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AAOT Acqua Alta Oceanographic Tower

AERONET-OC | The Ocean Colour component of the Aerosol Robotic Network

AMT Atlantic Meridional Transect

API Application Program Interface

ARC Assessment of In Situ Radiometric Capabilities for Coastal Water Remote Sensing Applications

ATBD Algorithm Theoretical Baseline Document

BRDF Bidirectional reflectance distribution function

Cal Calibration

CCPR Consultative Committee for Photometry and Radiometry

CEOS Committee on Earth Observation Satellites

Char Characterization

CIPM Comité International des Poids et Mesures (International Committee for Weights and
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CIMP MRA CIPM Mutual Recognition Arrangement

HyperCP HyperInSPACE Community Processor

EO Earth Observation

ESA European Space Agency

EUMETSAT European Organisation for the Exploitation of Meteorological Satellites

FICE Field Inter-comparison Calibration Exercise

FOV Field of view

FRM Fiducial Reference Measurements

FRMOCnet Copernicus FRM-certified OC instrument network

FRM4SOC Fiducial Reference Measurements for Satellite Ocean Colour

FWHM Full Width at Half Maximum

GEO Group on Earth Observations

GUM Guide to the expression of Uncertainty in Measurement

ILAC International Laboratory Accreditation Cooperation

I0CCG International Ocean-Colour Coordinating Group

LPU The Law of Propagation of Uncertainties

LSF Line-Spread Function

LUT Look Up Table

MC Monte Carlo

MERIS Medium Resolution Imaging Spectrometer

MVT MERIS Validation Team

NASA National Aeronautics and Space Administration

NERC Natural Environment Research Council

NMI National Metrology Institute

NPL National Physical Laboratory

OC Ocean Colour

OCDB Ocean Colour Database

OCR Ocean Colour Radiometer

PDF Probability Distribution Function

PML Plymouth Marine Laboratory

Punpy Propagating Uncertainties with PYthon

QA Quality Assurance

QA4EO Quality Assurance framework for Earth Observation

QC Quality Control

QTH Quartz tungsten halogen

ROI Return On Investment

RSP Remote Sensing and Products Division

RD Reference Document

S3 Sentinel-3

S3VT-0C Sentinel-3 Validation Team — Ocean Colour group

SeaWiFS Sea-Viewing Wide Field-of-View Sensor
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Applicable documents

ID Description
[AD-0] | Statement of Work for FRM4SOC phase2, EUM/RSP/SOW/19/1131157

[AD-1] | FRM4SOC2-D7 Complete characterisation and calibration results for FRMOCnet OCR models and re-
characterisation routine: an update (available at:
FRM4SOC2SharePoint/Documents/Deliverable/D7)

[AD -2] | FRM4SOC2-D12 Harmonised cal/char lab guidelines, including lab protocols for FRMOCnet OCR
models (available at: FRM4SOC2SharePoint/Documents/Deliverable/D12)

[AD-3] | FRM4SOC-D18 Community processor Architecture Design and User Manual document (ADUM)
(available at: FRM4SOC2SharePoint/Documents/Deliverable/D18)

[AD-4] | FRM4SOC-D26 FRM OCR instrument calibration and Field Inter-Comparison Experiment report
(available at: FRM4SOC2SharePoint/Documents/Deliverable/D126).

The current document conforms “Protocols for Uncertainty Budget Calculation of FRMOCnet OCR and Practical
Guide for OCR Measurement end-to-end Uncertainty Budget Calculation” as required by the terms of the Invitation
To Tender (ITT) No. 20/220036 “Copernicus — Fiducial Reference Measurements for Satellite Ocean Colour
(FRM4SOC phase-2) issued by EUMETSAT. This document forms deliverable D-10 of the FRM4SOC phase-2
project and FRM4SOC phase 2 Extension 2.

The main objective of this task was to develop and finalise the uncertainty budget evaluation started in FRM4SOC
phase-1. The foreseen updates are discussed in more detail below but primarily included extension to remote
sensing reflectance (R,s) as measurand, as well as including a more detailed study on some uncertainty inputs
components like the sea surface reflectance factor (p). Two instrument models are addressed during the
FRM4SOC-2 study: TriOS and HyperOCR, however the methodology described in this documentation is applicable
to all Rrs derived from any field hyperspectral OCR (ir)radiometer measuring above water assuming that all
necessary instruments characterisation is available.

The outputs of this activity were disseminated to the community at the FRM4SOC-2 workshop in December 2022,
as well as in a short practical guide to provide laboratories with a clear approach to preparing uncertainty
evaluations for their measurements. Further, the protocol is also a key input to the uncertainty evaluation in the
HyperCP community processor development activity. To ensure that the community processor can be applied by
many users the uncertainty evaluation is split into different processing regimes. The class and factory processing
regimes are for users who do not have their instruments fully characterised, in these two regimes, none of the
instrument related errors are corrected, but the uncertainty is estimated for each effect based on instrument class-
based characterisation provided in [AD-2]. The third processing regime, the so-called “sensor specific”, is designed
for the users who have individual radiometer characterisation records; thus, the correction can be applied based
on instrument serial numbers.

2 Compatibility

Table 2-1. Compatibility

No. | Requirement

1. | SOW-REQ-32:
Protocols for uncertainty budget calculation shall be finalized and include additional uncertainty components to
compose the full uncertainty budget for the instrument and the measurement. Starting point for this activity shall be
phase 1 protocols. The protocols shall also incorporate the outcome of measurement protocols from Task 3 and
instrument characterizations from Task 4. An optimal calibration protocol shall be established that will enable to
provide robust absolute calibration coefficients
2. | SOW-REQ-32:
The protocols shall provide uncertainty budget calculation for in situ data processing leading to remote sensing
reflectance and fully normalised water-leaving radiance

3. | SOW-REQ-34

The deliverable shall include a short practical guide for OCR measurement end-to-end uncertainty budget calculation,
allowing to reproduce the same routines in other laboratories different than the pilot one, selected by the Contractor
4. | SOW-REQ-35

The protocols shall be delivered to EUMETSAT as a first version v.1 of D-10, and shall be made accessible by broader
community for further review and acquiescence (when agreed by the review board experts)
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3 Introduction

FRM4SOC phase-1 endeavoured to build a method for calculating uncertainty budgets for in situ Ocean Colour
measurements (Banks et al. 2020; Bialek et al. 2020). FRM4SOC phase-2 aimed to apply these findings broadly
within the OC community, in part, through adding uncertainty budget calculations to a ‘community processor’. By
packaging complete uncertainty budgets within the processor’s output, much progress can be made towards
making in situ OC data FRM compliant.

FRM4SOC-1 began to quantify instrument related uncertainty for the TriOS radiometers used in situ. These were
propagated with absolute calibration uncertainty to generate complete standard uncertainties for downwelling
irradiance (Eq) and water leaving radiance (L,). The project successfully demonstrated how to conduct an
unbroken chain of SI traceable calibrations and comparisons for in situ Ocean Colour measurements. FRM4SOC-
1 described the state-of-the-art of OC uncertainty evaluation, particularly the need for data to be corrected for stray-
light, non-linearity, temperature dependence, and cosine response in the case of downwelling irradiance. Some
uncertainty components were not evaluated in the frame of FRM4SOC-1 project, thus the information about their
estimates was taken from literature. This was the case for polarisation uncertainty and the sea surface reflectance
factor (p). The uncertainty budget calculated in FRM4SOC-1 focused on instrument related effects and showed the
difference in uncertainty for the case when the instrument correction was applied versus lack of the corrections.
Individually characterised instruments from the University of Tartu were used for the uncertainty budget
evaluation. The uncertainty budget was evaluated separately from the normal data processing chain, using the data
provided by the instrument owner. In the frame of FRM4SOC-2 project the following changes were applied.

1. Uncertainty evaluation became a part of the normal data processing chain in the community processor.

2. A so called “FRM Class specific” regime is devised for users who do not have full instrument
characterisation. Referred to as the “class regime”, instrument effects are not corrected, and uncertainties
evaluated accordingly.

3. The “FRM Sensor specific’ mode incorporates multiple instrument corrections and evaluates the
uncertainty of the corrected signal. This is only available to users with full instrument characterisation.

4. The “Non-FRM factory calibration” regime is there, as we recognised that majority of people in the
community still rely on manufacturer calibration that is lacking absolute calibration uncertainty. Thus in
such case the user can still process the data, but will not get uncertainty estimate evaluate, unless this is a
SeaBrird instrument, where the nominal value from SIRREX-7 exercise (Hooker et al. 2002) is used as a
placeholder.

5. The community processor includes uncertainty evaluation for the sea surface reflectance factor (p),
including a comparison between different models.

6. The BRDF corrections have been updated, using the outputs from EUMETSAT BRDF project team.

This project builds on the work of FRM4SOC-1 to extend uncertainty analysis and make it accessible to the Ocean
Colour (OC) community. The goal is to support the generation of Fiducial Reference Measurement (FRM)-
compliant validation data. To help achieve this, a community processor was created. It provides full uncertainty
budget outputs and is accompanied by a practical guide for applying uncertainty evaluation in OC measurements.

The remaining sections of this report describe at first the methodology, followed by the processing chain for above
water radiometry. Next, the steps in the evaluation of uncertainty for the class and sensor specific regimes are
addressed, with the last sections containing the results of a few case studies and the summary. At present, the
integrated uncertainty analysis is complete. The user who downloads the community processor and processes their
data correctly will automatically obtain uncertainty estimates for each in situ measurement. An important caveat
to recognise is that the effect of some uncertainty sources might still not be addressed, meaning that users may still
need to consider additional effects that could influence the measurements. For instance, although the processor
includes several optional autonomous filtering stages, it is not possible to account for site or cruise specific
conditions within a general approach. For example, structural shading and platform perturbations are not
addressed at present.The in situ data used to prepare this report were collected during Field Inter-comparison
Calibration Exercise (FICE-22) and included TriOS systems from the University of Tartu (UT), and HyperOCR
from NASA. All instruments characterisation files used were provided by Ilmar Ansko and Viktor Vabson from UT.
HyperInSpace software was made available as a base for a community processor in agreement with Dirk Aurin from
NASA with new TRIOS processing added by Alexis Deru from ACRI-ST. The details of this agreement are captured
in the document “Guidelines for Collaboration on the HyperInSPACE Community Processor (HyperCP)” available
at https://github.com/nasa/HyperCP. As a result of this agreement the community processor is called HyperCP
and this name will be used in the following sections of this document. The Python package used within HyperCP to
propagate uncertainty was developed by Pieter De Vis from NPL and is called punpy.
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4 Methodology

The Guide to the expression of Uncertainty in Measurement (GUM) (JCGM100:2008 2008) outlines a framework
of general rules for expressing and evaluating uncertainty. Uncertainty is defined in the International Vocabulary
of Metrology Guide (VIM) as: “a non-negative parameter characterising the dispersion of the quantity values being
attributed to a measurand, based on the information used”. (JCGM200:2012, 2012).

4.1 Law of Propagation of Uncertainties

The GUM uses a measurement function which describes the mathematical relationship between known input
quantities and the measurement itself, denoted f(X). Generally, this will take the form:

Y = f(X1, Xz, 0, XN, Eq.1
where Yis the measurand and X; are the physical input quantities, with i = {1, 2, ..., N}.

The following equations will use the GUM notation, defining the inputs x; and measurand y as the best estimate of
the physical input parameters X; and measurand Y respectively. In this notation Eq. 1 takes the form of:

Y = f(x1, %z, ) Xn), Eq. 2

Uncertainty evaluation is performed by considering each input quantity (x;) to the measurement function in turn.
Each input quantity represents one or more error effects, themselves described by an uncertainty. The Law of
Propagation of Uncertainties (LPU) (JCGM100:2008 2008) is used to propagate them through the measurement
function into a combined uncertainty for the measurand. The LPU can be stated as:

u2(y) = ZN (%)2 (), B3

where u2(y) is the combined variance. According to GUM, the combined standard uncertainty u.(y)is obtained by
taking the positive square root of the combined variance uZ(y). Often this equation uses simplified notation,
defining sensitivity coefficients, c; as follows:

of of Eq. 4

Ci =5, = 7.
¢ axi' J an

The formulation of the LPU shown in Eq. 4 can be viewed as the sum-of-squares of all input uncertainties, weighted
by the sensitivity coefficients. For each x; we must include a sensitivity coefficient c; as the measurand may be more
affected by some inputs. For instance, uncertainty in x; may be more impactful on u.(y) than that of x.

However, Eq. 3 is only applied in the specific case where none of the inputs to the measurement function are
correlated. In cases where there is some correlation between inputs, x; and x;, the GUM states an extended LPU
equation:

) N 2 2 N-1 N Eq 5
ui(y) = Z ctut(x;) + ZZ_ Z GG uCe)u(x)r(x, %),
i=1 i=1 j=i+1
u(xl-, x}-)
r(x;,x) = ———~.
(%)) u(x)u(x;)
The LPU also has a vector form:
u?(y) = ¢S(x)cT, Eq. 6
where ¢ is a vector composed of the sensitivity coefficients (:TY, . ;Ty), S(x) is the uncertainty matrix (also called
1 N

covariance matrix or variance-covariance matrix) of dimension N x N containing on its diagonal the squares of the
standard uncertainties associated with estimates of the components of the N - dimensional vector quantity, and in
its off-diagonal positions the covariances associated with pairs of input quantities i.e.

u(x)  uxgxp) Eq.7
S(x) = [u(xz,xl) u?(x,) ]
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Correlation terms cannot be ignored when inputs share common sources of uncertainty (e.g., calibration using the
same standard). If correlation is unknown, assuming independence may underestimate or overestimate
uncertainty.

4.2 Monte Carlo method

Monte Carlo methods can bypass the need for explicit sensitivity coefficients and correlation matrices by sampling
correlated distributions directly.

Y=l X X)) :

Measurement model
Output quantity

Error effects. Input quantities

Figure 1. Schematic representation of the uncertainty propagation using Monte Carlo method.

The Monte Carlo method (MC), presented in graphical form in Figure 1, is a stochastic process which is used to
propagate uncertainties numerically. First, the measurement function (Eq. 1), is defined. Next, a Probability
Distribution Function (PDF) is assigned for each input variable {x;, x;, ..., x5} based on its mean and standard
uncertainty (k = 1), considering distribution shape, correlation, and whether the error source is random or
systematic. These PDFs represent the physical variability of the inputs. The MC method then samples these
distributions and evaluates the measurement function repeatedly to generate an output PDF for the measurand,
from which the combined variance u2(y)and standard uncertainty u.(y)are derived. For a given number of draws
M, random samples r; € X;are propagated through the measurement function as shown in Eq.8 (JCGM101:2008
2008b):

Yr = f(rir ---;TN) Eq 8
Yppr = :

)

Yvu = f(Mi' ""MN)

where:
r, €X; fori={1,2,..,N}.

To implement the numerical method, dedicated software is required. We propose using Propagating Uncertainties
with Python (punpy), a package developed at NPL as part of the CoMet Toolkit (https://www.comet-toolkit.org/).
Punpy provides tools for uncertainty propagation using the Monte Carlo (MC) method and is optimised through
vector and matrix operations, significantly reducing computational overhead. Further details on running punpy
are provided in Section 5.2.

4.3 Visualizing Uncertainty Propagation in Measurement Function

Section 4.1 introduced the measurement function, which defines how the measurand is derived from its input
quantities. To illustrate the contribution of individual error sources, an Uncertainty Tree Diagram is used.
Diagrams from FRM4SOC Phase-1 are retained in the Appendix for reference, while updated diagrams for above-
water radiometric measurements have been created for the Class and Sensor specific processing regimes and are
presented in the relevant sections. Figure 2 shows the uncertainty tree for remote sensing reflectance (R,). For
clarity, wavelength dependence is omitted, and not all uncertainty components are traced back to their origins;
detailed diagrams for radiance and irradiance inputs are provided in Figure 7 and Figure 8. These diagrams serve
as examples of measurement-function-based analysis and illustrate how uncertainties combine throughout the
processing chain. Each branch includes sensitivity coefficients to show the impact of input uncertainties on the
measurand. Finally, the term “+0” is added to the measurement function to represent residual effects not explicitly
modelled but assumed to have zero mean, acknowledging their associated uncertainty.
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Figure 2. Combined Uncertainty tree showing Remote Sensing Reflectance (R,).

4.4 Practical Implementation of LPU/MC

A Scheme based on MC is proposed to evaluate uncertainty in the frame of FRM4SOC-2 as it was done in FRM4SOC
phase-1. The LPU based approach, under the condition that it is correctly applied, is methodologically valid, and
the user may choose to combine measurement uncertainty in this way.

To evaluate the measurement uncertainty, regardless of the chosen method, several steps need to be taken:

1.

3.

A measurement function must be defined,

All sources of uncertainty must be identified.

Then according to the Law of Propagation of Uncertainty (see Eq. 2), the sensitivity coefficients must
be calculated. Nominally, sensitivity coefficients are a partial derivative of a measurement function
for a given contributor. For complex functions, it might be impossible to calculate these coefficients
analytically, hence the Monte Carlo approach can be used instead, since it does not rely on analytical
expressions of the sensitivity coefficients.

Using the analytical method, all inputs with non-Gaussian PDFs must be converted to that shape. To
do this, divisors are specified for typical shapes. For example, to convert a rectangular PDF to its
equivalent in Normal distribution, the uncertainty value is divided by v/3. This step is not needed
when the MC is used, as the original PDF can be propagated through the model.

If any of the input quantities are correlated with each other, then an error covariance matrix is
necessary (see Eq. 4).

To combine uncertainties, Eq. 2 is used for the analytical approach. In the MC approach, the
measurement function is run many times, each time using randomly selected inputs from previously
defined PDFs of the input quantities.

The results of the analytical approach by default have a Gaussian distribution and when quoted as the
output of Eq. 2 are called the standard uncertainty, which means it has a coverage factor k = 1, or
1o defined as one standard deviation from the mean assuming a normal distribution function. This
information expresses the confidence level at around 67% that the estimated value is within its quoted
uncertainty. The result in the MC is a PDF of the output quantity and depending on its shape the
uncertainty is defined as the standard deviation of this distribution (Gaussian PDF) or by the upper
and lower limits that define 67% coverage of that distribution.

For some applications higher confidence is necessary, and then the standard uncertainty is expanded
to k = 2 for 95% coverage or k = 3 for 99% coverage. The expanded uncertainty is calculated by
multiplication of a standard uncertainty value by the coverage factor, k. The expanded uncertainties
are often used by calibration laboratories to quote absolute calibration uncertainty of radiometric
standards. It is hence important to convert a given uncertainty source expressed with k=2 into k=1
level (simply by dividing it by the coverage factor value, 2 in this case) before it is combined with other
uncertainty sources expressed with a k = 1 coverage factor.
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) Above water radiometry processing chain

Above water OC measurements utilise three instruments: A cosine plane irradiance sensor which measures
downwelling irradiance (E;). Two radiance sensors which measure sky radiance (L;) and total water radiance
(L;) respectively. The processing steps executed in HyperCP v1.2 are presented in a graphical form in Figure 3 .
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Figure 3. Flow diagram of HyperCP processing steps and functioning v1.2(GitHub - nasa/HyperCP).

Level-1A (L1A) Processing: Raw data are ingested for each instrument as counts per spectral pixel. For TriOS
instruments, some pixels are black painted to provide dark readings for dark current correction. The exact ingestion
method depends on the instrument class. For HyperOCR instruments, HyperCP requires at least seven calibration
files: two per instrument (for light and dark readings) and one for GPS and location data. These files are uploaded
via the Graphical User Interface (GUI), which also generates a configuration file containing options for all
processing levels.

Level-1AQC (L1AQC) Processing: The HyperCP processor applies noise-reduction techniques such as
deglitching and threshold-based filters for instrument tilt and viewing geometry to ensure data quality before
further processing.
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Level-1B (L1B) Processing: At this stage, dark correction is applied by subtracting dark counts from non-
occluded counts. After dark substitution, absolute radiometric calibration coefficients are applied, converting
Digital Numbers (DN) or raw counts into physical units of radiance or irradiance, depending on the instrument.
Instrument related corrections in the sensor specific regime are applied. Data are interpolated to a common
wavebands and timestamps.

Level-1BQC (L1BQC) Processing: Further data filtering is performed at this step, including Solar Zenith angle
(SZA) filter, wind speed and spectral outlier filtering. A user can define set of limits for all these values in the
configuration file a set of defaults are provided.

Level-2 (L2) Processing: In this step, the glitter filter is applied on L, data, data are grouped to the stations and
additional processing can be apply like NIR or BRDF correction. The data are processed to OC products thus the
sea surface reflectance factor (p) is calculated, and the final products are derived using the interpolated, corrected,
and processed data. A user can choose to integrate them to a selection of satellite bands.

5.1  HyperCP Uncertainty Analysis

Uncertainties are processed/reported throughout the HyperCP’s processing pipeline, but most uncertainty
processing occurs at L2 (see Figure 3), after filtering is applied at LiBQC. Uncertainties are applied to data
ensembles after filtering; thus, uncertainties are relevant to the actual outputs of the processor. For instance, in the
case of Semi-autonomous data acquisition, proper filtering and the sub-dividing of data into ensembles is essential
to producing a useable L2 data product. In such cases, uncertainty is propagated per ensemble/cast, representing
the data post filtering.

Instrument related sources of error include temperature dependence, spectral straylight, and deviations from the
assumption that the radiance response of the detector is linear. The downwelling irradiance sensor also requires
correction to any imperfections in the cosine response, while the radiance sensors for polarisation effects. All these
factors are included in the uncertainty evaluation. The correction coefficients, which are ascertained experimentally
for each instrument used, are applied sequentially to the radiance/irradiance data where necessary, in FRM mode
only. Each correction includes a corresponding uncertainty which is propagated to the R,; uncertainty. Since MC
is used, it is simple enough to budget the contributing uncertainties at this point, saving the means and PDFs for
application further into the process. Data files for each correction are ingested into the processor at this stage with
their associated, lab derived, uncertainties. The resulting information is saved in a hierarchical data format (HDF)
with the associated instrument radiance/irradiance data for further processing.

The uncertainty evaluation is applied within the HyperCP at three different levels, denoted by the processing
regimes of the schematic in Figure 4. The ‘Class-specific’ regime uses standard processing and manufacturer type
calibration files, with an additional absolute radiometric calibration uncertainty requirement. To evaluate the
measurement uncertainty, class-based uncertainty estimates for all instrument related uncertainty components are
defined based on the laboratory characterisation tests of several radiometers from each class described in [AD-2].
The input file format for these additional instrument characterisation data is described in [AD-3]. None of the
instrument characteristics, like detector nonlinearity, will be corrected in this processing regime, resulting in higher
uncertainties when compared to the full FRM regime.

For a case when the absolute radiometric uncertainty is not available, the Factory processing regime can be applied,
and the class specific absolute radiometric uncertainty will be assigned within the HyperCP. In this case data from
the SIRREX-7 intercomparison experiment (Hooker et al. 2002) is used to estimate HyperOCR absolute calibration
uncertainty. However, any HDF or SeaBASS files which are outputted from HyperCP with a Factory calibration are
not considered to be FRM compliant. For TriOS instruments it is not possible to assign any absolute radiometric
uncertainty thus the Factory mode will output the results without any uncertainty estimates.
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Figure 4. Schematic of uncertainty processing in HyperCP.

The Full FRM (renamed Sensor specific in 2025) regime (left green branch in Fig. 4) contains an adapted processing
chain for integrating instrument characteristics and corrections into the processing. The Class specific calibration
files will not be applicable here as a new radiometric calibration file format has been defined by Tartu University,
where the information about the radiometric standards and radiometric calibration uncertainty is included in the
file. In addition, the new file format contains absolute radiometric calibration performed at two different
integration times allowing the derivation of detector nonlinearity correction. FRM processing regime applies all
available instrument characteristics into the data processing chain including corrections for various instrument
effects like nonlinearity of the detector, spectral stray light, temperature dependence and cosine response for the
irradiance sensor. Polarisation correction is not currently included. Implementing a polarisation correction
requires a change in the measurement protocol to capture the polarisation plane of the radiance instrument during
acquisition. Without this information, the correction cannot be applied reliably.
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Note here that the difference in processing between the regimes is related only to instrument-related components.
All other processing steps such as sky glint and Bidirectional Reflectance Distribution Function (BRDF) correction
can be done in the same manner across the regimes since they are independent on the cal/char status of the specific
OCRs involved in the acquisition of R,

5.2 Practical guide to Punpy

Propagating Uncertainty with Python ‘punpy’ is a Python tool designed to propagate uncertainties, which is part of
the CoMet Toolkit (https://comet-toolkit.org/), led by Pieter De Vis and Sam E. Hunt (NPL). Punpy includes two
methods for propagating uncertainty, the LPU and MC method, described in more detail in section 4.2.

For further details on these methods, we refer to the punpy Algorithm Theoretical Baseline Document (ATBD)
(https://punpy.readthedocs.io/en/latest/content/atbd.html). The MC approach is used in the processor, and we
here summarize how the required inputs are passed to punpy.

Within the HyperCP source directory there is a dedicated folder called Process Instrument Uncertainties (PIU),
where the scripts related to uncertainty propagation are stored.

5.2.1 Uncertainty propagation in class and factory regimes

In the current version of the HyperCP, where in class and factory regimes none of the instrument corrections are
applied the uncertainties are propagation with a reference to a pre-defined measurement function. This approach
requires three inputs: (i) mean values of the input quantities, (ii) their associated uncertainties, and (iii) a Python-
defined measurement function. The function is passed as a pointer (see Figure 5 for an example of code), enabling
punpy to execute it repeatedly with sampled inputs. To distinguish random and systematic errors, punpy offers two
methods—propagate_random and propagate_ systematic. For mixed cases, the keyword corr_x specifies the nature
of each input (‘rand’ or ‘syst’). While corr_x handles wavelength-wise correlation within each input, inter-variable
correlation is provided via the corr_between keyword and a pre-defined error-correlation matrix. This ensures
accurate propagation of uncertainties through the measurement function.

Propagate Lw HYPER(self, mean vals: list[np.array], uncertainties: list[np.array]) -> np.array:

corr_list = ['ra

rn self.MCP.propagate standard(self.Lw,
mean vals,
uncertainties,
corr_between=self.corr matrix Default Lw,
corr _x=corr list)

Figure 5. An example of punpy usage in HyperCP code. HyperCP vi.2.10 - Commit:
50659fb4a78bfgco299af3d987101coc320fac85.

Figure 6 shows a graphical representation of a simplified R,; measurement function, where each of the inputs will
have defined a mean value and an associated PDF, this can be Gaussian or rectangular for example, each of the
input components in the equation has defined ‘corr_x’ as well where some of them will be random and some are
systematic. In this example the inputs L;, L;, E;, represent each instrument dark corrected averaged readings; thus,
the uncertainty associated with each term has normal distribution and is random. The following inputs c.qxxx
represent the calibration coefficients for each of the instruments, they too have PDF with Normal distribution, but
the calibration uncertainty is mainly due to systematic effects, thus the same value will be present in all
measurements (during a given deployment or until the next recalibration) and will not be reduced with an increased
number of measurements. In addition, we assume that they are correlated in the wavelength domain ‘corr_x’, thus
for example during the band convolution, the uncertainty related to absolute calibration from several pixels will
not be reduced by the number of pixels used for a give satellite band convolution. In the following example in p has
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assigned PDF shape that is rectangular. The matrix on the right side in Figure 6 shows ‘correlation_between’ term,
where we can define which input into the measurement equation are correlated. Whenever the value of 1 is present
off the diagonal elements of that matrix this indicate that both inputs, one defined as column name and the second
as the row names are correlated. This is the case for calibration coefficients assuming the instrument triplet was
calibrated in one laboratory using the same irradiance standards and the same reflectance standards for radiance
case (see the c.x elements in the matrix). We simplified here the correlation between radiance and irradiance
calibration and assume it is 1, but this is more the case for both radiance calibrations. Sensor specific processing
regime evaluates exact correlation value between radiance and irradiance calibration coefficients, whereas for the
class/factory (HyperOCR case only) regime, the approximation of 1 is used.

GUM Methodology applied in COMET tool @Met

Ry = (LiCeatoz22 — (p * LiCeato223) | ECeatozss L1000 000
t f & 0 100101
random systematic A 9912 0 Qa0
. 00619000

s 001 0 01 0 1

£, 0000010

0100101

Figure 6. Graphical representation of simplified R,; measurement function and punpy inputs (the matrix shows
correlaction_between element, where calibrations uncertainty comes from systematic effects, thus for all three
instruments component related to calibration expressed as cyyx is correlated and has 1 assigned to off diagonal
element of the matrix).

The real measurement functions processed in HyperCP have more components, but the same principle applies,
each of them will have defined a mean value and an uncertainty estimate (that comes from the instruments files
stored in HyperCP Sample Data), the nature of the error (random or systematic) and the correlation with other
uncertainty sources in the measurement equation. This approach assumes a simplified measurement function and
requires explicit correlation matrices for systematic effects. It’s computationally lighter but less flexible for complex
pipelines.

5.2.2 Uncertainty propagation in sensor specific regime

For the sensor specific regime, where all instrument characterisations are known and corrected for the Monte Carlo
Sample-Based Uncertainty Propagation in CoMet and Punpy is plied. This approach handles complex correlation
without requiring explicit correlation matrices, wich might be unknown to us, works directly with PDFs and MC
samples, making it more accurate for real-world instrument corrections and provides flexibility for intermediate
products (e.g., PDFs can be combined or propagated further).

The CoMet maths Toolkit provides functionality to generate MC samples, using the random generator;
(https://comet-maths.readthedocs.io/en/latest/content/random generator atbd.html). This generator creates
MC samples based on four key parameters: mean value of the input quantity, associated uncertainty, Error
correlation type: either random or systematic and Number of MC draws (M).

The output is a NumPy array shaped like the input data, with an additional dimension of length M representing the
MC samples.

Given a measurement function:
flx,xp 00xy) =Y, Eq.9

Punpy can propagate one or more sets of samples [X;, X, ..., Xy]through this function to produce an output
probability distribution function (PDF), denoted as Yppr. The uncertainty is then calculated from the statistics of
Yppr- Importantly, Ypprcan also serve as an intermediate product for further propagation or combination with other
samples.

This approach preserves the correlation structure between inputs naturally, because the correlation is embedded
in the generated samples. By contrast, the function-based method requires a fully detailed correlation matrix to
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achieve similar accuracy. Therefore, the sample-based approach—used extensively in the sensor specific regime—
allows us to see the correlation between different contributors as they are without previous definition. This is useful,
as a priori we do not have knowledge of correlation between various instrument corrections.

This method allows developers to replicate the standard processing pipeline more closely, offering greater flexibility
and accuracy in uncertainty propagation.

Note that punpy requires all uncertainties to be inputted in absolute and not relative units, it also outputs absolute
uncertainties, thus the uncertainty has the same unit as the measurand (it is not a percentage). Hence HyperCP
will always output uncertainties as absolute values, in units which match the measurand.

5.3 Individual Instruments radiometric values uncertainties

The main difference between regimes in the uncertainty processing in HyperCP lies in the evaluation of uncertainty
for the individual instruments, thus in the next two subsections the class specific and sessor specific regime are
described.

5.3.1 Class-Based regime

The uncertainties are calculated using the abovementioned punpy package incorporated into HyperCP and are
reported for individual instruments thus Es, L;and L, as well as for the final OC products. Figure 7 and Figure 8
present the uncertainty tree diagrams for the Class-specific processing. The Factory processing is functionally
identical with the exception that absolute radiometric calibration uncertainty is provided by literature as opposed
to lab calibration files.
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Figure 7. Uncertainty tree diagram for total water radiance (L;), the tree for sky radiance (L;) would be the same
with only one difference in subscripts change from :to ;, as it is presented in water leaving (L,,) uncertainty tree
diagram in Figure 12.
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All instrument related uncertainties are propagated according to Eq. 10 for both radiance instruments
(L; and L;) and Eq. 11 irradiance,.

Lx (A) = (D Nlight,LX -D Ndark,LX) Ceal,L, (A) Cstab,Ly (’1) Clin,Ly (A) Cstray,Ly (’1) CTL, (’1) Cpol,Ly (A-) Cenv_per (/1): Eq 10

where L,(1) is the radiance measured by one of the radiometers (the equations are the same for L; and L;),
DNight,Ly — DNgark,1, is @ mean of Digital Numbers for the filtered scans forming an ensemble of recordings
composing a given “station”, cc,;, in the calibration coefficient for each instrument, cg,p,, (1) is the individual
instrument calibration stability during the deployment, ¢y, (1) is the detector non-linearity term, cyay,., (4) is the
spectral straylight term, cr,; (1) is temperature sensitivity, and cy,;, (1) is polarisation sensitivity. To capture the
environmental perturbation (expressed as +0 component of uncertainty tree diagrams) during the measurements
Cenv_per(4) is introduced expressed as the standard deviation between the scans. All components apart from
radiometric calibration are set equal to one and hold information about various instrument related characteristics
that are passed to uncertainty propagation.

Similar to the radiance instrument, equation 11 lists all components that are included for the irradiance:
Es (A) = (D Nlight,ES -D Ndark,ES) Ccal,ES (/l) Cstab,Eg (A) Clin,Es (’1) Cstray,Es (A) CT,ES (A) Ccos,ES (A) Cenv_per(l)l Eq 1

where Eg(4) in the downwelling irradiance, and all the equation components are the same as already defined for
Eq. 10 with a difference of subscripts Ly — E; and instead of polarisation sensitivity there is a term cy5£.(1) that

accounts for systematic errors in the cosine response of the diffuser.

There are additional sources of uncertainty which are not explicitly defined within the measurement functions but
engendered in the ‘40’ term. This text follows a definition suggested by Carol Johnson, Howard Yoon, Joseph Rice
and Albert Parr by defining such sources of uncertainty as “environmental” (Giuseppe Zibordi, Craig J. Donlon
2014). The effect of the environment on uncertainty, such as shading from the platform is not fully explored within
the HyperCP. The HyperCP contains two methods of limiting or evaluating such environmental perturbations:
Firstly, error due to environmental variation is expressed as environmental perturbation. Additionally, filtering is
applied in the L1BQC processing stage to only process the best scans (according to user settings). More information
is  available in  the  HyperCP  configuration read me file at HyperCP  GitHub
(https://github.com/nasa/HyperCP/blob/master/README_ configuration.md).

Figure 9 illustrates the source code used to define the measurement functions in HyperCP for each instrument, as
well as the implementation of the uncertainty propagation function. Equations (10) and (11) for each instrument
are expressed as measurement functions within @StatisciMethod. These are implemented in
Source/PIU/Uncertainty_Analysis.py, which also contains the definition of Propagate_Instrument_Uncertainty.

* Kok
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This function is subsequently called in Source/ProcessLib.py and Source/TriOSLib.py as:
Propagate_Lib.propagate_Instrument_Uncertainty (means, uncertainties) where the means and uncertainties of
all inputs are specified.

As shown in Figure 9, the value of each input is set to 1 (i.e., no correction applied in the class-based and factory
regimes), except for instrument noise readings and calibration coefficients. It is important to note that all
uncertainty inputs for punpy must be absolute. Therefore:

e  (Calibration uncertainty from radcal.txt must be converted from k = 2 to k = 1, and from relative to absolute
by multiplying by the calibration coefficient and dividing by 200.

e Straylight information required to compute cy4yis provided as percentage values, so these must be divided
by 100 to make them absolute.

The class-based instruments characterisation files are embedded in HyperCP they provide uncertainty estimates
associated with each instrument’s characterization. Each instrument class has a dedicated folder containing the
data required for uncertainty propagation in class-specific regime. The format and structure of these files are
described in detail in [AD-3].

In Table 2 we recapture all inputs to the equations with information. We induced as well, where possible values of
uncertainty associated with instrument related effect for each instrument class. When that uncertainty varies with
wavelength and instrument type it was not possible to input that value to the table.
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Figure 9. Representation of measurement functions for L1ib products, as it exists in the HyperCP. HyperCP
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Thermal sensitivity

All instruments’ characteristics are just read from the files stored in HyperCP and their content is used directly as
input to uncertainty values except for the temperature sensitivity error, that is calculated for each cast taking into
consideration the actual temperature during the measurement. The information required to estimate change in
instrument response due to thermal sensitivity is provided within the characterisation files with the reference
temperature (set to 20°C). To estimate the thermal effects, we need to know the actual temperature of the
instrument. The two instrument classes have different solutions for temperature readings:

i) HyperOCR instruments have a built-in thermistor, so information about the internal instrument temperature is
always available and is used.

ii) TriOS instrument class does not have a built-in temperature sensor, nor the internal shutter. Dark reading is
estimated from several black-painted pixels rather than by cutting the light throughput into the detector. Thus, the
estimation of the actual detector temperature in situ is more challenging. Following methodology (Zibordi 2025)
in HyperCP we use the ambient temperature reading +5° as indication of TriOS internal temperature,

To estimate a change due to temperature effects of the detector the correction coefficient is calculated according to
equation proposed by (Zibordi, Talone, and Jankowski 2017)

cr(1) =1+ c(A) X AT, Eq.12
where c;(1) is the temperature correction per pixel, c(1) in the class-based thermal sensitivity and AT is the
difference in the temperature of the measurements and the reference temperature.

But as with all uncertainty input parameter in the Class-Based and Factory regimes we do not correct for the
thermal sensitivity effects, we use this correction as an estimate of uncertainty due to temperature sensitivity.
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Table 2. Summary information about each uncertainty component values for the class-based regime.

Exemplary uncertainty magnitude for Correlation | Correlation between
A PDF shape ) ) ) )
class-based characterisation COIr_X corr_between
. Variable
Variable symbol name/description
TRIOS HyperOCR
Mean value of dark corrected . . .
D Nj; — DN, ,
(D Nighe 1 dark,Ly) DNs measured by a single cor(lil‘télnid ‘stanldard uncertainty from light Normal Random N/A
(DMight£s = DNaaric 5) instrument at a “station” and dark sigha
Mean value of dark corrected - .
+0 (Cony.pert) DNs measured by a single Standard deviation of scans used to derive a Normal Random N/A
3 “« : ”» pI‘Oduct
Instrument at a “station
Absolute radiometric Uncertainty values from calibration
Ceal a certificate divided by 2 to convert them back | Normal Systematic Between all three instruments
calibration . .
into standard uncertainty, k=1
Cstab Absolute calibration stability 1% Rectangular Systematic N/A
Clin Detector non-linearity 2% Normal Systematic Between all three instruments
Vary spectrally and per instrument due to
. difference in spectral shape of the signal, . .
Cstray Spectral stray light should come from the class-based stray light Normal Systematic Between all three instruments
file
cr Temperature sensitivity Vary spectrally come from the class-based Normal Systematic Between all three instruments
temperature sensitivity file
Vary spectrally and | Vary spectrally and
- e per instrument to | per instrument .
Cpol El({):gilssgeognl ) SensItvty | Jce published data | triple values for | Normal Systematic g1esttvrv1iel?ents two radiance
Y. from (Talone and | TRIOS, as shown in
Zibordi 2016) [AD-1]
Ceos ggls;;l e response (Irradiance Directional 3.5% Directional 2% Normal Systematic N/A
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5.3.2 FRM processing regime

The data processing in FRM regime is slightly different to account for additional corrections that are not performed
in the remaining processing regimes. The differences are in definition of L1B products for all instruments. The raw
signal after the dark correction is corrected for detector nonlinearity and spectral stray light. That change in the
processing steps is captured in the forms on uncertainty tree diagrams for radiance sensor in Figure 10 and
irradiance in Figure 11. In addition to what is done in other regimes, the Irradiance measurements are corrected
for the non-perfect response of cosine diffuser.

Radiance, L;, L;

‘ 51'0.0‘. = DNLight - DNDark ‘

| Scorr = SradCimCstray ‘

‘ Lcal = Scm'rccalCTcpol +0 |

Figure 10. Uncertainty tree diagram for radiance values retrieval in FRM processing regime (same applies for L;, L;)

Irradiance, E4

‘Ed (83) = fdirr‘Eca[(gs)fcos + (1 I fdi?‘f')ECaI(as)fhcas +0 ‘ fcos = f(ﬁ',l) +0
T I 1 ]
[S = DNuighe — DNpark | 5 | +—

n/z |
T | frws= | Fas(@sin(20) o +0
Seorr = Sczincstray | Ecai = Scorr€caler +10 ‘ farr = F(AOD, Aerosol model) +10 0

Figure 11. Uncertainty tree diagram for irradiance values retrieval in FRM processing regime

The following two sections list the processing steps in the FRM regime, that are split into i. a pre-processing for the
operations that are performed on the instrument calibration and characterisation files, and ii. routine files data
processing.
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5321 Pre-processing steps
This is the set of operations that are done of characterisation data to derive various correction factors and can be
done once per instrument and then apply to all field data.

1 Calculate linearity correction coefficient(a)

The linearity correction coefficient is derived using the method described in Vabson et al.
2019:

a = (81— S12) Eq. 13
512 z ’
S12 = (L +K)Sy) = (kS2), Eq. 14
— t Eq. 16
t,—t;

where S; and S, the dark corrected signals during the absolute calibration at integration times
t; and t,, respectively, corresponding to columns 7 and 9 of the [CALDATA] calibration file
provided by the Tartu Observatory. This « is then used for every captured field spectrum
nonlinearity correction. Then Cj;,, can be defined as: Eq. 17

Cin =1 —Sa,
where S is the signal before correction.

.Apply stray light correction on absolute calibration data using stay light matrix characterisation file
and Zong straylight correction method (Zong et al. 2006).

This method uses the stray light matrix obtained for the laboratory tests as the collection
of Line Spread Function (LSF) for each pixel but then replace the in-band (IB) signal (diagonal
elements of this matrix plus defined the width of the band) with zero values, creating

co called stray light distribution function SDF matrix.

It is assumed that the measured signal for a given pixel is composed of the in-band signal
plus, all the “unwanted “contributions from the broadband source spectral falling on a given
pixel too, this is presented in matrix form on measurements equation as:

S, = SDF XS , Eq.18

where:
S1,is a column vector of measured values, in our case measured values are corrected for nonlinearity
SDF is stray-light distribution matrix

S is a column vector of true spectrum

_ Eq. 1
1261000 Cstray XS, =4 T x S12, 4-19
where:
Si2g,,,, 1s the corrected signal
Cstrqy is stray light correction matrix derived from as an inverse of
A=1+SDF, Eq. 20

Where I is an identity matrix.

3 | Recalculate absolute calibration coefficients with the newly corrected signal and their
uncertainty combining uncertainty from the certificate for standard, signal noise, linearity
correction and spectral stay light correction.
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Routine processing of field data
For the field measurements the processing step are listed below

1. Dark signal substruction for measurement taken at integration time t

2. Linearity correction

7
frcos = f feos(0)sin(26)d6 + 0
Q

Seorr =S(1—a$) = Scyp Eq. 21
Scorr 18 the corrected signal (where S is the signal before correction) still expressed in digital counts
and same integration time as the measurement one.
3. Stray Light correction
As calculation of Cs4q, is needed only once per instrument (assuming that there is no change in its
dispersing element), the same Eq xx is applied for in situ signal that was corrected for non-linearity
amended accordingly.
Scorr = stray X Scorr
At this point the DNs were corrected for detector nonlinearity and stray light as presented on
uncertainty tree diagram:
Scorr = SradCiin Cstray
4. Absolute calibration using newly calculated calibration coefficients from
preprocessing steps
5. Thermal correction
cr(A) =1+ c(1) X AT, Eq. 23
where ¢ (1) is the temperature correction per pixel, ¢(1) in the instrument thermal sensitivity (see
Fig. 30) and AT is the difference in the temperature of the measurements and the nominal temperature
of 20°C.
TriOS: use ambient T +5° to estimate delta T,
HyperOCR: take internal temperature
6. Polarisation uncertainty
Same as in the class-based regime, please note that for HyperOCR class the uncertainty is 3x larger
than for TriOS.
7. Cosine correction
a) Retrieve AOT information, and other atmospheric inputs from ancillary data to a RT code
(6S) to derive the fraction of direct-to-diffuse Sun irradiance in total downwelling f;;--
b) Apply f.,s as correction with values estimated for a given solar zenith angle, SZA
Eq. 24
Eq = fairrEafeos + (A = faprr)Eafreos
Where fi,cos is the total hemispherical cosine correction applicable to the diffuse part of the
downwelling irradiance; stated as:
Eq. 25

Cosine Correction is applied according to lab calibration performed on the measurement instrument.
There are three main sources of uncertainty in the cosine correction procedure: Uncertainty in the lab
calibration. Uncertainty due to asymmetry in the cosine response of the irradiance sensor. Finally,
uncertainty that can be attributed to numerical error in applying the correction.

The FRM processing regime requires the uncertainty evaluation of radiometrically corrected instrument data.
However, occurring at processing L2, uncertainty analysis ingests Raw data in Digital Numbers (DN) and runs in
parallel with signal processing in the FRM pipeline. Therefore, the corrections must be run through a MC approach
to recover combined uncertainty for the corrected signal. Fortunately, the FRM processing regime preserves the
distribution statistics of uncertainty outputs and therefore may use LiB uncertainty output PDFs as inputs to
generate L2 product uncertainties (R, Ly, & nLy,). Individual characterisation files are used to derive correction
coefficients for all instrument related effects (apart from polarisation). These individual characterisation files
include associated uncertainties for each correction, derived from the lab experiments. All instrument related
uncertainties are propagated through the FRM regime using the “Propagating with samples” methodology outlined

in section 5.2 Practical guide to Punpy.
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5.4 Ocean Colour products

Atlevel-2 (L2) the individual radiometric quantities are combined further into water leaving radiance (L,,), remote
sensing reflectance (R,;), normalised water leaving radiance (nL,,) - following the definition from (Gordon and
Clark 1981), or BRDF-corrected normalised water-leaving radiance (known as “exact normalised water-leaving
radiance”) plus the OC products of interest. Additionally, all products, including L1B Irradiance/Radiance products
are now interpolated to a common wavelength scale. The measurement function and uncertainty tree diagram for
water leaving radiance are shown in Figure 12.

Moise— u(DNygnew) u(DNn"“,)|—Nmsz

Straylight
characterisation  Model error,
errer wavelength

calibration - f

- Li = (DNy; i — DNparkri Straylight
v |u(Camrapic) errar i = (DNyigner parkzi)feal i o
errar

Non-linearity
B u(0)
haracterisat u(e, )

Ee— - characterisation error | U(Copray 1) Model error,
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— | =] )

1 t f error
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characterisation error W Cpolu stability error

T

Calibration error Temperature dependence

characterisation error

Model error
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|

Maodel error,
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Figure 12. Uncertainty tree for water-leaving radiance (L,,).

The overall measurement function for L,, is shown below:

LW (Hr A¢' HS) = Lt(er A¢, HS) - pLi(GI' A¢! HS)' Eq 26

where L,,(0,A¢, 6) is water leaving radiance calculated for a given viewing geometry (8, A¢) and Sun zenith angle
(65), Lt (8, A, 6;) is the total water radiance at given viewing geometry at given Sun zenith angle, and p is the sea-
surface reflectance factor.

The sea-surface reflectance factor (p) is part of the measurement function for L,,, and subsequently R,; (Eq. 26).
Two models are currently implemented into HyperCP, the Mobley method (Mobley 1999) and the Zhang method
(Zhang et al. 2017). Sea surface factor uncertainy is evaluated in a sepatere pupny call for the user specified method.
The input components uncertainty for Mobley method are listed in Table 3. The term +0 in both Figure 12 and
Table 3 refer to error specific to assumptions within the model. For both methods the difference between Zhang
and Mobley per pixel is applied as an estimation of model error.
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Table 3. Summary information about each uncertainty component for sea surface reflectance factor (p) estimation
using Mobley method to estimate the sea-surface reflectance factor (p).

. . Exemplary . Correlation
Z;rlr'lll&)l(l)’}e X:gzl/’(llzscription uncertainty PDF shape ‘(c:((;;rexl’ahon between

magnitude — 'corr_between'
Calculated for each

o Sea surface cast depends on all Normal Random N/A

reflectance Iput components,

especially wind speed

Wy Wind speed 2ms?! Normal Random N/A

Agp Relative azimuth 3° Normal Random!? N/A

O Solar zenith angle 0.5° Normal Random N/A
Difference between

+0 Model error Mobley and Zhang | Rectangular Systematic N/A
method

f M99 Rho Uncertainty(self, mean vals: Llist[r uncertainties: list[np.array]) -> np.array:

rn self.MCP.propagate random(self.rhoM99,
mean_vals,

uncertainties,
corr_x=["rand
)

Figure 13. Function in HyperCP for running Monte Carlo uncertainty propagation on the Mobley method to
estimate the sea-surface reflectance factor (p). HyperCP v1.2.10 — Commit:
74d778c7ad141315d4d7f4e16de78cbfoe3be1bf.

Figure 13, Figure 14 and Figure 15 show the implementation of p uncertainty calculation. In Figure 15 the function
ZhangRho.get_sky_sun_rho refers to the HyperCP method which numerically calculates p according to the Zhang
methodology (Zhang et al. 2017). Additionally, RhoCorrections.ZhangCorr in Figure 14 refers to a method which is
structurally similar to zhangWrapper in Figure 15. zhangWrapper was generated as the return type of ZhangCorr
(Tuple) is not compatible with its use as a measurement function for punpy uncertainty propagation.

1 This can be systematic for one deployment when the instrument is installed once and used, but random
from cruise to cruise or campaign to campaign as the set up will be new every time.
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Delta = Propagate.M99 Rho Uncertainty(mean vals=[windSpeedMean, SZAMean, relAzMean],
uncertainties=[2, 0.5, 3])/rhoScalar
any([AOD i e, wTemp N ; A , waveBands
((ConfigFile.settings["bL1bCal ConfigFile.settings['Senso e'].lower() ==

AOD = np.min([AOD,0.2])
60 < SZAMean < 70:
SZAMean = SZAMean
SZAMean >= 70:

ValueError('SZAMean is to hi z

newWaveBands = [w W waveBands w >= 350 1000]

= RhoCorrections.ZhangCorr(windSpeedMean, AOD, cloud, SZAMean, wTemp, sal, relAzMean, newWaveBands)

pct diff = (np.abs(rhoScalar - zhang) / rhoScalar)
tot diff = np.sqrt(Delta ** 2 + pct diff ** 2)
tot diff[np.isnan(tot diff 1=90

tot diff = tot diff * rhoScalar

rhoDelta = []
i=0
w in waveBands:
w >= 350 w <= 1000:
rhoDelta.append(tot diff[i])
i+=1

rhoDelta.append(np.sqrt(Delta**2 + (0.003 / rhoScalar)**2) * rhoScalar)

Figure 14. Implementation of Monte Carlo uncertainty propagation in the HyperCP. Also included is the method
of generating model uncertainty by comparing with the Zhang method output where ‘tot_diff” represents the total
uncertainty in p. HyperCP v1.2.10 — Commit: 50659fb4a78bfgco299af3d987101coc320fac85.
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Zhang Rho Uncertainty(self, mean vals: list[np.array], uncertainties: list[np.array]) -> np.array:

n self.MCP.propagate random(self.zhangWrapper,
mean vals,
uncertainties

zhangWrapper(windSpeedMean, AOD, i wTemp, sal, relAz, waveBands):

pper for Zh rho calct

windSpeedMean if windSpeedMean <= 15 else
env['wind'] if env['wind'] >= 0 else 0

AOD if AOD <= 0.2 else 0.2
env['od'] if env['od'] >= @ else

sza if sza <= 60 else 60
env['zen sun'] if env['ze

= wTemp
= sal
ict()

sensor['ang'] = [40, 180 - abs(relAz)]
sensor['wv'] = waveBands

rho = ZhangRho.get sky sun rho(env, sensor)[

rho

Figure 15. Representation of sea surface reflectance (p) uncertainty processing for the Zhang method in L2
processing, as it exists in the HyperCP. HyperCP v1.2.10 — Commit: 74d778c7ad141315d4d7f4e16de78cbfoesbei1bf.

Uncertainty propagation for L,, differs between FRM and the Class-Based regimes. In the Class-Based and Factory
regimes, correlation information must be provided by the processor and is therefore coded into the HyperCP. This
is done by defining a correlation matrix in “Uncertainty_Analysis.py” which is applied using the
“correlation_between” argument in punpy as can be seen in Figure 16 line 167. The definition of the correlation
matrix used for propagating L,, in both Class-Based and Factory regimes is shown in Figure 17. Each row/column
of the correlation matrix represents a source of error. Diagonal elements are always 1 as they represent the variance.
Non-zero non-diagonal elements represent covariance between error sources that have some correlation, i.e.
straylight error is correlated between Eg, L;, & L; as the straylight is caused by the internal construction which the
instruments all share.

Figure 16 shows the code lines for Class based water-leaving radiance uncertainty propagation.
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ones = np.ones_like(es)

lw means = [lt, rho, 1i,
ones, ones,
ones, ones,
ones, ones,
ones, ones,
ones, ones,
ones, ones]

lw uncertainties n np.array(list(ltXstd.values())).flatten

p.array(list(liXstd.values())).flatten
1 / 200, cCal['LT'] / 200,

cLin['LT"],

1/ 108,

lwAbsUnc = Prop L2 CB.Propagate Lw HYPER(lw means, lw uncertainties)

Propagate Lw HYPER(self, mean vals: list[np.array], uncertainties: list[np.array]) -> np.array:

corr list = ['ra

self.MCP.propagate standard(self.Lw,
mean vals,
uncertainties,
corr between=self.corr matrix Default Lw,
corr_x=corr_list)

(55 4 50 Lo il o 1 stab 1t, clin 1i, clin 1t, cstray 1i, cstray lt, c

li * cstab 1i * clin 1i * cT i = li
c 1t * cstab 1t * clin_1t ylt * cT 1Lt * it

1i signal * rhovec)

Figure 16. Representation of water leaving radiance (L, ) measurement function in Class-Based processing, as it
exists in the HyperCP. Note that this part of the code is identical for Factory processing. HyperCP v1.2.10 — Commit:
74d778c7ad141315d4d7f4e16de78cbfoe3be1bf.
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v.3

“ Y ~ he] ] - - 3 3 - -

Q S | S & &S S I R © S| &

oLt 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0 iy Ll el 0.0, 0 0.0, 0.0

Pglint 0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0 05 0285 0 0.0, 0 0.0, 0.0
oL e.e, 0.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, O. 0.0, 0 0.0, 0.0

Ceatrt 0.0, 0.0, 0.0, 1.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, O. 0.0, © 0.0, 0.0
Ceat Li 0.0, 0.0, 0.0, 1.0, 1.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0. 0.0, 0 0.0, 0.0
Cstab 1t 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 1.0, 0.0, 0.0, 0.0, 0. 0.0, 0 0.0, 0.0
Cstab,Li 0.6, 6.0, 8:9; 0:6;:9:08, 1.8, 1:9; 0.6; 0:8; 0.8, 8. 0.0, 0 0.0, 0.0
Ciin Lt 038,050 010,028, 00,5070, -0 810 108 02808 0.0, 0 0.0, 0.0
Ciin,Li 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 1.0, 0.0, 0. 0.0, 0 0.0, 0.0
Cstray,it 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 1. 0.0, 0 0.0, 0.0
CstrayLi 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 1.0, 1. 0.0, 0 0.0, 0.0
Crue 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0. 1:05 1 0.0, 0.0

Croui 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0. L5951 0.0, 0.0

Cpol,t 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, O. 0.0, 0 1.0, 1.0
Cpol,ii e.e, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0.0, 0. 0.0, 0 L0, 1.0

Figure 17. Labelled Correlation matrix for L, used in the HyperRCP (self.corr_matrix_Default_Lw from Figure
16).

The FRM regime handles L2 product uncertainties differently. L1B processing uncertainties are outputted to the
*hdf and ‘SeaBASS’ files for the user, however internally the PDF for each product is also generated. Punpy may
pass these PDFs through the measurement function to calculate L2 uncertainties (Figure 18). As these PDFs contain
information on instrument correlation, accounted for by the punpy MC analysis, this represents the most accurate
uncertainty propagation possible with our current level of understanding.

sample wavelengths = cm.generate sample(mdr T rray (waveSubset), N . )
sample Lw = Propagate L2 FRM.MCP.run samples( z .Lw_FRM, [ltSample, rhoSample, liSample])
sample Rrs = Propagate L2 FRM.MCP.run samples e.Rrs FRM, [ltSample, rhoSample, liSample, esSample])

- (rho * 1i)

, rho, li, es):

rho * 1i)) / es

Figure 18. Representation of water-leaving radiance (L,,) measurement function in FRM processing, as it exists in
the HyperCP. HyperCP v1.2.10 — Commit: 74d778c7ad141315d4d7f4e16de78cbfoegbe1bf.

As can be seen in Figure 18 FRM L2 uncertainties are handled by a separate Python class than in Class-Based or
Factory. Firstly, PDFs (samples) must be masked to an appropriate size, according to the subset of wavelengths
required, and a sample generated for the air-sea reflectance factor (p). Once all the various inputs to the
measurement functions have an associated PDF, they can be propagated through the relevant measurement
functions [‘Lw_FRM’, ‘Rrs_FRM'] to produce L2 propagated uncertainties.

In the class-based mode R, is calculated according to the tree diagram shown in Figure 2, and is expressed by Eq.
27. Please note that the same data for downwelling irradiance are stored in the “LiBCQ.HDF” file like for both
radiance instruments, thus the signal from the irradiance sensor is also represented as a radiometric quantity in
L2, and the same logic in combining uncertainties for downwelling irradiance at L2 applies. The definition of Rrs
is given by
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Ly (6,49, 65)

R.s(6, Ag, 0s) = E.(65) ’ Eq. 27

where the water leaving radiance (L,,) is divided by downwelling irradiance (Es). At this stage all the components
and input uncertainties were already defined, the important aspect when remote sensing reflectance in called is to
correctly define the “correlation_between” term as now all three instruments and their associated uncertainty
inputs are used and the “correlation_between” matrix has 22 inputs, as it is shown in Figure 19.

.array(list .flatten

.array(li liXst L )).flatter
)).flatten
cCal

Propagate RRS HYPER(self, mean vals: list[np.array], uncertainties: list[np.arrayl) -> np.array:

=turn self.MCP.propagate standard(self.RRS,
mean_vals,
uncertainties,
corr between=self.corr matrix Default RRS,
corr_x=corr_list)

RS (1t, rhovec, 1i, es, c es, c 1i, c_lt, cstab es, cstab 1i, cstab lt, clin es, clin li, clin lt, cstray es, cstray li, cstray lt,
cT es, cT 1i, cT 1t, cpol 1i, cpol 1lt, ccos):

es_signal *¥ ¢ es * cstab es * clin * cstray es * cT_es * ccos
1i signal = * ¢ 1i * cstab 1i * clin 1i * cstray 1i * cT 1i * cpol 1i
1t signal = * ¢ 1t * cstab 1t * clin 1t * cstray 1t * cT 1t * cpol 1t

lw = 1t signal - (rhoVec*li signal)
lw[np.where(lw < 0)] = 0
ret lw/es signal

Figure 19. Representation of remote sensing reflectance (R,;) as it exists in the HyperCP.
‘self.corr_matrix_Default_Rrs’ represents the correlation matrix for Remote Sensing Reflectance. HyperCP v1.2.10
— Commit: 74d778c7ad141315d4d7f4e16de78cbfoe3be1bf.

Normalised water leaving radiance is calculated according to Eq. 28.
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nLW(H,A(i)) = Rrs(evA¢' Hs)fOJ Eq 28

where nlL,,(6,A¢) is a normalised water-leaving radiance that still depends on viewing geometry and f; is the
extraterresial solar irradiance as defined by the TSIS 1 model (Coddington et al. 2021).

The uncertany in nL,, is propagated from the R,; uncertainty and the TSIS1 solar irradiance (Coddington et al.
2021) model uncertainty using the Law of Propagation of Uncertainties aproach.

The exact normalised water-leaving radiance, after the BRDF correction, where the effects of Sun-viewing geometry
departing from the normalised (zenithal illumination - nadir observation) are corrected for is being added into
HyperCP currently using the methodology and code from the EUMETSAT BRDF project
(https://www.eumetsat.int/brdf-correction-s3-olci-water-reflectance-products).

5.4.1 Band integration

The HyperCP includes options to integrate all products into several commonly used satellite bands (Aqua, Terra,
S3A, S3B, V- NPP, V-JPSS). Band-integrated uncertainties are provided for all products (L1B and L2) for each of
these satellites. Uncertainties in the Spectral Response Function (SRF) are not incorporated into the processor.

In the Class-Based and Factory regimes, the band convolution for the respective satellite sensor is inserted directly
into the overall measurement function so that uncertainties in the convolved quantities L, and R,¢are propagated
consistently (Figure 22). Both L1B and L2 products account for correlations between input errors and apply either
random or systematic pixel-to-pixel correlations where appropriate.

Because L2 products combine inputs that include both random and systematic spectral correlations, the correlation
structure of the convolved outputs L,,and R,scannot be treated as purely random or purely systematic. To obtain
physically meaningful uncertainty estimates, the L2 products L,and R,smust first be decomposed into their
random and systematic components before uncertainty propagation. The two components are then propagated
separately through the band-integration measurement function. The resulting multispectral random and
systematic uncertainties in R,gare subsequently combined in quadrature to obtain the total band-integrated
uncertainty for a given satellite.

Consequently, the band-integration uncertainty calculation is performed twice: once using only the random
uncertainty component (dominated by noise) and once using the systematic components. After band convolution,
the two resulting uncertainty terms associated with R,;are again added in quadrature to form the final total
band-integrated uncertainty.
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Propagate RRS Convolve i I , uncerta es: list[np.array], platform: s

self. platform =
f. wa a

1=self.corr matrix Default RRS

CP.propagate

Default

Figure 20. Class-Based and Factory implementation of Band integrated R,. ‘self.def_sensor_mfunc’ simply selects
the correct band convolution based on the platform name e.g., Sentinel-3A. HyperCP vi.2.10 — Commit:
74d778c7ad141315d4d7f4e16de78cbfoesbe1bf.

In the FRM regime, all PDF inputs to the measurement functions for L, and R, are first passed through the
convolution method, to provide PDFs for each input convolved to the chosen satellite bands. In each case the
convolution method is the same that is used in the standard HyperCP processing chain (Figure 21).

As mentioned in section 5.2 by working directly with PDFs the FRM regime will naturally account for correlation,
both between error sources and spectrally
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self. SATELLITES.
ut.update(
self.get band outputs FRM
s_key, Propagate L2 FRM,

get _band_outputs_ FRM

CP.run_sampl

run_samples(MCP_o f func or_key), [rhoSample, sampl

e rho_conv,

r_name
NSOr_name

Figure 21. FRM implementation of Band Convolved L, andR,. HyperCP vi.2.10 - Commit:
74d778c7ad141315d4d7f4e16de78cbfoe3be1bf.
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In this section we present examples of in situ data processing reported with uncertainty estimates. The data came
from FICE 22, the details about FICE-22 can be found in [AD4]. All FICE 22 data were processed using the same
options in HyperCP configuration as presented in Figure 22. These included the same values for filter outliners set
of a 5, 8 and 3 sigma level respectively for E, L;, L;, ensembles were set to 300 seconds period and 10% of the
darkness L; values were used for the processing, the Sky/Sunglint correction set as Mobley 1999 and no BRDF
correction and band convolution to S3A/B.

As HyperCP is continuously evolving we included information about its version and commit number (e.g. HyperCP
v 1.2.3 (commit #fa2bfdada) in all plots generated for this report.

Configuration: sample_TRIOS_NPL.cfg x

Sensor Type: Level 1B Pr“essing Enable Spectral Outlier Filter v BROF Correction
Tos ~ | Dark offsets, calibrations and corrections. Interpolate Generate Plots v
Add Cals Remove Cals to common timestamps and wavebands. Filter Sigma Es 5.0 L2 Products
A aicei I Ancillary data are required for Zhang glint correction and Filter Sigma Li 8.0 Convolve to Satellite Bands:
- can fill in wind for M99 and QC. Select database download: AQUA* Sen-3A V| V-NPP
Frame Type: Filter Sigma Lt |3.0

GMAO MERRA2 v ECMWF TERRA Sen-38 v VPSS

L * Automatic for Derived Products

Enable Meteorological Filters (Experimental)
(GMAO PROMPTS FOR EARTHDATA LOGIN: register)

Level 1A Processing
Raw binary to HDF5

Fallback values when no model available: Generate Spectral Plots

Default Wind Speed (m/s) 5.0 Rs Vinlw v Es v Li vV Lt V

Raw UTC Offset [+/-] 0.0 Default AOD(550) |0.2 Derived L2 Ocean Color Products
Solar Zenith Angle Filter

Default Salinity (psu) 135.0 Save SeaBASS Files

Default SST(C) 26.0 Level 2 Processing

Level 1AQC Processing

Filter on pitch, roli, yaw, and azimuth

sample_TRIOS_NPLhdr
Write PDF Report

Select Calibration/Characterization/Correction Regime: Temporal binning, glitter reduction, glint

Factory Calibration Only

Pitch/Roll Filter (where present)

®) Trios
Max Pitch/Roll Angle 5.0

correction, residual correction, QC,

satellite convolution, OC product generation,

SolarTracker or pySAS

®) FRM Class-based (RadCal required)

SeaBASS file output.
Rotator Home Angle Offset 0.0 Add RadCals: Al

FRM Full Characterization: L2 Ensembles

Extract Cruise Stations
Ensemble Interval (secs; 0=None) |300

Interpolation Interval (nm) Enable Percent Lt Calculation v

Percent Lt (%) 10.0

Relative Solar Azimuth Filter v Generate Interpolation Plots

Rel Angle Min 190.0 Plot Interval (nm) | 20.0

L2 Sky/Sunglint Correction (p)

Rel Angle Max |135.0 Level 1BQC Processing © Mobley (1999) p Zhang et al. (2017) p

Data quality control filters.
Eliminate where LYNIR)>LY(UV) v NIR Residual Correction
Max. Wind Speed (m/s) (10.0

HyperCP

Save/Close

SZA Minimum (deg) [20.0

SZA Maximum (deg) 60.0

Save As Cancel

Remove Negative Spectra v
Figure 22. HyperCP configuration setting for FICE 22 processing.

6.1

We present here one example of the class HyperCP output plots for each instrument class (SeaBird and TriOS)
using the data from a selected cast from FICE-22. For the full range of the results please see [AD-4]. The plots in
Figure 23 and Figure 24 show results acquired with a SeaBird/HyperOCR instrument, whereas Figure 25 and
Figure 26 show TriOS acquisitions. The output .HDF file contains information about uncertainties.

Class-Based uncertainties

Figure 23 and Figure 25 present the outputs of L1B/L2 processing step for each HyperOCR and TriOS instrument
class respectively, where still each instrument measurement is treated separately, thus they show three radiometric
quantities L;, L;, Es for a selected cast with associated uncertainty values marked as shaded areas. Please note that
water-leaving radiance is plotted at the same plot at total radiance but as a dashed line (bottom panels). Figure 24
and Figure 26 show with the outputted nL, and R,; with associated uncertainties for HyperOCR and TriOS,

respectively, the dots represent the satellite bands integrated values. Users will get these types of plots generated
automatically while running HyperCP.
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Figure 23. HyperCP Class-Based branch output plots for L1B products for HyperOCR, a 5-minute cast from FICE-
2 19-07-2022 8:00am are used in this example. Shown: E; (top left), L; (top right), L, (bottom solid line), and L,

(bottom dashed line). HyperCP v 1.2.3 (commit #f2bfdada).
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Figure 24. HyperCP Class-Based branch output plots for L2 products for HyperOCR, A 5-minute casts from FICE-
2 19-07-2022 8:00am is used in this example. Shown: nL,, (left) and R, (right) solid line are hyperspectral data
the shadowed area represents associated uncertainties, dots are S3 band integrated values. HyperCP v 1.2.3

(commit #f2bfdada).
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Figure 25. HyperCP Class-Based branch output plots for L1B products for TriOS. A 5-minute casts from FICE-2 19-
07-2022 8:00am is used in this example. Shown: E (top left), L; (top right), L; (bottom solid line), and L,, (bottom
dashed line). HyperCP v 1.2.3 (commit #f2bfdada).
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Figure 26. HyperCP Class-Based branch output plots for L2 products for TriOS, a 5-minute cast from FICE-2 19-
07-2022 8:00am is used in this example. Shown: nL,, (left) and R, (right) solid line are hyperspectral data the
shadowed area represents associated uncertainties, dots are S3 band integrated values. HyperCP v 1.2.3 (commit
#fabfdada).
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In Figure 27 (prepared separately from the routine HyperCP outputs) the relative uncertainties are plotted for L1B
products for both instruments’ classes. Generally, uncertainties for the good casts for radiance instruments are
below 4%, k=1, for wavelength range 450 nm-700 nm and increasing in short and long wavelengths range as
expected. This increase in uncertainty can be attributed to two causes: high uncertainty in the lab characterisation
for pixels associated with such wavelengths. The absorption characteristics of water causing less signal, and
therefore, a greater signal-to-noise ratio for these pixels. Uncertainties in irradiance sensor are slightly higher for
TriOS in the shorter wavelengths range due to imperfections in the cosine diffuser (see Table 2 for details). The
increase in E; relative uncertainties for HyperOCR with the wavelength that exceeds the higher TriOS uncertainty
due to cosine diffuser for wavelengths above 680 nm is explained by the temperature sensitivity of Hyper OCR
instruments class. The temperature coefficients for each instruments class and individual instruments used in the
FRM regime are shown in Figure 28. The solid blue data series shows the temperature coefficient value for
HyperOCR instrument class and the solid green temperature coefficients for TriOS class. The HyperOCR is more
sensitive to the temperature and to comparison for the TriOS class-based value. As in the Class processing regime
the sensitivity in temperature response is not corrected for but propagated as uncertainty contribution this explain
higher uncertainty values to HyperOCR.

For sky radiance HyperOCR shows higher uncertainty especially for longer wavelength (the bottom left panel of
Figure 27), which is due to a combination of higher temperature sensitivity and higher uncertainty of polarisation
sensitivity for this instrument class as indicated in Table 2.

Class Based - for £5

All sensors

a0

Figure 27. Class mode uncertainties in L1B products for TriOS (orange line) and HyperOCR (blue line). Casts from
FICE-2 19-07-2022 are used as an example: 8:00 for TriOS and HyperOCR. The products shown are: E; (top), L;
(bottom left), and L. (bottom right). HyperCP v 1.2.3 (commit #f2bfdada).
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Figure 28. Thermal Coefficients for Class-Based and FRM calibration files used in data processing. The blue line

indicates SeaBird HyperOCR specific thermal calibration, whereas the green line indicates TriOS RAMSES. The

dashed lines represent the equivalent thermal coefficients for the FRM regime where corrections are applied. All
Cal files referenced are version 0.1.

LW - Class Based Ars - Class-Based
Al sensors

Figure 29. Class mode uncertainty in L2 products for TriOS (orange line) and HyperOCR (blue line). Casts from
FICE-2 19-07-2022 are used as an example: 8:00 for TriOS, 10:40 HyperOCR. The products shown are: L., (left)
and R, (right). HyperCP v 1.2.3 (commit #f2bfdada).

Figure 29 shows L2 products L,, and R, relative uncertainties for both instrument classes. We can see in the left
panel of Figure 29 that water-leaving radiance uncertainties for that example of in situ data from FICE22
experiment are very similar, however, uncertainties in remote-sensing reflectance is significantly higher for TriOS
instrument. This increase can be explained by a higher cosine diffuser error for TriOS instrument class that is
affecting downwelling irradiance measurements and is higher than for HyperOCR with values 3.5% and 2%
respectively (as indicated in Table 2). E relative uncertainties are presented on its own in the top panel of Figure
27. We do not see the same increase in R, relative uncertainties for HyperOCR (blue data series in the right panel,
Figure 29) as is the case in the individual instrument uncertainties in Figure 27, left panel (Li). This is caused by
the correlation between the temperature related errors of individual sensors. The instrument sensitivity to
temperature effect on the final measurand is reduced when the tripled of instruments is used in comparison to
individual instrument measurements.

Figure 30 and Figure 31 present the uncertainty accumulation as the contributors are added into the propagation
function for HyperOCR and TriOS instrument respectively. The blue data series show the uncertainty in each L1B
output due to the instrument noise only, which is literally negligible. We can see only a small increase for total
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water measurements for longer wavelength (bottom right panel) where the measured signal is very low. This
uncertainty can be higher if the measurands are not taken at the optimal environmental conditions and are not
filtered. The orange data series represents the effect of the instrument noise and absolute radiometric calibration
only on the L1B products triplet. This is a typical absolute radiometric uncertainty curve that increase in the short
wavelength range. Green data series included radiometric calibration stability on top of the noise and radiometric
calibration uncertainty. For the red one the detector nonlinearity effects are added. The purple one includes spectral
stray light introduce some uncertainty peaks due to spectral straylight uncertainty. The brown data series are
thermal sensitivity, where we can see the increase in uncertainty values with the longer wavelengths as expected
for the thermal sensitivity of silicon sensors. Finally, the pink data series shows all uncertainty contributors, thus
for the top panel there is an addition of cosine diffuser error and for both bottom panels instrument polarisation

sensitivity.
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Figure 30. Breakdown of HyperOCR uncertainty components for the default branch in: E; (top), L; (bottom left), &
L, (bottom right). The lines represent the cumulative uncertainty at the time where a given uncertainty contribution
is added (In the E legend ‘pol’ refers to Cosine diffuser uncertainty). HyperCP v 1.2 (commit #488d32cf).
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Figure 31. Breakdown of TriOS uncertainty components of the default branch in: E; (top), L; (bottom left), & L,
(bottom right). The lines represent the cumulative uncertainty at the time where a given uncertainty contribution
is added. HyperCP v 1.2 (commit #488d32cf).

6.2 FRM Uncertainties

In this section we present the same input data but processed in the FRM regime. We follow the same structure as
in the previous section, thus first the default plots automatically generated by HyperCP are presented. Figure 32
and Figure 34 present the outputs of L1B/L2 processing step for each HyperOCR and TriOS instruments triplets
with full instrument characterisation respectively, each instrument measurement is treated separately, thus they
show three radiometric quantities L;, L;, E, for a selected cast with associated uncertainty values marked as shaded
areas. Please note that water-leaving radiance is plotted at the same plot at total radiance but as a dashed line
(bottom panels). Figure 33 and Figure 35 shows R, result display with associated uncertainties for HyperOCR and
TriOS example respectively, the dots represent the satellite bands integrated values. Users will get these types of
plots generated automatically while running HyperCP.
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Figure 32. HyperCP FRM regime output for HyperOCR, taken from FICE22 19/07/2022 — representing 8:00-
9:00am. E; (top left), L; (top right), L; (bottom solid line), and L,, (bottom dashed line). The shaded area represents
the standard uncertainties in absolute units. HyperCP v 1.2.3 commit #15dd3241.
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Figure 33. HyperCP FRM regime output, R, for HyperOCR, taken from FICE22 19/07/2022 — representing 8:00-
9:00am. HyperCP v 1.2.3 commit (#15dd3241).
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Figure 34. HyperCP FRM regime output for TriOS, taken from FICE22 19/07/2022 — 8:00am. E; (top left), L; (top
right), L, (bottom solid line), and L, (bottom dashed line). The shaded area represents the standard uncertainties
in absolute units. HyperCP v 1.2.3 (commit #15dd3241).
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Figure 35. HyperCP FRM regime output, R, for TriOS taken from FICE22 19/07/2022 — 8:00am. Shown: Solid
line are hyperspectral data the shadowed area represents associated uncertainties, dots are S3 band integrated
values. HyperCP v 1.2.3 commit (#15dd3241).

The relative uncertainties are plotted for L1B products for both instrument classes in Figure 36. The overall values
of the relative uncertainties are now at the level of 1.5 % - 2% for most of the wavelengths. This is a significant
reduction in uncertainty values in comparison to the results presented at the level of 4%-5% (for 400 nm — 680 nm
wavelength range) in Figure 29 for the class-based processing regime. The reduction in uncertainty values is
achieved by instrument specific corrections for the effects like detector nonlinearity, spectral stray light,
temperature sensitivity and cosine response of the diffuser for the irradiance sensor. Even for instrument corrected
effects the similar characteristics of a given instrument class dominate the final residual uncertainty values. Thus,
for the irradiance sensor (the top left panel) in Figure 36 the TriOS instruments have higher uncertainty due to the
much poorer cosine diffuser response resulting in the higher residual uncertainty. On the other side we can see that
the effects of the temperature sensitivity in HyperOCR are almost fully corrected, thus we do not see the increase
in the downwelling irradiance uncertainty values with the wavelength increase that was observed in the class-based
regime case (Figure 27). For both radiance instruments the uncertainties are higher for HyperOCR (blue data series
in top right and bottom panel of Figure 36) due to a significantly higher uncertainty caused by polarization
sensitivity and the fact that currently this effect is not corrected in the FRM processing regime - the polarisation
uncertainties are propagated and the values listed in Table 2 are applied.

ok

Funded by the European Union {***} kopernlcus é EUMETSAT

European
Commission



Date: 30.06.2023
Page 47 (54)

Ref: FRM4S0OC2-D10
v.3

EUMETSAT Contract no. EUM/C0/21/460002539/JI1G
Fiducial Reference Measurements for Satellite
Ocean Colour (FRM4SOC Phase-2)

Figure 36. FRM regime-derived uncertainties for TriOS (orange line) and HyperOCR (blue line) in relative units,
casts taken during FICE22 19/07/2022 — 8:00am. E; (top left), L; (top right), and L, (bottom). HyperCP v 1.2.3
(commit #15dd3241).

Figure 38 presents the relative uncertainty for L2 products, where for both water-leaving radiance (left panel) and
remote-sensing reflectance (right panel). The difference between NASA and Tartu (TU) FICE22 acquisitions is very
small. The relatively small difference in Lw and derived products between TriOS and Seabird is due to the
dominance of the uncertainty due to glint removal when using the Mobleygg method. This is especially prominent
for wavelengths shorter than 450 nm and longer than 700 nm.
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Figure 37. FRM uncertainties for TriOS and HyperOCR in relative units, casts taken during FICE22 19/07/2022 —
8:00. L, (left) and R, (right). HyperCP v 1.2.3 (commit #15dd3241).
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Figure 38. FRM uncertainties in R for TriOS (orange line) and HyperOCR (blue line) in relative units convolved
to Sentinel-3A bands (orange and blue dots respectively), casts taken during FICE22 19/07/2022 — 8:00.

HyperCP v 1.2.3 (commit #15dd3241).

In Figure 38 we show the uncertainty integrated into S3 bands (as the dots) on top of the hyperspectral
uncertainties from in situ measurements (lines). The band integration process is described in section 5.4.1.
Although in this case the band integrated values look like the hyperspectral pixel equivalent, the uncertainty
evaluation for them is following the correct methodology, where systematic and random components are treated
differently to produce the one overall band integrated values. Clearly in the case shown in Figure 38 most
uncertainty contributors were systematic, thus the uncertainty in the band integrated values is not significantly
reduced due to the higher number of pixels used to derived it. In addition, as S3 bands are spectrally narrow, for
instance to obtain a band integrated value only 5 hyperspectral pixels are needed, thus the random component
reduction due to the number of contributors is not very high (as stated in the GUM, random effects are scaled by

1
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Figure 39. Breakdown of Full-FRM uncertainty components for HyperOCR sensors. The lines represent the
cumulative uncertainty at the time where a given uncertainty contribution is added. HyperCP v 1.2.3 (commit
#162fceoa).

The uncertainty “evolution” as the contributors are added into the propagation function for HyperOCR is shown in
Figure 39 similarly to Figure 30 in Class-based regime. However, in the FRM processing regime the order of adding
individual uncertainty contributors is different than in the class based one. The brown data series show the
uncertainty in each LiB output due to the instrument noise only, which is literally negligible. We can see only a
small increase for total water measurements for longer wavelength (bottom panel) where the measured signal is
very low. This uncertainty can be higher if the measurands are not taken at the optimal environmental conditions
and are not filtered. Next, the dark corrected signal is corrected for the detector nonlinearity and the residual
uncertainty in this correction combined with the instruments noise is shown as purple line, which has higher values
that the noise only for the shot wavelengths. The next correction is spectral stray light showed as red line that
increase the uncertainties for the whole wavelength scale and can have some spectral features. Then the absolute
calibration uncertainty is applied, showed as the green line, significantly increasing the uncertainty in the corrected
raw signal. At this stage is important to note that absolute calibration uncertainty component is in FRM processing
regime the bigger contributor to the instrument related uncertainty and cannot be easily reduced since it contains
uncertainties associated to absolute calibration standards (lamps and reflectance plaques). The orange line
represents addition of the residual uncertainty in the temperature sensitivity correction and the blue line for
radiance instrument added polarisation uncertainty (please note this one is not corrected for) and for the irradiance
sensor the residual uncertainty in the cosine diffuser.

Figure 40 and Figure 41 present the information already showed in other plots in this chapter, just now displaying
on one graph the same instrument class (HyperOCR and TriOS respectively) and two difference processing regimes
(green solid line for Class and red dashed for FRM) to highlight the difference between them. The left columns
show the radiometric products, where we can see very little difference between the class based and FRM processing
regimes that is attributed to the additional corrections applied in the latter case. The right columns show the relative
uncertainty for each product. We can see the most pronounce difference in the first top three panels where the L1B
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products are presented, thus the products derived from individual instruments measurements. As the corelation
between errors in two for water leaving radiance (second panel from the bottom) or three instruments (the bottom
panel) are handled within HyperCP the uncertainties in the L2 products are less sensitive to the individual
instrument’s characteristic. Nevertheless, the FRM mode still produced the lower uncertainty values (a reduction
from ~5% to ~2.5% in Rrs in the core VIS range). It is important to mention that the uncertainty related to
sky/sunglint removal are the same for both processing regimes and are the dominating contributor for short and

long wavelength range.
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Figure 41. FRM and Class-Based comparison for TriOS RAMSES, cast taken from FICE22 19/07/2022 — 8:00am.
Left column displays the products in radiometric units, right column their relative uncertainties. HyperCP v 1.2.3
(commit #15dd3241).
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This report is ua updated version of D-10 Protocols for uncertainty budget calculation of FRMOCnet OCR and
practical guide for OCR measurement end-to-end uncertainty budget calculation. We outlined here the
methodology that is used for uncertainty propagation in HyperCP. The uncertainties are propagated following the
GUM methodology (JCGM101:2008 2008a; JCGM100:2008 2008) and implemented alongside the HyperCP
processor using NPL developed tools from CoMet toolkit.

The uncertainty propagation inside HyperCP depends on the level of the instrument related information and can
be handled in three different processing regimes. The Class/Factory regimes use the batch test results performed
at University of Tartu to derive instrument class-specific characterisation files. In these two processing regimes we
do not apply any corrections for instrument related effects they are treated as uncertainty components. The
difference between factory and class regimes lays in the available information about radiometric calibration
uncertainty. Currently, the instrument manufactures do not provide absolute radiometric uncertainty within the
factory calibration certificate, this is why we tried to help the users that have only these type of calibrations in
understanding their measurement uncertainties - especially considering that all the remaining characterisation
derived for the class specific regimes are still applicable. Therefore, we decided to use values of absolute response
uncertainties quoted in SIRREX-7 (Hooker et al. 2002) for HyperOCR instrument class as an indicative value of
absolute radiance calibration uncertainty that is potentially possible to be achieved by the SeaBird calibration
laboratory, as their precursor Satlantic took part in that SIRREX-7 comparison. It is possible that that values are
overestimated and hopefully soon SeaBird will be able to provide their calibration complemented with uncertainty
estimates. Unfortunately, we did not find any published evidence of the uncertainties that could be assigned to
TriOS instrument manufacturer, thus at the present regrettably users with only TrioS factory calibration using
HyperCP will not be able to get any uncertainty estimates in their measurements.

The FRM processing regime requires individual instruments characterisation tests results to derive instrument
specific corrections resulting in only residual instrument related uncertainties being propagated. The processing
steps are different in this regime as the detector non-linearity and spectral stray light corrections are applied on
both calibration and acquired data. Therefore, dedicated calibration files were created to enable that process. In
section 6, Results, we presented the reduction in instrument related uncertainty (L1B products) achieved with the
FRM processing regime. This is important to notice, that the reduction of nearly 50% in terms of the uncertainty
values for individual instruments as presented in the top three panels in the left columns in Figure 40 and Figure
41 is possible only during the optimal environmental condition for above water radiometry, thus clear stable sky,
preferable solar zenith angle, and low wind speeds. We can see the uncertainty reduction in the L2 products as well
as between the class and FRM processing regimes showed in the two bottom panels of the left column in Figure 40
and Figure 41. However, due to additional uncertainty component related to the sky and sunglint removal (p) the
reduction in the short and long wavelength ranges does not reach the level of 50% as in the VIS range.

The HyperCP team under NASA and EUMETSAT leaderships delivered two training courses to the user community
already. The first hold at (International Ocean Colour Science meeting) IOSC 2023 in St. Petersburg, Florida and
the second in FICE 2024 in Venice FRM4SOC training school. Especially during the second event due to the longer
timescale and more details syllabus some of the students were able to process their own data in HyperCP and get
uncertainty estimates within few minutes required for the processor to run. This really showed the potential on the
tool for the community in providing everyone with state-of art in situ data processing software which outputs the
results accompanied with uncertainty estimates.

The future development in term of uncertainty evaluation within the HyperCP would require unit testing to ensure
the stability of the software and further optimisation in some routines to gain computational speed. We think a
dedicated module for uncertainty visualisation will be useful for the users showing them the biggest uncertainty
contributors to try to minimise them during the measurements. This is currently being implemented. We should
start to output the uncertainties split into random and systematic for more advanced users - for example for satellite
validation purposes in the ThoMaS tool. We know that some users might have some of their instruments fully
characterised by only some of the listed effects, which now forces them to use Class-based processing regime that
outputs higher uncertainty. A hybrid mode that allows to pick and choose from the available individual instrument
characterisation and use the class based for the rest would be highly beneficial. In the view of the processing long
data series with multiple calibration files the handling for the correct calibration file and estimation of the
calibration stability based on the historical calibration data should be implemented.
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Appendix

Uncertainty tree diagrams from FRM4SOC phase-1 study.
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Figure 42. FRM4SOC phase 1 Uncertainty tree diagram for water leaving radiance.
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Figure 43. FRM4SOC phase 1 Uncertainty tree diagram for downwelling.
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