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1 Document Overview245

This document describes the theoretical basis and implementation of the Sentinel-246

5P Ocean Color (S5POC) level-2 TROPOMI products. Section 2 describes the247

TROPOMI instrument. Sentinel-5P Ocean Color (S5POC) level-2 TROPOMI248

products include the diffuse attenuation coefficients (Kd) at the UV-AB, UV-A249

and short blue wavelength range based on (Oelker et al., 2022b). These prod-250

ucts are introduced in section 3. A detailed description of the S5POC Kd level251

2 product algorithm follows in section 4. Feasibility of an operational processing252

of the S5POC products is discussed in section 5. Section 6 presents the methods253

used to calculate uncertainties for the products. Validation with in situ data is254

summed up in section 7.255

2 TROPOMI instrument256

The satellite Sentinel-5 Precursor (S5P) hosts the Tropospheric Monitoring In-257

strument (TROPOMI) (Veefkind et al., 2012). It is in a low Earth orbit and its258

standard level 2 products provide daily global measurements of atmospheric trace259

gases and aerosols. The satellite was launched in October 2017. Local solar time260

at ascending node is 13:30. TROPOMI measures backscattered radiances at a261

spatial resolution of 3.5 km by 5.5 km (until 5 August 2019 at 3.5 km by 7 km)262

at nadir. Once per day the solar irradiance is recorded. Measurements are taken263

by a charge-coupled device (CCD) sensor at a swath width of 2600 km providing264

daily global coverage. TROPOMI has spectral bands in the ultraviolet (UV), the265

visible (VIS), near-infrared (NIR), and the shortwave infrared (SWIR). Relevant266

for developing ocean color products are band 3 (UV) from 310 nm to 405 nm,267

and band 4 (VIS) from 405 nm to 500 nm. The spectral resolution is 0.55 nm for268

bands 3 and 4.269

3 Introduction to TROPOMI diffuse attenuation270

coefficient products271

Traditionally, ocean color products are derived from multispectral sensors that272

record the backscattered radiance at 8 to 21 bands with a width of 10 to 20 nm273

in the VIS and NIR. Current multispectral sensors with daily global coverage274

have a spatial resolution below 500m. Most ocean color retrievals are based on275

the water-leaving radiance which is acquired from the backscattered radiance by276

applying an atmospheric correction. The broad spectral resolution and limited277

number of bands of multispectral sensors limits the discrimination of the optical278
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imprints of different water constituents. Hyperspectral ocean color sensors that279

continuously record the backscattered radiance at a spectral resolution of 5 nm280

or lower offer a new level for observing the ocean from space. Upcoming hy-281

perspectral ocean color sensors such as the Plankton, Aerosol, Cloud and ocean282

Ecosystem (PACE) mission (https://pace.oceansciences.org/mission.htm) target283

a better spectral resolution of 5 nm which will allow for a better understanding284

of the phytoplankton ecology.285

Atmospheric sensors measure the backscattered radiance at much higher286

spectral resolution, around 0.5 nm in the UV to NIR bands. It has been shown287

that measurements from these kind of sensors can be exploited to successfully288

retrieve phytoplankton functional types (Bracher et al., 2009; Sadeghi et al.,289

2012), light availability (Dinter et al., 2015), diffuse attenuation (Dinter et al.,290

2015; Oelker et al., 2019, 2022b), and sun-induced marine fluorescence (Wolanin291

et al., 2015a; Joiner & Vasilkov, 2006). Spatial resolution of atmospheric sen-292

sors has advanced. TROPOMI sets a new record in spatial resolution with 3.5 km293

by 5.5 km (3.5 km by 5.5 km until 5 Aug 2019) and correspondingly this is the294

resolution of TROPOMI level-1 and level-2 products.295

The S5POC project exploited TROPOMI’s potential for retrieving ocean color296

products. This helps not only for obtaining hyperspectrally-derived ocean color297

data sets in time periods where no hyperspectral ocean color missions are avail-298

able and adds understanding for hyperspectral ocean color retrievals, but also299

offers unique ocean color retrievals by exploiting the filling-in of Fraunhofer struc-300

tures by vibrational Raman scattering (VRS) which requires a spectral resolution301

below 1 nm. Within S5POC-PAL the algorithm developed within S5POC for302

the diffuse attenuation coefficients (Kd) in the UV-AB, UV-A and short blue303

wavelength range by (Oelker et al., 2022b) is implemented and is described in304

detail within this document. The retrieval is based on the Differential Optical305

Absorption Spectroscopy (DOAS) in combination with radiative transfer model-306

ing (RTM). S5POC TROPOMI products are produced at TROPOMI’s level-1307

and level-2 product resolution.308

3.1 Introducing diffuse attenuation309

The diffuse attenuation coefficient (Kd) is important for understanding biogeo-310

chemical processes and the heat budget of the global ocean. It describes how311

fast the incoming radiation diminishes with ocean depth z and can be calculated312

as a mean value over distant depths z1 and z2 from the change in downwelling313

irradiance Ed(z) (Lee et al., 2005)314

Kd(z1 ←→ z2, λ) =
1

z2 − z1
ln

(
Ed(z1, λ)

Ed(z2, λ)

)
. (1)
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which gives Kd(z90, λ) = 1/z90(λ) for the attenuation depth z90 defined as the315

depth at which the downwelling irradiance has reduced to 1/e of its subsurface316

value (Gordon & McCluney, 1975).317

In principle, three approaches exist to estimate Kd from multispectral ocean318

color sensors, two empirical and one semi-analytical. The direct one-step em-319

pirical method determines Kd from the empirical relationship between Kd and320

the ratio of water-leaving radiances at two wavelengths in the blue and the321

green (Austin & Petzold, 1981). The two-step empirical approach first deter-322

mines Chla from remote sensing reflectance using a standard ocean color retrieval323

(O’Reilly et al., 1998) and then evaluates Kd using another set of empirical re-324

lationships (Morel, 1988; Morel & Maritorena, 2001). A more recent publication325

presents a combination of the two empirical approaches based on ratios of water-326

leaving reflectances using Chla as an implicit intermediary (Morel et al., 2007).327

The third approach first determines inherent optical properties (IOPs), i.e., ab-328

sorption and backscattering, via a quasi-analytical approach in a first step and329

then relates these to Kd using a LUT established through extensive radiative330

transfer modeling (Lee et al., 2005).331

The Kd retrieval in the S5POC project is based on the work by Dinter et al.332

(2015) and Oelker et al. (2019) and details on the method, retrieval results and333

their validation and uncertainties can be found in the publication Oelker et al.334

(2022b). Kd is determined from the VRS signal at the top of atmosphere. VRS335

occurs in liquid water when vibrational modes of the water molecules are excited336

by inelastic scattering with photons. Incoming radiation at a single wavelength337

is shifted in this process and emitted as a broad band at longer wavelengths338

(Stokes line). Anti-Stokes line is not considered. The mean shift from excitation339

to emission can be described as a constant change in wave number of around340

∆ν = 3357 cm−1 with a width of the broad band emission of 821 cm−1 (Wal-341

rafen, 1967). VRS leads to filling-in of Fraunhofer lines, which can be detected as342

pseudo-absorption in backscattered radiances measured by hyperspectral satel-343

lites using DOAS (Vountas et al., 2003). Dinter et al. (2015) found a relationship344

between the VRS at the top of atmosphere and the light availability or the diffuse345

attenuation coefficient in the ocean. In general, there is a close relationship be-346

tween the number of inelastic scattering processes and the number of photons in347

the ocean and so the amount of light. RTM simulations are made of underwater348

radiant fluxes used to calculate Kd for a given scenario and of top of atmosphere349

radiances used to determine the VRS signal for a given scenario. RTM results350

are combined in a LUT relating Kd to VRS DOAS output. VRS DOAS results351

are then converted to Kd using satellite viewing geometry as additional input352

parameters in the LUT.353

Kd is derived in three spectral regions: in the blue from 390 nm to 423 nm,354

in the UV-A from 356.5 nm to 390 nm (UVA), and in the UV-A from 312.5 nm355
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to 338.5 nm (UVAB). These spectral regions correspond for Kd-blue to a blue356

DOAS fit window (450 nm to 493 nm) which has already been used in Losa et al.357

(2017) and Oelker et al. (2019) and for Kd-UVAB to a UV DOAS fit window358

(349.5 nm to 382 nm) already used in Vountas et al. Vountas et al. (2003, 2007).359

Extending the UV DOAS fit window to 395 nm was also tested to fully exploit360

the longer wavelengths available in band 3. However, fit results are more stable361

for the shorter wavelength window (until 382 nm). The Kd-UVA corresponds to362

a fit window from 405 nm to 450 nm (short-blue) which is tested for the first363

time. RTM settings closely follow Oelker et al. (2019), however, a more realistic364

atmosphere including more trace gases is used.365

4 Algorithms for S5POC level-2 products366

367

4.1 Cloud Screening368

Clouds shield the radiance signal from the ocean, so the TROPOMI data set was369

filtered for cloud-free scenes using a cloud fraction of 0.01 as threshold. Cloud370

fractions were taken from the FRESCO type cloud retrieval in the nitrogen dioxide371

fit window (van Geffen et al., 2019). Pixels over land and inland waters were372

removed from the data set, but are contained in the prototype products and373

flagged accordingly, see S5POC PUM (Oelker et al., 2022a) for details.374

4.2 Differential Optical Absorption Spectroscopy375

Differential Optical Absorption Spectroscopy (DOAS) is a technique commonly376

used for the retrieval of atmospheric trace gases by distinguishing their high377

frequency absorption features (Perner & Platt, 1979). The DOAS method has378

been extended for investigating oceanic variables (PhytoDOAS). The amount of379

VRS (Vountas et al., 2007), light availability (Dinter et al., 2015) andKd (Oelker380

et al., 2019), Chla of different PFTs (Bracher et al., 2009; Sadeghi et al., 2012)381

and sun induced marine Chla fluorescence (SIF-marine) (Wolanin et al., 2015a)382

have been successfully retrieved from SCIAMACHY and partly (SIF-marine and383

Kd) from OMI and/or GOME-2 measurements.384

DOAS is based on Beer-Lambert’s law. The PhytoDOAS approach can be385
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formulated as:386

τ(λ) = ln(I0/I)

=
I∑

i=1

Sa,iσa,i(λ) +
J∑

j=1

Sp,jσp,j(λ) +
K∑
k=1

Ss,kσs,k + SRσR

−
L∑
l=1

Se,lσe,l +
M∑

m=0

xmλ
m (2)

where τ is the optical depth calculated as the natural logarithm of the solar387

irradiance I0 and the backscattered radiance I measured by the satellite. The388

optical depth is a sum of all contributions from constituents in the atmosphere389

and ocean that modify the intensity by scattering or absorption. Absorption in390

the atmosphere is accounted for by a sum over I atmospheric absorbers with391

an optical depth calculated as product of slant column density Sa,i and absorp-392

tion cross section σa,i. The slant column density is the number density of the393

absorber integrated along the effective light path through the atmosphere. Like-394

wise, Sp,j are the slant columns or scaling factors of J oceanic absorbers with395

absorption cross sections σp,j. Inelastic scattering effects in the ocean are de-396

scribed by scaling factors Ss,k and inelastic reference spectra σs,k. Atmospheric397

inelastic scattering is known as the Ring effect caused by rotational Raman scat-398

tering (RRS). SR and σR are the scaling factor and reference spectrum for the399

Ring effect, respectively. Instrumental effects caused, e.g. by straylight in the400

instrument, can also be included using reference spectra σe,l that characterize401

the spectral structure of, e.g. the straylight. Se,l are the corresponding scal-402

ing factors. A low order polynomial, typically M < 5, is added to account for403

all broad band effects such as elastic scattering in atmosphere and ocean and404

colored dissolved organic matter (CDOM) and non-algae particle absorption in405

the ocean. Eq. 2 is solved by Levenberg Marquardt least squares minimization406

solving for the various scaling or fit factors S and the polynomial coefficients xm.407

Inelastic scattering processes lead to filling-in of Fraunhofer lines. They are408

treated as pseudo-absorbers in DOAS, with their reference spectra calculated409

from RTM radiances including I+ and excluding inelastic processes I−:410

σs = ln
I+

I−
(3)

In the atmosphere as well as in the ocean, inelastic scattering processes are411

present. In the ocean, fluorescence and VRS are the two important processes412

that are investigated for the retrieval of the products within the S5POC project.413

The DOAS method can be used in small, only a few nanometer wide, wave-414

length windows, but also in larger wavelength windows, tens of nanometer wide,415
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depending on the target. Only absorbing constituents and scattering processes416

relevant in these wavelength windows have to be considered in the DOAS fit.417

The scaling or fit factors obtained for the target constituent have to be418

converted into a physical value, e.g. Chla. This conversion is done with the help419

of LUTs based on RTM simulations.420

4.3 Radiative transfer model simulations421

The ocean-atmosphere coupled RTM SCIATRAN (Blum et al., 2012; Rozanov422

et al., 2014, 2017) version 4.7.4 is used for simulations which are used for cal-423

culating reference spectra and LUTs and evaluating retrieval sensitivity. The424

optical properties of the ocean are varied by changing the Chla (case 1 waters).425

Other optically active constituents such as CDOM change proportionally. Top of426

Atmosphere (TOA) radiances are modeled for 23 different case-1 scenarios with427

Chla ranging between 0 and 30mg/m3. A standard case-1 model is used based428

on phytoplankton absorption in water according to (Bracher & Wiencke, 2000),429

CDOM absorption coefficient is represented as absorption by fulvic (50%) and hu-430

mic (50%) acids. The spectral slopes of fulvic and humic absorption coefficients431

are set to 0.0194 nm−1 and 0.011 nm−1, respectively. The absorption coefficient432

of this mixture at 440 nm is equal to that of CDOM absorption calculated ac-433

cording to (Morel & Maritorena, 2001) in the case of standard case-1 model.434

The chlorophyll and CDOM absorption coefficients are presented in Figure 1.435

Figure 1: Comparison of chlorophyll and CDOM absorption coefficients.

A recent water absorption spectrum by Mason et al. (2016) is used. Par-436

ticle scattering is implemented with a wavelength-independent Fournier-Forand437

phase function as in the widely used Hydrolight case-1 water model (Mobley &438

Sundman, 2013). A background maritime aerosol is assumed with aerosol optical439

depth (AOD) of 0.1 at 550 nm. Detailed model settings can be found in Oelker440

et al. (2022b) adapted from Oelker et al. (2019) and Dinter et al. (2015).441
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A TROPOMI-measured extraterrestrial solar spectrum was used for the TOA442

radiance calculations, since spectral alignment is very important for the DOAS443

retrieval. A solar spectrum measurement from a middle CCD row (row 225,444

0-based) from May 2018 was chosen.445

Geometry settings were chosen to cover all of TROPOMI’s viewing geome-446

tries:447

• TOA radiances were modeled for 13 different solar zenith angle (SZA,448

defined on TOA), i.e. 5° steps between 10° and 70°.449

• Viewing zenith angle (VZA) was varied between 0° and 70° in steps of 5°.450

• Relative azimuth angle was varied between 0° and 180° in steps of 45°.451

4.4 Diffuse attenuation coefficients452

Kd is derived from VRS retrieved using the PhytoDOAS method. The average453

Kds are derived in three different spectral regions 312.5 to 338.5 nm (Kd-UVAB),454

356.5 to 390 nm (Kd-UVA), and 390 to 423 nm (Kd-blue). Since the wavelength455

is shifted in the VRS process by between 35 and 60 nm in this spectral range,456

the three Kds correspond to the VRS signal in three spectral regions with longer457

wavelengths, i.e., 349.5 to 382 nm, 405 to 450 nm, 450 to 493 nm, respectively.458

Since TROPOMI Kd-blue was much higher than expected an offset correction459

was applied to the VRS-blue fit factors. Then Kd is derived from VRS fit factors460

via a LUT. Details of the algorithm steps follow below and are also published in461

Oelker et al. (2022b). Figure 2 provides an overview over the Kd algorithm.462
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Figure 2: Flow chart illustrating the TROPOMI diffuse attenuation (Kd) algo-
rithm. Figure from in Oelker et al. (2022b).

4.4.1 PhytoDOAS VRS fit463

Three VRS fits are performed in three spectral regions 349.5 to 382 nm, 405464

to 450 nm, and 450 to 493 nm, in the following referred to as UVA, short-blue,465

and blue window, respectively. The short-blue and blue windows lie in band 4 of466

TROPOMI’s spectrometer, whereas the UVA window lies in band 3. The VRS467

fits in the short-blue and blue window only differ in fit window, whereas the UV468

window fit additionally differs in the fitted atmospheric absorbers. Considering469

all relevant processes in these fit windows for targeting VRS, eq. 2 reduces to:470

τ = ln
I0
I

=
I∑

i=1

Sa,iσa,i(λ) + SV RSσV RS(λ)− SOCσOC(λ)− SRσR(λ) +
M∑

m=0

xmλ
m.

(4)

For all three fit windows, a second order polynomial was chosen M = 2. The471

following cross sections are included in the PhytoDOAS fits for all three fit win-472

dows:473
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• pseudo-absorption cross section for RRS (σR) accounting for the Ring effect474

Grainger & Ring (1962) in the atmosphere. RRS pseudo-absorption cross475

sections are calculated based on eq. 3 Vountas et al. (1998).476

• pseudo-absorption cross sections for VRS (σV RS) that were calculated477

based on eq. 3 from modeled case I TOA radiances for a Chla of 0.1mg/m3
478

and a SZA of 40°.479

• ocean weighting function (σOC) defined as in Dinter et al. (2015) calculated480

from case-1 TOA radiances for a SZA of 40°. The weighting function was481

calculated for a change in Chla from 0.1 mg/m3 to 0.11 mg/m3.482

Changes in SZA and Chla lead to spectral distortion of the reference spectra.483

Reference spectra were calculated for conditions (SZA and Chla) that lie in the484

middle of the ranges encountered for satellite images. Using these average con-485

ditions for calculating the spectra ensures that there is a large regime where fit486

factor and Chla are linearly related. Figure 3 shows the ocean weighting function487

and VRS reference spectrum. The impact of other phytoplankton absorption488

and spectral slopes of CDOM absorption coefficients does not lead to signifi-489

cant variations of ocean weighting function and VRS reference spectrum. As490

an example Figure 3 b) demonstrates comparison of curent and previous VRS491

pseudo-absorption spectrum.492

For the blue and short-blue window, following atmospheric absorbers were493

fitted: absorption cross sections for ozone (O3, Serdyuchenko et al., 2014),494

nitrogen dioxide (NO2, Vandaele et al., 1998), water vapour (H2O, Rothman495

et al., 2013 using HITRAN 2009), oxygen dimer (O4, Thalman & Volkamer,496

2013). In the UVA window, the absorption cross section for bromine monoxide497

(BrO) was additionally fitted, but water vapour was removed from the list of498

absorbers.499

4.4.2 Radiative transfer simulations for VRS conversion to Kd500

Two types of RTM simulations have to be performed for converting VRS fit501

factors toKd. On the one hand TOA radiances and on the other hand underwater502

radiant fluxes for various case I ocean scenarios are needed. The model should503

accurately describe radiative transfer processes, especially inelastic processes, in504

the atmosphere and in the ocean at high spectral resolution matching the spectral505

resolution of the satellites of about half a nanometer. The theoretical description506

of VRS is based on the formulation of VRS by Haltrin & Kattawar (1993). The507

reverse process (Anti-Stokes line) where a photon gains energy in the scattering508

event is much less likely in nature, since most molecules occupy the ground state.509

It is therefore neglected in the SCIATRAN model. Correct implementation of VRS510
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(a) (b) (c)

Figure 3: Ocean weighting function (red) and VRS reference spectrum (blue)
as function of wavelength. (a) Figure adapted from Oelker et al. (2022b). (b)
Comparison of current and previous VRS pseudo-absorption spectrum. (c) Com-
parison of current and previous WF ocean.

in SCIATRAN was evaluated by comparison with other radiative transfer models511

and experimental data from satellite, ship-based, and underwater instruments512

(Rozanov et al., 2017). The temperature dependence of VRS was also included513

into the recent version of SCIATRAN software. To calculate the TOA radiances,514

RTM settings are chosen as described in section 4.3. Modeled TOA radiances are515

used to calculate VRS pseudo-absorption cross sections (eq. 3) and to perform516

comparative DOAS retrievals for building a LUT. Underwater fluxes are used517

to calculate Kd for a given model scenario. Underwater fluxes were simulated518

at a spectral resolution of 0.5 nm using a Fraunhofer atlas (Chance & Kurucz,519

2010) since they are insensitive to the exact spectral resolution. Other model520

settings are the same as for the TOA radiances (section 4.3). Figure 4 illustrates521

simulated spectra. Figure 4 a) shows the differential optical depth as calculated522

from the simulated TOA radiances for different Chla. A second order polynomial523

was fitted to τ and subtracted. Simulated underwater fluxes are depicted in524

Figure 4 b) as a function of wavelength for different Chla. Figure 4 c) shows the525

VRS fit factors obtained with DOAS fit on these simulated differential optical526

depths as a function of Chla for different SZAs. The Kd averaged over the blue527

spectral range is shown as a function of Chla in Figure 4 d).528
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Chla

Chla

a) b)

c) d)

Figure 4: a) Differential optical depth as a function of wavelength for different
Chla and SZA = 40° calculated from simulated TOA radiances and model-input
irradiance by subtracting second order polynomial. Colored areas indicate the
DOAS fit window in the blue (grey, 450-493 nm), shortblue (blue, 405-450 nm),
and UV (green, 349.5-382 nm) for deriving Kd-blue, -UVA, and -UVAB, respec-
tively. b) Spectral Kd calculated from simulated underwater fluxes for different
Chla and SZA = 40°. Colored areas indicate VRS excitation range over which
the meanKd is averaged (Kd-blue (390-423 nm): grey, Kd-UVA (356.5-390 nm):
blue, Kd-UVAB (312.5-338.5 nm): green). c) VRS fit factor as a function of Chla
as retrieved from simulated TOA radiances using DOAS. d) Mean Kd-blue, av-
eraged in the VRS excitation range indicated by grey area in b), as a function
of Chla. Black stars in c) and d) indicate the discrete Chla that were simulated,
c) and d) are shown for different SZAs, VZA is 0° in all examples. Figure from
Oelker et al. (2022b), suppl. material.

The impact of temperature on the VRS spectra and accuracy of Kd re-529

trieval is illustrated in Figure 5. The relative difference of derived Kder
d from530

expectedKexp
d caused by the variation of temperature were calculated as (Kexp

d −531

Kder
d )/Kexp

d 100. One can see that the impact of temperature variations is below532

∼1% in the case of Kd-UVAB and Kd- UVA. However, in the case of Kd-blue533
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less than ∼0.1m−1 the impact of temperature variations is larger than ∼2% and534

increases with decreasing of Kd (see Figure 5 (c)).535

(a) (b)

(c)

Figure 5: Relative difference between expected and derivedKd caused by temper-
ature dependence of VRS frequency redistribution function. In the spectral range
(a) [312.5 - 338.5] nm, (b) [356.5 - 390.0] nm, (c) [390.0 - 423.0] nm. Expected
Kd is calculated using water temperature 20◦C. Solid lines - relative difference
for the water temperature equal to 10◦C. Dashed lines - relative difference for
the water temperature equal to 30◦C.

4.4.3 LUT for deriving Kd from VRS536

The LUT for deriving Kd from VRS is built by combining VRS PhytoDOAS537

fits on simulated TOA radiances with Kd calculated from simulated underwater538

radiant fluxes.539
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(a) (b)

(c)

Figure 6: Look-up tables for converting VRS fit factors into diffuse attenuation
coefficients for three spectral regions (a) UVAB, (b) UVA, and (c) blue. The
selected SZA are shown as colors. The linestyle and symbol indicates the different
VZA and azimuth angels (Azm).

DOAS fit settings for the retrieval of theoretical VRS fit factors from the540

modeled TOA radiances are the same as for the retrieval on satellite radiances541

(see section 4.4.1) except for atmospheric cross sections. Water vapour is not542

fitted, since it is not included in the SCIATRAN simulation. Kd is calculated543

according to eq. 1 for each wavelength from the underwater radiant flux simu-544

lations which give amongst others the downwelling irradiance at discrete depths545

z. z90 is determined via linear interpolation of the log-transformed downwelling546

irradiance Ed at depth. Resulting Kd are then averaged over wavelength between547

312.5 nm and 338.5 nm for the Kd-UVAB, between 356.5 nm and 390 nm for the548

Kd-UVA, and between 390 nm and 423 nm for the Kd-blue. Kd calculations and549

VRS PhytoDOAS retrievals are performed for each SZA, VZA, and azimuth angle550
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separately.551

VRS fit factors are matched with Kd calculated from scenarios with the same552

Chla (combination of Figures 4 c) and d)). A four-dimensional LUT is created553

where Kd is a function of VRS fit factor, SZA, VZA, and azimuth angle. LUTs554

forKd in the three spectral regions from the blue to the UV are shown in Figure 6.555

Only selected three SZAs (20°,40°,60°), fourth VZAs (0°,20°,40°,60°) and three556

azimuth angles (0°,90°,180°) from the range of all simulated angles are shown.557

4.4.4 TROPOMI processing to VRS and Kd558

Figure 7: TROPOMI VRS-fit factor frequency distributions for the three wave-
length windows (from left to right) UVA, short-blue and blue over cloudy scenes
for 14 to 20 May 2018 in the Atlantic Ocean.

TROPOMI level-1b data of the time period 11 May to 9 June 2018 ob-559

tained over the Atlantic Ocean were processed (see section 4.4.1) for the three560

PhytoDOAS fit windows in the UV, short-blue and blue to retrieve VRS fit fac-561

tors. Additionally, for investigating instrumental effects on the VRS retrievals,562

VRS fit factors of completely cloudy scenes were analysed. The fit factors for563

VRS at the three wavelengths windows (UVA, short blue and blue) were zero or564

very close to zero (Figure 7), which indicates that the influence of instrumental565

effects on the retrieval is small, opposed to GOME-2 VRS-fits, for which a large566

VZA dependence was found over clouds (see Oelker (2021)).567

After applying the LUT as described in section 4.4.3, TROPOMI-derived568

Kd-blue was much higher than expected (see comparisons to Kd from in-situ569

and to similar satellite products in S5POC-VR, see Figure 8a). Figure 9 shows570

the originally retrieved VRS-blue and Kd-blue for this time period and area.571

Therefore, an empirical offset correction had to be developed which improved572

the agreement of Kd-blue to the wavelength-converted Kd(490) from OLCI and573

OC-CCI when a constant was added to the VRS fit factors. Generally, TROPOMI574

original Kd-blue is closer to the OLCI Kd-blue than the OC-CCI Kd-blue and575

correlation is highest for low Kd values (see Table 5 and Figure 5 in S5POC-VR).576
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Figure 8: Kd-blue derived from a) original and offset corrected (b, c) TROPOMI
VRS fit factors versus daily matchups of OLCI Kd-blue (for details on this prod-
ucts see S5POC-VR) for 11 May to 9 June 2018, both gridded at 0.083° for 11
May to 9 June 2018 and the Atlantic Ocean. Figure from Oelker et al. (2022b),
suppl. material.

Figure 9: Original TROPOMI VRS fit factors (left) and correspondingly derived
Kd-blue, both gridded at 0.083° as mean for 11 May to 9 June 2018 for the
Atlantic Ocean. Figure from Oelker et al. (2022b), suppl. material.

Therefore, the offset correction applied to the input VRS-blue data for the577
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LUT was derived from comparing the low values (Kd <0.15 m-1) of TROPOMI578

Kd-blue to those from the OLCI Kd-blue data set to determine the offset for579

VRS-blue that best corrects the data. This was based on considering daily 5 min580

gridded matchup Kd-blue data from TROPOMI and OLCI within the entire RV581

Polarstern expedition PS113 time period (11 May to 9 June 2018) and area of582

50°S to 50°N and 70°W to 10°E. The offset correction was optimized such that a583

linear total-least square regression on this restricted comparison data set yielded584

a slope close to one. The optimal offset to VRS-blue fit factor was found to585

be 0.186. Regression statistics for using this setting to derive the final Kd-blue586

resulted in the comparison to OLCI Kd-blue in a slope of 1.01, an intercept of587

-0.002 m-1, and a Pearson correlation coefficient of 0.80 (Figure 8b) for this588

restricted data set. The offset was used to correct all VRS fit factors, also589

retrieved for regions D, and by that the whole Kd-blue range (Figure 8c).590

Figure 10: TROPOMI VRS fit factors in the (from left to right) UVA, short-
blue and blue fit window in the Atlantic Ocean for 11 May to 9 Jun 2018. For
TROPOMI VRS-blue fit factors an offset of 0.186 was added to the original
VRS-blue (Figure 9). Figure from Oelker et al. (2022b).

Figure 10 shows VRS fit factors retrieved from TROPOMI level-1b data for591

the three PhytoDOAS fit windows in the UV, short-blue and blue for the same592

time period and area as described above. VRS-blue fit factors are offset corrected.593
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For all three fit windows, high and low VRS fit factors are found in typically low594

and high Chla corresponding to low and high light penetration into the ocean,595

respectively. As expected, the VRS signal increases with increasing wavelength596

window. The average root mean square (RMS) of all fit residuals in this area597

and time period and its standard deviation were evaluated to 1.0 · 103 ± 3 · 10-4598

for the UV (excluding 26 outliers with RMS >4), 0.9 · 10-3 ± 2 · 10-4 for the599

short-blue, and 1.0 · 103 ± 3 · 10-4 for the blue fit window. VRS fit factors from600

different fit windows are not strictly correlated, e.g., differences appear around601

Newfoundland and Great Britain.602

Figure 11: TROPOMI VRS fit factors (from left to right) UVA, short-blue and
blue fit window for 11 Aug to 10 Sep 2019 for the North Sea up to the Fram
Strait. For TROPOMI VRS-blue fit factors an offset of 0.186 was added. Pixels
with SZA > 70°were screened out, because 70° is the largest SZA in the LUT.
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Figure 12: TROPOMI VRS fit factors (from left to right) UVA, short-blue and
blue fit window for 27 Jun to 25 Jul 2020 for the North Sea up to the Fram
Strait, including East Greenland waters. For TROPOMI VRS-blue fit factors, an
offset of 0.186 was added. Pixels with SZA > 70°were screened out, because
70° is the largest SZA in the LUT.

Figure 13: TROPOMI (A) Kd-UVAB, (B) Kd-UVA, and (C) Kd-blue gridded at
0.083° as mean for 11 May to 9 June 2018 for the Atlantic Ocean. Figure from
Oelker et al. (2022b).
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TROPOMI Kd was derived from the VRS fit factors, shown in Figure 10, Fig-603

ure 11 and Figure 12, using the separate LUTs (as described in section 4.4.3) for604

each wavelength region. In Figure 13 the resulting (A) Kd-UVAB, (B) Kd-UVA,605

and (C) Kd-blue in the Atlantic Ocean for the PS113 (for region D, see Fig. 4606

in S5POC-VR) can be seen for the same time period. Lowest Kd are found in607

the North and South Atlantic Gyres, highest Kd in the upwelling regions along608

the African coast and the Amazon river plume. With decreasing wavelength, Kd609

increases. However, Kd-UVAB is not generally larger than Kd-UVA. In upwelling610

regions off the coast of West Africa, the Amazon river plume, around Newfound-611

land, and around Great Britain, the ratio Kd-UVA/Kd-UVAB is larger than 1612

(roughly 1.25 on average, 2 in extreme cases). Similarly in 2020 in the North613

Atlantic Kd-UVA is significantly higher even outcompeting Kd-blue. Kd-blue614

is much lower in the subtropical and tropical ocean and shows values between615

Kd-UVA and UVAB in the productive areas north of the North Atlantic Gyre.616

5 Feasibility617

618

Figure 14: Scheme of the processing chain. Dynamic input files are shown in
dark brown, intermediate and product files in light brown. Static input files are
highlighted in grey. Processing steps A to C are shown in green.
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Figure 14 schematically shows the processing chain of the TROPOMI ocean619

color retrievals. Dynamic input files are shown in dark grey, intermediate and620

output files in light grey, and static input files in light blue. The chain consists621

of three processing steps A, B, and C highlighted in green.622

5.1 Computational effort623

Processing one full orbit of TROPOMI data for all three targets of KD takes624

roughly 7.5 minutes for step A, 1 minute for step B, and 30 seconds for step C.625

Through introducing parallel computing on the super computer used, 200 orbits626

at the same time can be processed which enables to process a whole year for the627

three targets in less than 4 hours. In summary, the computational load of this628

product is low and the output file size similar to other S5P L2 products.629

5.2 Input data630

Retrieval processing of S5POC products requires dynamic and static input data.631

5.2.1 Dynamic input632

The main dynamic input data for the S5p OClO product are TROPOMI L1633

products of band 3 (for KD-UVAB) and band 4 (for KD-UVA and KD-blue)634

radiance and irradiance. Global data is required. In addition to the TROPOMI635

lv1 data, TROPOMI NO2 OFFL data are used to extract cloud information which636

is added to the KD L2 files.637

5.2.2 Static input638

Static input data for the OClO retrieval have been briefly discussed in section 8639

and include cross-sections and solar Fraunhofer atlas. They are available from640

the literature, cf. Table 8.2. In addition, the ISRF is required which is available641

from the S5p project.642

5.3 Output Product Overview643

Output data format follows the TROPOMI netcdf standard. Details on the644

product can be found in the S5POC PUM (Oelker et al., 2022a).645
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6 Error analysis646

Uncertainties associated with S5P ocean color products were assessed through647

the measurement fit errors (detailed in S5POC IAR, Bracher et al. (2022a)),648

the sensitivity analysis of S5POC retrievals using RTM (detailed in 6.1), in-649

tercomparison to ocean color products from multispectral satellite sensors and650

validation with in-situ data (both detailed in Bracher et al. (2022b)). Maximum651

errors obtained via the retrievals sensitivity studies are used as specific model652

errors and provided together with the measurement errors (fit errors) within the653

final error budget assessment (see Chapter 3 in S5POC IAR, Bracher et al.654

(2022a)). For S5POC Kd products their detailed and total uncertainties are also655

provided in the publication Oelker et al. (2022b).656

6.1 Retrieval sensitivity657

Here, we detail the results of the sensitivity analysis. Some of these results658

were obtained in previous studies related to similar atmospheric sensors used to659

obtain the same OC products (Dinter et al., 2015; Wolanin et al., 2015b; Oelker660

et al., 2019). Settings in the RTM scenarios used for building the retrieval661

LUTs were investigated. It was tested how a change in a model parameter662

influences the resulting S5P ocean color product, e.g. the choice of chlorophyll-a663

absorption spectra in the UV region on the Kd-UVAB product. Also information664

on PhytoDOAS retrieval sensitivity from previous studies for estimating, e.g. the665

influence of the vertical distribution of Chl-a in the water column, is included666

here.667

6.1.1 Kd algorithm sensitivity analysis668

The algorithm sensitivity was extending the analysis by Oelker et al. (2019)669

which focused on aerosol and CDOM settings, to the parameters: CDOM slope,670

UV-absorbing pigments, liquid water absorption, wind speed, and ozone concen-671

tration. For each parameter, the sensitivity was analyzed as follows. An RTM672

simulation was performed to calculate radiances and radiant fluxes in which one673

parameter is increased or decreased with respect to the standard scenario used674

to build the LUT as described in section 4.4.3. The PhytoDOAS fit was per-675

formed on this modified scenario. Resulting VRS fit factors were converted to676

Kd using the LUT. The resulting Kd, K
der
d , was compared to the expected Kd,677

Kexp
d , calculated from the radiant fluxes of the modified scenario. The deviation678

of expected from derived Kd was determined as679
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ε =
Kexp

d −Kder
d

Kexp
d

. (5)

Since mainly only a change in inherent optical properties changes Kd, the param-680

eters can be separated in two groups. One group comprises the atmospheric and681

surface parameters which have no or only a minimal effect on the mean Kd over682

the first optical depth, but may influence VRS since scattering is proportional to683

light intensity. The second group comprises the oceanic parameters which affect684

both, Kd and VRS. For the second group, Kd changes can be large, however,685

VRS changes accordingly, and Kd is retrieved correctly within an uncertainty686

which is only a fraction of the change in Kd.687

In general, depending on observation geometry, a change of selected atmospheric688

or oceanic parameter can lead both to the increase and to the decrease of VRS689

signal (pseudo-absorption cross section). Taking into account that VRS signal is690

defined as691

σ = ln
I+

I−
= ln

I− +∆I

I−
= ln

(
1 +

∆I

I−

)
, (6)

where I+ and I− are TOA radiances calculated including and excluding inelastic692

processes, respectively, ∆I = I+ − I− is the contribution of inelastic process.693

Accounting for that ∆I/I− is significantly smaller than 1, we obtain for VRS694

signal the following approximation:695

σ ≈ ∆I

I−
. (7)

This approximation will be used in the following to explain the sign or magnitude696

of obtained Kd deviations.697

I: Atmospheric and surface parameters698
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Figure 15: Filling-in by VRS for different model parameterizations in comparison
to the standard simulation for the three wavelength ranges of the PhytoDOAS
VRS fits. Figure from Oelker et al. (2022b), suppl. material.

Parameters within the first group were varied as follows: wind speed was699

reduced to 2 m/s and increased to 8 m/s (standard - 4.1 m/s); aerosol optical700

depth (AOD) was reduced to 0.05 and increased to 0.2 (standard - 0.1); ozone701

profile was changed to one with reduced total ozone column of 290 DU (standard702

- 420 DU). Figure 15 shows the influence of these selected atmospheric and sur-703

face parameters on the filling-in by VRS as determined by Equation (2) in section704

4.2 for Chla of 0.1mg/m3. The influence of AOD and wind speed is largest for705

the blue fit window and decreases with decreasing wavelength. It is negligible706

for wavelengths smaller ∼360 nm. The influence of the ozone concentration is707

largest at the short wavelengths. It is negligible for wavelengths larger ∼370 nm.708
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Figure 16: Deviation of derived from expected Kd in case of (a) reduced AOD,
(b) increased AOD, (c) reduced wind speed, (d) increased wind speed, and (e)
reduced ozone column for different SZA. Results were averaged for different VZA
with the standard deviation given as error bar. (a), (b) show results for Kd-UVA,
(c), (d) for Kd-blue, and (e) for Kd-UVAB. Figure from Oelker et al. (2022b).

Ia: Aerosol709

The deviations of derived from expected Kd caused by the variation of AOD are710

presented in Figs. 17 and Figs. 18 in the case of 50% reduced and 50% enhanced711

AOD, respectively.712

713
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(a) (b)

(c)

Figure 17: Deviation of derived from expected Kd in the case of 50% reduced
AOD. (a) Kd-UVAB, (b) Kd-UVA, (c) Kd-blue. Results were averaged for different
zenith and azimuth angles with the standard deviation given as errorbar
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(a) (b)

(c)

Figure 18: Deviation of derived from expected Kd in the case of 50% enhanced
AOD. (a) Kd-UVAB, (b) Kd-UVA, (c) Kd-blue. Results were averaged for different
zenith and azimuth angles with the standard deviation given as errorbar

The decrease of AOD leads to the increase of VRS fit factors and therefore714

to the decrease of Kd and vice versa in the case of increase AOD. As results one715

can see in Figs. 17 positive deviations of retrieved Kd whereas Figs. 18 show neg-716

ative ones. The impact of aerosol variations on the derivation of Kd, increased717

with the increase of the wavelength. In particular, the relative deviations are718

in the range 1%-4%, 2%-8%, and 2%-15% in the case of Kd-UVAB, Kd-UVA,719

and Kd-blue, respectively. In the case of 50% enhanced AOD the magnitude of720

deviations are similar but they are negative. One can also see that the magnitude721

of deviations depends on the SZA and increased with the increasing of solar angle.722

723

LUTs for errors caused by variation of aerosol optical thickness724

The deviations of derived from expected Kd caused by the variation of AOD are725
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summarized in LUTs ”Err lut W1.atm”, ”Err lut W2.atm”, and ”Err lut W3.atm”726

for ”UVAB”, ”UVA”, and ”short-blue”, respectively.727

Columns 6 and 7 in these files contain the relative errors [%] caused by usage728

of AOT equal to τ− = 0.05 and τ+ = 0.2, respectively, in contrast to AOT 0.1729

used in main LUTs for Kd. The results from these columns enable to estimate730

the error caused by AOT if this AOT is known for a selected measurement point.731

Indeed, let us define τlut = 0.1 as used in main LUTs, than under assumption of732

linear dependence between error of Kd estimation and AOT, we have in the case733

of τ > τlut:734

ε(τ) = εlut(τ+)
τ − τlut
τ+ − τlut

, (8)

and in the case of τ < τlut:735

ε(τ) = εlut(τ−)
τlut − τ

τlut − τ−
. (9)

Taking into account that τ− = τlut/2 and τ+ = 2 τlut, we have736

ε(τ) = εlut(2τlut)
τ − τlut
τlut

, τ > τlut , (10)

ε(τ) = 2 εlut(τlut/2)
τlut − τ

τlut
, τ < τlut . (11)

We note that εlut(2τlut) and εlut(τlut/2) for a selected observation / illumination737

geometry and the retrieved VRS scaling factor can be obtained by the same way738

as in the case of Kd using the main LUTs.739

In the absence of an additional information about AOT the error caused by AOT740

will be estimated as max(|εlut(2τlut)|, |εlut(τlut/2)|).741

Ib: Wind speed742

Depending on observation geometry, a change of Wind Speed (WS) magnitude743

can lead both to the increase and to the decrease of VRS signal. Accounting for744

that the decrease of wind speed leads to the increase of I− in glint directions,745

one can see that according to Eq. (7) this results in the decrease of σ. In746

order to compensate the decrease of σ the VRS fit factor of PhytoDOAS fit747

needs to be also decreased. (Let us recall that in PhytoDOAS fit the constant748

pseudo-absorption cross section corresponding to WS=4.1m/s is used.) In turn749

the decrease of VRS fit factor results in the increase of Kd derived using LUTs.750

Following Eq. (5), we expect negative deviations derived from expected Kd in751

the glint range by the decrease of wind speed.752

The deviations of derived from expected Kd caused by the variation of wind speed753
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are presented in Figs. 19 and Figs. 20 in the case of ∼50% reduced (2m/s) and754

∼50% enhanced (8m/s) WS, respectively, as compare to 4.1m/s used for LUTs.755

(a) (b)

(c)

Figure 19: Deviation of derived from expected Kd in the case of reduced WS. (a)
Kd-UVAB, (b) Kd-UVA, (c) Kd-blue. Results were averaged for different zenith
and azimuth angles with the standard deviation given as errorbar
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(a) (b)

(c)

Figure 20: Deviation of derived from expected Kd in the case of enhanced WS.
(a) Kd-UVAB, (b) Kd-UVA, (c) Kd-blue. Results were averaged for different
zenith and azimuth angles with the standard deviation given as errorbar

One can see from these plots that in general the decrease of WS leads to the756

decrease of averaged VRS fit factors and therefore to the increase of derived Kd757

and vice versa in the case of increased WS. As results one can see in Fig. 19 neg-758

ative deviations of retrieved Kd whereas Fig. 20 show positive ones. In particular,759

the maximal relative deviations (after averaging over zenith and azimuth angles)760

in the case of reduced WS are -4%, -8%, and -15% for Kd-UVAB, Kd-UVA, and761

Kd-blue, respectively. It is worth to notice that the maximal contribution in de-762

viations bring observation directions in the glint range corresponding to the zero763

azimuth angle. Excluding these observation directions, one can reduce maximal764

relative deviations especially in the case of Kd-blue. In particular, the maximal765

relative deviations in this case are -3%, -5%, and -5% in the case of Kd-UVAB,766

Kd-UVA, and Kd-blue, respectively.767

The maximal relative deviations in the case of increased WS (8m/s) are positive768
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and equal to 3%, 4%, and 10% for Kd-UVAB, Kd-UVA, and Kd-blue, respectively.769

In contrast to the decreased WS the excluding of observations in glint direction770

does not significantly reduce obtained deviations.771

LUTs for errors caused by variation of wind speed772

The deviations of derived from expected Kd caused by the variation of wind773

speed (v) are presented in LUTs ”Err lut W1.atm”, ”Err lut W2.atm”, and774

”Err lut W3.atm” for ”UVAB”, ”UVA”, and ”short-blue”, respectively. Columns775

8 and 9 in these files contain the relative errors [%] caused by the usage v equal776

to v− = 2m/s and v+ = 8m/s, respectively, in contrast to v = 4.1m/s used777

in the main LUTs for Kd. The results of these columns enable us to estimate778

the error caused by the wind speed if this v is known for a selected measurement779

point.780

Let us define vlut = 4.1 as used in main LUTs, than under assumption of linear781

dependence between error of Kd estimation and wind speed, we have in the case782

of v > vlut:783

ε(v) = εlut(v+)
v − vlut
v+ − vlut

, (12)

and in the case of v < vlut:784

ε(v) = εlut(v−)
vlut − v

vlut − v−
. (13)

We note that εlut(v−) and εlut(v+) for the selected observation / illumination785

geometry and the retrieved VRS scaling factor can be obtained in the same way786

as in the case of Kd using the main LUTs.787

In the absence of an additional information about WS the error caused by wind788

speed will be estimated as max(|εlut(v−)|, |εlut(v+)|).789

Ic: Ozone concentration790

The decrease of ozone vertical column leeds in general to the decrease of radiation791

absorption in the atmosphere and in turn to the increase of radiation which792

reaches ocean surface, especially in the UV spectral range. On one hand this793

results in the increase of energy transform from short wavelengths to the long ones794

caused by the vibrational Raman scattering. On the another hand the decrease795

of absorption in the atmosphere leads to the increase of outgoing radiation at796

top of atmosphere. According to Eq. (7), the increase of ∆I and increase of I−797

can partly compensate each other. However, taking in the account that in the798

spectral range 280 - 350mm the ozone absorption decreases with the increase of799

wavelength, one can expect that the increase of ∆I has more impact on σ then800

the increase of I− and it is reasonable to expect the enhance of σ by the reduce801
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of ozone vertical column. In order to compensate the increase of σ the VRS802

fit factor of PhytoDOAS fit needs to be also increased to compensate pseudo-803

absorption cross section corresponding to 430 DU used for LUTs. The increase804

of VRS fit factor results in the decrease of Kd derived using LUTs. Following805

Eq. (5), we expect positive deviations derived from expected Kd in the case of806

decrease of ozone column.807

The deviations of derived from expected Kd-UVAB caused by the variation of808

ozone column is presented in Fig. 21 in the case of ∼33% reduced (290 DU) as809

compare to 430 DU used for LUTs.810

(a)

Figure 21: Deviation of derived from expected Kd-UVAB in the case of reduced
ozone vertical column (290 DU instead of 430 DU used for LUTs). Results were
averaged for different zenith and azimuth angles with the standard deviation
given as errorbar.

One can see from Fig. 21 that maximal deviations reach 4%-6% depending811

on the solar zenith angle in the case of minimal values of expected Kd-UVAB.812

The deviations are positive what confirms above considerations.813

The impact of ozone vertical column variations on the Kd-UVA and Kd-blue is814

neglectable and not shown here.815

LUTs for errors caused by variation of the ozon vertical column816

The deviations derived from expected Kd caused by the variation of the ozone817

column (q) are presented in LUT ”Err lut W1.atm”.818

Column 10 in this file contains the relative errors [%] caused by usage q equal to819

q− = 290DU in contrast to q = 420DU used in main LUTs for Kd. The results820

from this column enable to estimate the error caused by the ozone column if this821

q is known for a selected measurement point.822
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Let us define vlut = 420DU as used in main LUTs, than under assumption of823

linear dependence between error of Kd estimation and ozone column, we have in824

the case of q < qlut:825

ε(q) = εlut(q−)
qlut − q

vlut − q−
. (14)

We note that εlut(q−) for the selected observation/illumination geometry and826

the retrieved VRS scaling factor can be obtained in the same manner as in the827

case of Kd using the main LUTs.828

In the absence of an additional information about ozone column the error caused829

by q will be estimated as |εlut(q−)|.830

Later on, results will show that TROPOMI Kd can not be well retrieved for831

scenes with Kd > 0.3 or 0.5 m-1 within S5POC regions C and D, respectively,832

discussed in S5POC VR. Also, the retrieval is less robust at high SZA and at833

high VZA, which causes large error bars in the plots. This effect should be kept834

in mind, when the algorithm is applied in high latitudes. In the investigated835

Atlantic region, SZA are only moderately high and satellite pixels with high VZA836

are often screened out by the cloud filter due to their larger pixel size.837

In summary, the influence of atmospheric and surface parameterizations is838

generally low on the Kd retrievals. Uncertainties increase with the difference839

between conditions found for an actual satellite scene and the average ones used840

in the simulated standard scenario. Largest uncertainties can be expected for841

scenes with high aerosol loading, which only occur in specific regions and times842

of the year (Remer et al., 2008). For the Atlantic region, Saharan dust storms can843

have a significant influence (e.g., van der Does et al., 2016). Maritime aerosols844

were investigated here, terrestrial dust might have even stronger impacts. These845

critical scenes are largely removed through the strict cloud filter criterion used in846

this study (cloud fraction of 0.01). In the future, the dimensions of the LUT can847

be increased, when confidence in performance of Kd retrievals has been gained848

by comparison with larger in-situ data sets than available for this study. The total849

ozone column, AOD, and wind speed can be included in the LUT and taken from850

ancillary data (some variables also available from TROPOMI) to further reduce851

uncertainty in TROPOMI Kd data sets.852

II Oceanic parameters853

The case-1 assumption is generally not valid in the UV domain. The ab-854

sorption coefficient can not be accurately described using Chla (Vasilkov et al.,855

2002; Morel et al., 2007). The influence of the case-1 parameterization used for856

the optical constituents in the ocean on the ultraviolet Kd retrievals needs to857

be checked carefully. As introduced in section 4.3, the case-1 parameterization858
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for the visible wavelength range was used in combination with a recent pure wa-859

ter absorption spectrum accurately measured for UV wavelengths Mason et al.860

(2016). Nevertheless, the influence of the choice of water absorption spectrum861

was assessed. A modified scenario was simulated with liquid water absorption co-862

efficients from Pope & Fry (1997) which significantly differ at short wavelengths863

from those measured by Mason et al. (2016), see Oelker (2021).864

Figure 22: Deviation of Kexp
d -UVAB as in the modified scenario from Kd-UVAB

in the standard scenario as function ofKexp
d -UVAB for tested variations in oceanic

parameter. Figure from Oelker et al. (2022b).

Figure 23: Phytoplankton absorption at Chla of 1mg/m3 in the standard (green)
and in the modified (blue) simulations (S9 from Bracher & Wiencke, 2000).

High uncertainty also lies within the settings for phytoplankton and CDOM865

absorption. Presence of mycosporine amino acids (MAA) causes higher UV ab-866

sorption than prescribed in the standard case-1 parameterization. MAA absorb867

between 320 and 350 nm with a peak around 330 to 340 nm (Vernet et al.,868

1994; Bracher & Wiencke, 2000). Presence of these UV-absorbing pigments869
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should therefore mainly influence Kd-UVAB (Wang et al., 2021). In the study by870

Bracher & Wiencke (2000) different phytoplankton communities had been sam-871

pled in the Southern Ocean. We have further analysed these data by normalizing872

them to chl-a concentration. The results show that within similar phytoplank-873

ton communities the specific absorption can vary by a factor 5.2 in the UV. A874

modified scenario was simulated using a phytoplankton absorption spectrum with875

medium MAA absorption (S9 from Bracher & Wiencke (2000), see Figure 23).876

High variability can also be expected for the CDOM slope, 0.01 to 0.03 nm-1
877

(Vodacek et al., 1997) as compared to 0.014 nm-1 in the standard case-1 sce-878

nario. Modified RTM simulations were made with a reduced CDOM slope of879

0.011 nm-1 and an increased CDOM slope of 0.0194 nm-1. Also the CDOM880

absorption coefficient was increased and decreased two times, while keeping the881

CDOM slope as constant equal to 0.0164 nm-1.882

IIa Magnitude of CDOM absorption coefficient883

The deviations of derived from expected Kd caused by the variation of CDOM ab-884

sorption coefficient magnitude are presented in Fig. 24 and Fig. 25 in the case of885

two times increased and two times decreased absorption coefficient, respectively.886
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(a) (b)

(c)

Figure 24: Deviation of derived from expected Kd in the case of two times
increased CDOM absorption coefficient. (a) Kd-UVAB, (b) Kd-UVA, (c) Kd-
blue. Results were averaged for different zenith and azimuth angles with the
standard deviation given as errorbar.
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(a) (b)

(c)

Figure 25: Deviation of derived from expected Kd in the case of two times
reduced CDOM absorption coefficient. (a) Kd-UVAB, (b) Kd-UVA, (c) Kd-blue.
Results were averaged for different zenith and azimuth angles with the standard
deviation given as errorbar.

In order to understand obtained deviations we use the following approximation887

for VRS signal (pseudo-absorption cross section) derived above, namely888

σ ≈ ∆I

I−
, (15)

where∆I is a contribution of inelastic process, I− is the TOA radiance calculated889

excluding inelastic process.890

Taking into account that increasing of CDOM absorption leads to the decrease of891

both∆I and I−, one can expect both negative and positive signs of ε. The results892

presented in Fig. 24 in the case of two times increased absorption coefficient893

confirm this assumption. In the case of two times decreased absorption coefficient894

(see Fig. 25) one can see positive deviations for Kd-UVAB and negative ones for895
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Kd-UVA at all expected values of Kd. This demonstrate that in the forme case896

effect of increasing ∆I is weaker than effect of increasing I−. In the later case897

vice versa.898

IIb Sensitivity with respect to slope of CDOM absorption coefficient899

The deviations of derived from expected Kd caused by the variation of CDOM900

absorption coefficient slope are presented in Fig. 26 and Fig. 27 in the case of the901

slope equal to 0.0194 nm−1 and to 0.011 nm−1, respectively, which correspond to902

the representation of CDOM absorption as absorption by pure fulvic or by pure903

humic acid.904

(a) (b)

(c) (d)

Figure 26: Deviation of derived from expected Kd in the case of slope
0.0194 nm−1. (a) Kd-UVAB, (b) Kd-UVA, (c) Kd-blue. Results were averaged for
different zenith and azimuth angles with the standard deviation given as errorbar.
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(a) (b)

(c)

Figure 27: Deviation of derived from expected Kd in the case of slope 0.011 nm
−1.

(a) Kd-UVAB, (b) Kd-UVA, (c) Kd-blue. Results were averaged for different
zenith and azimuth angles with the standard deviation given as errorbar.

The deviations of derived from expected Kd in the case of CDOM absorption905

coefficient according to (Morel & Maritorena, 2001) are presented in Fig. 28.906
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(a) (b)

(c)

Figure 28: Deviation of derived from expected Kd in the case of CDOM absorp-
tion coefficient according to (Morel & Maritorena, 2001). (a) Kd-UVAB, (b)
Kd-UVA, (c) Kd-blue. Results were averaged for different zenith and azimuth
angles with the standard deviation given as errorbar.

The lower right panel of Fig. 26 demonstrates the wavelength dependent907

CDOM absorption coefficients corresponding to 3mg/m3 chlorophyll concentra-908

tion.909

As can be seen from comparison of results presented in Fig. 27 and Fig. 25, the910

decrease of slope leads to the similar effect as a decrease of absorption coeffi-911

cient. Similar to that the comparison of results presented in Fig. 26 and Fig. 24912

shows that the increase of slope leads to the comparable effect as a increase of913

absorption coefficient. However, in both cases the magnitude of ε is smaller as914

expected in the case of slope variations.915

In the former version of this retrieval, the sensitivity to the pure sea water916

spectrum has been investigated (Oelker et al. (2022b)). The change of using917

the old water spectrum by Pope & Fry (1997) compare to the new on by Mason918
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et al. (2016) results in an overestimation of 15% for clear water scenarios which919

reduces to zero for high Chla scenarios. The overestimation is counter-intuitive,920

since Kexp
d is higher than Kstd

d . A changed parameterization often also causes a921

spectral change in Kd which impacts the VRS fit quality and can result in this922

unexpected behavior.923

In conclusion, the Kd-UV retrievals are rather insensitive to the chosen RTM924

parameterization compared to the large variability that this parameterization925

causes in Kd in the ultraviolet spectral range.926

LUTs for oceanic parameters927

In the framework of the sensitivity study we considered the deviations of the928

derived from the expected Kd caused by the variation of929

• 1 - CDOM absorption coefficient magnitude in the case of two times in-930

creased absorption coefficient;931

• 2 - CDOM absorption coefficient magnitude in the case of two times de-932

creased absorption coefficient;933

• 3 - CDOM absorption coefficient according to Morel and Maritorena (2001);934

• 4 - CDOM absorption coefficient slope in the case of the slope equal to935

0.0194 nm−1, which correspond to the representation of CDOM absorption936

as absorption by pure fulvic acid;937

• 5 - CDOM absorption coefficient slope in the case of the slope equal to938

0.011 nm−1, which corresponds to the representation of CDOM absorption939

as absorption by pure humic acid.940

For each observation/illumination geometry the relative error was calculated ac-941

cording to Eq. (5). Taking into account that the relative errors demonstrate942

dependence on the selected geometry and VRS scaling factor, we have prepared943

the LUT containing RMS error for all considered above variations of the CDOM944

absorption coefficient calculated as945

ϵ =

√√√√ 1

N

N∑
i=1

ε2i , (16)

where N = 5 in the case under consideration.946

The obtained results for ϵ are presented in LUTs ”RMS lut W1.oce”,947

”RMS lut W2.oce”, and ”RMS lut W3.oce” for ”UVAB”, ”UVA”, and ”short-948

blue” windows, respectively. The value of ϵ for selected observation/illumination949
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geometry and retrieved VRS scaling factor can be obtained using interpolation950

technique by the same manner as in the case of Kd using the main LUTs.951

To demonstrate results summarized in RMS errors LUTs let us consider figures952

29 - 31. These figures show RMS errors of Kd UVAB, UVA, and short-blue,953

respectively, for all viewing and solar angles (except of solar zenith angle 70◦)954

and four selected concentrations of chlorophyll: 20mg/m3, 8mg/m3, 0.7mg/m3
955

and 0.003mg/m3.956

Figure 29: RMS errors of Kd UVAB for all viewing and solar angles ( except of
solar zenith angle 70◦) and four selected concentrations of chlorophyll. Upper
panel: left - 20mg/m3; right - 8mg/m3. Lower panel: left - 0.7mg/m3; right -
0.003mg/m3.
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Figure 30: RMS errors of Kd UVA for all viewing and solar angles ( except of
solar zenith angle 70◦) and four selected concentrations of chlorophyll. Upper
panel: left - 20mg/m3; right - 8mg/m3. Lower panel: left - 0.7mg/m3; right -
0.003mg/m3.
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Figure 31: RMS errors of Kd short-blue for all viewing and solar angles ( except
of solar zenith angle 70◦) and four selected concentrations of chlorophyll. Upper
panel: left - 20mg/m3; right - 8mg/m3. Lower panel: left - 0.7mg/m3; right -
0.003mg/m3.

III Impact of interpolation of Kd LUTs values957

Taking into account that a measured VRS fit factor can be obtained for solar and958

viewing angles which do not coincide with the angle grids of LUTs, one needs959

to interpolate Kd LUTs values. In order to estimate interpolation errors we have960

calculated TOA radiances using shifted angles grid. The following subsections961

present results obtained using the shift of solar, viewing zenith, and azimuth962

angles.963

In general, one needs to keep in mind that the main LUTs were precalculated964

for discrete number of solar, viewing zenith, and azimuth angles. In follows the965

variable Ωijk := {ϑ0i, ϑj, φk}, which comprises these three angle variables, will966

be used. In particular,967

ϑ0i, i = [1, 2, . . . , 13] represents discrete number of solar angles, [10, 15, 20,. . .968

,70]969
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ϑj, j = [1, 2, . . . , 15] represents discrete number of zenith angles, [0, 5, 10,970

. . . ,70],971

φk, k = [1, 2, . . . , 5] represents discrete number of azimuth angles, [0, 45, 90,972

135, 180].973

For selected three angles the LUT can be represented from mathematic point of974

view as a nonlinear relationship:975

K⃗d(Ωijk) = Φ [S⃗v(Ωijk)] , (17)

where Φ is a nonlinear mapping, vectors S⃗v(Ωijk) and K⃗d(Ωijk) consist of 22976

components of VRS fit factors and attenuation coefficients, respectively, cor-977

responding to different concentrations of chlorophyll, 22 values of which were978

selected as [0.0, 0.001, 0.003, 0.005, 0.01, 0.03, 0.05, 0.1, 0.3, 0.5, 0.7, 0.8, 1.0,979

1.5, 2.0, 3.0, 5.0, 8.0, 10.0, 15, 20, 30].980

IIIa Shift of solar zenith angle981

The shifted solar grid has been selected as follows: [12.5, 17.5, 22.5, . . . , 67.5],982

and VRS fit factors, Sv, were calculated employing standard DOAS fit. Further983

we have assumed that for a selected shifted solar angle ϑ̃0i, which is located in984

[ϑ0i, ϑ0i+1] range, the relationship betweenKd and solar angle can be represented985

as a linear relationship:986

Kd(ϑ̃0i) = a ϑ̃0i + b , ϑ̃0i ∈ (ϑ0i, ϑ0i+1) . (18)

The coefficients a and b are given by987

a =
K̃d(Ωi+1jk)− K̃d(Ωijk)

ϑ0i+1 − ϑ0i

, b =
K̃d(Ωijk)ϑ0,i+1 − K̃d(Ωi+1jk)ϑ0i

ϑ0i+1 − ϑ0i

. (19)

Here, K̃d(Ωijk) is calculated using a linear interpolation according to the following988

IDL INTERPOL function:989

log K̃d(Ωijk) = INTERPOL(V⃗i, X⃗i, XOUT ) , (20)

where V⃗i = log K⃗d(Ωijk), X⃗i = log S⃗v(Ωijk), and XOUT = logSv(ϑ̃0i). The990

logKd(Ωi+1jk) value is obtained setting subscript i+ 1 instead of i in Eq. (20).991

The calculations of Kd(ϑ̃0i) were performed for each selected ϑ̃0i from shifted992

angles grid, and combination of all viewing zenith, azimuth angles and chlorophyll993

concentrations. Figs. 32 show relative deviation of derivedKd(ϑ̃0i) from expected994

Kd for Kd -UVAB, Kd -UVA, and Kd -blue, respectively, for selected shifted solar995

angles.996
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(a) (b)

(c)

Figure 32: Deviation of derived from expected Kd in the case of 2.5◦ shift of
the solar zenith angles. Results were averaged for different zenith and azimuth
angles with the standard deviation given as errorbar.

The deviations of derived from expected Kd caused by interpolation of solar997

zenith angle are summarized in LUTs ”Err lut W1.shi”, ”Err lut W2.shi”, and998

”Err lut W3.shi” for ”UVAB”, ”UVA” and ”short-blue”, respectively.999

In particular, the column 6 in these files contains the relative errors [%] caused1000

by usage of 2.5◦ shifted solar angles in contrast to solar angles used in the main1001

LUTs for Kd. The results of this column enable to obtain maximal error caused1002

by interpolation with respect to solar zenith angle. We note that for a solar1003

zenith angle ϑ̃0 ∈ (ϑ0i, ϑ0i+1) the maximal interpolation error is saved in LUTs1004

corresponding to the solar zenith angle ϑ0i,.1005

IIIb Shift of viewing zenith angle1006

The shifted grid of viewing zenith angles has been selected as follows: [2.5, 7.5,1007

12.5,. . . , 67.5], and VRS fit factors, Sv, were calculated employing standard1008
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DOAS fit. Simmiilar to the shift of solar angles grid we have assumed that1009

for a selected shifted zenith angle ϑ̃i, which is located in [ϑi, ϑi+1] range, the1010

relationship between Kd and zenith angle can be represented as a local-linear1011

relationship:1012

Kd(ϑ̃i) = aϑ ϑ̃i + bϑ , ϑ̃i ∈ (ϑi, ϑi+1) . (21)

The coefficients aϑ and bϑ are given by1013

aϑ =
K̃d(Ωij+1k)− K̃d(Ωijk)

ϑj+1 − ϑj

, bϑ =
K̃d(Ωijk)ϑj+1 − K̃d(Ωij+1k)ϑj

ϑj+1 − ϑj

. (22)

Here, K̃d(Ωijk) is calculated using a linear interpolation similar to Eq. (20),1014

where, however, XOUT = logSv(ϑ̃i). The log K̃d(Ωij+1k) value is obtained1015

setting subscript j + 1 instead of j in Eq. (20).1016

The calculations of Kd(ϑ̃i) were performed for each selected ϑ̃i from shifted1017

zenith angles grid, and combination of all solar, azimuth angles and chlorophyll1018

concentrations. Figs. 33 show relative deviation of derived Kd(ϑ̃) from expected1019

Kd for Kd -UVAB, Kd -UVA, and Kd -blue, respectively, for selected solar angles.1020
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(a) (b)

(c)

Figure 33: Deviation of derived from expected Kd in the case of 2.5◦ shift of
viewing zenith angles. Results were averaged for different zenith and azimuth
angles with the standard deviation given as errorbar.

The deviations of derived from expected Kd caused by interpolation of VZA1021

are summarized in LUTs ”Err lut W1.shi”, ”Err lut W2.shi”, and ”Err lut W3.shi”1022

for ”UVAB”, ”UVA”, and ”short-blue”, respectively.1023

In particular, the column 7 in these files contains the relative errors [%] caused by1024

usage of 2.5◦ shifted VZAs in contrast to viewing angles used in the main LUTs1025

for Kd. The results from this column enable to obtain maximal error caused1026

by interpolation with respect to VZA. We note that for a viewing zenith angle1027

ϑ̃j ∈ (ϑj, ϑj+1) the maximal interpolation error is saved at LUT corresponding1028

to VZA ϑj.1029

IIIc Shift of azimuth angle1030

The shifted grid of azimuth angles has been selected as follows: [22.5, 67.5,1031

112.5, 157.5], and VRS fit factors, Sφ, were calculated employing standard DOAS1032
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fit. Similar to the shift of solar angles grid we have assumed that for a selected1033

shifted azimuth angle φ̃i, which is located in [φi, φi+1] range, the relationship1034

between Kd and azimuth angle can be represented as a linear relationship:1035

Kd(φ̃i) = aφ φ̃i + bφ , φ̃i ∈ (φi, φi+1) . (23)

The coefficients aφ and bφ are given by1036

aφ =
K̃d(Ωijk+1)− K̃d(Ωijk)

φk+1 − φk

, bφ =
K̃d(Ωijk)φk+1 − K̃d(Ωijk+1)φk

φk+1 − φk

. (24)

Here, K̃d(Ωijk) is calculated using a linear interpolation similar to Eq. (20),1037

where, however, XOUT = logSφ(φ̃i). The log K̃d(Ωijk+1) value is obtained1038

setting subscript k + 1 instead of k in Eq. (20).1039

The calculations of Kd(φ̃i) were performed for each selected φ̃i from shifted1040

angles grid, and combination of all zenith, azimuth angles and chlorophyll con-1041

centrations. Figs. 34 show relative deviation of derived Kd(φ̃) from expected Kd1042

for Kd -UVAB, Kd -UVA, and Kd -blue, respectively, for selected shifted azimuth1043

angles.1044
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(a) (b)

(c)

Figure 34: Deviation of derived from expected Kd in the case of 22.5◦ shift of
azimuth angles. Results were averaged for different zenith and azimuth angles
with the standard deviation given as errorbar.

The deviations of derived from expected Kd caused by interpolation of az-1045

imuth angle are presented in LUTs ”Err lut W1.shi”, ”Err lut W2.shi”, and1046

”Err lut W3.shi” for ”UVAB”, ”UVA”, and ”short-blue”, respectively.1047

In particular, the column 8 in these files contains the relative errors [%] caused1048

by usage of 22.5◦ shifted azimuth angles in contrast to azimuth angles used in1049

main LUTs for Kd. The results from this column enable to obtain maximal error1050

caused by interpolation with respect to azimuth angle. We note that for an1051

azimuth angle φ̃k ∈ (φk, φk+1) the maximal interpolation error is saved at LUT1052

corresponding to the azimuth angle φk,.1053
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6.2 Comparison to multispectral ocean color products1054

S5P ocean color product quality is estimated using triple collocation method as1055

in Losa et al. (2017). Following data sets are used for the different products:1056

• S5P Kd blue, OLCI Kd 490 (empirical, Morel et al., 2007), OC-CCI Kd1057

490 (IOP-based, Lee et al., 2005)1058

More details on the multispectral products can be found in the S5POC VR.1059

6.2.1 Triple collocation1060

The triple collocation (TC) method (Stoffelen, 1998; Losa et al., 2017) allows1061

to estimate the absolute error variances (σ2
εi
), also called root mean squared1062

difference (RMSD), of three collocated data sets with unknown uncertainties1063

and with uncorrelated errors. The σ2
εi
can be estimated from the unique terms1064

covariance matrix (McColl et al., 2014) (Q11, Q12, Q13, Q22, Q23,Q33):1065

σ2
εi
=


√
Q11 − Q12Q13

Q23√
Q22 − Q12Q23

Q13√
Q33 − Q13Q23

Q12

 (25)

Following Gruber et al. (2015) the fractional mean-squared-error (fMSE) can1066

be calculated within the frame of the TC analysis:1067

fMSEi =
σ2
εi

σ2
i

=
1

β2
i σ

2
Θ + σ2

εi

=
1

1 + SNRi

, (26)

where βi is a systematic bias of a particular data product with respect to the true1068

state Θ; σ2
i and σ2

εi
denote the product variance and the product error variance,1069

respectively. SNRi is a signal-to-noise ratio. This fMSE criterion allows one to1070

evaluate the plausibility of the TC based Kd uncertainty estimates. All details on1071

the Kd triple collocation results can be found in the S5POC-VR (sections 6.1.51072

to 6.1.8).1073

6.3 in-situ data1074

see section 7.1075
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7 Validation1076

Table 1 summarizes information on in situ observations collected during cruises1077

(PS113, PS121, MSM93) and surveys (FOCUS) in the test areas (Figure 21078

in S5POC-RB, Figure A1 in S5POC-DP-AUM2) and used for S5POC product1079

validation for the years 2018 to 2020. All details on the in validation results can1080

be found in section 6.1.5 to 6.1.8 of the S5POC-VR (Bracher et al., 2022b).1081

Table 1: In situ observations used for S5POC evaluation.

Observation name observation description cruises/survey test area

Kd Light attenuation PS113, PS121, MSM93 C, D

7.1 Match-up analyses1082

Collocations between In situ and S5POC products were defined differently for1083

the products. Match-ups between geolocation of in situ and TROPOMI ground1084

pixels for S5POCKd data were calculated using a loose criterion (within two days1085

of the TROPOMI pixel) given the low number of regional available Kd in situ1086

station data (in total 36 station data regional well distributed) complemented by1087

about 450 Triaxus data. For each in situ measurement, TROPOMI match-ups1088

were searched within 2 days and a radius of 5.5 km resulting in 45 (only 43 for1089

UVAB) quality controlled matchups. For details see section 6.2.2 of the Bracher1090

et al. (2022b).1091

The match-up statistics are quantified by the metrics described in the OC-1092

CCI Product User Guide (issue 2.0.5). The metrics includes RMSD, un-biased1093

RMSD, bias, slope, intercept (type II regression) and Pearson coefficient of de-1094

termination. In addition, the mean absolute error (MAE) is quantified. The1095

metrics are computed as:1096

RMSD =

√√√√ 1

N

N∑
i=1

(yi − xi)2 (27)

Un-biased RMSD =

√√√√ 1

N

N∑
i=1

(Yi −Xi)2 (28)

Bias =
1

N

N∑
i=1

(yi − xi) (29)
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MAE =
1

N

N∑
i=1

|yi − xi| (30)

where x is the in situ observation, y the satellite data, and N the total number1097

of samples. X corresponds to x−mean(x) and analogous definition applies to1098

Y . For PFT-CHL for the calculation of slope, intercept (type II regression) and1099

Pearson coefficient of determination the PFT-CHL from in situ and TROPOMI1100

are compared on Log10 scale. More details on the in situ matchup results can1101

be found in sections 6.1.2 and 6.2.2 of S5POC-VR (Bracher et al., 2022b)).1102
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