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Abstract. This paper concerns the GlobColour merged chlorbphproducts based on Satellite Observation (SESN
MERIS, MODIS, VIIRS and OLCI) and disseminated Ine trame of the Copernicus Marine Environmental Nwing
Service (CMEMS).

This work highlights the main advantages providgdthe Copernicus GlobColour processor which is usederve the

CMEMS with a long time series from 1997 to pres&nGlobal level (4 km of spatial resolution) and flee Atlantic level 4

product (1 km).

To compute the merged chlorophyll-a product, twgamtppics are discussed:

e The strategy for merging remote sensing data; fbichvtwo options are considered. On the one hantheeged
chlorophyll-a product computed from a prior mergofghe remote-sensing reflectance of a set ofasn®©n another
hand, a merged chlorophyll-a product resulting flnesombination of chlorophyll-a products computeddach sensor.

» The flagging strategy used to discard non-significgservation (e.g. clouds, high glint...)

These topics are illustrated by comparing the CMEM&bColour products provided by ACRI-ST (Garnessbal., 2019)

with the CCI/C3S project (Sathyendranath et alL80While GlobColour is merging chlorophyll-a praxds with a specific

flagging, the CCI approach is based on a priorectdince merging before chlorophyll-a derivation arsg¢és a more
constraints flagging approach.

Although this work addresses these two topicspésdnot pretend to provide a full comparison oftthie datasets, which

will require a better characterisation and addaidnter-comparison withn situ.

1 Introduction

The Copernicus Marine Environmental Service (CMEM®)vides regular and systematic reference infaonabn the
physical state and on marine ecosystems for thieaglocean and for the European regional seas (f@tope, currents,

salinity, sea surface height, sea ice, marine ajpticoperties, etc.).
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This capacity encompasses satellite andsitu observation-derived products, the description e turrent situation
(analysis), the prediction of the situation a feaysl ahead (forecast), and the provision of condigttrospective data
records for recent years (re-analysis).

The Ocean Thematic Assembly Centre (OCTAC) is pe@MEMS and is dedicated to the dissemination oé&h Colour

(OC) products derived from Satellite Observatior (Lraon et al., 2015). The OCTAC provides Global &egional

(Arctic, Atlantic, Baltic, Black Sea and Mediteresmam) products for the period spanning from 19%heéopresent.

For Global products, the Copernicus GlobColour pssor is used operationally since 2009 to serve KBIENd its

precursors (a series of EU research projects ckligdcean).

The GlobColour processor has been initially devetbp the frame of the GlobColour project started®®05 as an ESA
Data User Element (DUE) project to provide a camtims data set of merged L3 Ocean Colour produdteeShe

beginning of the project, the Copernicus-GlobColbas been continuously serving more than 600 wserklwide. This

effort has been continued in the framework of CMERSderive (among others) the chlorophyll-a OceartoQ core

product.

Many algorithms have been published to retrieveordphyll-a from reflectances (RRS) observed by sheellite (e.g.,

Muller Karger et al., 1990, Aiken et al., 1995, Mbi1997, O'Reilly et al., 1998, 2000). In CMEMS eti&lobColour

chlorophyll-a product relies on a combination dfetient algorithms:

» for oligotrophic water (70% to 80% of ocean), thea@proach (Hu, 2012) is used,

» for mesotrophic water, the classical approach @23, OC4, OC4Me depending the sensor),

« for complex water, another major contribution ig thse of empirical OC5 algorithm (Gohin et al., 20@nhich is of
specific interest for end users who should manageptex water along the coastal zone.

The work presented here highlights the conceptiiahiatage of the CMEMS Copernicus GlobColour pramesencerning

flagging and merging of sensors. In the followirgrtions, results are described and illustrated witmparison to the

CCI/C3S products.

The comparison between GlobColour and CCI is esfigaelevant since the same chlorophyll-a alganigh(CI/HUE and

OC5) are used by the two initiatives: it meansdifierences mainly come from the merging strategies flagging scheme.

2 Methods
2.1 Merging approach

The CMEMS GlobColour merged chlorophyll-a produstias at present on the following sensors: SeaWiRS7-2010),
MERIS (2002-2012), MODIS-Aqua (2002-present), VIIR®P (2012-present) and OLCI-S3A (2016-present).
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It means that the long time series from 1997 tegmerelies on different sensors, observing thehEar different spectral
bands (and different bandwidth), with different aisition time (so different atmospheric and sunditbans), and with
different spatial resolutions from about 300 meterd km at nadir (larger on the swath border). Mzharacteristics of the
sensors/bands used for CMEMS are summarized ineTabIVIIRS-NOOA20 and OLCI-S3B will be ingested tine
operational products in 2019.

It should be noted that the global chlorophyll-adarct is at present provided at a 4km spatial tuigol, but the objective in

the coming years is to provide, at least alongctieest, a chlorophyll-a product at 300 meters abltgmn.

All sensors used observe the Earth along a hehefspnous orbit . One sensor is not able to prothdeull Earth coverage

for a given day (Maritorena et al., 2010, FigureMIJRS provides a larger swath than the other sendut the coverage is

incomplete because of sun glint.

When more than one sensor is available for the gaenied it is of interest to take benefit of themgementarity and

redundancy of sensors. For instance, dependingnsiirsg time, morning haze can impact one sensanather (Toole et al.,

2000).

To compute a multi-sensors chlorophyll-a produdinty two merging approaches exist.

« Afirst approach (used by CCI) is based on mergefieRtance (RRS) computed in a prior step and tsedl to derive
chlorophyll-a. Based on a band shifting and biasremtion approach, merged RRS for the standard #eaw
wavelengths (412, 443, 490, 510, 555 and 670 nmpeovided. The blended chlorophyll-a algorithmdigethe CCI
v3.1 release attempts to weight the outputs ob#st performing algorithms based on the water typpsesence.

» Conversely, in a second approach (used by CMEM®Giour), the chlorophyll-a is computed in an mligation step
for each sensor using specific characteristicchefdonsidered sensor (spectral band, resolutiow),tlken the mono-
sensor chlorophyll-a products are resampled andyederThe continuity of the different algorithms wiadtially
obtained using a water classification approach I¢é@u al., 2018) Beginning of 2018, a new approach has been
adopted:

o First, the continuity of algorithms used for mesptiic and complex water are guaranteed by the @Okup
tables. The OC5 lookup table is initialized usihg OC3 and OC4 coefficients from agencies and émepirically
adjusted when the green band exceeds a thresk@d@hin et al., 2002 for details).

0 Then, the Cl and OC5 continuity is based on theesapproach as NASA. When the chlorophyll-a conegion is
in the range 0.15 and 0.2 mgina linear interpolationf OC5 and Cl is used. This provides continuitywsssn the

two algorithms.

2.2 Flagging approach

Inputs of the Copernicus GlobColour processor aeelevel 2 products provided by the space agengiesderive the

chlorophyll-a map, the input level 2 reflectancdR@ and input flags are used (level 2 providessfiadicators about the
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quality of the reflectance at pixel basis). Fotamee, a pixel can be impacted by a sun glint effecsuch case reflectance
are available, but it is recommended by agenciesotouse it in the processing. Each space agenblispas a flagging
strategy which has been designed to guaranty thktyjof its products. The drawback is that for gdex water (especially
along coastal area), the data are usually flaggsdjting in level 3 products with a limited covgea

One specificity of the OC5 algorithm (Gohin et 002) is to use its own strategy to flag data élyorithm was initially
designed for coastal monitoring). It is based ont phthe official flags plus empirical thresholtsat have been tuned for
each sensor (e .g. the OC5 sun zenith angle (SZ#etito 78° instead 70°).

The OCS5 flagging is used by the GlobColour senppr@ach but does not benefit to the CCl approadbhwiises a specific
OCS5 lookup table to be apply to the merged reflezda

Concerning CCI/C3S the flagging strategy for redew3.1 depends of the sensor. When the reflecteareebased on the
level 2 provided by the agency (SeaWiFS and VIIRE?B) the official flags from the agencies are agapliwhen the
POLYMER algorithm (Steinmetz et al. 2011) is used &tmospheric correction (MERIS and MODIS) a gangixel

identification and classification algorithm callédkpix is used (part of BEAM software) instead #tendard POLYMER

flagging (which is too permissive).

3 Resultsand Discussion
3.1 Thereflectance merging approach

The reflectance merging approach is used by thed@3iSto derive the global Chlorophyll-a CCI timeigarand by the
regional CMEMS products. As pointed by Volpe et(@D19) for the regional Mediterranean products, ltland merging
approach has the advantage of providing a homogsngataset of spectral reflectance from which camldrived, in full
consistency for the long term, different environtaérparameters, among them chlorophyll-a produdt &so light
attenuation, Kd, Suspended Particulate Matter dinelrs.

However, the consistency of the long-time seriesvigied by CCI suffers from some limitations. The IG&oduct user
guide (Figure 2) intercompares the different redea$ the CCI time series. It shows that the V2 aséewas strongly
impacted when the MERIS sensor has stopped in 20diP (see Table 1). The V3 release demonstratmd tlepending of
the sensors used: It increases for the period 200D- (based on the contribution of SeaWiFS, MODiS MERIS) and
decrease for the period 2012-2017 (based on MOBUS/AIRS-SNPP).

At regional scale, the figure 3 for the Arctic (sked from the CCl-products, source CMEMS OMI QUI&$0 demonstrates
strong limitations about the consistency of theetiseries and trends that are derived. During tegeriod until 2002, only
SeaWiFS is available, then in 2012 there is the @nithe MERIS contribution and the starting of VBFESNPP with the
same trends as above.
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It is known that both MODIS and VIIRS instrumentveamajor calibration issues starting at about 204IPRS-SNPP

degradation has been identified a few months &fterch and MODIS designed for a lifetime of 7 ydansow 17 years old.
MODIS calibration has required regular modificatitm adjust the temporal trends (R2009.1, R2010.0 especially
R2012.0). At the end of year 2017, the NASA repssogg (called R2018) has significantly improvedsthissues for VIIRS
and especially the MODIS drift with a new procedtoeegularly update the MODIS calibration (avaiéabbout 3 months
after acquisition).

It should be noted that this new NASA processirajléd R2018.1) does not yet benefit to the full G€ties (only for the
recent CCI v3.1 extension until June 2018) butva B€1 v4 release is scheduled for 2019.

It should be also underlined that the R2018 atiffesing from issues which will continue to impdhe future reprocessing.
and illustrate issues especially for VIIRS sensavelength at 443 and 488. Indeed, VIIRS RRS443RIiR8488 increase
regularly since 2012 while MODIS is more stableeTFigure 4 shows the relative difference at RRS44¥I1IRS and
MODIS (in %) based on the monthly NASA R2018 glopedducts at 4km. VIIRS suffers from a significainift since its
launch as illustrated with January evolution foange2012, 2016, 2019. In January 2012, 90 % of M®&t global level
was higher than VIIRS-SNPP, while in January 2000% of VIIRS-SNPP pixels was higher than MODIS.

Another major difficulty for merging RRS for thefigirent sensors is that the observed bias variesrding to the region
considered, and the season and as previously shathrartificial trends along the years. The Fig@reshows the inter-
comparison of RRS at about 670nm between VIIRS-SHRPOLCI-S3A compared to MODIS. It shows very imtpot
bias (e.g 82% of the pixels of OLCI exceeds a nedadifference of 20%), and in the case of MODIS #guatorial zone has
a different behaviour than high latitude.

Impact of such reflectance merging on chlorophyit-ahowed on the Figure 6. It shows for the yea& limitation to
handle clear water (the color scale has been dietoange 0.01 to 0.2 mg/l): discontinuities betwéracks of the sensor
clearly appeared.

The previous illustrations aim at demonstrating lthréts about the assumption of the consistencyglthe OC-CCI time
series (and at daily basis Figure 6) but is clbat the GlobColour products are also impacted bygtimality of input RRS
upstream.

Figure 7 shows at monthly basis the median compateglobal level for OC-CCI and GlobColour montipisoducts. The
oscillations of the median along the time shoulctheefully interpreted: it is due to a change & #patial coverage linked
to the sensors used, not due to a chlorophyll-aeunation change. To make the two datasets imteparable, statistics at
monthly basis are computed on common pixels. Howehe spatial coverage varies when the sensois argechanged.
For instance, until 2002 only SeaWiFS is contribgtilt means, the gap at this date not corresptmds change in the
continuity of the time-series but a change of thelg used to compute the median. It means potdrgiads should be only
considered when same sensors are used (yellovosean the plot shows the change of sensor connwinailhe higher

values for CCI are probably linked to the NASA R&0&hich is used by GlobColour but not yet by OC-@iiring this
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R2018 reprocessing, the MOBY (in situ data) andVBE& calibration were also improved with a resgtidecrease in

chlorophyll of order 10% for all sensors.

3.2 The chlorophyll-a merging appr oach

This approaclis the one used by th&lobColour processor for the CMEMS products andoisproposed to solve the issues
linked to the upstream data. However, the sensproagh (instead starting from merged RRS) haveiaraclvantages
compared to the previous one:

* When a new sensor (or when a new reprocessingso$éimsor) is available, limited efforts are regdibecause the bias
correction is limited to the chlorophyll field ohea considered sensor. For the merge reflectancmagp the bias
correction of 5 reflectance and interpolation tmdate the band 510 is required (this band is matl@le for VIIRS-
SNPP, VIIRS-JPPS1 and MODIS (see Table 1)).

» For the ClI-Hue algorithm, the GlobColour procegsies benefit of the efforts of the spatial agentieadjust, for each
sensor, the coefficients taking to take into actdle high variability of the band 670 (see Figb)e

» It should be noted that the chlorophyll-a algoritlnapplied on the level 2 sensor grid while in iherging approach it
is applied on the common grid required to merge réfeectance. The use of sensor level 2 grid gugrémt the
algorithm is applied on reflectance with consistéme observations. On the opposite, when refleetaare re-projected
on a common grid, it results in mixing pixels obsst with an observation shift that can of raisedrk (see Table 1) in
the case of MODIS and VIIRS-JPSS1). This considmmas not fully relevant in the case of the Glopabduct with a

spatial resolution of 4 km but will become morestve when product will be provided with 300 meaterf resolution.

3.3 Theflagging approach

Compared to the official agencies recommendatitimes, OC5 flagging strategy improves significantlg ttoverage of the
product especially for NASA sensors. In the franieCMEMS we have estimated that at sensor level,civerage is
improved with the following factors: VIIRS-NPP x3210DIS-a x2.6, MERIS x1.6, SeaWiFS x2, OLCI-S3AX1

As a consequence, for the merged product, it han beeasured that GlobColour chlorophyll-a produmtecage is
improved by a factor 2.8 compared to CCI. For teeiqud 2002-2012 the increase in coverage is limite@ factor 1.5
(Figure 8 and Figure 9 shows the result of thediiag strategy when bot SeaWiFS, MODIS and MERISuzex).

The combination of the usage of the flagging sthatand OLCI permits to improve considerably the exage without
artefact (see Figure 10). At this date both proslbenefit of the last NASA R2018 processing.

6
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Note that in certain cases, the CCI coverage cbaldetter than the GlobColour one (e.g. Figure Hbwever, in this

example the CCI approach is affected by an impbriaise, potentially due to cloud contaminationisTitoise might be due
to level 2 inputs. Indeed, while GlobColour is ggithe level 2 from agencies, CCI starts from lelebpply POLYMER

algorithm to MERIS and MODIS plus a specific flaggi

4 Conclusion

This work presents different ways to merge senaats different flagging strategies to estimate chirophyll-a field at
daily basis.

Compared to the chlorophyll-a merging approach, rttagor interest of the reflectance merging approacto provide a
homogeneous dataset of spectral reflectance useéldrive the chlorophyll-a product using a comnatgorithm. It should
lead to a better consistency for the long timeesetiowever as illustrated in the previous sectiois,assumption is not true
since the homogeneity of the spectral reflectas@ present not obtained (spatial and temporabdiguities exist).

It should be underlined that this limitation alsdas¢s with the sensor chlorophyll merging approdnthoth approaches if a
trend is observed along the time it should be célsednalysed.

The present findings illustrated in the previoustisms highlight the advantage of a Chlorophyller gensor merging
approach compared to the reflectance merging approa

» The sensor approach facilitates the ingestion okw sensor or a new reprocessing. ConsequentlyN&fRA
R2018 and OLCI-S3A have been successfully introduneApril 2018 for the merged chlorophyll-a GlohlGor
chain but is not yet available in the other initias (CCl or CMEMS regional product). The additiohVIIRS-
NOOA20 (JPSS) and OLCI-S3B in the merged GlobCottimrophyll-a product will occur during 2019.

e It should be noted that the reflectance merging@ggh provides a limited set of six common spedieaids based
on SeaWiFS sensors. For more recent sensors (icglisMVIIRS-SNPP and VIIRS-JPPS1) only 5 native
reflectance are available (see Table 1): the bar&l@ nm is obtained by interpolation. Other eXiemds from
MERIS or MODIS or OLCI which are not part of theb@nds are not usable in the reflectance mergingoapp
(because the spatial complementarity of the sercareot be used at daily level and for the fulldiseries). For
the chlorophyll merging approach, when extra baamdsavailable (i.e. MERIS, MODIS and OLCI) they dam
used to improve the algorithm in the future. Thesgpective is already investigated to retrieve RBm OLCI (e.g.
Xi, 2018).

e The sensor approach provides an improved dailyapatverage when OC5 is apply on the sensor fftee (not
on merged reflectance). For the period spanninm fB®12 to present the spatial coverage is impravida an
important factor (about 2.8) compared to the CQidpct. Both open ocean and coastal area are imghrdt/és

required for many users involved in the EU Wateankework and Marine Strategy Framework Directive. To
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satisfy the user coastal community, a better dp@smlution (300 meters) is also required. From foint of view
the chlorophyll-a merging approach is also moramsing (algorithm can be applied on the level Zkrgrid to
limit the mixing of the pixels).
A better spatial coverage is also a key point targaty the quality of the CMEMS GlobColour chlorgfifa “cloud free”
product (called daily L4 in the CMEMS catalogue)igthis based on a spatial and temporal interpolatd daily

level3level 3 product. A better daily coverage tsrthe risk of artefact due to interpolation.
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Figure 1: Swath of the different sensorsused at present by CMEM Sfor a) MODIS-Aqua, b) VIIRS-NPP and c)
OLCI-S3A. In practice the effective swath coverageisreduced mainly dueto clouds or sun glint effects.

Source: http:octac.acri.fr.
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0.18 Global Median Chlorophyll-a concentration (4km OC-CCl) monthly data
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Figure 2: Comparison of the Global M edian chlorophyll-a concentration as function of time for v2.0, v3.0 and v3.1
using the monthly composite asinput. Source: CCl Product User Guide, release 3.1.0, 24" of April 2017.
Yellow part shows change of sensor combinations (see Table 1)
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_ Chlorophyll-a time series and trend (1997-2017): Arctic Ocean

Data Type: Multi-sensor Satellite Observations .- . Observations
Credits: E.U. Copernicus Marine Service Information — Observations - Seasonal Cycle
— Trend
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Figure 3 : Arctic time series and trend (1997-2017) from CCI product. The time series are derived from the regional
chlorophyll-a reprocessed (REP) products as distributed by CMEM S which, in turn, results from the application of
the regional chlorophyll-a algorithms with remote sensing reflectances (RRS) provided by the ESA Ocean Colour
Climate Change Initiative (ESA OC-CCI). Daily regional mean values are calculated by performing the average
(weighted by pixel area) over the region of interest. A fixed annual cycle is extracted from the original signal, using
the Census| method as described in Vantrepotte et al. (2009). The deseasonalised time series is derived by
subtracting the seasonal cycle from the original time series, and then fitted to a linear regression to obtain the linear
trend. Source: CMEM S QUID.
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Figure 4: relative difference at RRS443 of VIIRS and MODI S (in %) based on the monthly NASA R2018 global
productsat 4km). VIIRS suffersfrom a significant trend since it has been launched asillustrated with January
month evolution for years 2012, 2016, 2019.
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Figure5: Relative difference between sensor s [(S1-S2)/S2] of monthly NRRS (June 2018), for a) MODIS-NRRS667
and OL CI-NRRS665 and b) VIIRS-NRRS671 and M ODIS-NRRS667. Sour ce: these plots are part of the monitoring
done by the OCTAC and reported on http:octac.acri.fr.
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OC-CCl v3.1 - Chlorophyll-a - June 13, 2018 (MODIS-A + VIIRS-NPP)
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GlobColour v2018.11 - Chlorophyll-a - June 13, 2018 (MODIS-A + VIIRS-N + OLCI-A)
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500 Km Generated by ACRI-ST

Figure 6: Inter-comparison of GlobColour product and OC-CCI during 2018 for Oligotrophic water (CI/HU
algorithm). the color scale has been set to the range 0.01 to 0.2 mg/I: discontinuities between tracks of the sensor
clearly appeared on the OC-CCI case at the top.
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Median Chlorophyll-a, Global 4-km
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Figure 7. Comparison of the Global Median chlorophyll-a concentration as function of timefor CCI v3.1 and
GlobColour R2018.11. The discontinuities of the median along the time should be carefully interpreted: it isdueto a
change of the spatial coverage linked to the sensorsused, not dueto a chlorophyll-a concentration change. It means

potential trends should be only considered when same sensors (see Table 1).

Yellow part shows change of sensor combinations (see Table 1)
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OC-CClv3.1 - Chlorophyll-a - December 15, 2017 (MODIS-A + VIIRS-NPP)
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Figure 8: Chlorophyll-a concentration (15 Dec 2017), a) CCl level 3 product and b) GlobColour product.
Thetwo initiativesareusing M ODIS-A, and VIIRS-SNPP at thisdate, in complement OL CI-S3A isalso used by
GlobColour products
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OC-CCIv3.1 - Chlorophyll-a - December 15, 2017 (MODIS-A + VIIRS-NPP)
o 5 i B £ 5

ico 110 e )

Chl (mg/m3)

GlobColour v2018.11 - Chloroptyll-a - December 15,2017 (MODIS-A + VIRS-N + OLCI-A)
; 5 s s

o

Figure 9: Chlorophyll-a concentration (15 Dec 2017): a) CCl level 3 product, b) GlobColour product.
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Figure 10: Chlorophyll-a concentration (1 Jan 2012), a) ClI level3 product and b) GlobColour product.
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Thetwo initiativesareusing MODIS-A, MERISand VIIRS-SNPP at this date.
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Figure 11: Chlorophyll-a concentration (1 Jan 2012), a) CCI level3 product, b) GlobColour product.
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Table 1: Main characteristics of sensorg/bands used for CMEMS.

Spatial Swath
; i Equate ;
Sensor RRS Wavelengths (nm) Resolution width Period

: crossing time
At Nadir (km) (km)

SeaWiFS 412,443,490,510,555,670 1&4 1502 12:20 1997-2010

413,443,490,510,560,620,66
MERIS 1&0.3 1150 10:00 2002-2012
681,709

412,443,469,488,531,547,55
MODIS-Aqua 1 2330 13:30 2002-present
645,667,678

VIIRS-NPP 410,443,486,551,671 1 3040 10:30 2012-present

400,412,442,490,510,560,62
OLCI S3A 1.2&0.3 1270 10:00 2016-present
665,674,681,709

VIIRS- Dec-2017-
411,445,489,556,667 0.75 3040 9:50
JPPS1/NOAA20 present

400,412,442,490,510,560,62
OLCI S3B 12&0.3 1270 10:00 2018-present
665,674,681,709
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