ 

709    ✓ 

754 ✓ ✓   

789 ✓ ✓   

865 ✓ ✓   

1020    ✓ 

 

OLCI-B average gains are provided in Table 9 and spectral shapes of all individual gains are displayed on 

Figure 15 (for the decoupled and coupled steps). The SVC gains are very similar to those of OLCI-A, despite 

the known discrepancy between the sensors at TOA (about 2% overbrightness for OLCI-A); this shows that 

POLYMER gains strongly relate to the AC itself and its embedded modelling (marine and atmospheric), 

contrary to standard AC which is strongly dependent on the TOA radiometry and calibration. Time-series of 

individual gains are provided in Figure 16. Validation before and after individual gains is shown in Figure 17, 

and present performance similar to that of OLCI-A: perfect match for decoupled band, and nearly perfect 

impact for coupled bands (reflectance slightly overestimated). 

Table 9. Averaged POLYMER vicarious gains derived for OLCI-B at MOBY. Asterisk stands for fixed gains. 

Band N 𝒈̅ σ RSEM 

400 104 0.995179 0.004797 0.000391 

412 104 0.988385 0.004523 0.000371 

443 80 0.995679 0.001396 0.00013 

490 80 0.986421 0.002505 0.000235 

510 80 0.987526 0.002215 0.000208 

560 80 0.990882 0.003007 0.000281 

620 80 0.997389 0.004101 0.000381 

665 80 0.994899 0.004846 0.000451 

681 104 0.992028 0.000732 0.00006 

709 104 1.026224 0.004422 0.00035 
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754 NA 1(*) NA NA 

779 NA 1(*) NA NA 

865 NA 1(*) NA NA 

1020 104 0.933837 0.018697 0.001625 

 

 

  

Figure 15. POLYMER vicarious gains derived for OLCI-B at MOBY as a function of wavelength, left for coupled bands and 
right for decoupled bands. Solid grey lines represent individual gains, with green overlay when they are within the 
MSIQR. Black line with dots is the mission mean gain.  
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Figure 16. Time-series of POLYMER vicarious gains derived for OLCI-B at MOBY at 412, 443, 490 and 560 nm (from top to 
bottom). Circles represent all individual gains, with dark fill when they are within the MSIQR. Black line is the mission 
average gain.  
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Figure 17. Validation of OLCI-B 𝜌𝑤 at MOBY before (left) and after (right) applying pixel-by-pixel gains.  
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VIIRSN gains 

The choice of bands for SVC of VIIRSN is given in Table 10. Three bands are fixed in the NIR, three are 

handled in the coupled SVC, and one in the decoupled SVC. 

Table 10. POLYMER & SVC band set configuration for VIIRSJ1. 

Sensor bands 
(Level-2 output) 

Used in AC Fixed for SVC Used for SVC – 
coupled step 

Used for SVC – 
decoupled step 

410    ✓ 

443 ✓  ✓  

486 ✓  ✓  

551 ✓  ✓  

671 ✓ ✓   

745 ✓ ✓   

862 ✓ ✓   

 

VIIRSN average gains are provided in Table 11 and spectral shapes of all individual gains are displayed on 

Figure 18 (for the decoupled and coupled steps). Time-series of individual gains are provided in Figure 19. 

Validation before and after individual gains is shown in Figure 20; we retrieve an excellent performance for the 

selected gains, like MERIS and MODIS. 

 

Table 11. Averaged POLYMER vicarious gains derived for VIIRSN at MOBY. Asterisk stands for fixed gains. 

Band N 𝒈̅ σ RSEM 

410 357 0.985082 0.004631 0.000289 

443 160 0.968889 0.005469 0.000518 

486 160 0.99844 0.003769 0.000347 

551 160 0.991118 0.001805 0.000167 

671 NA 1(*) NA NA 

745 NA 1(*) NA NA 

862 NA 1(*) NA NA 
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Figure 18. POLYMER vicarious gains derived for VIIRSN at MOBY as a function of wavelength, left for coupled bands and 
right for decoupled bands. Solid grey lines represent individual gains, with green overlay when they are within the 
MSIQR. Black line with dots is the mission mean gain.  
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Figure 19. Time-series of POLYMER vicarious gains derived for VIIRSN at MOBY at 410, 443, 486 and 551 nm (from top to 
bottom). Circles represent all individual gains, with dark fill when they are within the MSIQR. Black line is the mission 
average gain.  
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Figure 20. Validation of VIIRSN 𝜌𝑤 at MOBY before (left) and after (right) applying pixel-by-pixel gains.  
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VIIRSJ1 gains 

The choice of bands for SVC of VIIRSJ1 is given in Table 12. Three bands are fixed in the NIR, three are 

handled in the coupled SVC, and one in the decoupled SVC. 

Table 12. POLYMER & SVC band set configuration for VIIRSJ1. 

Sensor bands 
(Level-2 output) 

Used in AC Fixed for SVC Used for SVC – 
coupled step 

Used for SVC – 
decoupled step 

412    ✓ 

445 ✓  ✓  

489 ✓  ✓  

556 ✓  ✓  

667 ✓ ✓   

746 ✓ ✓   

868 ✓ ✓   

 

VIIRSJ1 average gains are provided in Table 13 and spectral shapes of all individual gains are displayed on 

Figure 21 (for the decoupled and coupled steps). Time-series of individual gains are provided in Figure 22. 

Validation before and after individual gains is shown in Figure 23 and demonstrates relevance of the selected 

gains. 

 

Table 13. Averaged POLYMER vicarious gains derived for VIIRSJ1 at MOBY. Asterisk stands for fixed gains. 

Band N 𝒈̅ σ RSEM 

411 152 0.99941 0.005565 0.000374 

445 50 1.001023 0.005896 0.00069 

489 50 1.005986 0.004709 0.000548 

556 50 0.996256 0.003009 0.000354 

667 NA 1(*) NA NA 

746 NA 1(*) NA NA 

868 NA 1(*) NA NA 
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Figure 21. POLYMER vicarious gains derived for VIIRSJ1 at MOBY as a function of wavelength, left for coupled bands and 
right for decoupled bands. Solid grey lines represent individual gains, with green overlay when they are within the 
MSIQR. Black line with dots is the mission mean gain.  
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Figure 22. Time-series of POLYMER vicarious gains derived for VIIRSJ1 at MOBY at 411, 445, 489 and 556 nm (from top 
to bottom). Circles represent all individual gains, with dark fill when they are within the MSIQR. Black line is the mission 
average gain.  
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Figure 23. Validation of VIIRSJ1 𝜌𝑤 at MOBY before (left) and after (right) applying pixel-by-pixel gains.  
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5. Discussion and conclusion 

Overall analysis of POLYMER average gains 

POLYMER average gains are generally small, less than 2% or even less than 1%. This shows the robustness 

of POLYMER inversion to the instrumental calibration, further discussed hereafter. Typically, OLCI-A and 

OLCI-B gains are very similar, while it is known that the former is about 2% brighter at TOA than the latter. 

Hence, these gains essentially adjust the marine-atmosphere coupled model embedded in POLYMER. A 

different situation occurs at bands 709 nm for MERIS and OLCI and 1020 nm for OLCI, which are not used by 

POLYMER in the aerosol detection (hence their gains come from the decoupled SVC):  

• Band 1020 nm is indeed known to be far too bright at Level-1b, and a correction of about -8% is 

consistent with the OLCI standard AC (Mazeran and Ruescas, 2020). 

• Band 709 nm is impacted by water vapour, which is not handled in current POLYMER code. Hence 

the gain of more than +2% for MERIS, OLCI-A and OLCI-B adjust for this lack of correction. 

VIIRSN also presents a significant correction of more than +3% at 443 nm, which was already observed in 

previous OC-CCI phase. This relates to the sensor and not the AC, since VIIRSJ1 with very similar bands 

configuration does not show such pattern. 

MODIS, OLCI and VIIRS average gains have generally a rather flat spectral shape (expect for the few bands 

discussed above). Only MERIS gains present a clear spectral slope (correction decreases from blue to red). 

Standard SVC of MERIS 4th reprocessing data also showed a slope, but in the opposite direction (correction 

increasing from blue to red). This demonstrates again the major role played by the coupled ocean-atmosphere 

model embedded in the AC. 

Finally, time-series of individual gains present a very robust stability, confirmed after screening by RSEM 

values well below the targeted 0.5% of Zibordi et al. (2015), for all bands and sensors. 

Relevance and limits of the optimal gains 

All scatter plots after application of individual gains (Figure 8, Figure 11, Figure 14, Figure 17, Figure 20, 

Figure 23) shows a very good match by definition of the data screening: match-ups are removed if after 

calibration the difference with in situ reflectance is larger than 5x10-4. This is justified in order to keep only the 

most meaningful individual gains, before the statistical screening and averaging on the gain’s distribution 

(MSIQR average). However, a number of points diverge (not shown on the graph and not kept in the 

averaging), which illustrates the challenge of computing gains for spectrally coupled AC. On the contrary, the 

match is perfect for decoupled bands, as expected (e.g. band 412 for OLCI in Figure 14 and Figure 17, band 

410 for VIIRS on Figure 20 and Figure 23); here we retrieve the behaviour of standard AC. 

Furthermore, the effect of average gains may also be limited, compared to standard AC. Indeed, in the 

decoupled case, the average gains allow to remove systematic bias at BOA, strictly at the calibration site, and 

possibly at other sites when the initial discrepancy comes from a systematic effect in instrumental calibration. 

The limitations are well-known for the standard SVC (Franz et al., 2007): “As the observation conditions 

deviate from the nominal conditions and geometries of the vicarious calibration targets, the ability of the 

vicarious calibration to compensate for algorithm error will be diminished. For example, in some coastal and 

inland waters, the typical aerosol may not be well represented by the operational aerosol model suite or model 

selection process. Similarly, these more complex cases may trigger components of the atmospheric correction 

algorithm that are rarely exercised over open oceans, such as the correction for nonzero Lw(NIR) in turbid or 

eutrophic waters”. Very interestingly, the limits of the standard SVC are reached when non-linear effects come 

into play - typically the iterative correction for turbid water involving a marine model (Bailey et al. 2010) - and 

logically they apply to the present case. O’Kane et al. (2024) have also shown the deleterious effect of 
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standard OLCI SVC gains when applied to the Case-2 Regional Coast Colour (C2RCC) neural network 

(because no SVC methodology exist for this algorithm). They conclude to investigate site-specific gains, in 

their case over the Baltic Sea, what is however currently out of scope for the OC-CCI at global level. More 

pragmatically, they simply recommend comparing the performance with and without SVC before any 

implementation at a larger scale.  

Hence, we analyse here the impact of OLCI-A average SVC gains, first at the MarONet site (off Perth, 

Australia) characterized by clear waters, yet not as oligotrophic as over Hawaii. With unit gains, we observe 

on Figure 24 a significant overestimate in the OLCI marine reflectance, at all bands (bias of the order of 10-3 in 

the blue). Applying the gains decreases the signal and reduces the bias to the order of 10-4 or even 10-5 

(Figure 25); still, the adjustment is not enough to match more closely the in situ data in the red, at 620 and 

665 nm. This is likely due to the necessary trade-off between bands in the optimal SVC, and more precisely 

because present 𝜒𝑆𝑉𝐶
2  cost function is expressed in absolute value; this penalises bands in the red, whose 

marine reflectance at MOBY is respectively four and seven times smaller than that at 490 and 412 nm. 

The same analysis was performed at the AERONET-OC AAOT site, without SVC (Figure 26) and with SVC 

(Figure 27). In this case, the water type and atmosphere are very different than those at MOBY (coastal 

moderately turbid waters and coastal atmosphere). On the scatter plot we first notice two distributions of 

points: a first set of match-ups relatively well correlated with in situ data, and then a cloud of points largely 

underestimated. The origin of this second set of points is not further discussed here (possibly an inoperative 

cloud screening, since we don’t apply here the OC-CCI cloud screening algorithm developed by Brockmann et 

al. 2011). This bimodal distribution makes hard any interpretation of statistics; however, we observe that SVC 

gains tend to decrease the overestimated marine reflectance in the blue bands. At other bands, the effect of 

SVC seems minor, and both configurations have satisfying performance (points relatively well distributed 

around the 1:1 line). 

Hence, the application of SVC for OLCI-A is globally beneficial to POLYMER, over different water types. This 

analysis has to be conducted over more AERONET-OC sites (e.g. absorbing waters in the Baltic Sea) and for 

all other sensors, as part of the standardized OC-CCI validation activity. 

 

  



ESA Ocean Colour Climate Change Initiative+ – Phase 2 
System Vicarious Calibration of MERIS, MODIS, OLCI and VIIRS sensors processed by POLYMER 

 

 

  

 
 

 
Page 52 of  62 

 

  

  

  

  

Figure 24. Validation of OLCI-A 𝜌𝑤 at MaroNet (Perth) before SVC (unit gains)  
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Figure 25. Validation of OLCI-A 𝜌𝑤 at MaroNet (Perth) after SVC (average gains)  
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Figure 26. Validation of OLCI-A 𝜌𝑤 at AAOT before SVC (unit gains)  



ESA Ocean Colour Climate Change Initiative+ – Phase 2 
System Vicarious Calibration of MERIS, MODIS, OLCI and VIIRS sensors processed by POLYMER 

 

 

  

 
 

 
Page 55 of  62 

 

  

  

  

 

 

Figure 27. Validation of OLCI-A 𝜌𝑤 at AAOT after SVC (average gains)  
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Summary of differences with standard SVC 

Major distinctions between the standard and the optimal SVC are listed in Table 14. The prototype algorithms 

for standard and spectral matching atmospheric corrections are respectively Gordon and Wang (1994) and 

POLYMER, notwithstanding that our analysis allows a higher level of generality. Non-existence of vicarious 

gains, in the standard sense, is the primary feature of any spectral-matching algorithm and justifies extending 

SVC in a least-square sense. Multiplicity of POLYMER gains, i.e. the possibility of totally different gains to 

yield to very same marine reflectance, results at first sight from algorithmic specificities: the fact that 

POLYMER aerosol reflectance depends linearly on the three coefficients (𝑐0, 𝑐1, 𝑐2) and that inversion deals 

with the singular matrix 𝑀. In fact, even in the standard case, gains in the visible are unique only because the 

NIR vicarious calibration is preliminary fixed. It is well-known since Wang and Gordon (2002) that NIR gains 

are somewhat arbitrary (at least over a reasonable range of amplitude and for moderate aerosol content) 

thanks to gains in the visible compensating for any bias related to aerosol; this has been further verified in the 

operational SVC of NASA (Franz et al. 2007). Hence, multiplicity must rather be understood as an 

unavoidable issue due to the simultaneous gain computation at all bands. In the standard SVC it vanishes de 

facto by the two-step approach. For POLYMER, we have seen that fixing three gains in the NIR allows also 

fixing the three spectral coefficients. 

Relevance of SVC is mentioned in Table 14 in reference to preceding section, that is to say for assessing how 

much SVC improves performance of the atmospheric correction (first on the calibration site, then more 

globally). Although the improvement may be only reached in a weak sense (trade-off between bands), this still 

implicitly assumes a strong link between the TOA calibration and the BOA retrieval, effectively observed for 

POLYMER. However, such direct relationship is not necessarily true for any non-standard atmospheric 

correction, which might limit once more the scope of SVC, as discussed hereafter.  

 

Table 14. Summary of differences in SVC gains between standard (left) and spectral matching (right) atmospheric 
correction algorithm. Properties are stated for pixel-by-pixel (individual) gains except for last line relevant to the mission 
average gains. 

 
Standard atmospheric correction (Gordon 
& Wang) 

Spectral matching 
(POLYMER) 

Existence Gains always exists 
Strict gains only exist if marine model 
exactly fits in-situ data 

Uniqueness 
Gains are unique, relatively to a first NIR 
calibration 

Multiplicity of gains are possible; need to 
fix some bands 

Computation 
Gains are computed explicitly at each 
band 

Gains are computed numerically to solve 
a non-linear spectrally coupled system 

Relevance 
Gains yield a perfect match with 
reference data at all bands 

Gains yield an approximate match, in a 
least-square sense; error vary with bands 

Bias removal 
Average gains remove bias by 
construction 

Average gains do not strictly remove the 
bias due to non-linear effect 

 

Our approach gives a new insight on vicarious calibration: solving Eq. (12) equivalent to finding out how much 

we have to change the TOA radiometry so that the processing (mainly atmospheric correction) yields the 

targeted BOA signal, at least in an optimal sense. Hence sensitivity of marine reflectance to TOA radiometry 

is the key factor to grasp the potential of a vicarious calibration. Schematically we can classify atmospheric 

correction algorithms in two families, having their own advantages and drawbacks: 

• When atmospheric correction is linearly sensitive to radiometry (standard scheme case): 

o Marine reflectance depends strongly on instrumental calibration, which can yield to noise or 

bias in the data 
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o But bias can always be corrected with vicarious gains (at least at pixel level) 

• When atmospheric correction involves non-linearly all bands together: 

o Marine reflectance is probably more robust to instrumental calibration and noise 

o But it is more difficult to find vicarious gains – if feasible, which is not insured because of 

spectral coupling and possibly weak sensitivity of some bands 

POLYMER is part of the second family, and despite its relatively complex link between TOA and BOA 

radiometry it presents enough sensitivity for benefiting from a SVC, as previously demonstrated. On the other 

hand, should an atmospheric correction scheme induce bias at some bands and be too insensitive then a 

vicarious calibration would be simply inoperative.  

The relative importance of the marine model embedded in the atmospheric correction, versus TOA calibration, 

incites us to broaden our common view on SVC. In the standard case, the highest priority is set on the source 

of in-situ data used for calibration because SVC can always remove the global bias, whatever the errors of 

atmospheric correction at match-up level. For instance, Zibordi et al. (2015) derived requirements on in-situ 

data when considering the standard scheme and furthermore by assuming it retrieves perfectly the 

atmospheric path reflectance. These are two strong assumptions not satisfied in our present context. If such 

requirements are certainly necessary to build reference dataset of high accuracy, they are not sufficient to 

remove systematic error of POLYMER. In practice, the role of atmospheric correction is at least as much 

important as that of in-situ data used to compute gains. For POLYMER, we have checked that the overall 

performance is impacted more by the model parameterisation than by a TOA calibration of few percent (not 

shown here; see section 2 for a brief summary of two parameterisations). Hence improving modelling should 

be the first priority of spectral-matching atmospheric correction, keeping in mind that SVC cannot entirely 

remove systematic error. 
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