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ABSTRACT

A new framework that enables evaluation of the in-situ Ocean Color Ra-

diometry (OCR) measurement uncertainty is presented. The study was con-

ducted on the multispectral data from a permanent mooring deployed in clear

open ocean water. The uncertainty is evaluated for each component of the

measurement equation and data processing step that leads to deriving the re-

mote sensing reflectance, Rrs. The Monte Carlo Method (MCM) was selected

to handle the data complexity such as correlation and non-linearity in an effi-

cient manner. The results are presented for a pre-screened data set that is suit-

able for System Vicarious Calibration applications. The framework provides

uncertainty value per measurement taking into consideration environmental

conditions present during acquisition. A summary value is calculated from

the statistics of the individual uncertainties per each spectral channel. This

summary value is below 4 %, (k = 1) for the blue and green spectral range.

For the red spectral channels, the summary uncertainty value increases to ap-

proximately 5 %. The presented method helps to understand the significance

of various uncertainty components and provide a way of identifying major

contributors. This can be used for efficient system performance improvement

in the future.
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1. Introduction44

Geophysical products derived from satellite remote sensing observations are now available from45

multiple missions, covering most compartments of the Earth system, such as the atmosphere, open46

oceans, coastal zones, forests and ice sheets. For a few decades, the satellite-derived geophysical47

variables describing these environments have been essentially used for scientific purposes, yet they48

are now increasingly feeding operational monitoring program (e.g., Schulz et al. 2009; Traon et al.49

2015) and services to Governments, industry or the public (Zhao et al. 2005; Lafaye 2017; Harvey50

et al. 2015).51

In both contexts, users not only require significant suites of products describing their targeted52

environment but also expect uncertainties to come along with these products. These uncertainties53

are no longer only required as generic values supposedly representative of an average uncertainty54

for a given sensor and associated data processing algorithms. They are often now required at the55

level of individual measurements (pixels). They are of paramount importance when aiming at56

merging data sets (Gregg and Rousseaux 2014), quantifying long-term trends (Henson et al. 2010;57

Saulquin et al. 2013), assimilating data into models (Mélin et al. 2016), or still when triggering58

warnings related to environment monitoring (Rogers et al. 2018).59

Satellite ocean color radiometry (OCR) is specifically addressed here. In this case, a prerequisite60

to deriving geophysical product uncertainties is that uncertainties have been assigned to the quan-61

tity from which these products are derived. This quantity is the remote-sensing reflectance, Rrs,62

derived from the water-leaving radiance, Lw, in a number of spectral bands across the near ultra-63

violet to visible range. Lw is generally less than 10 % of the total radiance measured by the sensor64

at the top of the atmosphere (TOA), and actually often around 5 % only. It was demonstrated that,65

in such circumstances, achieving a 5 % uncertainty on Lw in the blue part of the spectrum, which66
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is a requirement set up rather early in the era of satellite OCR (Gordon and Clark 1981), was67

impossible without introducing what is now called a system vicarious calibration (SVC) (Gordon68

and Castaño 1987; Gordon 1997, 1998). The SVC process consists in adjusting the spectral cali-69

bration coefficients of the satellite sensors through minimizing differences between the observed70

TOA total radiances and equivalent modeled values. These modeled values are built from in-71

situ measurements performed in the best possible conditions combined to atmospheric radiances72

modeled consistently with the satellite processing algorithms. This adjustment is not only needed73

because of possibly imperfect calibration of the sensor but also because of unavoidable errors in74

the atmospheric correction process, by which the dominant part of the signal is quantified in order75

to eventually get to Lw. This is why it is referred to as a System VC.76

To sustain SVC for ocean color sensors (OC-SVC in the following), the solution of deploy-77

ing permanent moorings in clear open ocean waters has been adopted in the last two decades.78

The two currently active sites are the Marine Optical Buoy (MOBY; Clark et al. 1997) and the79

Bouée pour l'acquisition de Séries Optiques á Long termE (BOUSSOLE; Antoine et al. 2006).80

MOBY is deployed off Lanai (Hawaii) and currently supported by the US National Oceanic and81

Atmospheric Administration (NOAA) and used for all US ocean color missions including the82

Moderate Resolution Imaging Spectroradiometer (MODIS; Salomonson et al. 1989) and the Sea-83

viewing Wide Field-of-view Sensor (SeaWiFS; Hooker et al. 1992). BOUSSOLE is deployed in84

the Mediterranean Sea and currently supported by the European Space Agency (ESA) and French85

Centre National d'Etudes Spatiales (CNES) and used for the European missions MEdium Reso-86

lution Imaging Spectrometer (ENVISAT/MERIS; Rast et al. 1999) and Ocean and Land Colour87

Imager (S3A-B /OLCI; Donlon et al. 2012). Until recently, data from these two programs were88

provided to space agencies with a nominal combined standard uncertainty, supposedly representa-89

tive of average measurement conditions for the SVC data set. It was provided for several spectral90
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bands for MOBY (Brown et al. 2007), and as a single number for BOUSSOLE (Antoine et al.91

2008b).92

The need for a more thorough estimation of uncertainties has, however, become obvious for93

these crucial in-situ measurements to be qualified for being used for OC-SVC. The goal is eventu-94

ally to assign an uncertainty value to each and every measurement that the field platform provides,95

so that data can be selected using specific thresholds corresponding to the maximum acceptable96

uncertainty for various purposes. It is also to have a means of identification and correction of97

systematic contributions. For OC-SVC, only the data with the lowest uncertainty would be con-98

sidered. Achieving this objective means that all possible sources of uncertainties are identified,99

individually quantified, and then combined into a single uncertainty value for each measurement.100

Deriving this final number is challenging, because it has to combine many uncertainty contribu-101

tors of which some might be correlated. The often-used first order approximation of the Law of102

Propagation of Uncertainties (JCGM100 2008), commonly known as quadratic sum of individual103

uncertainty values is not applicable in this situation.104

This paper precisely proposes another approach (JCGM101 2008), which uses a Monte Carlo105

Method (MCM). The process involves assigning a probability distribution function (PDF) to each106

identified uncertainty source, either via statistical analysis of relevant data for (type A) uncertain-107

ties, or via other non-statistical ways for (type B) uncertainties, e.g., manufacturers specifications108

or a priori knowledge from literature. These uncertainty sources are explicitly introduced into the109

measurement equation, which is then run multiple times by randomly selecting values in the PDFs110

of all uncertainty sources.111

In the following, we start with reminding how the remote-sensing reflectance is derived from112

in-water radiometry measurements, and then we go through identification and quantification of un-113

certainty sources related to the instruments and data processing. We then present how the MCM is114

6



used to combine uncertainties, and finally we provide an example of application where a subset of115

BOUSSOLE data is selected following quality criteria that qualify them as a priori suitable for OC-116

SVC. It is important to note that we do not intend here to propose a thorough and final uncertainty117

evaluation for the radiometry measurements and derived quantities at BOUSSOLE. We rather use118

BOUSSOLE as a test bench to demonstrate the methodology. We deliberately ignore a number of119

uncertainty sources, for instance, when further work is actually still needed to adequately quantify120

them. We also do not necessarily go through a detailed and fully justified derivation of the PDFs121

of individual type B uncertainties because, again, this paper is a demonstration of the method,122

not a provision of a full uncertainty quantification for remote sensing reflectance derived from123

BOUSSOLE measurements. Finally some known sources of errors are not corrected in the current124

version of the processing, thus they are treated and propagated as uncertainties according to GUM125

recommendations for relatively small biases.126

2. Deriving Rrs from radiometric quantities measured at fixed depths127

a. Basic quantities and equations128

The upper-ocean apparent optical property (AOP) for which measurements uncertainties are to129

be quantified is the remote sensing reflectance, Rrs. It is defined as (here omitting wavelength and130

angular dependencies):131

Rrs =
Lw

Es

[
sr−1

]
, (1)

where Lw is the water-leaving radiance and Es the downward irradiance just above the sea surface.132

Lw is calculated according to:133
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Lw = Lu(0−)
1−ρ

n2

[
µWcm2nm−1sr−1

]
, (2)

where Lu(0−) is the upwelling radiance just beneath the sea surface, ρ is the Fresnel reflection134

coefficient for the water-air interface and n is the refractive index of seawater. The ratio in Eq. 2 is135

often given the approximate value of 0.543 (Austin 1974; Mueller et al. 2003). When underwater136

measurements are taken at two fixed depths, Lu(0−) is determined through:137

Lu(0−) = Lu,zuexp(KLuzu)
[
µWcm2nm−1sr−1

]
, (3)

where Lu,zu is the upwelling radiance at the shallowest (upper) measurement depth zu, and KLu138

is the diffuse attenuation coefficient for upwelling radiance, itself computed as:139

KLu =−
ln(Lu,zl/Lu,zu)

(zl− zu)

[
m−1

]
, (4)

where Lu,zl is the upwelling radiance at the deepest (lower) measurement depth, i.e. zl > zu. Al-140

though the above equations are valid for any zenith angle included into the Snells cone, we here141

consider the specific case of upwelling radiances at nadir. Quantifying uncertainties on Rrs means142

quantifying uncertainties i) on the measurement of the relevant radiometric quantities, here Lu,zu ,143

Lu,zl and Es, and depth ii) on their propagation through Eq. 4 to calculate KLu , and iii) on the144

transmission across the water-air interface (Eq. 2). Combining Eq. 2 to Eq. 4 leads to the full145

measurement equation below.146

Rrs =

Lu,zuexp

(
−

ln(Lu,zl/Lu,zu)

zl− zu
zu

)(
1−ρ

n2

)
Es

[
sr−1

]
. (5)

The practical realization in the case of the BOUSSOLE buoy is shown in a schematic way on147

Fig. 1, with zu = 4 m, zl = 9 m. Therefore, from now on Lu4 and Lu9 will be used to represent148
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the upwelling radiances at nominal depths of 4 m and 9 m, respectively (instead of Lu,zu and Lu,zl).149

The BOUSSOLE buoy was designed to be stable, so the depths zu and zl vary in a rather limited150

range (Antoine et al. 2008a).151

b. Instruments used152

Three multispectral radiometers of the Satlantic 200 series are used to measure Lu4, Lu9 and Es.153

They have seven spectral channels at 412, 443, 490, 510, 555, 670 and 683 nm, each with a 10 nm154

bandwidth. The measurements are taken simultaneously every fifteen minutes throughout the day155

and night, as one-minute measurement sequences. These radiometers have a 6 Hz frequency of156

acquisition, resulting in 360 measurements during each sequence. Night measurements are used as157

dark readings. They allow monitoring of possible drift in instrument noise levels during a deploy-158

ment. BOUSSOLE functions on an approximately 6-month servicing schedule, with successive159

rotations on site between a calibrated and verified buoy and the buoy having been deployed for160

the previous 6 months or so. Therefore, two full sets of radiometers are successively used. Addi-161

tional instruments on the buoy that are used as an ancillary data source for the processing include a162

two-axis tilt and compass sensor (Advanced Orientation Systems EZ-III) and a Conductivity Tem-163

perature Depth (CTD) sensor (Sea-Bird Scientific 37-SI). Both sensors are attached to the main164

buoy structure at 9 m depth. Meteorological data including wind direction and speed and atmo-165

spheric pressure are taken from a meteorological buoy that is deployed two nautical miles away166

from the BOUSSOLE site.167

3. Instruments characterization and calibration uncertainties168

In the following sections, the derivation of uncertainty values corresponding to various steps169

of the characterization and calibration of instruments is described. Important parameters of these170
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uncertainties are the best estimate (e.g. average typical value) and their Probability Distribution171

Functions (PDF). Both are going to be used when combining all uncertainties via the Monte Carlo172

Method (MCM), which is described later on.173

a. Absolute calibration174

Since the beginning of BOUSSOLE operations, absolute radiometric calibration is undertaken175

about once a year for each set of radiometers, before they go at sea for a 6- to 9-month deployment.176

This calibration is performed at the manufacturers grounds (previously Satlantic Inc., Halifax,177

Canada, since 2018 Sea Bird Scientific, Bellevue, USA). During that time any necessary instru-178

ment reparations are carried out. The absolute radiometric calibration coefficients are provided, yet179

they are not accompanied by what would be the uncertainty of the calibration process. In 2012,180

one set of BOUSSOLE radiometers was sent to the UKs National Measurements Institute (Na-181

tional Physical Laboratory, NPL) for calibration and characterization tests, as a first step towards182

establishing an uncertainty budget for their absolute calibration. The difference between NPL-183

and Satlantic-derived calibration coefficients, combined with the NPL laboratory calibration un-184

certainty values (previously evaluated including all effects that are associated with the calibration185

process, such as the lamp current, ageing and uniformity effects as well as alignment, instrument186

reading stability and reflectance panel uniformity), form the radiometric calibration uncertainty187

used in this work. These derived uncertainty values are presented in Table 1 per spectral channel188

for irradiance and radiance.189

The uncertainties in absolute radiometric calibration have a normal distribution with the mean of190

the multiplicative correction factor equal to 1. The standard deviation of this distribution is equal191

to the absolute calibration uncertainty combined with the uncertainty related to the stability of this192

calibration, u(stab), a priori set here at 1 % (Eq. 6). The stability has a rectangular distribution193
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and before being combined with the calibration uncertainty is divided by the square root of three194

to provide a value corresponding to a normal distribution.195

u(cal) =

√
u(abscal)

2 +
(u(stab)√

3

)2
[
%
]
, (6)

where u(cal) is the radiometric calibration uncertainty for the instruments, u(abscal) is the un-196

certainty from the laboratory based absolute radiometric calibration.197

The 1 % temporal stability assumption was evaluated by comparing the multispectral instru-198

ments in use here with the hyperspectral instruments also deployed on the BOUSSOLE buoy. An199

Unbiased Percent Difference (UPD) was calculated for all instrument pairs (i.e., multi- vs. hyper-200

spectral Lu, Ed and Es sensors) for a period of three months. The slope of the UPD vs. time201

relationship gave us a daily relative sensor drift, which, when acumulated over the period under202

study ended up with a 0.75 % drift.203

b. Cosine response204

Radiometers measuring plane irradiance, such as the one measuring Es on top of the BOUS-205

SOLE buoy, are equipped with planar diffusers that collect radiances from all directions of a206

hemisphere. Ideally the response of the radiometer is proportional to the cosine of the incident an-207

gle, having then what is referred to as a perfect cosine response. Instruments always depart from208

this theoretical behavior, however, and this departure has to be quantified. It is generally below 3 %209

for incidence angles < 60◦ and reaches 10 % or more for angles > 60◦ (Satlantic Inc; personal210

communication; Multichannel Visible Detector System update Guide MVDS s/n 062). Ideally211

this departure would be characterized for each instrument, so that a correction for that effect can212

be applied, and then only a residual uncertainty in that correction would be propagated (Zibordi213

and Bulgarelli 2007). Such instrument-specific corrections were not available. Cosine response214
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tests were nevertheless performed occasionally to check if the instruments met these requirements,215

showing results within the above specifications (actually often better).216

Total downward irradiance is made of the direct sun irradiance plus the diffuse sky irradiance.217

Both components are not affected the same way by a non-perfect cosine response. For the direct218

irradiance the cosine response is related to the incident angle (in this case the sun zenith angle)219

and is characterized for each possible value. For the diffuse part the cosine response for all angles220

is integrated over the whole hemisphere. If we assume an isotropic sky radiance distribution, it is221

calculated according to:222

kcosh =
∫

π/2

0
kcos(θ)sin(2θ)dθ , (7)

where kcosh is the integrated cosine response over the full hemisphere while kcos(θ) is a cosine223

response for a given illumination angle. Actual clear-sky radiance distributions are not isotropic224

and normally show larger radiances for large angles (e.g., Zibordi and Voss (1989)). The sin(2θ)225

factor in Eq. 7 would however minimize their contribution to kcosh . The diffuse component of the226

downward irradiance for clear skies is about 30 % only, further reducing the impact of kcosh on the227

Rrs uncertainty evaluation. A thorough evaluation of this effect would nevertheless be timely and228

would be consider in the succeeding version of the uncertainty evaluation.229

The cosine diffuser response or its departure from a perfect cosine response is an example of a230

systematic error (bias). Because we do not have enough information on the actual cosine response231

of all our instruments, their possible deviations from an ideal response are not corrected. Therefore232

we treat this as an uncertainty component. Although not normally recommended (GUM; note233

6.3.1), doing so can be justified when the bias is small. Here we treat the residual bias (the signed234

sum of the individual biases) as an uncertainty component added to other uncertainty components.235

We used kcos(θ) values of 2 % for angles < 20◦, 3 % for angles > 20◦ and < 60◦, 5 % for angles236
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from 60◦ to 70◦, and 10 % for angles > 70◦. The corresponding kcosh is 3.5 %. These are biases237

rather than uncertainties, however, which are not corrected so that they are inserted into the model238

as uncertainty contributors. The PDF for the kcos(θ) has a rectangular distribution with the upper239

limit of [1 plus the bias value] (relevant to a given angle cosine response) and the lower limit of240

[1 minus the bias value]. For example for SZA < 20◦ the distribution limits would be [0.98, 1.02]241

and for SZA = 60◦ [0.95, 1.05]. A similar approach is chosen for kcosh , where the lower limit is242

always 0.965 and the upper limit is 1.035.243

c. Temperature dependence244

The temperature dependence for the dark readings was tested at the NPL facility for a maxi-245

mum temperature range that is expected at the BOUSSOLE site and varies from 5◦C to 30◦C (air246

temperature outside the Es sensor). Measurements were taken at four separate temperatures (2◦C,247

12◦C, 22◦C, and 32◦C) and each of these was repeated twice. The change in the dark signal was248

less than 0.05 % for the entire measured temperature range. The thermal stability of the dark read-249

ings ensures that the night measurements can be used for correction of the measurements taken250

during the day, in particular with maximum diurnal changes in water temperature of about 2◦C at251

9 m.252

The thermal stability of light readings was checked on the Es sensor data recorded on site. The253

check is done using the ratio of measured Es sensor (in cloud free conditions) to the clear-sky254

modeled values (Gregg and Carder 1990) and the correlation of this ratio with the temperature255

during the measurement. The correlations were found insignificant for temperature ranging from256

19◦C-26◦C (from -0.12 for 412 nm to -0.09 for 670 nm; otherwise below -0.04), and therefore not257

accounted for in the current uncertainty evaluation.258
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d. Effects not accounted for259

A few instruments attributes and the uncertainty associated to their characterization are not in-260

cluded in the current version of the uncertainty budget. They include the spectral accuracy, the261

polarization sensitivity, and the immersion factors. This is not because we consider them negligi-262

ble a priori but because we do not necessarily have the information to model them properly. The263

uncertainties at stake here are small anyway, yet there is definitely room for improvement here in264

subsequent versions of the uncertainty budget. The spectral response is defined by the interference265

filters used in the Satlantic OCR-200 series radiometers with spectral bandwidths of 10 nm, and266

an out-of-band rejection value provided by the manufacturer of 10−6. These filters were initially267

characterised but are not re-characterized on a regular basis. They are however replaced during268

manufacturer calibration if the responsivity of that channel changed significantly, minimizing then269

the risk of substantial spectral errors. The manufacturer does not report the polarization sensitivity270

ifor each specific instrument. Nevertheless, the same class of radiometers was used during the271

SIRREX -7 inter-comparison exercise (Hooker et al. 2002), and showed polarization sensitivity in272

the range of 1.4 %-2.4 %, which can be considered negligible with regards the state of polarization273

of underwater nadir radiance (Austin 1974).274

Class-based immersion factors for in-water radiance sensors are provided by manufacturers from275

a basic model based on refractive index of water and glass window (Zibordi 2006). Previous stud-276

ies, for the type of instruments considered here, report a small negative bias between basic and277

extended sensor modeling, i.e., when a more realistic optical design of the sensors is taken into ac-278

count (Zibordi 2006). This bias was estimated at -0.4 % with the uncertainty in the measurements279

at the level of 0.19 %. More recent studies for the MOBY instrument confirmed that uncertainties280

of an improved model including transmittance and reflectance of the optical components and the281
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instrument field of view (FOV) do not differ significantly from those of the basic model (0.05 %,282

(k = 1), Feinholz et al. 2017). Therefore, the uncertainty related to the immersion factor of radi-283

ance radiometers is not included in this budget as it is considered of negligible impact.284

4. Uncertainties related to data processing285

a. Raw signal statistics(data reduction)286

It is reminded here that the median of the 360 values of Lu4, Lu9 and Es obtained during the287

1-min acquisition sequences of instruments operating at 6 Hz are taken as representative values288

for subsequent calculations of derived quantities such as Rrs. Using the median is an efficient way289

to exclude possible outliers. The dispersion around this median is the result of both the instrument290

inherent noise plus the changing environmental conditions, in particular focusing and defocusing291

by capillary waves. The instrument inherent noise, expressed as a standard deviation of the mean292

of the 360 individual measurements taken in laboratory conditions, was quantified below 0.1 %293

for all spectral channels and therefore is ignored. The standard deviation of the mean of field mea-294

surements is used as a measure of changes in the signal caused by environmental changes during295

the one-minute measurement sequence. Fig. 2(a) shows a typical one-minute series of Es(442)296

measurements, showing low-frequency changes due to slight tilt variations during the measure-297

ment sequence. Fig. 2(b) shows a typical one-minute series of Lu4(670) measurements, showing298

high-frequency changes due to wave focusing. Fig. 2(c) shows the distribution of the same 360299

values, with indication of the mean and median values. They are both represented as black vertical300

lines, however nearly superimposed because the distribution is quasi Gaussian. The PDF of the301

instrument signal will therefore be represented by a normal distribution with a mean equal to the302

median value of one-minute readings and a standard deviation equal to the standard deviation of303
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the mean of the same signal series. Thus, the actual spread in the instrument readings, which de-304

pends mostly on the environmental conditions during the measurement sequence, is included and305

carried into the uncertainty estimate for each measurement. The standard deviation of the mean306

is a representative estimate of uncertainty for random and uncorrelated signals. To ensure that the307

readings in one-minute acquisitions are not correlated, the Allan deviation test (Allan 1966) was308

performed, which consisted in computing the standard deviation of sub-samples (clusters) of vari-309

ous size of the 360 measurements. Fig. 3 shows a standard deviation decreasing when the number310

of samples in each cluster increases, which confirms that measurements are not correlated. The311

only exception is for the second cluster for which the Allan deviation is higher than for the first312

sampling interval. This might be caused by matching the sampling rate with the wave-focusing313

period, thus generating correlation.314

b. Tilt-induced uncertainty for depth measurement315

By design the BOUSSOLE buoy stands vertical when no force are applied to it other than the316

balance between gravity and Archimedes buoyancy (upthrust). A pressure sensor nominally in-317

stalled at a depth close to 9 m provides the buoy level with respect to the air-sea interface. The318

depth offset of each radiometer with respect to this pressure sensor is measured before deployment,319

so that the actual measurement depths of Lu4 and Lu9 are known. These depths change as soon as320

the buoy inclines under the effect of currents or oscillates when waves pass through. Geometry321

calculations using the measured 2-axis tilt allow the actual depth of each sensor to be determined.322

The uncertainty in these calculations depends on the inherent accuracy of the pressure and tilt sen-323

sors, on the accuracy of the measurements of the depth offsets, and on wave height and frequency.324

The Seabid 37-SI pressure sensor accuracy is stated by the manufacturer as 0.1 % and the stability325

0.05 %. The combined uncertainty of those two gives a value of 0.11 %. We assume an uncertainty326
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of 5 mm for the depth offset measurements, with a rectangular PDF. A specific MC model was327

run to estimate uncertainty on the instruments depth calculations. Fig. 4 presents histograms of328

the measurements uncertainty for the lower and upper arms, for a selection of data with tilt values329

lower than 10 degrees and for which the depth recorded by the pressure sensor nominally at 9 m330

is not lower than 11 m (which means the buoy is not lowered by more than 2 meters as compared331

to its nominal position). Most uncertainty values are around 2 cm for measurements from the332

deeper arm, increasing to 2.6 cm - 2.7 cm for the shallower arm. Higher uncertainties for the333

instrument located closer to the surface are due to the longer arm length, making the depth change334

for a given tilt, hence the uncertainty on this depth change, larger than the depth change of the335

deeper radiometer. The output of this model is integrated to the general BOUSSOLE uncertainty336

MC model, so that each measurement has an associated depth uncertainty PDF that accounts for337

actual environmental conditions.338

c. Tilt-induced uncertainty for the radiometric measurements339

Another consequence of the buoy tilt is that upwelling radiances are no longer measured ex-340

actly at nadir, and the above-surface downward irradiance no longer corresponds to the irradiance341

impinging on a horizontal plane. The corresponding uncertainty for upwelling radiance measure-342

ments is therefore related again to the uncertainty in the tilt measurement, and to changes of the343

upwelling radiance as a function of the viewing angle. These changes are described by the bidirec-344

tional reflectance distribution function (BRDF). This part of the uncertainty budget has not been345

assessed here. It could be evaluated later on, for instance through using existing models of the346

BRDF as a function of the chlorophyll concentration (e.g., Morel et al. 2002). A correction is347

however applied to the direct component of the Es measurement. This component is determined348

theoretically for clear-sky conditions through the Gregg and Carder (1990) model. The correction349
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of the direct component uses the ratio of the cosine of the sun zenith angle to the cosine of the350

actual incident angle on the non-level sensor. This correction requires knowledge of the 2-axis351

tilt values, the sun zenith angle and the sun azimuth, because a given absolute tilt value does not352

have the same impact whether the buoy is tilted towards the sun or away from it. The uncertainty353

of this tilt correction was estimated by running the calculation using normal PDFs of all input354

components. The mean is equal to the median value of one-minute acquisitions and the standard355

deviation is the standard deviation of the mean combined with an additional uncertainty related to356

the sensor accuracy. This accuracy was stated by the manufacturer as 0.5◦ for the azimuth (head-357

ing sensor) and due to the lack of such information for the tilt, the same value is used. Results358

are presented in Fig. 5(a), for the same data set as in Fig. 4. Most uncertainty values are lower359

than 1 %. These uncertainties of the tilt correction increases with the sun zenith angle, as shown in360

Fig. 5(b). The outputs from this model are integrated to the main MC model, thus each observation361

will have an uncertainty in the tilt correction based on the actual measurement conditions during362

that acquisition.363

d. Shading effects364

Self-shading of instruments cannot be avoided and, although the BOUSSOLE buoy has been de-365

signed to minimize perturbations of the underwater light field by the buoy structure, it cannot fully366

eliminate such effects either. The combined self-shading of instruments and instrument shading367

and reflections of the BOUSSOLE buoy was modeled with the SimulO three-dimensional (3D)368

backward Monte Carlo Code (Leymarie et al. 2010). This model takes into account the 3D struc-369

ture of the buoy and instruments, and sets the sun position (zenith and azimuth angles, with 5◦370

steps) with respect to it. Spectral optical properties are modeled as a function of the chlorophyll371

concentration (0.1, 0.5, 1.0 and 5.0mg m−3). Running the model with the same environmental372
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conditions in absence of the buoy structure and instrument body allows generating a shading cor-373

rection coefficients look-up table (LUT). An example of shading correction is presented in Fig. 6.374

The shading correction coefficient is then interpolated from LUTs and applied as a multiplicative375

factor to each measurement depth (z4 and z9) and wavelength separately. A 5 % threshold for the376

shading correction coefficient was used as rejection criterion in the quality control procedure. The377

uncertainty in shading corrections is estimated from a model validation exercise that compared the378

outputs from the SimlO to the results of Piskozub (2004), showing differences of 2 %. Although379

this value cannot fully represent the uncertainty in the shading correction, it is used as an indica-380

tion until a better solution is found. The shading correction is derived for each spectral band at two381

depths for every measurement in the data series. In the MC model, that shading correction value is382

propagated in the form of a rectangular distribution, where the lower and upper limits are defined383

as the actual shading correction coefficient value ±2 %. The 683 nm band is the only exception384

where, due to very low number of photons the SimlO cannot provide a solution. In the processing385

a shading correction coefficient from the closest modeled band (670 nm) is used with an increased386

uncertainty value of ±3 %.387

e. Extrapolation to the surface388

The Lu measurements from nominally 4 and 9 meters, Lu4 and Lu9, are used to calculate KLu ,389

and Lu4 is then extrapolated to just below the surface to get Lu(0−) using Eq. 3. Diffuse atten-390

uation coefficients in the upper layers (first optical depth) are not constant with depth, however.391

Therefore, the KLu determined from Lu4 and Lu9 might not always provide accurate extrapolation392

from 4 m to the 0− level. This is particularly true for wavelengths above 600 nm. A correc-393

tion to Eq. 3 was therefore introduced in (Antoine et al. 2008a, (Appendix A), which is based on394

radiative transfer computations including multiple scattering and the Raman contribution (using395
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Hydrolight, Mobley 1994). These computations were run for chlorophyll concentrations and solar396

zenith angles with the same resolution of 3D MC shading model, and results are used to build an397

extrapolation correction coefficient LUT. Inputs to the correction are the sun zenith angle and the398

chlorophyll concentration, which is used as index of the optical properties (see Appendix B in An-399

toine et al. 2008a, for determination of this concentration). We assume here no uncertainty due to400

the calculation of the sun zenith angle. The sensitivity of the correction to the chlorophyll concen-401

tration was tested for chlorophyll concentrations from 0.1 to 0.6 mg m−3, to which a ±20 % error402

was assigned. Average results over sun zenith angles in the 20-60 degrees range are presented in403

Fig. 7. They show a negligible impact in the blue-green spectral range and errors of 2-3 % for404

red channels. Values of 0.5 % are therefore used for the overall uncertainty on the extrapolation405

correction, for wavelengths below 600 nm. For the red bands the value strongly depends on the406

chlorophyll concentration, the effects of SZA are minimal. Thus, this uncertainty for wavelengths407

above 600 nm and chlorophyll concentration below 0.25 mg m−3 is estimated as 2 %, and set408

at 3 % for higher concentrations but not exceeding 0.6 mg m−3 (consistently with the data set409

considered here).410

f. Transmission across the air-sea interface411

Although the commonly agreed value of 0.543 for the (1− ρ)/n2 factor is used in Eq. 2, an412

uncertainty has to be assigned here as well. The main source of information about this number413

and its calculation are from (Austin 1974) and (Austin and Halikas 1976). More recently (Wei414

et al. 2015) tried to confirm the theoretical value with in-situ measurements and found in principal415

good agreements between the two, but the constant value used there was 0.54 and the level of its416

accuracy of 10 % is far lower than the SVC needs. (Voss et al. 2017b) also quantified the spectral417

dependency of this factor. The relative uncertainty of the transmission factor using the traditional418
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GUM approach is given by:419

(
u(Cρn)

Cρn

)2

=

(
u(ρ)

(1−ρ)

)2

+

(
2u(n)

n

)2

, (8)

where
u(ρ)

(1−ρ)
is a relative uncertainty in the nominator related purely to the uncertainty in the420

Fresnel reflection coefficient, and
2u(n)
(n)

is a relative uncertainty in the denominator of the same421

equation related to refractive index of seawater, n. Because n is squared, the sensitivity coefficient422

assigned to its uncertainty is 2, which means that the refractive index uncertainty contributes more423

to the transmission factor uncertainty than that of ρ .424

The index of refraction of seawater depends on water salinity, temperature, pressure, and varies425

spectrally. The tables from Austin and Halikas (1976) were used to verify the range of the n426

changes. Table 2 presents values for the first three variables recorded during one BOUSSOLE427

deployment (consistently with the data set considered here). There is very little change in the428

salinity and atmospheric pressure for the data records in the current data set, thus these two factors429

are not considered further. The temperature range is around 6◦C, according to the data from the430

(Austin and Halikas 1976, Table 4-2) the difference in n at 20◦C and 25◦C is 0.04 %, thus very431

small and considered as negligible. This value increases to 0.15 % for 10◦C to 30◦C temperature432

range, which is representative for the entire BOUSSOLE data set. The change in the refractive433

index between the 412 nm and 683 nm was calculated using the data from (Austin and Halikas434

1976, Table 4-2) for a salinity of 34.99 psu and an atmospheric pressure of 0 kg/cm2. A second435

order polynomial was fitted to the data from the report to estimate the refractive index values. The436

refractive index estimated range is between 1.3362 and 1.34894 for wavelengths from 683 nm to437

412 nm, and is 1.34199 for the 510 nm band that provides an exact 0.543 constant value. These438

spectral changes in n are the major contributors to the overall uncertainty and for the two border439

wavelengths this effect on u(Cρn), calculated using only the second component of the right-hand440
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side of Eq. 8, is 0.89 %, decreasing to 0.53 % for the wavelengths in between. Major variables441

affecting the Fresnel reflection coefficient are wind speed and viewing angle. Data considered here442

were collected with winds speeds below 10 m/s2 and for a viewing angle up to 10◦. This means443

that the ρ value could vary from 0.0211 to 0.0218 (Austin 1974). Uncertainty in Cρn due to ρ ,444

calculated using only the first component of the right-hand site of Eq. 8, is 0.042 %, that when445

combined with the second part of the same equation does not change the final result. Thus, an446

uncertainty of 0.89 % is assigned to 412 nm and red wavelengths, whereas a value of 0.53 % is447

used for the remaining spectral bands. Consequently the PDF for this component has a normal448

distribution with a mean value 0.543 and a standard deviation varying with wavelength as stated449

above. This is actually a bias not an uncertainty and according to the GUM this bias should be450

corrected and then any residual uncertainty related to that correction can be propagated. This is451

not done in this case and the present uncertainty budget is calculated for the existing processing452

and currently there is no correction for that.453

g. Solar irradiance modeling454

When evaluating the uncertainty due to imperfect cosine response of the Es sensor, the ratio of455

diffuse to direct sunlight was used. This Es ratio is derived from the (Gregg and Carder 1990)456

spectral solar irradiance model. The model needs wind speed, relative humidity and atmospheric457

pressure as inputs, which were taken from the meteorological buoy deployed in the vicinity of458

BOUSSOLE. It also needs the total ozone content, which is calculated daily based on the geo-459

graphic position and the Julian day, and the precipitable water content, set to 2 cm. It is reported460

by (Gregg and Carder 1990) that their model agrees within 6.2 % root mean square (RMS) value461

with spectral irradiance measurements for the wavelength range from 400 nm to 700 nm. Again,462

the RMS value is not here a real uncertainty of the model, but this is a good indication of the463
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model capabilities. Actual uncertainty in the model might be lower as the RMS value includes464

some of the uncertainties that are associated with the spectral irradiance measurements used for465

its assessment. Nevertheless, we assign a rectangular PDF to the direct to total irradiance fraction466

fdir, where the upper limit is defined as given Es ratio plus 6.2 % of that value and lower limit as467

given Es ratio minus 6.2 % of that value.468

5. Combining uncertainties469

a. The final measurement equation including correction factors470

Eq. 5 can now be expanded by including all factors that come into play in the data processing471

and for which uncertainties have been devised in the previous sections, as follows:472

Rrs =

Lu4kcal fs4exp

(
−

ln(Lu9kcal fs9/Lu4kcal fs4)

z9− z4
z4

)
fh

(
1−ρ

n2

)
Eskcalkcos ftilt fdir +(1− fdir)Eskcalkcosh

, (9)

where Lu4, Lu9 and Es are median values of 1-minute measurement sequences (in physical units)473

minus dark readings, kcal represents the uncertainty in absolute radiometric calibration, kcos and474

kcosh are uncertainties due to the cosine response of the irradiance sensor diffuser affecting the475

direct sun irradiance and the total diffuse integrated over the hemisphere, fs4 and fs9 are shading476

corrections for radiance applied at the depth of 4 m and 9 m, fh is the Hydrolight-based extrap-477

olation correction, ftilt is the tilt correction on Es and fdir is the fraction of direct to total solar478

irradiance. All k factors have a mean of their PDFs equal to 1 and PDFs limits defined by a given479

uncertainty value.480

Table 4 summarizes the main sources of uncertainty and parameters from the measurement equa-481

tion Eq. 9 affected by them. Correlation between them can be clearly seen as often more than one482

parameter is related to a single uncertainty contributor.483
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b. The Monte Carlo Method484

To evaluate the uncertainty related to the derivation of Rrs through Eq. 9, the GUM (JCGM100485

2008) methodology is followed. A quadratic sum of the various individual uncertainties is of-486

ten used to derive a relevant overall uncertainty, which is indeed defined in the GUM as simplest487

example to combine uncertainty of uncorrelated inputs. This is, however, clearly not adapted to488

Eq. 9. Here, the Monte Carlo Method (MCM) is used, which is known as Supplement 1 to GUM489

(JCGM101 2008). The MCM uses the PDF of each input component instead of its uncertainty490

value. The measurement model, here Eq. 9, is run a large number of times (here typically 105)491

for a given [Lu4, Lu9, Es] triplet, each run including values for the various factors randomly drawn492

from the PDFs. The many Rrs values generated this way have their own PDF, from which the best493

estimate and its associated standard uncertainty (k = 1) value can be derived. When the output494

PDF is close to Gaussian, the mean and standard deviation are suitable to derive the representative495

value and its uncertainty. With this MCM, an uncertainty is produced for each Rrs value derived496

from a single [Lu4, Lu9, Es] triplet. This uncertainty takes into account the environmental con-497

ditions that were present during its acquisition. From this, an overall uncertainty budget can be498

derived for any data set that would be used for a given purpose. In the following section, such a499

budget is derived for a data set that would be suitable for system vicarious calibration of an ocean500

color sensor, in which case uncertainties have to be kept minima.501

c. Selecting a demonstration data set502

In order to illustrate the application of the MCM to determining an uncertainty budget for a503

given dataset, we have selected a subset of BOUSSOLE data following criteria (Table 4) that504

qualify them a priori for being used for satellite ocean color SVC. These data accordingly have505

to be of the lowest possible uncertainty. The condition on stability of the 1-minute readings is506
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to avoid situations with rapidly changing above-water (clouds, birds) irradiances. The clear-sky507

test compares the measured downward irradiance to the theoretical value derived from the Gregg508

and Carder (1990) model, and only keeps data for which the difference is within 10 %. The tilt509

and depth conditions eliminate measurements taken with high wind speeds (typically greater than510

10 m/s), which are unwanted because of whitecaps. Keeping data only for sun zenith angles less511

than 75 degrees eliminates data collected in the early morning or late afternoon, or at midday in512

winter. Data for which the shading correction is larger than 5 % are not considered. Finally, data513

suspected of being contaminated by bio-fouling are not included here, as well as data showing514

inter calibration issues (can be seen for some deployments where the whole dataset tends not to515

agree with that from other years). The possible presence of biofouling is determined by visual516

screening of the time series of the following ratios of radiometric quantities: Lu9/Lu4, Lu4/Es and517

Lu9/Es. This is performed at individual wavelengths because biofouling might affect differently518

each radiometer channels (by design: one collector per wavelength). In particular the presence of519

step changes in these ratios after divers cleaning on the optical surfaces is used as an indicator of520

biofouling contamination.521

We have applied these criteria to data from one summer deployment of BOUSSOLE, from June522

to August 2008, which resulted in 1090 individual observations.With the method proposed here,523

there is no need to claim that all of these 1090 observations are necessarily usable for SVC. The524

criteria we used to select them only make them a priori usable for SVC. Their use for SVC is525

however eventually and only determined by how small the individual uncertainty attached to each526

of them is. We could have used any other equivalent BOUSSOLE deployment data subset for this527

demonstration. The only difference would have been on the final proportion of measurements hav-528

ing an uncertainty below a predefined threshold within the set of a priori selected measurements.529

530
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d. Uncertainty budget for the SVC data set531

The results are presented at different processing steps to show the uncertainty value evolution532

from the measurement at a single depth through to calculation of the attenuation coefficient from533

two radiances at different depths and finally to the final product, Rrs. The uncertainties of Lu4534

are presented in Fig. 8 for four of the seven spectral channels. They include the uncertainty from535

instrument calibration, from the signal statistics and from the shading correction kcal and fs4 .536

These values are driven by the instrument calibration uncertainty, the signal statistics (how much537

the signal fluctuates during the 1-min sequences), and the uncertainty of the shading correction.538

The two latter are higher and dominate the uncertainties for red bands (λ = 683 nm in Fig. 8),539

which also have significantly lower signal to noise ratios than the shorter wavelength channels,540

for which the environment effects are not noticeable. The uncertainty is higher for λ = 510 nm541

than for the blue bands, because of the non-uniformity of the calibration source (the FEL lamp542

for irradiance and then the reflectance panel illuminated by that lamp for radiance; see Table 1543

for radiometric calibration uncertainty values). Outliers with larger uncertainty values indicate544

imperfect data screening.545

The total uncertainties of the attenuation coefficient, KLu , include uncertainties of radiometric546

measurements at 4 and 9 meters, their correlation (see APPENDIX for more details about corre-547

lation) and uncertainties in depth measurements. This uncertainty is presented in absolute values548

m−1 in Fig. 9. The highest uncertainties in the attenuation coefficient are observed for the 683 nm549

band. The remaining spectral channels have similar 0.003 m−1 uncertainty. Contrary to what was550

observed for Lu4, the uncertainty for 510 nm is at the same level as the other blue/green spectral551

bands. The calibration uncertainty that pulled up this value for Lu4 is no longer as dominate as the552

calibration uncertainty for the radiometers at two depths are strongly correlated. To account for553
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that correlation the same draw from the kcal PDF is used when deriving Lu4 and Lu9 and combining554

them to get KLu .555

The next processing step is the extrapolation of Lu4 to the 0− level, so as to get Lu(0−). This556

is where the uncertainty in the Hydrolight-based correction comes into play. Results are shown in557

Fig 10. The uncertainty in Lu(0−) depends on the actual depth where Lu4 was measured. Indeed,558

the shorter the extrapolation distance, the more certain the value of Lu(0−). If the traditional GUM559

approach using the Law of Propagation of Uncertainty was used, the relative uncertainty in Lu(0−)560

would be expressed as:561

u2(Lu(0−))
Lu(0−)2 =

u2(Lu4)

L2
u4

+ z2u2(KLu)+K2
Lu

u2(z) . (10)

Thus, the depth of the instruments has a role of sensitivity coefficient for the attenuation coef-562

ficients uncertainty. This effect is presented in Fig. 11, where the correlation between the actual563

depth of the radiometer and the uncertainty in Lu(0−) is clearly visible.564

The uncertainty in Lw is displayed in Fig 12, where the uncertainty on the transmission factor565

across the sea-air interface is now included. This uncertainty is low overall, yet slightly higher for566

the shortest and longest wavelengths.567

The uncertainty of Es is affected by the tilt of the buoy and the sun zenith angle, which de-568

termines proportions of diffuse and direct irradiance (Fig. 13). The decrease of uncertainty with569

increasing sun zenith angle up to values of 60 degrees corresponds to the decreasing proportion570

of direct light. The step change at a sun zenith angle of 60◦ is caused by a step change in the571

uncertainty of the response of the cosine diffuser to direct light (as provided by the manufacturer).572

The time series of the uncertainty in the final product, Rrs, is presented in Fig. 14(a). The same573

data are plotted as a function of SZA on Fig. 14(b). The two red channels exhibit the highest574

uncertainty values because they are more significantly driven by the environmental conditions, as575
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well as by the shading and the extrapolation corrections. For these wavelengths > 600 nm the576

instrument-related uncertainties are lower and the absolute radiometric calibration sources have577

lower uncertainties. The blue channels have higher instrumental-related uncertainties. The en-578

vironment does affect them less than the red channels, however, thus their overall uncertainty is579

below 4 %.580

Summary values of these uncertainties are shown in Table 5, for each radiometric quantity and581

the final Rrs, and for each wavelength. The values in Table 5 are calculated as the highest density582

probability from all uncertainties calculated for each data point. Example histograms of uncer-583

tainties values obtained from all data products form the study data set for selected spectral bands584

are shown in Fig. 15. They clearly show the most likely reachable uncertainty (mode of the585

histograms). They also show that lower and higher values can be observed depending on the ac-586

tual conditions at the site. Key here is that these uncertainties are available for every individual587

measurement, which then allows selecting data sets using any threshold on uncertainties. This588

threshold must be low for SVC of satellite ocean color observations, might be somewhat relaxed589

for validation of OCR-derived Rrs, and will depend on the question at hand when it comes to590

analyzing data for science purposes. The model results were found to be stable within 0.1 %591

by comparing the summary output values from multiple runs of the same simulation (using 105
592

individual runs each time).593

6. Conclusions594

A method has been presented that allows providing an uncertainty estimate when deriving the595

remote-sensing reflectance, Rrs, from measurements of underwater upwelling nadir radiances at596

two depths combined with the above-water plane irradiance. This uncertainty is derived from597

combining individual uncertainty sources (values) through a Monte Carlo Method (MCM). A pre-598
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requisite is that these individual sources of uncertainty have been identified and quantified. In599

this particular case, their probability distribution functions have to be either determined for type A600

uncertainties or specified for type B uncertainties. Contrary to using a quadratic sum of individ-601

ual uncertainty components, the MCM allows addressing correlations between some of the input602

components. This can be done either explicitly (e.g., by selective sampling of the PDFs of each603

input component) or implicitly through the way these input components are combined through the604

measurement equation (here Eq. 9). As a practical example, we applied the method to a subset of605

data from the BOUSSOLE time series. The goals are to illustrate the capability of the method and606

to provide a preliminary uncertainty budget for the BOUSSOLE radiometric measurements, when607

these measurements respect criteria making them a priori usable for satellite ocean colour SVC608

(such as a low buoy tilt). This method has the advantage of evaluating uncertainty for each obser-609

vation instead of providing one generic value for an entire dataset or project. These uncertainty610

values include the instrument-related uncertainties, the processing-related uncertainties, as well as611

the effect of changes in environmental conditions during the measurements. It is then up to any612

data user to decide whether a particular measurement with its associated uncertainty is suitable for613

further use or not. Any field site that delivers yearlong records of radiometry measurements taken614

throughout each and every day will end up with delivering data whose uncertainties are going to615

be highly variable. When taken in ideal conditions, e.g., low chlorophyll concentration, low wind616

speed, clear sky and high solar zenith angle, the measurement uncertainty will be low (assuming617

instruments are well calibrated and characterized). When those conditions are not met, higher618

uncertainties will occur. That is why defining a typical uncertainty for a given site does not make619

sense if the typical range of environment conditions is not specified. For example, an average un-620

certainty might be delivered for all BOUSSOLE measurements taken within an hour of solar noon621

and when the sky is clear. Another uncertainty budget would be obtained if all measurements form622
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dawn to dusk are considered. And still another number if cloudier conditions would be included.623

That is where the individual uncertainties will reveal powerful when the full time series will have624

been characterised: when ocean colour SVC is at stake, we can filter out any measurement whose625

uncertainty is larger than a given threshold, so that we provide a qualified SVC data set. The626

threshold could be larger if the data were to be used for another purpose, ending up with more627

data being usable (could be, e.g., for geophysical products validation or for bio-optics research).628

This method also allows better understanding of the respective importance of various uncertainty629

sources in driving the final uncertainty either on a given measurement or for a given ensemble of630

measurements. This capability provides a way to improve either the experimental set up or the631

data processing chain or both. For example, the uncertainty on the air-water transmission constant632

has been shown to have a significant impact, and then could be made wavelength-dependent in633

future versions of the data processing. Similarly, the observed correlation between the depth of634

the shallowest instrument and Lu(0−) advocates for moving the shallowest depth of measurement635

closer to the surface. Stronger wave focusing would however affect the measurement, and then636

increasing uncertainty on that side. Therefore, the overall uncertainty has to be considered glob-637

ally for the whole system, inasmuch as individual components separately affect different aspects638

of the measurements. This example shows that this framework in not only helpful to provide users639

with fit-for-purpose criteria but also to better understand the critical components of the system and640

ultimately improve it. The uncertainty in Es is affected by the non-perfect cosine response of the641

diffuser, and therefore is related to the sun zenith angle. Recent recommendations (Mazeran et al.642

2017) are to derive Rrs using a modeled value of Es instead of the measured one, when Rrs is to643

be used for SVC purposes. The logic is that using the same model as used by the satellite data644

processing chain, rather than the in-situ measurement, would improve consistency and accuracy645
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of the SVC. If going that way, trying to reduce uncertainties on the Es measurement would be of646

less importance in the context of SVC.647

The Rrs relative uncertainty for the red channels in clear waters such those at BOUSSOLE will648

always be larger due to low signal levels. As the final quantity is close to zero, the relative uncer-649

tainty is high. For example, a typical value of Lw at 440 nm is 0.8458 µWcm2nm−1sr−1 and rela-650

tive uncertainty 3.11 % (and 0.0226 in radiance units). At 680 nm, Lw is 0.0187 µWcm2nm−1sr−1
651

with relative uncertainty 4.90 % (and 0.0008 in radiance units).652

Further work will apply the same methodological framework to hyperspectral radiometers that653

are also in operation on the BOUSSOLE buoy. These radiometers will have more uncertainty654

components related to their characteristics and differences in their operation mode, such as varying655

integration times and more dark readings interspersed among light measurements. A detailed and656

comprehensive uncertainty evaluation will then become reachable.657
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APPENDIX667

Error correlation668
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Firstly, we remind here the basic definitions of an error and measurement uncertainty as they are669

stated in the GUM and how there they are applied in the MCM approach.670

An error is the difference between a measurement value and a reference value. An uncertainty671

is a parameter characterizing the dispersion of the values being attributed to a quantity, based672

on information used . For the MCM model the reference values are the means of PDFs, and the673

uncertainty is the standard deviation of the PDF, if that PDF has a Gaussian shape or is close-674

enough to a Gaussian shape. The errors are the differences from the reference value used in the675

MCM processing and individual draws from the PDF assigned to this value. When we refer to676

correlation, it is important to note that only errors of a given quantity can be correlated, thus we677

talk about error (not uncertainty) correlations. The error correlations between input quantities of678

the measurement equation have been assessed for two wavelengths (412 nm and 683 nm). Results679

are presented on Figs. A1 and A2. They show error correlations between the input quantities used680

to derive Lw (see Figure legend). The 1000 error values for each quantity are extracted from the681

MCM calculations for one measurement from the database. The diagonal of the figure shows the682

PDFs of each quantity. The lower triangle shows the scatter plot between two components, the683

upper triangle the correlation value as a number and its significance level, p-value. The size of the684

displayed correlation coefficients depend on theirs values and significance level, thus low values685

are made explicitly smaller on the plot. The latter is expressed as asterisks, where the three stars are686

assigned to the significant p-value with a numerical value in the range of (0, 0.001). As expected687

significant correlation between the errors of Lu4 and Lu9 can be seen for both wavelengths (r = 0.76688

for λ = 412 m, r = 0.59 for λ = 683 m). This is caused by the absolute calibration (instruments689

were calibrated in the same laboratory against the same absolute radiometric standards), whose690

uncertainty is the main contributor to uncertainty in Lu measurements. The reason for the lower691

correlation at 683 nm is related to the random uncertainty components related to the signal noise,692
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which is larger for the red wavelengths (see Fig. 8). and, although environmental conditions are693

common to the measurements at 4 and 9 meters they affect them differently. For example, wave-694

focusing effects at 4 m and 9 m are different and the random instrument noise has different levels695

depending on the depth.696

The errors in the measurement of depth are not correlated with any of the other errors pre-697

sented here. The shading correction errors of the upper arm show a negative correlation with the698

upwelling radiance measurement errors at this depth, and to all other components where this mea-699

surement is used, thus to errors of KLu and Lw. The negative relationship is expected as the errors700

are presented in the absolute form. Thus, higher Lu values are less affected by the shading correc-701

tion error. The shading correction errors are drawn from the rectangular PDF defined as 2 % of the702

shading correction value. The error of the Hydrolight correction is uncorrelated with any of the703

input parameters but presents some correlation with the errors in Lw. This is relatively low for the704

blue channel (r =−0.21) and more significant for the red one (r =−0.63). The above explanation705

for the negative correlation for shading correction applies to errors in the Hydrolight correction as706

well. Although, the error correlation is usually presented for the input components, in this analysis707

we assume the Lw as the output quantity. This is an example of additional information that can be708

seen on the scatter plots presented on Fig. A1 and A2. The bottom row of the scatter plots shows709

how the output quantity errors are correlated with the input errors. The last column holds error710

correlation values of the input components and Lw. This can be interpreted as how much weight711

a given component has on the Lw uncertainty. Thus, the uncertainty on the water leaving radiance712

is mainly driven by the uncertainty in the Lu measurements at the shallowest depth, because their713

errors are highly correlated: the value in the top right corner of the Fig. A1 and A2 is the highest714

in this column. Then we start to see differences between the 412 nm and 683 nm spectral bands.715

Clearly for the blue wavelength the measurement uncertainty from 9 m still contribute to the result716
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with the error correlation value of 0.47 in the second row on the last column in Fig. A1. Whereas717

for the red channel the equivalent number is only 0.18.718
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TABLE 1. Relative uncertainties (k = 1) of the absolute radiometric calibration for the Satlantic 200-series

radiometers used on the BOUSSOLE buoy. Uncertainties associated with the standards are shown first and

then the uncertainty associated with using these standards for an absolute radiometric calibration at the NPL

laboratory.

874

875

876

877

Wavelength [nm] NPL irradiance NPL irradiance Estimated Satlantic NPL reflectance NPL radiance Estimated Satlantic

standard calibration irradiance calibration standard calibration radiance calibration

412 0.54 % 0.84 % 1.6 % 0.50 % 1.00 % 2.3 %

443 0.48 % 0.59 % 1.3 % 0.50 % 0.80 % 2.1 %

490 0.40 % 0.54 % 1.2 % 0.50 % 0.80 % 2.1 %

510 0.39 % 0.73 % 1.3 % 0.50 % 0.90 % 2.2 %

560 0.38 % 0.55 % 1.2 % 0.50 % 0.80 % 2.0 %

670 0.36 % 0.53 % 1.1 % 0.50 % 0.80 % 2.0 %

683 0.36 % 0.49 % 1.1 % 0.50 % 0.80 % 2.0 %
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TABLE 2. Summary values of salinity, temperature and atmospheric pressure during the BOUSSOLE buoy

deployment under study.

878

879

Observed values Mean Median Standard Deviation Actual percentage coverage Min- Max

σ within 1 σ limits

Salinity in ‰ 38.4 38.4 0.11 90 % 37.8-39.6

Water Temperature in ◦C 23.5 23.8 1.7 67 % 19.7-26.3

Air Temperature in ◦C 24.9 25.2 1.5 57 % 21.9-28.4

Atmospheric Pressure in mbar 1014.1 1014 3.2 77 % 1007-1024.6
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TABLE 3. List of defined uncertainty sources.

Uncertainty source Directly Affected parameters Uncertainty Evaluation Probability distribution

(contributor) type shape

Radiance Absolute calibration kcal Lu4, Lu9 B Normal

Irradiance Absolute calibration kcal Es B Normal

Instrument Stability during deployment Lu4, Lu9, Es B Rectangular

(included in kcal)

Diffuser Cosine response Es B Rectangular

Instrument random noise Lu4, Lu9, Es A Normal

(statistics of 1 minute raw signal)

Wave focusing Lu4, Lu9 A Normal

(statistics of 1 minute raw signal)

Depth z4, z9, ftilt B Normal

(derived from a separated model

with several uncertainty sources)

Solar Zenith Angle kcos, fs, ftilt B Rectangular (kcos, fs),

Normal ( ftilt)

Chlorophyll concentration fs, fh B Rectangular ( fs),

Normal( fh)

Clear sky irradiance model fdir B Rectangular

Air- water transmission Cρn B Normal
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TABLE 4. SVC quality selection criteria used for the BOUSSOLE data set.

Selection criteria

One minute readings stability < 2 %

Clear sky test 0.9 < & > 1.1

Tilt < 10◦

SZA < 75◦

Depth < 11 m

Shading < 5 %

Bio fouling N

Screening for inter calibration issue Passed

TABLE 5. Uncertainty budget of Satlantic 200-radiometers deployed onto the BOUSSOLE buoy (k = 1).

Wavelength [nm] Es Lu4 Lu0− Lw Rrs

412 2.29 % 2.40 % 2.96 % 3.14 % 3.86 %

443 2.11 % 2.40 % 2.95 % 3.04 % 3.68 %

490 2.16 % 2.40 % 2.94 % 3.02 % 3.70 %

510 2.17 % 2.49 % 3.01 % 3.09 % 3.77 %

560 2.20 % 2.40 % 2.93 % 3.02 % 3.73 %

670 2.23 % 2.43 % 3.03 % 4.38 % 4.88 %

683 2.17 % 2.78 % 3.78 % 4.90 % 5.35 %
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FIG. 1. Schematic layout of how the BOUSSOLE radiometers are installed on the buoy.
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FIG. 2. Examples of one-minute time series of data acquisition for (a) Es at 442 nm, (b) Lu at 670 nm. The

distribution of the data in (b) is shown in (c).
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FIG. 3. Allan deviation one-minute time series of data acquisition for Lu at 670 nm.

FIG. 4. Uncertainty in the measurement depth for the deepest (light grey) and shallowest (dark grey) buoy arms.
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FIG. 5. (a) Distribution of the uncertainty in the tilt correction applied to the Es measurement and, (b) its

change as a function of the sun zenith angle.
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FIG. 6. Example of the shading correction, here for Lu4 at 510 nm, for a chlorophyll concentration of

0.1 mg(Chl) m−3.
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FIG. 7. Changes of the extrapolation correction as a function of the chlorophyll concentration, when the input

concentration is changed by ±20 % and for the wavelengths indicated.
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FIG. 8. Relative uncertainty in Lu4, (k = 1), for the four wavelengths indicated.
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FIG. 9. Absolute uncertainty in KLu, (k = 1), for the four wavelengths indicated.
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FIG. 10. Relative uncertainty in Lu(0−), (k = 1), for the four wavelengths indicated.
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FIG. 11. Relative uncertainty in Lu(0−), (k = 1), at 412 nm as a function of the actual depth of the shallowest

arm.

923

924

56



FIG. 12. Relative uncertainty in Lw, (k = 1), for the four wavelengths indicated.
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FIG. 13. Relative uncertainty in Es, (k = 1),as a function of the sun zenith angle, for the four wavelengths

indicated.
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FIG. 14. (a) Relative uncertainty in Rrs, (k = 1), for the four wavelengths indicated, and (b) the same data as

in (a) plotted as a function of the sun zenith angle.
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FIG. 15. Example distributions of relative uncertainties (k = 1) for the parameters and wavelengths indicated.
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Hydrolight-based extrapolation correction, and Lw the waterleaving radiance.
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Fig. A2. Error correlation for 683 nm input components for Lw. The variables presented in columns are

Lu4 the upwelling radiance at 4 m depth, Lu9 the upwelling radiance at 9 m depth, z4 the depth at upper arm,

fsh4-the shading correction fpr upper arm, KLu the diffuse attenuation coefficient for upwelling radiance, fh the

Hydrolight-based extrapolation correction, and Lw the waterleaving radiance.
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