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ABSTRACT

One way to calibrate space sensors on the visdnteqgh the spectrum is to use acquisitions overléigly scattering for
dark surface conditions. Oceanic sites are goodidates because of their behaviour in term of abattmogeneity and
temporal stability. An appropriate selection is sequently required to identify the best oceaniasrélevertheless, the
knowledge of the surface reflectance of such siesains a limitation while their stability (and/bomogeneity) is
usually not perfect. A previous study (Fougnie let 2002) has defined a selection of oceanic sitBg one year of
SeaWiFS data and regarding their spatial homogeaeitl temporal stability. A first characterizatiohtheir monthly
surface reflectances was derived (seasonal cyoltuaed for several years as input for in-flightbcation processes.
The major oligotrophic sites are located in Northith Atlantic and Pacific oceans, in Indian oceand in the
Mediterranean Sea while some other mesotrophis sitge also defined for example in the Gulf of Mexor Yucatan
strait. The goal of this study was to revisit tlediition of these sites regarding their spatiaiogeneity and to analyze
the annual cycle over 9 years of L3B R-2009 SeaWiF&lucts. Site behaviours are accurately definégt these
longer time series, hence new recommendationsravendfor all sites and an updated climatology izpmsed to be used
for future in-flight calibrations.
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INTRODUCTION

In-flight calibration of space sensors is requiredce in-orbit, in order to verify the prelaunchimstion and
usually to adjust it. Several techniques are usegrbcess this in-flight characterization. Amongrth on-board
calibration devices, when available, provide a gkodwledge of all or any part of the calibratiorhrdugh this,
temporal monitoring, interband calibration or evmo of the radiometric sensitivity inside the #ebf-view are
possible. Nevertheless, an absolute calibratioahigays required to complement the final scientifigjectives. To
address this, calibration methods using naturgktarwere developed (examples in [3] and [4]).

Calibration over Rayleigh scattering ([2], [3], J4F an appropriate way to perform an absolutebcation of
spectral bands located on the blue part of thetapac(in fact from the blue to the red). In suchmathod, space
measurements are selected through various geoaietrid radiometric criteria over oceanic sites. Method is based
on the fact that, for clear and non turbid atmosigteonditions, the scattering by molecules (ibe Rayleigh scattering)
represents the major part of the observed lightig addition accurately predictable. The darkanic surface located
under the atmospheric layer is in this approachvepient because it contributes to maximize the apheric
contribution to the top of atmosphere signal.

Nevertheless, the oceanic surface is not blackénbiue part of the spectrum and, in a statistpgiroach, (i.e.
with no in-situ measurements) hypothesis have tedrsidered. Because the oceanic contribution septe a few to
10% of the top of atmosphere signal, it has toreelipted with a good accuracy.

An other calibration method, based on sunglint olz@ns over oceanic sites, performs an intertzatithration of
a large set of spectral bands ([3], [4]). For baondsthe visible part of the spectrum, the oceaaftectance is non
negligible and has also to be predicted as mugiossible.

In order to facilitate this prediction, it is predble to select measurements over oceanic sitéatbdnown to be
spatially homogeneous, and associated with a soralimited seasonal variation. Such oceanic cood#i were
identified on a previous climatologic study [1] bdson one year of SeaWiFS data. The goal of thiepes to make a
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review of this first climatology, to reappraise theod quality of sites that are operationally usedcalibration, to
identify new candidate sites, and to optimize g@mmendation for the best sites based on a intaued analysis.

FIRST HISTORICAL CLIMATOLOGY

We briefly remind in this section the methodologydaesults obtained on a first climatology build aprevious
study described in Fougnie et al. [1] and from whadist of oceanic sites are operationally used&ibration.

One year of SeaWiFS data (year 1999, level-3 Var8i0, binned data product with 9km resolution,swaed to
derive a statistic over the global ocean dividecl®mentary spatial bins. Statistics were baseshamthly absolute and
relative variations of the pigment concentratiohe3e bins were agglomerated when statistic werdasito define
larger oceanic areas. Some additional sites weatedatb the climatology but with a more experimentzl.

The resulting selection is reported in Table 1. &iglire 1 [1]. Six main oceanic sites, correspogdm “oceanic
deserts” are operationally used for calibrationedéh sites are divided into several sub-areas dgorfughen it is
necessary. This means that the homogeneity wasamead at the elementary fusion level, but not seardy at the
larger oceanic site level. Some interesting charatics were identified for other experimentaksigs if they are not
operationally used for calibration.

Most of the operational sites were characterized byoderated seasonal variation of marine refleesrexcept for
the Northern Pacific for which the seasonal efigmpeared to be very limited. These seasonal vammtivere reported
on a look-up-table including monthly marine refiates for each fusion and oceanic site and whiclsas as input in
the calibration processing.

After many years of calibration activities basedthis climatology, some limitations were reportéfcthe global
efficiency of this climatology is obvious ([1] ari@]), some discrepancies were observed for somedgar the year, or
for some fusions of a given sites. This evidendedrteed to reappraise the homogeneity of siteoatmlimprove the
characterization of marine reflectances made usiagear 1999, by enlarging the statistic to sdwezars.

Figure 1. Location of oceanic sites : operatioitakss(bold line), experimental sites (plain lin@fto from Fougnie
et al. [1], and 4 new sites proposed in this stzdgymbols and plain line)



0 Name Location Sub- Latitude Longitude

areas min max min max

Operationally used oceanic sites

0 PacsE South-East of Pacific 8 -44.8 =207 -130.2 -8R0
1 PaclWr Worth-West of Pacific 4 10.0 227 1395 165.6
2 Pacll Worth of Pacific 3 150 235 1794 200.6
3 AN Worth of Atlantic 3 17.0 270 -62.5 -44.2
4 Atl3 South of Atlantic ] -19.9 -9.9 -323 -11.0
5 Ind3 South of Indian 1 -29.9 -212 895 100.1
Experimental oceanic sites
& Gullex Gulf of Mexico 1 220 259 -84.1 -859
7 GuYuc Yucatan Strait 1 17.0 12.9 -85.0 -80.0
8 DoCoRi Costa Rica Dome 1 13.0 183 -1202 -107.8
9 MedCr Mediterranean South Crete 1 32.5 34.4 23.9 26.9
10 MedCy Mediterranean South Cyprus 1 32.5 33.9 319 343
11 Gulas Gulf of Alaska 1 430 46.9 -1452  -1379
12 Hawai Hawai near MOBY 1 18.0 19.9 -1585  -1565
13 Ansts South Australia 1 -42.9 =280 1273 1330
14 MadE East of Madagascar 4 =314 -25.8 53.9 747
New tested oceanic sites
15 BothS Bothnia Sea 2 600 66.5 16.0 26.0
16 PacTrops South Tropical Pacific 2 -28.8 -20.0 -1500  -140.0
17 PacEqgS South Equatorial Pacific 3 -17.0 -9.0 -130.0 -110.0
18 AtISE South-East of Atlantic ] -30.0 -22.0 -30.0 -8.5

Table 1. Definition of operational and experimemtedanic sites, from n° 0 to 14, fully describedraugnie et al.
[1], including the number of sub-areas (or fusifor)each site. The 4 new candidate sites analyzéuis study
are reported as “new tested oceanic sites”, nd 1Bt

METHODOLOGY

In this revision of the climatology, the basic idisato extend the analysis to several seasonagksyial order to
evaluate the inter-annual fluctuations that mayseabiases on the calibration processing. The asaly®xtended to
years 1999 to 2007, i.e. a 9-years archive. It m@splanned to re-evaluate the spatial homogerigll fusions and
oceanic sites defined in [1]. Consequently, sitesawconsidered as reported in Table 1.

SeaWiFS data used to produce the first climatolegye Version 3.0 level-3 products. This new clinagy was
based on updated SeaWiFS products from the reepriaessing R2009. A first question was to vefifhére is a gap
between results elaborated from these 2 versioi®aWiFS products. Some comparisons are reportedyume 2 for
year 1999, for 3 typical oceanic sites in the nemthhemisphere and 3 typical sites in the southemisphere. The
comparison is provided for marine reflectances4® dnd 555nm. For most of the cases, a small biasew percents
appears between V4.0 and R2009. This bias is atdimsequence of a small readjustment of caltmatbefficients
for SeaWiFS. Nevertheless, it is noticed that fer South Pacific site (Fig. 2a), a modificatiortleé seasonal effect is
observed at 443nm in addition to the previous Hiashanges not only the month for which the mariefectance is
minimum, but also the value of the minimum.

Statistics were build for all SeaWiFS wavelengttiswhich the marine reflectance is provided, i.ands 412 to
670nm. For every months of the year and for aliofus and sites, the mean marine reflectance wagpuetaa, in
addition to absolute and relative standard dewviatio addition, statistics were also computed fer surface pigment
concentration.

Some new sites were added. First, based on thgsisaf the marine reflectance time series ovee&g, 3 oceanic
sites were defined as potential good candidatesTable 1). An homogenous and possibly stableiléed PacTropS,
was defined west to the previously defined Pac®k st the tropic level on the south Pacific. o same reasons, a
site called AtISE was defined south to the previpdsfined AtlS, on the south Atlantic. A more mesphic site, called
PacEgsS, was identified close to the equatorialflRaznd associated with an apparent very stablebdeh Finally, an
experimental site was defined on the Bothnia Sé 3ite, corresponding to a very high latitudé0fN, is known to



be a “dark” site on the blue part of the spectruhiciv could be an ideal case for calibration of ldpectral bands. The
objective was to characterize such a site.
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Figure 2. Comparison between the 1999 annual behadved from SeaWiFS reprocessing V4.0 [1] and
updated in this paper using the SeaWiFS reproqg$2009. The comparison is provided for 3 ocean@ssh
the southern hemisphere ((a) and (c)), and in drtharn hemisphere ((b) and (d)) and for marin&cédnce at
443nm (upper figures (a) and (b)) and 555nm (bofigares (c) and (d)).

RESULTS

A complete statistic was produced for all definedanic sites. But it is not possible to reportlad results in this paper.
After a description of typical temporal profilesevdecided to report results for new candidate site operational
oceanic sites (because of possible impact on dpe&hicalibrations).

Analysis of typical temporal profiles

We first examine typical seasonal and inter-anwaailations and how they can be correlated or npedding on

the site.
illustrate

Figures 3 report the fluctuation of marieflectance at 443nm for 6 different fusions ibess Figures 3
both seasonal variations for one giveary(so 12 months), and inter-annual fluctuaticrsS years. The

following behavior are observed :

Fig. 3a) is an example of site for which a stroegs®nal effect exists, but for which this seaseffatt seems
nicely reproducible year after year. Such a site g@od candidate for calibration because the ¢titogy will
be robust;

Fig. 3b) is an example of site for which a stroegsonal effect exists, but for which this seaswaghtion is
sometimes strongly variable year after year. Sushteais not fully appropriate for the calibratiparposes



because it is difficult to build a representatilienatology, except for a few months in the yeatt thave to be
identified (here from January to May);

- Fig. 3c) is an example of site with a moderate aealseffect, but for which 6 or 7 months in the iyaee very
reproducible year after year while the rest ofythar is strongly variable. For such a site, th@msmendation
will be to limit the use of the site to a restritteumber of months in the year, period for whick th
climatology will be robust;

- Fig. 3d) is an example of site for which the seasa@ifect is moderated, for which no real variapilis
observed year after year, but for which the stashdi®viation is increasing strongly for half of thear. For
such a site, the conclusion is to restrict theafgle site to a limited period in the year;

- Fig. 3e) is an example of a site with no seasoifietiebut for which it is observed a strong vaoatiyear after
year. The use of such a site for calibration puepaeems risky;

- Fig. 3f) is an example of site for which there @ seasonal effect over the year and for which #méation
year after year is very small. This site is verypmpriate for calibration purposes all the year dhne
climatology will be robust.

Overview of profilesfor operational oceanic sites

- PacSE, site n°0 in Table 1 : For the South-Easffie site, 3 different signatures are observedciwvimainly
depend on the latitude. The southern part of ttee(&ision 0, 1, and 2) shows a moderate seasdfieal e/hile a good
consistency is observed every year (Fig. 5). Fercéntral part of the site (fusions 3, 4, 5), tbasenal effect becomes
more sensible. Consequently, the consistency battieedifferent years is lost for several monthsede fusions appear
to be suitable for calibration from June to Septemihe northern part of the site (fusions 6 andrig, 5 and 3a))
behaves large seasonal effects which imply a detjcadof the inter-annual consistency. In conclasithis northern
part is not fully suitable for calibration (or jushited to a short period, from February to May).

- PacNW, site n°1 in Table 1 : Globally, this ssteows a very small seasonal effect (Fig. 3 and H¢. best part of
the site is the south-east fusion 1 for which ibliserved a very small seasonal effect and an-ambeual consistency
(Fig. 4). If the seasonal effect remains small fisions 0 and 2, some fluctuations are observedhi@rinter-annual
consistency (Fig. 3f). The northern part of the,siision 3 in Fig. 4, shows a more pronouncedosedsffect leading
to inter-annual variation the second part of tharyd&his northern part is recommended for calibrafrom January to
June.

- Pac N, site n°2 in Table 1 : This site showsdach fusion a very small seasonal effect confirfoe@ach year. A
better consistency is observed on fusion 2 (FigT#js site remains a very good candidate for cafibn.

- AtIN, site n°3 in Table 1 : The northern parttbé site behaves better. The fusion 1 shows a rateleeasonal
effect while a very good inter-annual consisterscghiserved (Fig. 4). Fusion 2 is more variablerbotains comparable
to fusion 1. Larger inter-annual fluctuations abserved for the southern part, fusion 0 in Fidirditing the interest of
this fusion to the period November April.

- AtlS, site n°4 in Table 1: All fusions of the esishow a similar profile. A seasonal effect is obsé with inter-
annual consistency from November to July, but $d@snter-annual variations for the rest of thery&de central part
of the site, fusion 1, shows very good propertidsast for half of the year (Fig. 5).

- IndS, site n°5 in Table 1 : the moderate seaseffiatt is confirmed every year but with some smaltiations (Fig
5). Nevertheless, the general profiles remainsgabée for calibration purposes.

Overview of profilesfor new candidate oceanic sites

- BothS, site n°15 in Table 1 : This site, extreiméerm of latitude (more than 60°), is not readbaddl the year.
The “black” properties for the blue part of the gjpem is clear with marine reflectance less th@08.during several
months (Fig. 6). Such values have to be consideaeefully because of the extreme airmass conditi@s®ciated with
the SeaWiFS observation and the corresponding atmeois correction efficiency. Nevertheless, sudita appears to
be a good candidate, for calibration of blue basmily, during April to September.

- PacTropS, site n°16 in Table 1: The northern pérthe site, fusion 1, shows a small seasonalceffied a
moderate inter-annual variation. The southern péithe site, fusion 0, shows a larger seasonakceffeut a better
consistency for the first half of the year limititfie use of this sub-area to this period of the.yea



- PacEgsS, site n°17 in Table 1: The general prafl¢éhe site is the absence of seasonal effectabubre or less
sensible inter-annual fluctuation (Fig. 6). Thethern part of the site, fusions 1 and 2, is moiitable for calibration
because of a limited inter-annual variation whie southern part, fusion 0, is more largely fluotuand finally feels
risky for calibration.

- AtISE, site n°18 in Table 1: a clear seasonagctffs present for all the sites. The western pfitthe site, fusions 0
and 2, are perturbed by inter-annual variation.séhfeisions are not suitable for calibration. THeeopart, fusions 1, 3,
and 4, is suitable for calibration at least fromvBimber to June, while the rest of the year is nioter-annually
variable.

n° Name Fusion Seasonality Typical Water type Best recommmended  Comment

Chl (mgm?) period
0 PactE 1 moderate  0.03-0.11 oligo. vear best sub-area
0,2 moderate  0.05-0.12 oligo. June to Sep.
3,4,5 sensible 0.02-0.12  ultra oligo. June to Sep.
8,7 strong 0.02-0.12  ultra oligo. Feb. to May
1 Pacllw 0 very srmall 0.03 oligo. May to Aug.
1,2 very small 0.03 oligo. vear best sub-area
3 moderate 0.04 oligo. Jan. to June
2 PacN 0,1 very srmall 0.05 oligo. vear
2 very srmall 0.06 oligo. vear best sub-area
3 AN 0 sensible  0.05-0.30 oligo. Mow. to Apr.
1,2 sensible 0.05 oligo. year best sub-area
4 Al 0,1,2,3 moderate 0.03-008 oligo. Wow. to July best sub-area
4 sensible  0.04-0.13 oligo. Feb. to July
5 Inds moderate  0.03-0.09 oligo. vear
&  Cubdex zensible 0.10-020 Tes0. year
T GuYuc sensible 0.08-0.13 tneso. Dec. to May, Sep.
g2 DoCoRi sensible 0.08-0.17 meso. Oct. to Mar.
2 MedCr stronig 0.06-0.14 oligo. vear
10 MedCy strong 0.05-0.18 oligo. year
11 Gualas strong 0.26-043 meso. Dec. to May
12 Hawail very srmall 0.06 oligo, year
13 AustE moderate  0.16-043 meso. June to Now.
14 MadE 0©0,1,2,3  sensible 0.03-010 oligo. July to Dec.
15 Both3 0 moderate 5.0-10.0 eutrop. Apr. to Sep. best sub-area
1 small 4.0-18.0 eutrop. June to Sep.
16 PacTropS 0 moderate 0.03 oligo. Dec. to June best sub-area
1 small 0.03 oligo. year
17 PacEqs 0 very small  0.09-0.12 treso. o
1,2 very srmall 0.10 meso, year best sub-area
18 ALRE 0,2 sensible 0.04-0.07 oligo. no
1,3,4 sensible 0.03-008 oligo. Wov. to June best sub-area

Table 2. Summary table reporting the re-evaluatibthe suitability for calibration purposes of afperational sites,
experimental sites, and new candidate sites. Fcin sde and/or each group of similar fusions insidsite, are
reported the profile of seasonality, the typicaiation of pigment surface concentration (from 8eaWiFS Level-3
estimation), and the water type. The best perioth@fyear is recommended for calibration purpoganding inter-
annual consistency of marine reflectance over thedds, i.e. regarding the confidence on the cliogy.



CONCLUSION

Main conclusions are drawn on Table 2 where a sumigprofile and typical oceanic conditions arpoged. A
recommendation is given in term of best sub-areddi@e oceanic sites, and best period to consilgarding inter-
annual consistency of marine reflectance over thieds archive.

Look-up tables were derived from this new updatedatology and will be incorporated into operatiboalibration
processing. Prior to this final application, a dgation step has to be conducted in order to confirensuitability and
recommendation through improvement observed onreladibration matchups over various years and @gdgc
conditions.

ACKNOWLEDGEMENT

We would like to gratefully thank the SeaWiFS Pobjr providing R2009 reprocessed level-3 dataersary for this
climatology.

REFERENCES

[1] B. Fougnie, B., P. Henry, A. Morel, D. Antoine, aRd Montagner, “Identification and Characterizatiaf
Stable Homogeneous Oceanic Zones : Climatologylampdct on In-flight Calibration of Space Sensor rove
Rayleigh Scattering,Proceedings of Ocean Optics XVI, Santa Fe, New Mexico, 18-22 November (2002).

[2] E. Vermote, R. Santer, P. Y. Deschamps, and M. lderiin-flight calibration of large field of viewessors at
shorter wavelengths using Rayleigh scatteriigt,"J. Remote Sensing, vol. 13, pp. 3409-3429 (1992).

[3] B. Fougnie, G. Bracco, B. Lafrance, C. Ruffel, Ggdlle, and C. Tinel, “PARASOL In-flight Calibraticand
Performance,Applied Optics, vol. 46, N° 22, pp. 5435-5451 (2007).

[4] O. Hagolle, P. Goloub, P.-Y. Deschamps, H. Coswefda Briottet, T. Bailleul, J.M. Nicolas, F. PardB.
Lafrance, and M. Herman, “Results of POLDER In-RtigCalibration,” IEEE Trans. on Geosci. Remote
Sensing, vol. 37, pp. 1550-1566 (1999).



o8 4 T : d ! ! T H ' : 0.06 ! T H T H ¥
- E i a) Crete

[T 1o TR TRATE BN . ........... ...... ..... B el L (101 SLERERFE .':.. Sivera b . ..........

ﬂﬂt""".'"""é ..... |. ...... L hi Sorieens . i OOtk e CvEeerdeead LT TTr Ty SeR R PRPR T PPRY -

L LT L S T T Ty P T T T B L R S - HERI AR A SR L

5 B 7
honth

5 ] 7
konth

Figure 3. Typical inter-annual behavior for marieélectance at 443nm for 6 different oceanic sjtgsfusion for
a given site). Each monthly mean value and itsdstah deviation is reported for years 1999 to 208ifes
reported from (a) to (f) are defined in Table 1jleltfusions are defined in [1].
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Figure 6. Seasonal effect of marine reflectance®@nm (left axis) and 555nm (right axis) for 6iéus or sites
among new candidate sites defined in Tablel. Badéhdine (443) and bold dashed line (555) are mesne
computed over the 9 years archive (from 1999 to72036r the considered month. Error bars are 3 tithes
associated standard deviation (equivalent to 99#%esamples for a Gaussian distribution). Plaiadiabove and
under the bold plain line are the minimum and maxmof monthly means computed for each of the 9syear
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