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1 Introduction

WeinvestigatedanddevelopedanewOcean ColourFluorescenceProductintheframework of
EUMETSAT's initiative to improve and to develop new products for Sentinel-3 OLCl observation
andimplemented aproductvalidationandreview process. Weaimtodeliveranadvancedand
robust algorithm, that uses OLCI spectral capabilities and ensures a high quality Fluorescence
retrieval meeting user requirements in open ocean and complex waters. Phytoplankton absorb
sun lightand use this energy through photosynthesis to produce organic material. Chlorophylls,
presentinall phytoplankton cells, inducetwo dominant peaks inabsorption spectra, the pri-
maryintheblue (440nm)andthe secondaryinthered partof the spectrum (675 nm). Phyto-
planktonalsodissipateafractionaround 0.03 Zhouetal.(2008) of theabsorbed solarenergy
through Fluorescence which generates a radiance peak around the wavelength of 681 nm. The
concept of this newand proposed fluorescence algorithmis to limit the analysis range to the
red part of the spectrum and to approximate the phytoplankton fluorescence peak and the sec-
ondary absorption peak with two Gaussian functions, while all other absorption and scattering
processesarecapturedbyaslopeandan offset.

The OC-Fluo algorithm delivers different products. Eachis described separately here. The main
products delivered from this study are L-FPH, if Level1 data is processed, and pw—FPH, if Level2
datais processed.

1.1.1 Radiance Fluorescence Peak Height (L-FPH)

L-FPH is the amplitude of the Gaussian function, which is related to the fluorescence peak (cen-
tered at 682.5 nm) that is fitted to Level-1 radiance (Ltoa). Itis therefore a measure of the
fluorescence signal in the TOA radiance spectrum without any normalization. L-FPH is given in

units of Wm=2srnm=.

1.1.2  Water-leaving-reflectance Fluorescence Peak Height (o, -FPH)

pw-FPH is the amplitude of the Gaussian function, which is related to the fluorescence peak

(centered at 682.5 nm) that is fitted to Level-2 water-leaving reflectance (pw). It is a measure of

the fluorescence signal in the water-leaving reflectance which is dimensionless and therefore

pw-FPH is dimensionless. Operational OLCI L2 products are defined as the directional water-

leaving reflectance. The OLCI L2 products include the corrections to the water reflectance value
withtheSunatzenith, the meanEarth-Sundistance,and non-attenuatingatmosphere. They
do notinclude the BRDF corrections for viewing geometry, water optical properties, and the sky
radiancedistribution.

1.1.3 Radiance Absorption Peak Depth (L-APD)

L-APDistheamplitude ofthe Gaussianfunction,whichisrelatedtotheabsorptiondipthatis
fitted to Level-1 radiance. Itis therefore a measure of the absorption signal in the TOA radiance

spectrum without any normalization. L-APD is given in units of Wm=srnm=. This productis
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for this study a by-product and not validated.

1.1.4 Water-leaving-reflectance Absorption Peak Depth (o,,-APD)

pw—APDistheamplitude ofthe Gaussianfunction,whichisrelatedtotheabsorptiondipthatis
fitted to Level-2 water-leaving reflectance (pw). Itis therefore a measure of the absorption signal
inthe remote-sensing reflectance which is normalized by irradiance. py-APD is dimensionless.
This product is for this study a by-product and not validated.

Input | Bands Processing Description Output Description Unit
Level
Lroa | Oa08- 0Oal?2 Level-1B Spectral top- of- L-FPH / | radiance Flu- | mWm32srinm™
atmosphere radiance L-APD orescence
Peak Height /
radiance ab-
sorption peak
depth
Pw 0a08-0al2 | Level-2 water-leaving reflectance/ | pw—FPH / | water-leaving | -
Surface directional pw-APD reflectance
r eflectance, corrected for Fluorescence
atmospheric attenuation, Peak Height /
the Sun illumination water-leaving
geometry, and the mean reflectance
Earth-Sun distance. absorption
peak depth
Table 3: In- and output description of the OC-Fluo algorithm.
1.1.5 Normalization

Fluorescence products are customarily given in the unit of the processed quantity, because
they measure the height or amplitude of the fluorescence peak in the measured spectrum.
In order to put our fluorescence products in relation to the well-established normalized flu-
orescence line height (nFLH) of MODIS, we give here the corresponding equations. There are a
number of steps in the normalization of water reflectances. The MODIS fluorescence algorithm
returns nFLH in mW cm=pm™ sr1, calculated as the difference between the observed nor-
malized water-leaving radiance at 678 nm (nLw(678)) and a linearly interpolated nLw(678) from
two surrounding bands (Behrenfeld et al., 2009). The normalized water-leaving radiance is fully
normalized, including the BRDF correction. The relation between nLw and py is the following
(Gordon and Voss, 1999):
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Where 8s,6v and ¢ are the sun zenith angle, the viewing zenith angle and the azimuth angle
respectively. While pw(8s,8v, ¢) can have differentvalues for each combination of angles, p'V!
is per definition pw at 6s=0 and 6y =0.

The presented pw—FPH is based on OLCI’s pw, which includes the correction to the Sun at
zenith, the mean Earth-Sun distance, and non-attenuating atmosphere. It does not include the
BRDF correction for viewing geometry, water optical properties, and the sky radiance
distribution. The normalization by Fg also removes interfering spectral features of the solar
radiation, sothattheyarenotmixedupwiththedesiredfluorescencefeatures.

The presented L-FPH is based on Ltoa, which does not include any of the before-mentioned

corrections, but the preprocessing of the retrieval of L-FPH includes the normalization to the
mean solar irradiance Fp(see Sect. 3.5).

The Sentinel-3 mission has no requirements directly addressing the chlorophyll fluorescence
signal accuracy, however, chlorophyll concentration and associated error estimates in coastal
and open ocean waters is one of the core products to be produced (Craig Donlon, 2011). We
therefore base our requirements of the fluorescence product on requirements of chlorophyll
concentration and adapt them to requirements of fluorescence, once we have retrieved a func-
tional relation. The following requirements on chlorophyll concentration and relevant mea-
sures for our retrieval are adapted from Drinkwater and Rebhan (2005).

Table 4: Geophysical parameters and accuracies for Ocean Colour (under clear daytime condi-
tions) adapted from (Drinkwater and Rebhan (2005))

Parameter Range Accuracy Case | Accuracy Case
1 water 2 water

Marine Reflectance [at 442 nm] 0.001-0.04 | 5x10-4 5x10-4

Water leaving radiance Lw (A) (@tmo- | 0.0-1.0 5% 5%

spherically corrected) [mW/cm2/um/Sr]

Photosynthetically available radiation, | 0-1400 5% 5%

PAR [umol quanta/m?2/s]

Chlorophyll, Chl [mg/m3] 0.001-150 | threshold threshold
30%, goal 10% | 70%, goal 10%

Additionally we express qualitative requirements on the product:

+ The product Fy shall be a measure of the water-leaving fluorescence signal, without dis-
turbance from other optically active substances.

+ Fw should be sensitive to chlorophyll concentration

+ The product should not be sensitive to atmospheric effects
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+ Chlorophyll Fluorescence is linked to the chlorophyll concentration, phytoplankton phys-
iology and a variety of other factors and the relationship is complex, which will be de-
scribed in the next section. Itis dominated by a positive correlation with saturation of
fluorescence at high concentration values, which is caused by chlorophyll pigment pack-
aging. We will aim for the release of an average functional relationship between the

fluorescence and the concentration in order to translate the fluorescence product into
chlorophyll concentration if required.

Theinterpretation of the fluorescence signal has to take photoinhibition, phytoplankton species,
and physiological states into account.

Chlorophyll fluorescence is light re-emitted by chlorophyll molecules when returning from ex-
cited to non-excited states. Quantification of solar-induced phytoplankton fluorescence has
two main advantages in marine bio-geochemistry applications (Craig Donlon (2011); Donlon
et al. (2012)). These are, 1) the improvement of the chlorophyll retrieval, which is
customarily based on the detection of the chlorophyll absorption signal (Odermatt et al.
(2012); Xing et al. (2007); Neville and Gower (2008)). Remotely sensed Fluorescence Line
Height (FLH, see also eq.

2) can better reveal blooms in coastal areas than surface chlorophyll based on the ratios of
water-leaving radiances in the blue and green spectral range (440-560 nm) by allowing better
differentiation of phytoplankton chlorophyll-a concentrations from suspended sediments and
yellow matter (Gower and King (2012)). 2) additional information on phytoplankton physiologi-
cal state, biomass and maximum layer depth can be gained through the ratio of the chlorophyll
fluorescence to absorption signal (Babin et al. (1996)).

The pure fluorescence signal does not only vary with variation in the chlorophyll-a pigment
concentration, but is also affected by photoinhibition, phytoplankton species, and physiolog-
ical states (Falkowski and Kiefer (1985); Mazeran et al. (2017)), and layering of phytoplankton.
Borstad et al. (1987) compiled fluorescence observations from several years and found that the
relationship between FLH and chlorophyll could vary by a factor of eight. They also noted
that the correlation within a particular study region was quite good and that the large
variability only occurred when comparing different studies. In general, the reported
fluorescence signal varies from 0.01 to 0.08 W/m2/sr/mm per mg Chl. Lin etal. (2016) reports
a strong diel cycle in in-situ measured fluorescence lifetime (which has a strong positive
correlation to fluorescence efficiency), where the efficiency (lifetime) is higher at night than
during daytime in spite of a marked increase under strong sunlight.

One of the major design goals of the Medium Resolution Imaging Spectrometer (MERIS) was
the capability to use the signal from chlorophyll fluorescence stimulated by ambient sunlight to
detect and map phytoplankton. The use of chlorophyll fluorescence was considered to be espe-
cially useful in coastal waters. Based on a variety of studies, the three spectral channels centred
at665,681.25 and 705 nm were included in the design of MERIS for retrieving the fluorescence
signal.

Using RTM, Fischer and Kronfeld (1990) stated the sun-stimulated natural fluorescence of
chlorophyll-a a good predictor for phytoplankton, even in optically complex waters with vary-
ing suspended matterandyellow substance concentrations. Theyfoundanincreaseinfluo-
rescence of about 0.05Wm=srtum™ caused by anincrease in chlorophyll concentration of

8
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1 mgm=, when a fluorescence efficiency factor of 0.3% was assumed. They also quantified the

effect of vertical stratification.

As of now, the most established fluorescence product, which is operationally available is
the Fluorescence Line Height (FLH) (Behrenfeld et al. (2009); Gower and King (2007a,b)). There,
abaselineisfirstformed byalinearinterpolation of two baseline bands, and then subtracted
fromtheradianceofthefluorescencebandtoobtaintheFLH. Theequationreads:

FLH =L — [Lr + Ar — Af)/(AR — AD(LL — LR)] (2)

where Ag, AL, Ar are the center wavelengths of the fluorescence band and the two baseline
bands. Lr, L, Lr arethe radiances of the fluorescence band and the two baseline bands. For
MERIS, the common band combinationis A\e =681 nm, AL = 665nm,Ar = 709nm. For MODIS,
itisAe =678nm, AL =667nm, Ar = 748nm. For MODIS, the standard algorithm returns the
normalized Fluorescence Line Height (nFLH) in mW cm= pm™ sr2, calculated as the differ-
ence hetween the observed nLw(678) and a linearly interpolated nLw(678) from two surrounding
bands. Here, normalization implies the application of a Bidirectional Reflectance Distribution
Function (BRDF) correction. However, Gower (2014) concludes that normalization results in er-
rorswhichmakethefluorescence datamuchless usefuland demonstrates that FLH should be
used as a measure of chlorophyll concentration without normalization. Alternative algorithms
useasimple reflectance ratio of the reflectance peak around 682nm, e.g. reflectance at 670
and560nmXingetal.(2007).

Anumberofstudiesinvestigated the performance of FLH compared to Chlabsin different
regions. Hoge etal. (2003) conducted avalidation of Terra-MODIS FLH using airbornelaser-
induced phytoplankton chlorophyll fluorescence data retrievals within Gulf Stream, continental
slope, shelf, and coastal waters of the western North Atlantic Ocean. They derived a correlation
coefficient of r2 = 0.85 and conclude that the FLH is equally valid within similar oceanic provinces
of the global oceans. Huot et al. (2005) discuss important sources of variability in sun-induced
chlorophyll fluorescence, such as incident radiance, species composition and nutritional status,
and examine difficulties in deriving fluorescence data products from satellite imagery. Accord-
ingtotheirfindings MODIS FLH can berelated to the total flux being emitted by fluorescence.
Moreno-Madrifidan and Fischer (2013) investigated the performance of the MODIS FLH algorithm
in estuarine waters and derived no overall relationships between in-situ chlorophyll-a and the
FLH product (r’=0.20,n=507). Nevertheless, the obtained weak relationship was still eight times
stronger than that between in-situ chlorophyll-a and the standard product OC3M traditionally
used to estimate chlorophyll-ain ocean waters.

In the OLCl matchup protocol, the criteria for validation are described (EUMETSAT, 2019).

Gower and King (2007a) validated FLH from MERIS on the west coast of Canada. They present
an average relation between FLH and surface chlorophyll concentration from research cruises
and from the blue to green ratio observed by MERIS based on a simple model accounting for
absorption of stimulating and emitted radiation by chlorophyll pigments, which gives a good fit
to the observations. Their results show a difference between the FLH-chlorophyll-relation for
offshorewatersandthoseincoastal straitsandinlets,whichisinagreementwiththefindings
of Gons etal. (2008), who documented the effective use of the MERIS FLH product in oligotrophic
waters of the Laurentian Great Lakes, but failure (with FLH diminishing and becoming negative)
in mesotrophic and eutrophic waters. Overall, we can assume that operational FLH algorithms
that are based on the measurements of reflectance at three wavelengths in and around the

fluorescence band, are sufficient for fluorescence retrieval in the open ocean where
9
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atmospheric correction algorithms work well and elastic reflectance in the fluorescence band is
well approximated by the baseline curve due to the relatively weak elastic scattering signal
whichdepends onchlorophyllalone (Letelier (1996)). However, thisis not the casein coastal
areas. FLH prod- ucts in coastal waters are significantly affected by a peak in the underlying
elastic reflectance which spectrally overlaps and contaminates any fluorescence retrieval

(seefigure 5 forvisu- alization). The shape and magnitude of this near-infrared peak is the
result of a modulation of the particulate elastic spectrum (from both algal and non algal
particles) by the combined phytoplankton and water absorption spectra. The confluence of
the decreasing phytoplankton absorption and the increasing absorption of water with
wavelength results in a local absorption minimum. This absorption minimum leads to the
maximum in the reflectance spectrawhich are inversely related to the total absorption.

Binding etal. (2011) even reported a moderate negative relationship (R = 0.57) between FLH
and in-situ chlorophyll at Lake of the Woods with chlorophyll concentration ranging between 2
-70 mg/m?3.Asareasontheysuggestedthatatthisintensityofabloomtheabsorptionsignal
of chlorophyll dominates in the 681 nm band leading to a negative FLH. Consequently, loannou
etal. (2009) conclude thatin order to improve the operational FLH algorithms for coastal waters
and compensate for the effects of the overlap of fluorescence and elastic spectra, suitable mod-
els mustbe developed. Such models cantake thelargerimpact ofthe spectral variation of the
underlying elastic reflectance peak intoaccountand relate the ratio of the elastic reflectance
componentsat667and678nmtothatat488and 547nm. Inthatway,the newalgorithms will
improvetheir performanceinthe quantification of chlorophyllin coastal waters comparedto
the standard FLH algorithms.

The variability in fluorescence quantum yield caused by taxonomic differences, phytoplank-
ton physiology and light exposure history (Kiefer (1973); Letelier (1996)) is resulting in an ad-
ditional complexity of the relationship between chlorophyll-a and FLH. Nonetheless, Hu et al.
(2005) establishedarobustrelationship between MODIS FLH and in-situ chlorophyll-ain the
west Florida Shelf waters, that yielded superior estimates of chlorophyll-a compared with stan-
dard SeaWiFS or MODIS band-ratio chlorophyll-a. They were able to use FLH to differentiate
between dark features on enhanced RGB images produced by high chlorophyll-a and those
produced by highCDOM.

Recently, methods were developed to detect chlorophyll fluorescence in water from hyper-
spectral satellite measurements. Wolanin etal. (2015) uses the filling-in of Fraunhoferlines
in order to detect fluorescence from SCIAMACHY measurements. Erickson et al. (2019) on the
contrary, usesthe shape ofthefluorescence peak fortheretrieval of afluorescence efficiency
profile from TROPOMI. However, existing hyperspectral satellite data generally suffers from poor
spatial resolution and signal-to-noise ratio.

The Earth observation satellites Sentinel-3Aand Sentinel 3B both carrying the Ocean and
Land Colour Instrument (OLCI) on board were launched in February 2016 and April 2018, respec-
tively. The primary mission of OLCl is the observation of the spectral distribution of up-welling
radiance just above the sea surface (the water-leaving radiance) which is then used to estimate
geophysical parameters through the application of bio-optical algorithms. OLCl spectral bands
are optimised to measure ocean colourover the open ocean and coastal zones. Abandat673 nm
has been added to better capture the chlorophyll fluorescence peak. Yet, no algorithm takes
full advantage of the improved spectral capacities of OLCl for the detection of fluorescence.

10
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Figure 1: OLCl features a tilted field of view to avoid sun-glint
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2 Sentinel-3 OLCI benefits for fluorescence retrieval

The measurements of the satellite sensor OLCl are described in the following with respect to
the enhanced spectral resolution compared to its predecessor MERIS. The key mission objective
for the Sentinel-3 OLCI instrument is the continuity of the ENVISAT MERIS instrument capabil-
ity. The primary mission of OLCl is the observation of the spectral distribution of up-welling
radiance justabovethe seasurface (thewater-leaving radiance) thatis then used to estimate
a number of geophysical parameters through the application of specific bio-optical algorithms.
TheSentinel-3 OLClinstrumentis based onthe opto-mechanicaland imaging design of ENVISAT
MERIS (see Table 1). Theinstrument is a quasi-autonomous, self contained, visible push-broom
imaging spectrometer and incorporates the following significantimprovements when compared
to MERIS:

- Anincrease in the number of spectral bands (from 15to 21),
+ Improved SNR and a 14-bit analogue to digital converter,
+ Mitigation of sun-glint contamination by tilting cameras in westerly direction by 12.6°,

- Complete coverage over both land and ocean at 300 m Full-Resolution (FR).

Thecamerasarearrangedtoslightly overlapwith each othertocoverawide68.5°across-
trackfieldofviewasshowninFigure1.

OLCl bands are optimised to measure ocean colour over the open ocean and coastal zones. A
channelat 673 nm has been added forimproved chlorophyll fluorescence measurement (Fig. 2).
In principle, the OLCI programmable acquisition design allows spectral bands to be redefined
in both location and width during commissioning of the instrument after which time they will
be fixed for the mission duration. The five bands which are suitable for OC-Fluo are bands Oa8-
12(665,673.75,681.25,708.75and 753.75nm). Inordertoreproduce thelowsignalassociated
with fluorescence, these bands must have a high SNR. The bands should be relatively narrow
to bypass absorption features in the atmosphere and they should be stable in terms of both
bandwidth and position because of the spectral proximity of these absorption features. The
OLClinstrument meets these requirements.

Forthe design of MERIS, the ancestor of OLCI, the 681 nm band was positionedinordertoin-
clude the peak of fluorescence, while avoiding the strong oxygen absorption feature at 687 nm
andlongerwavelengths Gowerand King (2007b). OLCladditionally provides band Oa9 at673 nm
withinthe spectralrangearoundthefluorescence emission peak. The spectralbands of OLCI

12
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Band # | A center Width Lmin Lref Lsat SNR@Lref
nm nm W/(m*sr.um) | W/(m.sr.um) [ W/(m*.sr.um)

Oal 400 15 21.60 62.95 413.5 2188
Oa2 4125 10 25.93 74.14 501.3 2061
0a3 4425 10 23.96 65.61 466.1 1811
Oad 490 10 19.78 51.21 483.3 1541
0as 510 10 17.45 44.39 449.6 1488
Oab 560 10 12.73 31.49 5245 1280
Oa7 620 10 8.86 21.14 397.9 997
Oa8 665 10 7.12 16.38 364.9 883
0a9 673.75 1.5 6.87 15.70 443.1 707
0al0 681.25 75 6.65 15.11 350.3 745
Oall 708.75 10 5.66 12.73 3324 785
Oal2 753.75 7.5 4.70 10.33 377.7 605
Oal3 761.25 25 2.53 6.09 369.5 232
Oal4 764.375 3.75 3.00 7.13 3734 305
Oals 767.5 2.5 3.27 7.58 250.0 330
Oal6 778.75 15 4.22 9.18 277.5 812
Oal7 865 20 2.88 6.17 229.5 666
Oal8 885 10 2.80 6.00 281.0 395
0al9 900 10 2.05 4.73 237.6 308
0a20 940 20 0.94 2.39 171.7 203
Oa2l 1020 40 1.81 3.86 163.7 152

Figure 2: The spectral bands of OLCl and MERIS

around the fluorescence emission central wavelength are shown in Figure 3 with overlaying
remotesensingreflectance spectra. The fourbands depictedarebandOa8-11. Thesimula-
tionsare performed usingthe RTMMOMO (Hollsteinand Fischer (2012))andimplementinga
bio-optical model where chlorophyll concentration is coupled to CDOM absorption and particle
scattering. Forincreasing chlorophyll concentration, band Oa9 becomes increasingly necessary
inorderto be able to capture the whole shape of the spectrum, including the local minimum
between band Oa8 and Oa9, which is caused by the chlorophyll absorption peak centered at
673 nm.

As discussed before, the standard FLH approaches are affected by water constituent con-
centrations, becausethe peakaround 682 nmis notonlycaused byfluorescence, butitisalso
an effect of beingin aspectral minimum of combined water, CDOM and chlorophyll absorp-
tion, while theincreaseinthis bandis, despite of fluorescence, caused by scattering of water
moleculesand suspended matter. Thethree bands are not providingenough information for
the separation of those different optically active substances. The inclusion of the OLCI Oa9 band
at 673 nm and implementation of a more complex algorithm, was planned to allow a better sep-
aration of the fluorescence signal from scattering and absorption of chlorophyll. However, it
was shown, that the new band does only provide additional useful information to model flu-
orescence more accurately for extremely high chlorophyll concentrations (see section 4.6.2).
However, this algorithm is aimed to be able to capture the fluorescence signal more accurately
and over a wider concentration range compared to the MERIS and MODIS FLH algorithms.
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Figure 3: The spectral bands of OLCI (blue and green) with overlaying remote sensing reflectance
spectra, simulatedfordifferent concentrations of chlorophyll. OLCl bands are plottedinblue
andgreentoshowtheextentofbandcentralwavelength shiftsacrossthecamerafield of view
duetothesmileeffect.

3 Algorithm Description

In-water chlorophyll Fluorescence is uniqueinits spectral shape and restriction to adistinct
and narrow wavelength range. Other inherent optical properties (IOP’s) in the water have com-
parablyflatspectral features. Alsotheatmosphericinfluenceis mostlyspectrally flat (awater
vapour correction forband 10 at 709nm s also delivered by the institute of space sciences).
Solely chlorophyll absorption induces another narrow spectral feature in the vicinity of the
fluorescence peak. The presented algorithm utilizes the factthatchlorophyll causes the only
spectrally high varying features in the 650-750 nm spectral range and allows us to be indepen-
dentofabsolutevalues andtherefor ofatmospheric correction. We applya simple curve fitto
the measurements of reflected sunlight. Two Gaussian functions of defined width and spectral
position capture chlorophyll absorption and fluorescence, while all other optical influences,
are covered byan offsetand aslope.

3.1 Processing Outline

Due tothe arguments from the last section, both, Level-1B and Level-2 data can be processed by
the OC-Fluo algorithm. In either cases the input is the radiance or reflectance in bands 0a8-12
masked byLevel-2 flags. For Level-1 dataitis necessarytoapplyacloud mask and additional
flags, thatare taken from Level-2. The following Water Quality Science Flags (WQSF) are applied:

+ INVALID
- LAND
+ CLOUD

The algorithm does not flag negative values of pw, since the algorithm can give reasonable

14
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results also with negative pw, when the spectral shape of the datais preserved. Then the five
component measurement vector of each pixel is multiplied by the Jacobian, resultingin four
fitting parameters and a covariance matrix from which the uncertainties are calculated.

No atmospheric Depending on
correction atmospheric
necessary correction
Levell TOA Level2
L(band 8-12, OLCI) Rrs(band 8-12, OLCI)
INVALID
Level-2 WQSF
Retrieval features Intrinsically weighted by
smile correction irradiance at fluorescence
band
v v
L-FPH p,-FPH
Radiance Fluorescence- Reflectance Fluorescence-
Peak-Height Peak-Height

Figure 4: Processing by OC-Fluo for different input and output Levels



Ref:EUM/OPS-COPER/SOW/17/954797 ATBD Fluorescence

The OC-Fluo algorithm is specifically developed for OLCI measurements, but the
methodology can be adapted to different sensors that measure in sufficient spectral
resolution in the spectral region around the fluorescence peak. At least five bands covering
the chlorophyll absorption dip and the fluorescence peak between 650 and 750 nm are
required. We prepare, test and

validate thealgorithmforL-FPHand pw-FPH. Thefluorescence algorithm uses two OLCl standard
products:

+ Level-1B product

Thelevel-1productprovides containcalibrated, ortho-geolocatedandspatiallyre-sampled
Top Of Atmosphere (TOA) radiances for the 21 OLCl spectral bands, plus annotation data
associated to OLCI pixels. From the annotation data we use instrument features and set-
tings for further processing such as detector index or OLCI channels, central wavelength
and bandwidths and the solar flux.

+ Level-2waterproducts

The Level-2 water product provides directional water reflectances, bio-optical and atmo-
spheric parameters (see also sec. 3.1).

3.3.1 PhysicalDescription

The physical basis of the presented algorithm is the law of Lambert-Beer, which describes ex-
tinction of electromagnetic radiation by matter.

| = |Oeﬂi(A)niL 3)

Herelgisincomingandlis outgoingintensity. giis theattenuation cross section of the atten-
uating speciesiinthe material sample; niisthe numberdensity of the attenuating speciesiin
thematerialsample; Listhe pathlengthofthebeamoflightthroughthe materialsample. The

equationcanbewrittenas
oMnL = log(lo/1) 4)

In atmospheric remote sensing it is quite common to use an approach called DOAS
(Differential optical absorption spectroscopy), where the individual absorption cross sections
of trace gases are fitted to the logarithm of I/lo. The separation of different species is
possible because each gas has it’s unique spectral finger print. Chlorophyll fluorescence
also has aunique spectral shape. The inherent optical properties (IOPs) of the main water
constituents as they are implemented in the Radiative Transfer Model (RTM) MOMO (Fischer
et al. (2010), see also chapter Validation) are shown in figure 5. The IOPs were chosen so that
the spectral variability expected in nature can be reproduced by the model. There is
chlorophyll fluorescence, which is an elastic process and can be described as a Gaussian
curved source in radiative transfer. Three spec- trally different absorbers are shown in
figure 5. Chlorophyllis described through a measured absorption spectrum, detritus and
CDOM are both represented by an exponential decay with slightly different slopes.
Scattering on particles follows spectrally an inverse function. These shapes are in the
retrieval reproduced by simple geometrical functions.

16
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FortheFluorescenceretrievalweare notoperatinginlogarithmicspace,whichis possible

becausethelight path ofthe photons throughoutthe complete wavelength range of interest
is similar. We are using either radiance (1) or reflectance (1/lo), which is justified by the as-

sumption that the spectral features, which are extracted by the retrieval, are induced only
by the water body.

3.3.2 Mathematical Description

~— Chl Fluorescence
0.6 e
\:. i Chl Absorption

a5 \ —— Detritus Absarption

~— {DOM Absorption
~ -== TSM scattering

04

03

02

01

0.0

660 £80 700 720 740 760
wvl [nm]

Figure 5: Optical properties of water constituents.

+ X expresses the state vector, which includes the parameters to be retrieved.
+ Yy expresses the measurement vector, which includes the measurements.
+ Fmod is the forward model, which describes yas a function of X
Fmod(A, X) = YA (5)
The measured radiance or reflectance (the equation only expresses radiance for clarity) is de-
scribed as a function of 4 unknown (state) parameters:

+ O = offset, accounting for atmospheric and oceanic scattering processes

+ S =slope gradient, accounting for atmospheric and oceanic scattering processes and ab-
sorption

- APD = amplitude of Gaussian function at Aa (@bsorption minimum of chlorophyll)

+ FPH = amplitude of Gaussian function at Ar (chlorophyll fluorescence peak)

and 4 fixed model parameters:

+ A =centerwavelength ofthe Gaussianabsorptionmaximumofchlorophyllinthered =
673.5 nm

+ Ae = center wavelength of the Gaussian fluorescence maximum of chlorophyll = 682.5nm

. Wg = 2c# = 416nm, with cg being the standard deviation of the Gaussian fluorescence of
chlorophyll

.+ Wa = 2cA =250nm, with cabeing the standard deviation of the Gaussian absorption of
chlorophyll

Theforward modelis composed oftwo Gaussian functions,aslopeandan offset(seealso
Figure 6):

Ltoah) = O +S - A+APD - exp((A — Aa)?/wa) + FPH - exp((A — Ar)?/WE) (6)
The unknown parameter FPH in eq. 6 defines the fluorescence product. Figure 6 shows the
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componentsofthecurveretrieved bythefit.
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Figure 6: Components of the curve, that is fitted to the radiance
spectrum.

3.4 Technical Description

Technically the retrieval is based on an optimal estimation approach.
We define a measurement and a state vector. The measurement
vectoryisgivenbyOLCldataband 8-12andthestatexis defined by
the factor for fluorescence (FPH), absorption (APD), a slope (S) and
anoffset(O).

0al8_re flectance
0a09_reflectance
measurement = ij = | Oal0_reflectance
Oall_reflectance
QOal2_reflectance

(@]
S
APD
FPH

I
8
|

state

Equations (7) and (8).

TheJacobianis the derivative matrix of the measurementto the state.

Each line of this matrix is the derivative of the forward function to the
corresponding state parameter.

Oy1/0x1 Oya/0z1 Oys/Ox1 Oys/0x1 Oys/0x
Oy1/0xy Oyp/0xy Oy3/O0xy Oys/Oxy Oys/0x,
Oy1/0x3 Oyz/0xz Oys/O0x1 Oys/Ox3 Oys/0x3
(9y1 /31‘4 3!/2/(93?4 8y3/8m4 8y4 /3174 3@/5 /81’4
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and therefore:

y = KX (10)
Inserting Eq. 6 gives:
1 1 1 1 1
(As — Ag)/1000. (Ao — Ag)/1000. (A0 — Ag)/1000. (M1 — As)/1000. (A12 — Ag)/1000.

exp((As — /\.4)3/1!’.4 exp((Ao — Aa)*/wa  exp((Ao — Aa)?/wa  exp((A1 —Aa)?/wa  exp((A2 — /\f\)l?/u"‘f!
exp((As — Ar)"/wr exp((Ao — /\F)Q/‘ufp exp((Ao — /\F)Q/ufp exp((A11 — /\F)Q/LUF exp((Aia — /\F)z/w;r

amn
Forthe application of this algorithm to OLCI measurements Ag —A12 are given by the nominal
wavelength of band 0a8-12 (665.0 nm, 673.75 nm, 681.25 nm, 708.75 nm, 753.75 nm). In order to keep
computation time low, we assume this values to be constant (for the inherent smile
correction see Sec. 3.6). Inserting the values for A, Aa, Wr and wa gives:

1 1 1 1 1

0 Ri8.307% 1B3-10> 438.107% 8BR.107
—8.4-1071 -1 —Br-107Y —B-10—% =1.89-10"7
2.94-107" 7.36-107' 9.94-107' 6.35-107%  1.52-107° (12)

K=

Kis arectangle matrix with full row rank and thus features arightinverse Iﬁéht = KT(KKH)T =
K1, sothat the state vector X can be derived from:
x =K1y (13)
In principle, the number of channels thatare included in the measurementvectoris flexi-
bleand can be adapted accordingtothe sensor. The number of measurements (bands) must

be equal or larger than the number of state parameters to be retrieved (possible additional
parameters are Aa, Ar, Wg, Wa, See equation 6) in order to geta K-matrix thatis invertible.

3.5 Spectral solar Irradiance (Fg) weighting for the L-FPH product

The spectral distribution of the solar irradiance is known and the seasonally corrected In-band
solarirradiance (Fo(\))is deliveredwith Level-1OLCldata. Inordertocompensateforspectral

structures introduced by Fo that could interfere with optical properties of chlorophyll, the pre-
processingfortheretrievalof L-FPHincludesarectificationwithanormalised Fo(A). Inpractice
Lroaaredivided by Fo(A)and multiplied by Foin band 682nm.

1. LrOAaredivided by “In-band solar irradiance, seasonally corrected” in instrumentdata.nc.
2.LtOAaremultiplied by meansolarirradianceinband 682 nm.

Lo 4(A) = Lroa(A)/Fo(A) * Fo(682nm)

(14)
3.6 The smile correction for the L-FPH product
OLClconsists of five optical modules, of which each exhibits avariation oftherelative spectral
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response of the bandsinthefield of view. This variation is further different for each module ?
Thecameratocameravariationsinthe central spectral wavelengthaswellas additional small
variations in each detector array are visible as stripes across swath. Those variations, up to
1.5nmare hardlyvisiblewhen looking atthe whole spectral range, but they can be important
when spectrally narrow features are measured with spectrally narrow channels. Accordingly
the stripes can bevisibleinthe results from algorithms assuming measurements at nominal
wavelength as itis the case for the presented algorithm. Level-1 data is delivered including
the central wavelength for each pixel. Operationally Level-2 data is smile corrected assuming a
linear relationship between Rayleigh corrected reflectances in neighbouring bands (Bourg et al.,
2010). Withthis assumption the water reflectances are corrected tothevalues as if they were
measured at nominal wavelengths.

However Level-1b data is delivered without smile correction. Therefore we developed and
implemented an internal smile correction for Level-1b data. The internal OC-Fluo smile cor-
rectionis based ontherelationship between neighbouring bands defined by Eq. 6, therefore
it begins technically with the application of the retrieval (equation 13) on Level-1b data
(Yish) measured at Ash.

Xsh = Klyish (15)
With theresulting state Xsh. Assuming thatthe forward modelled spectrumbased on Xshrep-

resents the slope from measured to nominal wavelength, the shift in radiance units can be
calculatedfromtheshiftinwavelengththrough Fmog:

ALt 0AN) = Fmod(A, X$h) — Fmod(Ash, Xsh) (16)
This ALtoa is then added to the measured L% 4.
Ltoa,corr(N) = LIOA()\) + ALTOA()\) 17)

Lroacorr(N) is now input to the retrieval. As an example for the effectiveness of this smile

correction, Fig. 7 shows a detail of the Barents Sea scene (Fig. ??), whichis also used for eval-
uation (see Sec. 4.2) with L-FPH, which was smile corrected by our retrieval and pw-FPH, where
the boundary of two cameras is still visible despite of the Level-2 smile correction.
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Figure 7: Comparison of the internal smile correction on Level-1b data and the standard smile

correction of OLCI Level-2 data, through the comparison of the two different products in a detail
of the Barents Sea scene (Fig. ??) with L-FPH (left panel) and pw-FPH (right panel), where the
boundaryoftwo camerasisvisibleinthe pu,—FPHbutnotinthe L-FPH.

3.7 Algorithm Output

The OC-Fluo python script returns a netcdf file in a structure that is readable by SNAP. Itin-
cludes pixel-wise values for L-FPH, pw—FPH, Chl from L-FPH, Chl from pw-FPH, L-APD, pw-APD.

For product description see section 1.1 As depicted in Fig. 4, Level-1 TOA radiances, as input
parameter, resultin L-FPH. Level-2 pw, as input parameter, result in py—FPH. Both quantities are
validated in section 4.2.

3.7.1 Sensor Effects

+ Instrumental noise
How instrumental noise propagates into retrieval uncertainty is described in section 3.7.2.

« Smile effect

Due to the optical design of OLCI, which is a medium resolution imaging spectrometer, all
spectralbandsshowaslightlyvaryingcentralwavelength overthefield of view(the smile
effect). Since each camera possesses individualwavelength characteristics, prominent
wavelength jumps of up toone nanometer between cameras occur. OLCl Level-2 water
reflectances are smile corrected by alinear approach inthe L2 processing. For the OC-Fluo
algorithm, anindependent smile correction has been designed (see Section 3.6). According
toKrittenand Preusker(2017)the OLCls smileeffectmay causeinextremecases of high
chlorophyll (> 100 ug/l) an error of up to 5%, but this can be reduced by applying the
standard smile correction to band Oal0.

3.7.2 Retrieval Errors
21
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Following a Gaussian error retrieval, we calculate the error covariance as follows

s = (K's;*k)* (18)

with the diagonal elements of Se being the absolute noise of the measurement. Assuming a
SNRof63forfullresolutionimages, thisresultsinaround 10%uncertainty forboth L-FPHand
pw-FPH.Sinceweareusingalinearforward model,KisaconstantandthereforeSisaconstant
as well.

4 Validation

Whilevalidationisalwaysachallenge,itisespeciallydifficultinthecaseof measuringfluores-
cence from space. Remote sensing products are customarily validated against a ground truth.
But Fluorescence is not an IOP, because it is not a property of the water body alone, but also
apropertyofcurrentand historicalillumination. We donothaveanindependentgroundtruth
for fluorescence, since this light emission is a response to photoinhibition, which is easily influ-
enced by the in-situ measurement process. In-situ fluorescence measurements are governed
by active light pulses and therefor not comparable to sun-induced fluorescence. The common
approach to validate fluorescence from satellite based measurements is the comparison to
chlorophyll concentration. Here, the strong correlation of chlorophyll fluorescence to chloro-
phyll concentration is employed, although the conversion of one measure to the other can vary
byafactorofeightandthereareavariety of factorsinfluencingthis.

The validation, as it could be performed in the scope of this study, is an evaluation of the al-
gorithmandits products ondifferentlevels using multiple sources. Neither of thevalidations
compares two identical measures.

1. Correlation with in-situ HPLC chlorophyll measurements

2. Correlation with standard OLCl chlorophyll products OC4me and NN

3. Inter-comparison with MODIs nFLH product (the only validation with another fluorescence
measure)

4. Correlation with chlorophyll from RTM

As it is common practice for the validation of remote sensing products, the main validation
oftheFluorescence products, L-FPHand pw-FPH s performed through the comparisontoin-situ
measurements, but in this case, of chlorophyll concentration. The comparison to chlorophyll
is state-of-the-art for the validation of fluorescence algorithms (see section 1.3). The fluores-
cenceis expected in first order to be correlated to chlorophyll concentration. For the in-situ
matchup comparison this chlorophyll concentration is the result of HPLC measurements. Addi-
tional to the default flags (see sec. 1.1), flags as recommended in EUMETSAT (2019) are applied
for the validation against in-situ data (see section 4.3.1). Additionally, L-FPH and pw-FPH are

correlated to chlorophyll from the two standard operational Level-2 chlorophyll processors for
OLCl,0C4me and Neural Network. Only inthe comparison of L-FPH, pw-FPH and MODIS nFLH two
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fluorescence measures are compared to each other. Finally pw—FPHis compared tothe input
chlorophyll from RTM simulations.

Insitu Chlorophyll OLCI MODIS Various Chl conc
(MDB) Chlorophyll nFLH (global range) \
; Bio-optical
arison
Comp Model

‘ Fluorescence Peak Height, L-FPH/p-FPH ‘ Optical
Properties
| OC-Fluo | RTM

MOMO

OLCI Lyoa/Pu Svntheti /
(match-ups) YNENERIC Pw

Figure 8: Validation approach for the OC-Fluo algorithm.

4.3.1 HPLC Matchup Database MDB

The main data set for the validation of the OC-Fluo algorithm is the HPLC Matchup Database
(MDB)whichincludes HPLC datafrom NASA SeaBASS Werdell etal. (2003) with OLCl matchups
(Eumetsat Ocean Color In-situ Database, 2019) and is available at https://ocdb.eumetsat.int/.
Most of the matchups are located in Santa Barbara Gulf in California (Pls David Siegel, Em-
manuelBossandLynneTalleyaregratefullyacknowledged). Thustheyarenotrepresentative
forallkinds of waters, buttheyareverywelldistributedthroughoutseasons providingexam-
ples of different levels of chlorophyll-a concentration. The HPLC Matchups DataBase (HPLC
MDB) is distributed by a netCDF file, providing both OLCI data (25 x 25 pixel centred
over in-situ coordinates) and in-situ data. All variables are included as they are in the
original OLCI Level-2 products. HPLC measurements are optically weighted to provide a
unique value when multiple casts are provided within a radius of 150 m within 1 hour
from the first measurement below the surface. A +3-h window is assigned around the
satellite overpass as condition for coincidence. Only in-situ measurements are included
where at least one measurement in the top layer is available. For the satellite matchups,
we follow the OLCI matchup protocol (EUMETSAT, 2019).
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Figure 9: World map with locations of HPLC measurements extracted from SeaBASS database.

A box of 5x5 pixels is defined, centered on the location of the in-situ measurement. This box
allows for the generation of simple statistics, such as the mean and standard deviation, to as- sist
in the evaluation of spatial stability, or homogeneity, at the validation point. On a pixel basis we
applied the suggested Level-2 WQSF flags: CLOUD, CLOUDAMBIGUOUS, CLOUDMAR- GIN, INVALID,
COSMETIC, SATURATED, SUSPECT, HISOLZEN, HIGHGLINT, SNOWICE, ACFAIL, WHITE- CAPS,
ANNOTABSOD, ANNOTMIXR1, ANNOTTAUO06, RWNEGO2, RWNEGO3, RWNEGO4, RWNEGO5, RWNEGOS6,
RWNEGO7, RWNEGOS8, OC4MeFAIL. Only measurements are included where the sensor zenith is < 60°
and sun zenith < 70°. Fig. 9 shows a map with the locations of the remaining 30 valid HPLC
measurements extracted from the SeaBASS database. In the Santa Barbara Gulf in California 22
measurements are made in the same area and cannot be separately displayed.

Fig. 10 shows theretrieved pw—FPH and L-FPH from OLCI matchups over in-situ Chl con-
centration from global measurements. The white background shows the proposed sensitivity range.
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Figure 10: L-FPH from OLCI matchups over in-situ Chl concentration from HPLC measurements
(left panel)and pw—FPH from OLCl matchups over in-situ Chl concentration from HPLC mea-

surements (right panel) from global measurements. The white background shows the proposed

sensitivityrange.

4.3.2 Transects in the Atlantic

Thechlorophyllin-situ datafromtransectsinthe AtlanticOcean are provided by Prof. Astrid
Bracher, Alfred WegenerInstitut, Germany. Thewatertypehereis mostlyopenoceanandthe
chlorophyll concentration is below the sensitivity range of the OC-Fluo algorithm. The data is
shown here and used for validation purposes in order to show that low chlorophyll concen-
tration does not produce unrealistic values but rather noise at lower values. Fig. 12 shows

Figure 11: World map with locations of in-situ measurements from Astrid Bracher.
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pw-FPH and L-FPH over in-situ Chl concentration from transects in the Atlantic ocean. The in-
situ chlorophyll concentration is mostly below the sensitivity range of the algorithm and the
retrieved values are accordingly low.
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Figure 12: pw-FPHfrom OLCImatchups over in-situ Chl concentration from HPLC measurements
(left panel) and L-FPH from OLCI matchups over in-situ Chl concentration from HPLC measure-
ments (left panel) from transects in the Atlantic. The white background shows the proposed

sensitivityrange.

Figure 13: Landsat satellite photo of Lake Peipus, from Wikipedia, 2019

4.3.3 In-situ Measurements in Lake Peipus

Lake Peipusisthelargesttransboundarylakein Europe, lying onthe border between Estonia
and Russiaand the lake is the fifth-largestin Europe. Lake Peipus represents aremnant of a

body of water which existed in this area during an Ice Age. It covers 3555 kmZ, and has an
23
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average depth of 7,1 m, the deepest point being 15 m. The lake has several islands and consists
of 3 parts:

. Lake Peipsi/Chudskoe, the northern part of the lake, with an area of 2611 km? (73%)

. Lake Pskov, the southern partofthelake (area 708 km2or 20%)

+ LakeLammijarv/Teploe, the sound connectingthe othertwo parts ofthelake (area236
km? or 7%)

The lake is used for fishing and recreation, but suffered from some environmental degradation
from Soviet-eraagriculture. Some 30 rivers and streams discharge into Lake Peipus. The largest
rivers are the Emajogi and the Velikaya River. The lake drains into the Gulf of Finland via the
Narva River. The ecological condition of the lake basin is, in general, satisfactory - water is
mostly of grades | and Il (clean), and is of grade Ill in some rivers due to the high content of
phosphorus. The water condition of the rivers has improved since 2001-2007, but thereisanin-
crease in population of blue-green algae. The main problem of Lake Peipus is its eutrophication,
which generally increases from north to south.

We have access to in-situ measurements in Lake Peipsi of hyperspectral in-situ reflectances
and chl-a from 2016 (courtesy of Krista Alikas, Tartu Observatory, Estonia). Chl was measured
spectrophotometrically with a Hitachi U-3010 spectrophotometer and chlorophyll concentra-
tionwas calculated according to the method of Jeffrey and Humphrey (1975).

Unfortunately there are no valid OLCl matchups when applying the criteria from the OLCI
Matchup Protocols (EUMETSAT, 2019). Therefore, we process the in-situ reflectances and com-
pare them to in-situ chlorophyll. When evaluating the in-situ reflectances many difficulties fall
away and the pure performance of the algorithmin complex waters can be tested. On the left
side in Fig. 14 in-situ measured high resolution reflectance spectra are shown, from which the
OC-Fluo retrieved pw-FPH against chlorophyll from in-situ measurements is shown on the right
side. Forboth dates py—FPHandchlorophyllshowaveryclearcorrelation,whichis morelinear
in the case of the 27.7.16.
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Figure 14: In-situ Rrs measured at Lake Peipus for different chlorophyll concentrations (left
panel,numbersinmg/m?3)forthe 14.6.16 (upperpanels)andthe27.7.16 (lower panels)and
according pw—-FPH retrieved from the in-situ Rrs over chlorophyll concentrations from in-situ
measurements (right panels).

Since the assumption of homogeneity is surely not given in this case and applying OLCI
matchup protocols gives no valid output, we do not include this example into the validation
ofthe OLClfluorescence productbutshowthisasanexample oftheability of thealgorithmto
give an estimate of chlorophyll concentrationininland waters. However we process the OLCI
data of the respective dates, where in-situ data is available. Fig. 15 shows OLCIL-FPH on the left
side in colour code with overlaying Chl concentration in mg/m3 from the in-situ measurements
fromthe 14.06.2016 in Lake Peipsi and the same for p,—FPH on the right side. Fig. 16 shows
the same for the 27.07.2016. In both cases the gradient in chlorophyll concentration from the
northerntothesouthernpartofthelakeisclearlyrepresentedbytheFPH.Alsofinerstructures
arevisible butdo notclearly correspond tothein-situ measured chlorophyllvalues, whichis

probably due to the time lag between in-situ and satellite measurement and due to the hetero-
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geneityinthelake. Closetotheshore,adjacencyeffects mightalsoplayarole.

4.3.4 Conclusion on the comparison to in-situ matchups

Aswell L-FPH as pw—FPH from OLCI matchups showa good correlation to global in-situ mea-
sured chlorophyll, if the chlorophyll concentration is higher than 1mg/m3. L-FPH obtain nega-
tivevalues forlow chlorophyll concentration, which is most probably a negative offsetdue to
atmospheric spectral influence. Because of the large scatter and negative values in FPH for Chl
<1mg/m3, we define a sensitivity range for this algorithm of Chl > 1mg/m?3. Fitting this data with
apolynomial function,we deduced arelation between FPHand chlorophyll, whichis also part
of the processor (see ATBD sec. 5).
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Figure 15: L-FPH (left panel) and pw—-FPH (middle panel) in Lake Peipsus retrieved by the OC-
Fluo algorithm and NN chlorophyll (right panel) from OLCI data on 14.06.2016 (colour coded)
and overlaying in-situ chlorophyll concentration in mg/m?>.
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Figure 16: L-FPH (left panel) and pw-FPH (middle panel) in Lake Peipsus retrieved by the OC-
Fluo algorithm and NN chlorophyll (right panel) from OLCI data on 27.07.2016 (colour coded)
andoverlayingin-situ chlorophyll concentrationin mg/m3from HPLC measurements at blue
pins.
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In this section we compare OC4Me and NN Chlorophyll with L-FPH and p-FPH by means of three
example scenes with different water types. The NN Chlorophyllis estimated through an In-
verse Modelling Technique based onan Inverse Radiative Transfer Model-Neural Network to
estimate from normalised water-leaving reflectance at OLCl bands and among others the log10
oftheabsorption coefficientof algal pigmentfromwhich ChINNis derived (Brockmannetal.,
2016). OC4MeisaMaximumBand Ratio semi-analytical algorithm, developed by Morel etal.
(2007). For the comparison it is important to note, that the Neural Network Chlorophyll is more
relevant for complex waters, whereas OC4Me is more appropriate inopen ocean waters. The
three scenes usedinthevalidations arethe Rio de la Plata estuary, part of the Barents Seaand
apartoftheBlackSea. Thescenesaredisplayedwithonlythe processorsdefaultflags(seesec.
1.1)applied. Inorderto derive a quantitative measure, we also derive alinear correlation co-
efficientR. Afewstudies showthatonalocalscalealinearrelationship betweenfluorescence
and chlorophyll concentration may exist (Fischer and Kronfeld, 1990), although other studies
showthatthisrelationshipis strongly nonlinear (Babinetal., 1996). Asadrawback of getting
agoodcorrelationandapplyingasimplegeneralrelationship,wederivethelinearcorrelation
coefficient R between FPH and the logarithm of Chl. Please note, that this coefficient is not
necessarily a measure of the quality of the retrieval. For this pixel-wise correlation the OLCI
matchup protocol (EUMETSAT, 2019) is applied.

4.41 RiodelaPlata

The South Atlantic Ocean near the Rio de la Plata Estuary is a highly dynamic and complex region
that encompasses both Case 1 and Case 2 water types. This scene is characterized by extremely
high,butalsoverylowvaluesofchlorophyll. Chlorophyllasaproductfromthe OC4Meand NN
processor on the 26th of November, 2017 is shown in Fig. 17. The concentration reaches from
0.1 mgm=3intheopenoceanto25mgm=intheestuary. L-FPHand pw-FPHare showninFig.

18, alsowith highestvalues in the estuary. The patterns of L-FPH and pw—FPH look similar to

NN Chlorophyll, with an indication of a better resolution of high values for the FPH products.
The correlation of L-FPH and pw—FPH to Chlorophyll from OC4Me and NN is shownin Fig. 19.
Thereisaclearcorrelation between FPHand NN Chlorophyll. Both, thecorrelation coefficient

R between L-FPH and Chlorophyll from NN and Chlorophyll from OC4Me is 0.86. The correlation
coefficient R between py—FPH and Chlorophyll from NN and Chlorophyll from OC4Me is 0.87.
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Figure 17: ChlorophyllRio de laPlatafrom OC4Me (upper panel)and Neural Net processor (lower
panel)
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Figure18: L-FPH (upper panel)and pw—-FPH (lower panel)atRiodelaPlata.
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Figure 19: L-FPH and pw-FPH against Chl from OC4Me (upper panel) and against Chl from NN in
Rio de la Plata.

4.4.2 Blacksea

The Black Sea lies between southeastern Europe and Asia Minor. Excluding its northern arm, the
Sea of Azov, the Black Sea occupies about 168,500 square miles (436,400 square kilometers). It
is connected to the Aegean Sea through the Bosporus, the Sea of Marmara, and the Dardanelles
(https://www.ceoe.udel.edu/blacksea/geography/index.html). The Chlorophyll concentration
undergoes high seasonal and annual variability. Chlorophyll as a product from the 0C4Me and
NN processoronthe 2nd of November, 2017 is showninFig. 20. The concentration reaches
from 0.5 mgm=inthe middleto 4 mgm=inthe shelfregions, while the main portionis below
2mgm=. Atthe shore OC4Me chlorophyll shows probably adjacency effects. L-FPH and pw-

FPHareshowninFig. 21 andreveal patterns similartothe chlorophyll standard products. The
correlation of L-FPH and py—FPH to Chlorophyll from OC4Me and NN is shown in Fig. 22. The

correlation coefficient R between L-FPH and Chlorophyll from NN is 0.41 and Chlorophyll from
OC4Me is 0.44. The correlation coefficient R between pw—FPH and Chlorophyll from NN is 0.43
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and Chlorophyll from OC4Me is 0.45. Depending on the processor for chlorophyll most or half

ofthepixelsareoutside of thesensitivityrange of the FPH product.
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Figure 20: ChlorophyllBlack Seafrom OC4Me (upper panel)and Neural Net processor (lower
panel)
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Figure21:L-FPH(upperpanel)and pw-FPH (lowerpanel)intheBlackSea.
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Figure 22: L-FPH and pw-FPH against Chl from OC4me (upper panel) and against Chl from NN in
the Black Sea.

4.4.3 BarentsSea

The Barents Seais a marginal sea of the Arctic Ocean, located off the northern coasts of Nor-
way and Russiaandis divided between Norwegian and Russian territorial waters. Itisarather
shallowshelf sea, withan average depth of 230 metres, andisanimportantsite for both fish-
ingand hydrocarbon exploration. Despite being partof the Arctic Ocean, the Barents Sea has
been characterised as "turning into the Atlantic” because of its status as "the Arcticwarming
hot spot.” Hydrologic changes due to globalwarming have led toareduction inseaiceandin
stratification of the water column, which could lead to major changes in weather in Eurasia. Due
tothe North Atlantic drift, the Barents Sea has ahigh biological production comparedto other
oceansofsimilarlatitude. Thespringbloomofphytoplanktoncanstartquiteearlyclosetothe
iceedge, because the fresh water from the melting ice makes up a stable water layer on top of
the sea water.
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Figure 23: RGB, OLClLevel-1b, Barents Sea.

Fig. 24 and 25 show L-FPH and pyw-FPH and OC4Me and NN Chlorophyll on the 7th of May,
2018 in the Barents Sea. L-FPH and pw-FPH reveal distinctive patterns, which are very similar to
the patterns detected as NN chlorophyll. The correlation of L-FPH and pw—FPHto Chlorophyll
from OC4Me and NN is shown in Fig. 26. Both, the correlation coefficient R between L-FPH and
Chlorophyll from NN and Chlorophyll from OC4Me is 0.79. The correlation coefficientR between
pw-FPHand Chlorophyll from NNis 0.76 and Chlorophyll from OC4Me is 0.80.

4.4.4 Conclusion on the comparison to OLCI standard chlorophyll

As well L-FPH as pw-FPH show an overall good correlation to OC4me and NN chlorophyll above
aconcentration of around 1mg/ms3.
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Figure 24: Chlorophyll in the Barents Sea from OC4Me (upper panel) and Neural Net processor
(lower panel)
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Figure25:L-FPH(upperpanel)and pw—-FPH (lowerpanel)intheBarentsSea.
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Figure 26: L-FPH and pw-FPH against Chl from OC4me (upper panel) and against Chlfrom NN in
theBarentsSea.

4.5 Validation against MODIS nFLH

nFLHfrom MODIS is awell-established remote sensing product and independent of our OLCI
FPH productsinterms ofinstrumental issues as well asin terms of retrieval algorithmissues.
Theretrieval of MODISnFLHisdescribedindetailinBehrenfeld etal.(2009). Note, that MODIS
nFLH algorithm is based on the fully normalized water-leaving radiances, including BRDF cor-
rection, as described under Feldman, but both our OLCI products still include BRDF effects (see
section 1.1.5). Inthe following we show three examples of a matchup comparison between OLCI
and MODIS, in each case the quantitative comparisonis shownin acorrelation plotin Figures
29, 32 and 35 after collocation of the two, where OLCl pixels are projected on MODIS pixels. Both,
MODIS nFLH and OLCI L-FPH are based on the physical radiances (the MODIS one has undergone
atmospheric correction), where the spectral peak around 682 nm is expected to originate from
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the ocean. Accordingly bothmeasures are expectedtobeverysimilarinabsolutevalues. Still
differences have to be expected, because MODIS nFLH characterizes the line-height of the mea-
sured spectrum at 678 nm and OLCI FPH characterizes a peak height of a peak at 682.5 nm, which
might be decreased by a dip at 673.5 nm (see the description of the two algorithms, in the ATBD
section 3.3.2).

4.5.1 Barents Sea, 5.7.2018, OLCI-B: 9:21am, MODIS AQUA: 8:40am

TheBarentsSeaisdescribedalreadyinsec. 4.4.3. Wecompare MODISAQUAnFLHand OLCI-B
FPH in the Barents Seaon the 7th of May, 2018. Fig. 27 shows the footprint of the collocated
measurements of MODIS and OLCI.

FUROPE

A

s, 2000 Vi

Figure 27: Footprint (red rectangle) of the collocated MODIS and OLCI measurements, that are
compared here.

Forthis comparison MODISand OLCl differinthe overpass times byabout40 min. Fig. 28

shows the MODIS nFLH, the corresponding OLCl products are shown in Fig. 25. The patterns
look by eye nearly identical. Fig. 29 shows OLCI L-FPH over MODIS nFLH and OLCI pw-FPH over
MODIS nFLH in adensity plot. OLCIL-FPH ranges between 0 and 0.9, with the center of density at
0.6. OLCl pw-FPH ranges between 0 and 5, with the center of density at 3.5. MODIS nFLH ranges

between 0 and 0.9, with the center of density at 0.6. The correlation coefficient between MODIS
nFLH and OLCI L-FPH as well as between MODIS nFLH and OLCl pw-FPH is R=0.81.
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Figure 28: MODIS nFLH at 8:35-8:40 am (upper panel), OLCI L-FPH (middle panel) and pw-FPH
(lower panel)at9:18-9:21 am inthe Barents Sea.
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Figure 29: OLCI L-FPH over MODIS nFLH (left) and OLCI pw—FPH over MODIS nFLH in the Barents
Sea (right).

4.5.2 Namibian Coast, 25.11.2017, OLCI-A: 8:36am, MODIS AQUA: 12:34pm

Phytoplankton bloomsare commoninthe coastalwaters off southwest Africawhere cold,
nutrient- rich currents sweep north from Antarctica and interact with the coastal shelf. At
the same time, the easterly trade winds push surface water away from the shore, allowing
water from the ocean’s floor torise to the surface, bringing with itiron and other material (NASA,
2017). The coastal up-welling system has high seasonal and inter-annual variability in
atmospheric forc- ing, in properties of water masses on the shelf offshore the Republic of
Namibia, and in oxygen supply and demand on the shelf. In consequence, concentrations and
ratios of nutrients in up- welling water have steep gradients in space and time (Hansen, 2014).
We compare MODIS AQUA nFLH and OLCI-A FPH at the Namibian coast on the 25th of
November, 2017. Fig. 30 shows the footprint of the collocated measurements of MODIS and
OLCI.
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AFRICA

Figure 30: Footprint (red rectangle) of the collocated MODIS and OLCI measurements, that are
compared here.

For this comparison MODIS and OLCl differ in the overpass times by about 4 h. Fig. 31 shows
OLCIL-FPH, OLCl pw—FPH and MODIS nFLH. The main patterns look similar, but the relations

in concentration from one feature to another are a bit different. Fig. 32 shows OLCI L-FPH
overMODISnFLHand OLCl pw-FPHover MODISnFLHinadensity plot. Therearetwocenters of
density. OLCIL-FPHranges between-0.6and 0.3, withthecenterofdensityat-0.3and-0.1. OLCI
pw-FPHranges between-0.4and 1.5, withthe centerofdensityat0.4and 0.8. MODISnFLHranges

between 0 and 0.4, with the center of densityat 0.1 and 0.2. The correlation coefficient between
MODISnFLHand OLCIL-FPHisR=0.54 and between MODIS nFLH and OLCl pys-FPHR=0.50.
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Figure 31: Upper panel: OLCI L-FPH, middle panel: OLCI Pw-FPH, lower panel: MODIS nFLH near
the Namibian coast.
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Figure 32: OLCIL-FPHover MODIS nFLH (left)and OLCI pw—-FPH over MODIS nFLH near the Namib-
ian coast.

4.5.3 German Bight, 26.8.2019, OLCI-A: 10:27am, MODIS AQUA: 12:13pm

TheGerman Bightisthe southeastern bight ofthe NorthSeabounded by the Netherlands and
Germanyto the south, and Denmark and Germany to the east. Several mainrivers discharge
intothesouthern NorthSea, suchastheriverElbe, theriverRhine, theriverWeserandtheriver
Ems. The position of the estuaries of these rivers, along with the counterclockwise residual
current pattern which carries riverborne substances from west to east, favour the accumulation
of eutrophying substances in the German Bight. Its coastal zone plays a major role as a recipient
of large amounts of nutrient from human activities, including effluents, agriculture runoff, and
municipalsewage (Schliiter,2010). We compare MODISAQUA nFLHand OLCI-AFPHinthe German
Bight on the 26th of August, 2019. Fig. 33 shows the footprint of the collocated measurements
of MODISand OLCI. ForthiscomparisonMODISand OLCldifferinthe overpasstimes byabout
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Figure 33: Footprint (red rectangle) of the collocated MODIS and OLCI measurements, that are
compared here.

2 h. Fig. 34 shows OLCI L-FPH, OLCl pw-FPH and MODIS nFLH. The patterns look nearly identical.
Fig. 35 shows OLCI L-FPH over MODIS nFLH and OLCI pw-FPH over MODIS nFLH in a density plot.
OLCIL-FPHranges between-0.35and 0.1, withthe center of densityat-0.2. OLClpw-FPHranges
between -0.25 and 1, with the center of density at 0.1. MODIS nFLH ranges between -0.05 and
0.2, withthe center of density at 0.03. The correlation coefficient between MODIS nFLH and OLCI
L-FPHisR=0.84and betweenMODISnFLHand OLClpyw-FPHR=0.87.
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Figure 34: Upper panel: OLCIL-FPH, middle panel: OLCl pw-FPH, lower panel: MODIS nFLH in the
GermanBight.
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Figure 35: OLCIL-FPH over MODIS nFLH (left) and OLCI py—FPH over MODIS nFLH for the German
Bight.

4.5.4 Conclusion on the comparison to MODIS nFLH

The overall patterns of OLCIL-FPH and pw-FPH are so alike that the correlation coefficient to

MODIS is in both cases nearly the same. Due to the physical units, absolute values of L-FPH
are more comparable to MODIS, than the ones of py—FPH, while the negative offset of py-FPH is

more comparable to MODIS, than the one from L-FPH. This is most likely due to the atmospheric
correction, whichis applied as well to MODIS nLw as to OLCl pw. The correlationis very good
fortheBarentsSeaandthe GermanBightexampleandlessgoodforthe Namibiancoast,where
thetimegapof4hisprobablytoolarge.

4.6 Validation on simulated data

Radiative transfer simulations are performed for developing and testing the OC-Fluo algorithm.
As described beforeinsection 4.1 the emitted fluorescence quantum in nature depends on many
factors, like the quantum yield, the chlorophyll concentration, illumination, etc., which are not
known, or at least not accurately known. A synthetic approach, like the one described here is the
only way to control all influences on the fluorescence signal. Inthe RTM fluorescence is a strictly
increasing function of the chlorophyll concentration. In case the mathematical function is able
to capture the fluorescence peak from OLCl spectrally convoluted reflectances the retrieved
FPH should be a strictly increasing function to input chlorophyll.

4.6.1 The RTM MOMO and the bio-optical model

The simulations are performed using the vector version of MOMO (Fell and Fischer (2001), Holl-
stein and Fischer (2012)). Here a horizontal homogeneous atmosphere and ocean consisting
oflayerswithverticaluniformoptical propertiesareassumed. Theupwardand downward di-
rected light field is calculated at all inter layer boundaries and for all solar positions. The az-
imuthal dependence of the light field is internally expressed as Fourier series and reconstructed
atequidistantdistributed azimuth angles. The modelis operated by severalinputfiles which
govern the height profile of atmosphere and ocean, the scatterers, the absorbers and the at-
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mosphere ocean interface. For this set of simulations awater bodywas implemented with 20
layers of Imthicknessandisassumedtobehomogeneouswithanequaldistribution of con-
stituents (phytoplankton and CDOM) in each layer. The absorption coefficient of pure sea water
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Figure 36: Spectral scattering (blue) and absorption (green) of pure seawater for salinity S=20
PSU and temperature T=20°C (Rottgers et al., 2010).

Table 5: Input IOPS for MOMO

IOPI1/m] nna .l na 08 10 14 18 20 50 70
concentration] 0.84 | 8.4 16.8 | 21 29.4 | 37.8 | 63 105 | 147
[ma/m3]

(seeFig. 36)isaresultfromthe ESA project WATERRADIANCE (Rottgers etal., 2010) as alinear
expansion with coefficients for salinity and temperature. The volume scattering coefficient of
sea water is the sum of contributions from density fluctuations and concentration fluctuations
and has been discussed in Zhang and Hu (2009). Fig. 36 shows the absorption and scattering
coefficientsforsalinity S=20PSUand temperature T=20 ‘C.Weapplyabio-optical model, where
chlorophyll concentration governs as well chlorophyll absorption coupled to chlorophyll fluo-
rescence with a quantum yield of 0.03, as CDOM absorption and scattering (Bricaud et al. (2010)).
The chlorophyll-a extinction coefficient and the corresponding single scattering albedo control
the amplitude and spectral signature of phytoplankton. A normalized chlorophyll-a absorption

spectrum is scaled at 440 nm in order to calculate the absorption spectrum apn (M) for different
phytoplankton amounts. The single scattering albedo wp at 440 nmis set to 0.68 (J. Fischer, pers.

communication) to calculate spectral phytoplankton scattering bpn (A) with
bph()\) = aphwo)\/(l—wo) (] 9)
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Phytoplankton scattering is constrained by a phase function measured from Petzold (1972)

which can be mathematically expressed with the Fournier-Forand function with a backscattering

ratio of 0.01986. The simulated data cover a large range of chlorophyll concentrations (see table

5), which are governed by the absorption coefficients at 440nmfrom 0.004 m—1to7m~1. The
simulations are performed in 1 nmresolution from 390nmto 740 nm.
Technicallythefluorescenceis simulatedintwo subsequent modelruns. Inthe firstrunthe
energythatisabsorbed by chlorophyll (photosynthetically active radiation, PAR) is calculated
and in the second model run this energy is multiplied by the quantum efficiency of 0.03 and
implemented as a Gaussian shaped peak source, centered at 682.5 nm and halfwidth of 25 nm.

4.6.2 Calculation of p,, and convolution to OLCI and MERIS spectral response
function

Thepwisnotadirectmodeloutput, butis derived fromup-and downwardradiances(L /,L /)
andirradiances(E /,E /)justabovewatersurface:

pw®, d,A) = TLw(®, &, V/E / (N (20)
where the water-leaving radiance Ly is calculated from
Lw®,6,A) =L 7 B8,0,N) — Lolack®, &, A)/E / N 1)

and Lpiack is L / from only the ocean surface. This is realised in the model, by implementing
a verythinwater bodywithablack surfacebelow.

Theresulting pwis showninFig. 37in 1 nmresolutionandin OLCI’s spectral resolution within
thespectraldomainofthe OLClbands Oa8toOal2. The MERIS band setting, whichisasubset
of OLCI’s bands is included.
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Figure 37: Hyperspectral (green) pw from RTM and its convolution to OLCl (blue) spectral res—
olutionfor8s=48",6v=34",¢v=90"and chlorophyll concentrations givenintable 5, while the

lowest spectrum is the one with the lowest chlorophyll concentration. Band 0a09 from OLCI
whichisadditionaltoMERISbandsis shownin magenta.

We apply the proposed algorithm to the convoluted remote sensing reflectances. The upper
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panelinFig. 38 shows pw—FPH retrieved from synthetic spectra over Chl, calculated fromthe

simulationsinput. Results are shown for OLCland MERIS band setting, while the MERIS results
are produced by justexcluding band Oa9 fromtheretrieval. Both band settings givean unam-
bigous and very similar relationship. The lower panel in Fig. 38 shows the relative difference of
pw-FPH retrieved from synthetic spectra in OLCl and MERIS band setting over chlorophyll. Up to
40mg/m3 chlorophyll the difference is less than 4% and even for very high concentrations up
to 140mg/m3 it does not exceed 10%. This means the algorithm can be also applied to MERIS
measurements and the results can be directly compared to each other. Consequently long time
series of nearly twenty years of FPH could be generated and analysed. In order to investigate
the reasons for the similarity of OLCl and MERIS results, we illustrate the extracted spectral
components. The division into the spectral components is shown in Fig. 39 for OLCl and for
only MERIS bands applied to a pw-spectrum with low and with high chlorophyll. For low chloro-
phyll concentrations the spectral model seems to reproduce the simulated spectrum perfectly

as well for MERIS as for the OLCl band setting. For higher concentrations the additional band
0a9 pulls the reproduced spectrum a bit down, which leads to a slightly lower FPH. The fact
that the reproduced spectrum s slightly off the measured bands indicates that for extremely
high chlorophyll concentrations the model could be adjusted to a spectrally even more complex
behaviour.
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Figure 38: pw—FPHretrieved from synthetic spectraover chlorophyll, whichwas input forthe
RTM for OLCI (red) and for MERIS (blue) band setting (upper panel). Relative difference between
pw-FPH retrieved from synthetic spectra in OLCl and MERIS band setting over chlorophyll (lower
panel).
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Figure 39: Components found by the retrieval of p,—FPH applied to a pw—-spectrum with low (left
panels) and with high (right panels) chlorophyll for MERIS (upper panel) and for OLCI (lower
panel) band setting.

4.6.3 BRDF effect

In order to investigate the impact of the non lambertian BRDF of the sea surface on the Fluo-

A
rescence product, we calculate from RTM the exactly normalized water-leaving reflectance pN,
which is pw(Bs, v, A with 8s=0 and 8y =0. (see sec. 1.1.5) through:

pw(0,0,N) = TLw(0,0,N/E / (N (22)
The water-leaving radiance Ly is calculated from the difference of the upward radiance just

above the surface of the modeled water body and the same quantity above a black (non-
reflective) water body. This step removes the reflection at the water surface.

Lw(0,0,A) = (L 7 (0,0,N) = Lbiack(0,0,A)/E / (N (23)
Fig.405howspv'j(solid)andpw(es,ev,)\)withGs=48°,9v=34°,¢v=90°(dashed)forthedifferent

chlorophyll concentrations given in table 5 (different colours). There is a about 0.05 offset be-
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tween both geometries, while the exactly normalized py is brighter. This offset can be captured

in the retrieval by the fitted offset. However the peak heightis larger for the not normalized
spectrum.

0.025 A === p,0s=48",8y=21",¢v=90"
' p.e\-,.x

water leaving reflectance p«

660 670 €80 690 700 710 720 730 740 750
wavelength [nm]

Figure 40: Hyperspectral g\ (solid) and pw(Bs,0v,A) with8s=48", 8y =34", ¢y =90 (dashed) for
the different chlorophyll concentrations given in table 5 (different colours).

From the simulated pw, pw—FPH is retrieved for both geometries. The results are shown in
Fig. 42. Therelative differenceis shown in Fig. 41 and gets stronger with increasing chloro-
phyll concentration. It exceeds 20% for the highest chlorophyll concentration (147 mg/m?3). For
moderate chlorophyll concentrations the relative difference is around 16%.
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Figure 41: py—FPH retrieved from OLCl-resolved synthetic spectrain nadir-nadir geometry
(green)and for8s=48", 08y =34", oy =90 over chlorophyll, which was input for the RTM.
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Figure 42: Relative difference between pw—FPH from retrieved from py(8s,6v,\) with 8s=48,
Bv =34, oy =90 and p" over chlorophyll.

4.6.4 Conclusion on FPH simulations

WithRTMwe produce spectrally highresolved py spectrathatare convoluted to OLCl spectral
resolution and analyzed by the OC-Fluo algorithm. The resulting pw -FPH is a strictly
increasing function of the input chlorophyll, which is governing the fluorescence in the
model. From this we conclude, that FPH is a good measure of the fluorescence.
Furthermore the resulting relationship between FPH and chlorophyll produced from MERIS
band setting is very similar, with a difference below 10% throughout the concentration
range. Therefore the algorithmis applicableto MERIS measurementsandresultsaredirectly
transferable. With our RTMwe also studied the effect of the BRDF on the retrieved FPH. The
relative difference between different viewing geometries exceeds 20% for high chlorophyll
concentrations.

The sensitivity range of the algorithm is determined by the sensitivity of the measurements
towards the fluorescence signal and the ability of algorithm to retrieve it. From our fluorescence
to chlorophyll comparisons and in agreement with earlier assessments (see section 1.3), we
estimate the sensitivity range of the processor to chlorophyll > 1mg/m3 which corresponds to
L-FPH > 0 and py—-FPH > 0.1.

5 Conclusions on the Validation

To validate the OLCI L-FPH and pw-FPH product we followed different approaches. Both
products show a good correlation to in-situ measured and remotely sensed chlorophyll, if
the chlorophyll concentration is higher than Tmg/m3. For lower chlorophyll concentrations the
scatter is large and especially L-FPH values become negative. From this we can conclude, that
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our FPH product is a good tracer for chlorophyll and especially for high values therein. This
feature has to be studied in more detail, in particularatmosphericimpacts, even when there
are small their might have an impact on small fluorescence signals.

Eventhough OLCIFPH and MODIS nFLH are not exactly the same measures, thereis avery
high correlation between both.

From RTM we can conclude, that FPH is a strictly increasing function of the fluorescence
magnitude. Furthermore the algorithm is applicable to MERIS measurements and results
are directly transferable. With relative differences up to 20% for high chlorophyll
concentrations, theBRDF effectisanopenissue.

6 Conversionofthe FluorescenceSignalto Chlorophyll

The retrieved Fluorescence signal can be converted to chlorophyll using an empirical relation-
ship. Therelationshipis deduced fromtheglobalvalidationinsection 4.2 (seeFigure 10)through
apolynomialfit. TechnicallyL-FPHis convertedto pw—-FPHbyapolynomialfitoffirstdegree:

pw—FPH = 0.0047 + 0.000428519665 #* L-FPH (24)
Then pw-FPH from L-FPHand the originally retrieved pw—FPH are converted to chlorophyll
[mg/m?3] by a polynomial fit of 3rd degree. The formula for the conversion to chlorophyll:
0.0363730393 + 303.629698 * pw—FPH + 150783.567 * pW—FPH2 + —2207582.65 * pW—FPH3 (25)

The conversion is included in the processor and the products are L-Chl and pw-chl.

7 Transferability to MERIS data

From RTMwe can conclude, that MERIS band setting is sufficientto beinputtothe presented
algorithm. This is also tested with real measurements. Figure 43 shows L-FPH retrieved from
OLCl measurements over L-FPH retrieved from MERIS measurements and the same for pw—FPH.

The correlation is very high and shows that the algorithm could be directly transferred to MERIS
data.
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Figure 43: L-FPH retrieved from OLCI measurements over L-FPH retrieved from MERIS measure-
ments (left panel). Sameforpw-FPH (rightpanel)
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8 Algorithm assumptions

+ Thealgorithmisbased on OLCITOA-Lorpw,whicharebothnotnormalizedwithrespect
toviewing geometry(seesection 1.1.5and section 4.6)

+ The algorithm also assumes that very simple functions, the Gaussian functions, offset and
slope (seesection 3.3), can capturethe spectral featuresinthe redto early-NIR spectral
range of the optically active substances inthe water body eitherusing Level-2 or Level-
1 data, without ambiguities caused by other processes. However, it is known that the
overlap of chlorophylland waterabsorptiontogetherwith scattering canalso producea
reflectance peak around 700 nm. One open question is the degree of ambiguity between
the fluorescence peak as such and the peak resulting as a superposition of chlorophyll
absorption, scattering and water absorption.

+ The algorithm as it is assumes a fixed position of the fluorescence peak. In literature
the hypothesis of a changing position with the phytoplankton functional type and species
exists Zhao et al. (2010). However experts of phytoplankton physiology are convinced of
a pretty fixed position of the fluorescence peak (pers. communication Riidiger Roettgers,
Hemlhotz Zentrum Geesthacht).

+ The algorithm assumes the fluorescence peak to be Gaussian, while from laboratory mea-
surements (pers. communication Riidiger Roettgers) it looks slightly double Gaussian (see
figure 44)

Following the above mentioned assumptions there are the following potential improvements:

+ The OLCl py—FPH shouldinfuture be based on an exactly normalized quantity ora BRDF
correction should be applied on the product itself.

+ Theretrieval uncertainty with respect to spectral ambiguities can be quantified by a specif-
ically designed RTM study and should resultin a flag for scums and a warning for ambigu-
ous situations.
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Figure 44: Measured normalized Phytoplankton Fluorescence (in vivo) (Riidiger Rottgers),
convoluted to OLCI srf, Gaussian convoluted to OLCI srf.

+ Technicallyitis possibletoinclude the position of the peak as retrieval parameter
when morethen4bandsareavailablelikewith OLCI

+ The replacement of the Gaussian function for fluorescence by the measured
fluorescence spectral shapewastestedanddid notimprove thefit.

9 Algorithm

limitations
recommendations

and

appl

ication

The sensitivity range of the algorithm is determined by the sensitivity of the measurements
towards the fluorescence signal and the ability of algorithm to retrieve it. From our fluorescence
to chlorophyll comparisons and in agreement with earlier assessments (see section 1.3), we

estimate the sensitivity range of the processor to chlorophyll > 1mg/m?3 which corresponds to
L-FPH > 0 mWm=srinm=and pw—FPH > 0.1. This is based on the observation that below this
threshold data can become noisy and L-FPH values become negative. This sensitivity threshold

will also be subject to further investigations.

Parameter

Chlorophyll

L-FPH

ow-FPH

sensitivity threshold

Tmg/m3

0OmWm=2srinm=

0.1

Table 6: Sensitivity thresholds for the output parameter of the OC-Fluo algorithm.

Additionally the conversion from FPH to chlorophyll (see Sect. 6) relies on a global
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relationshipandisthereforeonlyaroughestimateduetoreasonsgiveninSect.4.1.

10 Potential Future Evolutionsand Recommendations

To base the OLCl pw—FPH on an exactly normalized quantity or to apply a BRDF correction on
pw-FPH is the most urgent topic since it would decrease the product uncertainty significantly.
The quantification of retrieval uncertainties should be the second priority. For the moment the
improvement by including the position of the fluorescence peak as retrieval parameter and the
replacement of the Gaussian function for fluorescence by the measured fluorescence spectral
shapeisnotverypromising. Forsimplicitywerecommendtokeepthe Gaussianinstead ofthe
measured fluorescence function.

10.1 BRDF correction for FPH

Before an operational availability of exactly normalized water-leaving reflectance from OLCI, a
BRDF correction of the FPH should be aimed for. From RTM simulations pw and the resulting
pw-FPHcanbecalculatedforanyviewinggeometry. Theratioof py—FPHatthe specificviewing
g¥ometry from the measurement to py-FPH associated with the same water body but based on
w9givesaBRDF correctionfactorfortheretrieved py—FPHinordertogetanormalized py—FPH.

We recommend to implement this in the retrieval procedure.
10.2 Flag for scums and warning for ambiguous situations

The signal which is emerging the water body can be ambiguous with respect to fluorescence and
other water constituents. The combined phytoplankton and water absorption spectra, with the
confluence of the decreasing phytoplankton absorption and the increasing absorption of water
with wavelength results in a local absorption minimum. This absorption minimum leads to the
maximum inthereflectance spectrawhichareinverselyrelatedtothetotal absorption. From
validation againstin-situ chlorophyllwe cannot decide if we are detecting pure fluorescence
(inelastic) or the combination of both, fluorescence and the absorption/scattering (elastic) peak
because the relation between chlorophyll concentration and fluorescence is also depending on
fluorescence efficiency and layering of the phytoplankton (see Figure 45).

OLCI Fw T Relation can
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ion by: . ) )
- Water Y “\_ interpretation
- CDOM Retrieval \ of the signal
Scattering by: Uncertainty
- Water
- Sediments
Chlorophyll
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Uncertainty in
__— Bio-Optic
Nutrients _—
Layering —
lllumination
Functional type
> OLCI A

Figure 45: Relation between chlorophyll concentration, fluorescence and absorption

Theretrieval uncertainty can be quantified throughradiative transfer studies with the fol-
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lowingstrategy (seealsoFigure 8). Aglobalrangeofchlorophyllconcentrationsisinputtothe

bio-optical model (0-300mg/m?3). In contrastto the study performed during the project, chloro-
phyll fluorescence, absorption and scattering should not be coupled, but varied independently
as input parameter. This should be done in each case at 10 logarithmically distributed sampling
points with fixed chlorophyll concentration. The relation between chlorophyll absorption and
fluorescence is the fluorescence efficiency, which has been set for this study in MOMO at 0.03.

Inthe first part of the study the fluorescence efficiency should be varied over a broad range (e.g.
0.01 - 0.3), so that with fixed absorption and scattering, there is a varying fluorescence signal.
Inthe second part of the study scattering should be varied, while the fluorescence efficiency
is fixed. The RTM MOMO simulations should be performed in the range from 600-800 nm with
1 nmsampling. From the output remote sensing reflectances are calculated and convoluted
using OLCl spectral response functions. The OC-Fluo algorithm is applied to those spectra and
theresultingFPHis correlatedtotheinputparameterwiththeattempttoalsofindcorrelations
to A, S and O. This sensitivity study should result in a recommendation for flags/warnings to be
raisedwhenthe productisuncertaintoahighextend.ltcanalsobeusedtoincludebio-optical
uncertainties in the uncertainty estimation of the product.

10.3 Validation of A

The OC-Fluo algorithm results in 4 retrieval parameters. Offset (O), Slope (S), Absorption coef-
ficient (A) and Fluorescence coefficient (FPH). The project period allowed the thorough inves-
tigation of FPH only. However, Aseems to be a good proxy for phytoplankton biomass, as itis
valid for the maximum absorption in the blue spectral range. The retrieval parameter A should
be validated against chlorophyllin avery similar manner like FPH. This means the validation
of Aagainst OLCIOC4me and NN and againstinsitu chlorophyll concentration from the MDB.
Chlorophyll absorption is a good proxy for phytoplankton biomass.
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Figure 46: Correlation between chlorophyll fluorescence and absorption

10.4 Analysis of the relation of L-FPH or p,,-FPH and A for information on lay-
ering, phytoplankton species, and physiological states
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Since both retrieval parameters, A and FPH are signals originating from chlorophyll, the combi-

nationofbothcangivenewinsightsintothebiologyandthelayeringofthe phytoplankton(see
Figure45). Asintroduced above, AcouldbeacorrectiononFywithrespecttolayering. Fig. 46
showsthestrong correlationof Aand FPHinthe Barents Sea. Theretrieval parameter A, which
isevaluatedinthered,isaffectedinthesamewaybythespecificlayeringofthe phytoplankton
asthe parameterFPHduetotheradiativetransferinthewater. Butitis notaffectedinthesame
way, or not as intensively by phytoplankton species, physiological state or photoinhibition.
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