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Preface

In every decade since the 1960s satellite Earth rem ote sensing has achieved a 
m ajor break through . As far as ocean observations are concerned, m ajor advances 
were the launch  of the SEASAT m ission  in  1978, which was the first Earth-orbiting 
satellite designed for rem ote sensing of the Earth’s oceans (Allan, 1983), the Nimbus- 
7/CZCS ocean-colour m ission in  1978 (Clarke et al., 1970; Hovis et al., 1980), and 
the GeoSat altim etry m ission in  1985 (Sandwell and Smith, 1997). The CZCS sensor 
totally  renew ed oceanographers’ view of the functioning of the global ocean, by 
providing unp reced en ted  observations of the ocean b iom ass (phytoplankton) at 
global and  synoptic scales. A nother m ajor step  was the launch  of the SeaWiFS 
instrum ent in  1997 (Hooker et al., 1992), followed by the MODIS-Aqua (Salomonson 
et al., 1989) and  MEEIS (Rast and  Bézy, 1995; Rast et al., 1999) in stru m en ts in  
2002. These m issions provide m ore system atic and  accurate observations, and 
fo ste red  new  science and  operational applications. O cean-colour rem ote sensing 
now  provides observations from  w hich several tens of p a ram ete rs  of geophysical 
in terest can be derived on a near-operational basis. The exponential increase in  the 
use of ocean-colour data in  peer-reviewed scientific journals as well as in  operational 
services dem onstra tes  the very h igh  po ten tia l of th is technique. Scientific and 
operational uses and  societal benefits of ocean  colour are n um erous (see IOCCG 
Report 7, 2008).

It is believed that another dim ension will be brought to ocean rem ote sensing, in 
particu lar rem ote sensing of ocean colour, w ith the launch  of sensors on satellites 
operating in  geostationary or geosynchronous orbits (hereafter referred  to as “GEO 
observations”). Today, the question  is no longer w hether or n o t th is is feasible, 
b u t ra ther, w hen it will becom e a reality. The p relim inary  resu lts  using  SEVIRI on 
Meteosat Second Generation for m apping of total suspended m atter (Neukermans et 
al., 2009) and early data from  the South Korean Geostationary Ocean Colour Imager 
(GOCI) are encouraging. Elements that will make such m issions a success are m ature 
and  can now  be com bined to design  innovative m ission  concepts for the com ing 
decade that will allow m ajor advances for space oceanography. These m issions have 
the capability to image the entire Earth disk from  a geostationary position, providing 
m ulti-spectral ocean-colour observations with a high revisit frequency over the open 
ocean and coastal zones. They can also focus on more limited areas at higher spatial 
reso lu tion  (for example, the GOCI mission).

One of the m ajor physical forcings, and the m ost obvious environm ental signal, 
is the diel cycle of solar irradiance. This cycle is know n to affect m any physical 
and  biogeochem ical p rocesses, the la tte r  being observable th ro u g h  ocean-colour
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rem ote  sensing. This fundam en ta l cycle is, however, inaccessible to p resen t and 
p lanned  satellite ocean-colour m issions which sam ple once per day near noontim e, 
at m ost. Technological advances now also allow sampling of the ocean in situ at high 
frequency, and this new data has revealed the transien t nature of many phenom ena. 
Again, with the exception of GOCI, none of the p resent and planned ocean-colour m is
sions provide a revisit frequency adapted  to sample rapidly changing environm ents 
such as the coastal areas.

Ocean-colour sensors on a geostationary  orbit overcome these lim itations. The 
sam pling stra tegy  th a t can be designed  from  such  observations w ould allow a 
b reak through  in  ocean sciences thanks to high-frequency repeated  observations of 
ocean colour in  coastal zones and the open ocean. Observations could be taken from  
about 30 m inu tes  to 1 hour at a nad ir reso lu tion  close to th a t of curren t low-Earth 
orbiting sensors (a few hundred  m eters) over the entire Earth’s oceanic and coastal 
areas as seen from  the GEO orbit (including the coastal land fringe).

The science dom ains th a t w ould benefit from  GEO ocean-colour observations 
include the study of the diurnal variability of optical and biogeochemical properties 
of the ocean, the use of this diel variability to determ ine comm unity particle produc
tion, the study of coupling at m eso and sub-meso scales betw een physics and biology 
and the consequences on prim ary  p roduction  and carbon fluxes, data  assim ilation 
in to  coupled ocean physical-ecosystem  m odels, the study  of dynam ics of coastal 
ocean ecosystem s and  hab ita ts, quantification  of sedim ent and  carbon  tra n sp o rt 
and  fluxes from  land  to ocean, and  the study  of aerosol tra n sp o rt from  land  to 
sea, including dust or volcanic aerosols. These observations w ould provide critical 
in fo rm ation  to  add ress m any of the challenges identified  by the oceanographic 
comm unity.

The geophysical param eters of in terest are the m ulti-spectral marine reflectances 
from  the visible to the near-infrared, from  which a variety of biogeophysical p ro d 
uc ts  can be derived, such  as the chlorophyll concentration, the to ta l su spended  
m atters, the inherent optical properties that are proxies of the particle load and type, 
phytop lank ton  functional groups tha t determ ine the functioning of the ecosystem, 
phytoplankton fluorescence that reflects biom ass and physiological sta tus together, 
net prim ary production  tha t partly sinks to the deep ocean (the “biological p um p”), 
and aerosol loads and types (as by-products of the atm ospheric correction of the top 
of a tm osphere  observations). Therefore, GEO ocean-colour observations by them 
selves can provide a large variety of products and applications that would contribute 
substantially towards the developm ent of an “Earth system  science approach”, where 
the m any com partm en ts of the E arth’s functioning are jo in tly  investigated. Such 
m issions also contribute com plem entarily to the in ternational efforts in  producing 
global and com prehensive sta tus reports of our Planet, and in  producing a num ber 
of essen tia l clim ate variables th a t will eventually be inco rporated  in to  long-term , 
clim ate-quality data records.

In addition  to these foreseen  advantages of GEO observations, th is new  way of
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observing the oceans is likely to generate  un fo reseen  discoveries or entirely  new 
ways of p rocessing  ocean-colour data. Ju st as the Coastal Zone Colour Scanner 
provided  crucial first e s tim ates of p rim ary  p ro d u ctio n  for the w orld’s oceans, far 
surpassing its planned one-year m ission and coastal zone focus, geostationary ocean 
colour is likely to provide in form ation on unim agined new processes. Similarly the 
processing  o f ocean-colour da ta  is curren tly  perfo rm ed  on  pixels independently . 
W ith geostationary  ocean-colour da ta  it becom es possib le  to use  very recen t (e.g., 
hourly) in fo rm ation  on  target pa ram ete rs  such  as chlorophyll-a concen tra tion  or 
auxiliary param eters such as aerosol type, in  the data processing to either constrain 
retrieval algorithm s or provide extra quality control. The paradigm  of pixel-by-pixel 
processing m ay be significantly reconsidered.

Beyond the cutting-edge science that GEO ocean-colour observations will foster, 
data required to further develop user-driven applications and operational m onitoring 
of coastal areas will also be delivered. Marine services in  the coastal zones (e.g., 
the European GMES (Global M onitoring for Environm ent and Security) program ) will 
expand rapidly  w hen high-frequency observations becom e available, w hereas they 
now  have difficulty to resp o n d  appropria te ly  to  societal dem ands because of the 
relatively low tem poral frequency of data available from  today’s low-Earth orbiting 
satellite m issions.



Ocean-Colour Observations from a Geostationary Orbit



Chapter  1

Introduction

The ocean is the largest ecosystem  on  Earth, and  it con tribu tes roughly  ha lf of 
the p lane tary  n e t p rim ary  p ro d u ctio n  (Field et al., 1998). This “biological p u m p ” 
fuels the oceanic food  web and  affects CO2 fixation, thereby  playing a global role 
in  clim ate and o ther issues relevant to in ternational protocols as expressed by the 
International Geosphere-Biosphere Programme (IGBP) and the Global Ocean Observ
ing System (GOOS). Global-ocean m aps of phytoplankton pigm ent concentration are 
now generated routinely at a frequency of ~ 1 to 2 days from  rem otely-sensed ocean- 
colour rad iom etry  (OCR). P hytoplankton  b iom ass concen tra tion  and  d istribu tion  
is of in te rest for describing and  understand ing  the changes in  the oceanic b io ta  at 
any tim e scale of interest, from  weeks to decades (e.g., Behrenfeld et al., 2006). The 
longer the time scale, the better to resolve longer-term  effects. The user com m unity 
also evolves concom itantly w ith the tim e scale of in terest, from  fisheries (e.g., near 
real-tim e survey, 2-3 days), to  local au tho rities  (days to  m onths), and  to  research  
organizations focused on biogeochemical cycles, as well as international councils on 
clim ate change (years to decades).

The ocean includes coastal zones which form  critical environ m ents for m arine 
resources. Because of the population density inhabiting coastal areas, and num erous 
resources exploited  in  coastal w aters, the im pact of h u m an activity u p o n  these 
coastal ecosystems is particularly im portant. A comprehensive observational system  
has to be developed to  u n d e rs tan d  the role, the m echanism s and  response  of 
the entire  ocean at b o th  the global and  local scales. Indeed, the observational 
requ irem ents, driven by the n a tu re  of the phenom ena u nder study, lead to  the 
requ irem en t for covering a b ro ad  range of spatial and  tem poral scales. Satellite 
rem ote sensing of the oceans therefore has to tackle m ajor challenges in  the coming 
decades.

A first m andate  is to  bu ild  decade-long consisten t tim e-series of p aram eters  
derived from  space observations, for example OCR, altim etry or sea surface tem pera
ture (SST). Such long-term records, which are now referred to as “climate quality data 
records” (McClain et al., 2004), are needed to identify possible trends in  key oceanic 
param eters , and  to u n d e rs ta n d  w hether or n o t they  are due to  regional or global 
environ m ental changes of oceanic physical, chem ical or biological processes. This 
can be called the “continuity  challenge”. The second challenge is the “knowledge 
challenge”, which refers to the need for im proved in terp re ta tion  of the radiom etric
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signals collected from  the top of the atm osphere . Practically, th is re la tes  to  the 
developm ent of advanced sensors, observing p latfo rm s and  algorithm s, allowing 
for the derivation  of new  param eters , and  the creation  of new  applications, thus 
increasing our knowledge of the ocean.

The m onitoring  of coastal environ m en ts is a th ird  challenge. These com plex 
environm ents are under increasing stress, and the developm ent of observing system s 
allowing early warning, im pact assessm ent and reaction in  the event of unexpected 
crises is another priority. These three aspects are relevant to the specific problem  of 
ocean colour, which is the focus of the p resent report. It is also clear tha t diverging 
requ irem en ts are expected from  these th ree focus areas of rem ote  sensing data  
utilisation.

Global m issions dealing w ith Case-1 open ocean waters require planetary  cover
age ideally w ith in  less th an  2 days, w hich can be obtained  from  sun-synchronous 
low-Earth orbit (LEO) sensors operating  w ith  a wide sw ath  (or several m oderately  
wide swaths). With such a swath, a m oderate ground resolution has to be accepted, 
and  in  effect, is fully acceptable for global studies. Along th is line, defined in  the 
IOCCG R eport No. 1 (IOCCG, 1998), a reduced  n u m ber of spectral channels (e.g., 
7-8) can fulfil the requ irem en ts for an  accurate a tm ospheric  correction, and  for 
a retrieval of phy to p lan k to n  abundance and  d istribu tion  as accurately as allowed 
by  cu rren t state-of-the-art algorithm s. In con trast to Case-1 open  ocean w aters, 
coastal zone m onitoring requires a dedicated, oriented coverage rather than  a global 
coverage. High spatial (-0 .5  km  or less) resolution is needed. The optical complexity 
of coastal Case-2 waters entails m ore spectral channels and band combinations than  
needed  w hen studying oceanic Case-1 w aters (IOCCG, 2000). Over and above these 
spatial and  spectral characteristics, the repe tition  ra te  of observations is ano ther 
critical aspect. A h igh  frequency ra te  is requ ired  for observing specific, and  o ften  
transitory , events occurring in  coastal zones (ideally < 1 day), w hich is curren tly  
lacking and  out of reach  using  single LEO satellites. Many u ser com m unities are 
disappointed by the insufficient revisit capability of current LEO ocean-colour senors. 
For instance, this is the case for coastal zone m onitoring in  cloudy regions or data  
assimilation in  operational ocean forecast m odels.

The situa tion  can be im proved by observing the Earth from  the geostationary  
orbit, thu s  providing h igh  revisit capabilities, and  a chance to  rem edy the chronic 
under-sam pling of the ocean. In com bination with existing and planned LEO satellite 
m issions, th is w ould ensure, sim ultaneously, a p erm anen t a ssessm en t of ocean 
colour at the global scale and will lead  to a new  range of scientific questions to be 
add ressed  and  new  applications to be developed, in  particu la r for coastal zones. 
The advantages o f a geostationary  orb it for ocean-colour stud ies include a b e tte r  
tem poral coverage, the possibility of following episodic events at the scale of hours 
(e.g., red  tides, sed im ent transport), and  the im provem ent of the m atch  betw een 
the tem poral scale of satellite observations and  those of m odels. O ther po ten tia l 
applications include exam ining the daily cycle of ocean p roperties, reducing  the
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effects of clouds from  ocean-colour m easurem ents, and im proving observations of 
p lanetary  waves. Finally, da ta  p rocessing  for individual pixels m ay benefit from  
knowledge of m arine or atm ospheric p aram eters  estim ated  from  data  acquired  in 
the previously acquired image, now only tens of m inutes away.

The advantages are, therefore, m anifold; technical difficulties are n u m erous 
as well. W ithin th is context, several space agencies have displayed a h igh  level of 
in terest in  ocean-colour observations from  a geostationary platform . CNES (France) 
currently  p erfo rm s R&D activities in  th is dom ain, ISRO (India) has p lans for a High 
R esolution GEO Im ager (HR-GEO), ESA (Europe) is in  the early design  phases  of a 
high-resolution GEO m ission (Geo-Oculus), NASA (USA) is in  pre-phase form ulation 
for a geostationary  m ission  (GEO-CAPE), and  KIOST/KARI (Korea) has s ta rted  to 
develop GOCI-II, w hich is scheduled  for launch  in  2018 following the successful 
launch  cam paign and  in-orbit tes ts  of their G eostationary  Ocean Colour Imager 
(GOCI) aboard  the COMS-1 satellite in  2010. This list is surely n o t exhaustive. The 
role of IOCCG is to intervene at the inception of such parallel, som etim es diverging, 
projects, to advocate for collaboration and standardisation, which should eventually 
benefit the different user com m unities (science and operations). The IOCCG working 
group on  “Ocean-Colour O bservations from  a G eostationary  O rbit” was form ed 
to review  science questions th a t can be add ressed  via ocean-colour observations 
from  a geostationary orbit, to prepare an inventory of the m ost significant proposed 
projects and existing GEO ocean-colour m issions, to exam ine the com plem entarity of 
LEO and GEO orbits, and to list requirem ents. The working group was also m andated 
to prom ote inter-agency cooperation and  help coord inate activities.
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Chapter  2

The Case for Ocean-Colour Observations from a 
Geostationary Orbit: Science Focus and Examples of 
Applications

2.1 High Spatio-Temporal Observations for Understanding 
Coastal Ocean Processes

Environm ental agencies, either a t the federal, sta te  or regional levels, are resp o n 
sible for m anagem ent of fisheries, m onitoring  w ater quality, p ro tec tion  of m arine 
sanctuaries and m arine m am m al habitats, assessing the effects of storm  events and 
o ther issues re la ted  to the use  and  p ro tec tion  of the coastal ocean. Each of these 
m anagem ent responsibilities requires an im proved understand ing  of coastal ocean 
dynam ics. Considerable p rog ress has been  m ade in  our ability to m onito r ocean 
colour and  tem pera tu re  in  the open  ocean using  polar-orbiting  satellites. C urrent 
and  p a s t ocean-colour sensors (e.g., ESA’s MERIS, NASA’s SeaWiFS and  MODIS in 
strum ents, VIIRS on  Suomi NPP and  ISRO’s OCM-2 sensor on  Oceansat-2) as well 
as fu tu re  m issions (e.g., OLCI on Sentinel-3), are well su ited  for sam pling the open 
ocean. However, coastal environ m en ts are spatially  and  optically m ore com plex 
and  requ ire  m ore frequen t sam pling and  higher spatial reso lu tion  sensors w ith 
additional spectral channels. Coastal w aters are highly dynamic. Tides, d iurnal 
winds, river runoff, upwelling and  sto rm  w inds drive cu rren ts from  one to several 
knots.

The p resen t once-a-day coverage from  polar-orbiting satellites, which is fu rther 
limited by cloud cover, is no t sufficiënt to sample the dynamics of the coastal ocean. 
A geostationary  im ager w ould substan tia lly  im prove our ability to ob tain  usable 
im agery several tim es a day to resolve, for exam ple, the effects of tides and  w ind 
events on coastal currents, and to understand  changes in  coastal water features that 
occur over a daily cycle. A geostationary ocean-colour imager w ith the proper spatial 
and spectral sam pling characteristics is ideal for sam pling the coastal ocean. This 
capability will greatly improve our ability to manage coastal resources ju st as GOES 
imagery has im proved our ability to m onitor and forecast the weather. Compared to 
the po lar orbiting  ocean-colour sensors, a geostationary  ocean-colour im ager will 
have significantly im proved tem poral sampling, and may have im proved spatial and 
spectral sam pling th a t will greatly  enhance our ability to m on ito r and  assess the

9
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dynam ics of the coastal ocean. The following sections d iscuss the advantages of 
these key im provem ents.

2.1.1 Sediment transport

M onitoring and  u n d ers tan d in g  the sed im ent dynam ics and  su spended  sedim ent 
tra n sp o rt is an  im portan t issue re la ted  to coastal engineering and  o ther coastal 
activities. A study of the transport m echanism  of suspended sedim ents in  a marine 
environ m ent is essentia l n o t only for the safeguard  of m arine insta lla tions or 
navigational channels b u t also for assessing pollutants and other biological activities 
in  the coastal zone. River inputs to the coastal ocean also play a key role in  the carbon 
cycle. On a global scale, about half the organic m atte r bu ried  in  m arine sedim ents 
could be of terrestria l origin, delivered by rivers. The m onitoring  of coastal zones 
a t the m arg in  of big rivers is necessary  to confirm these assum ptions. In con trast 
to Case-1 open ocean waters, coastal zone m onitoring requires a dedicated  region- 
o rien ted  coverage ra th e r th an  a global coverage, w ith  h igh  spatial and  tem poral 
resolution. A part from  high spatial resolution, m onitoring coastal w aters requires 
more spectral inform ation than  is required for Case-1 open ocean waters. On top of 
these spatial and spectral characteristics, repetition  of the observations to m onitor 
the changes is of param ount im portance here. Two examples are provided in  Boxes 
1 and 2.

2.1.2 Monitoring of harmful algal blooms

Harm ful algal b loom s (HABs) are im portan t phenom ena in  coastal environ m ents 
and  can be m on ito red  by ocean-colour rem ote sensing. The fo rm ation  o f such 
massive phytoplankton bloom s im parts a change in  the colour of the ocean that can 
be de tec ted  by ocean-colour satellite sensors. These b loom s are o ften  caused  by 
artificial or natural eutrophication. Harmful algal blooms, sometim es called red  tide 
events, produce toxic com pounds an d /o r anoxic conditions and frequently damage 
the ecosystem  as well as hum an  activities, such as aquaculture. Many HAB species 
are flagellates, w hich are know n to m igrate vertically w ith in  the w ater colum n, 
congregating at the surface near noon. High frequency ocean-colour observations 
from  GEO m ay provide a m eans to detect the vertical m igration of such flagellates. 
It w ould be very usefu l to  detect the vertical m igration, n o t only to p red ic t the 
m ovem ent b u t also to discern the potentially barm ful organisms. At the m anagem ent 
level, p reven tion  a n d /o r  m itigation  of the im pact of red  tides and  o ther HABs 
requires high frequency observations to m onitor coastal conditions that may become 
favourable for the grow th of HABs, to detect the presence of these organism s and 
to p red ic t their m ovem ent. GEO sensors can provide the necessary  m onitoring  
capabilities during daytime.
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Box 1: Suspended Sediment Dispersal and Tides in the Coastal Zone
The Indian Space Research Organisation (ISRO) launched Oceansat-1 OCM sensor in 1999 and 
algorithms were developed for atmospheric correction and the estim ation of chlorophyll-a and 
to tal suspended m ater (TSM) (Chauhan et al., 2002). OCM data has been used extensively for 
suspended sedim ent m onitoring in various coastal regions of the Indian coast. Rajawat et al. 
(200S) have dem onstrated  m any case studies on the use of OCM data to  study various coastal 
processes for tide and wave dominated coasts as well as delta environments. The two day repeat 
cycle of OCM was found useful to understand  sedim ent dynamics in tide dom inated regions 
of the Gulf of Khambhat, the Gulf of Kachchh and Hoogly Estuary. Chauhan et al. (2007) used 
OCM derived TSM data to  describe dispersal pathways and sources of total suspended m atter 
(TSM) in the Gulf of Kachchh, a macrotidal system with insignificant freshwater input. In the Gulf 
of Kachchh strong alongshore currents are prevalent at the m outh, moving in and out during 
flood and ebb tides respectively, and undergoing cyclic, dynamic changes with the tidal phases. 
The Gulf, unlike other regions of the Indian coastline, has a highly dynamic turbidity  tha t is 
zonal (very high in the outer Gulf and in the creeks of the Gulf), particularly during flooding, and 
reduced in the central region throughout the entire tidal cycle. In a recent study by Ramakrishnan 
and Rajawat (2008) they dem onstrated  a strong relationship between sedim ent dispersal and 
tidal currents in the Gulf of Kachchh region. The figure below shows the OCM derived TSM maps 
for the Gulf of Kachchh region. However, the two day repeat cycle of OCM data does not allow 
the construction of complete sequences of tide controlled sediment dispersal and its operational 
use in m odelling of sedim ent transport using num erical models. More frequent observations 
of TSM dynamics, such as from  a geostationary platform, will enhance the use of ocean-colour 
observation on TSM and applications such as tide controlled sediment dynamics for operational 
use in sim ulation models.

OCM derived TSM concentrations (mg 
t 1 ) for different days during 1-19 Jan- 
uaiy, 2005. Image credit: Pi'akash 
Chauhan, ISRO, India.
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Box 2. An Example from SEVIRI on  M eteosat Second Generation
A feasibility study for m apping Total Suspended Matter (TSM) from  the Meteosat 2nd 

generation geostationary weather satellite platform  was perform ed by Neukermans et al.(2009). 
The SEVIRI (Spinning Enhanced Visible and InfraRed Imager) sensor onboard provides images in 
near real-time every IS minutes. Although SEVIRI lacks sufficient bands for chlorophyll remote 
sensing, its spectral resolution is sufficient for quantification of TSM in turbid  waters, using a 
single broad red band, combined with a suitable near-infrared band. A test data set for mapping 
of TSM in the southern North Sea was obtained covering 3S consecutive days from 28 June to 31 
July, 2006.

A tm ospheric correction of SEVIRI images includes corrections for Rayleigh and aerosol 
scattering, absorption by atm ospheric gases and atm ospheric transm ittances. The aerosol 
correction uses assum ptions on the ratio of marine reflectances and aerosol reflectances in the 
red  and near-infrared bands, based on the turbid  w ater atm ospheric correction approach of 
Ruddick et al. (2000). A single band TSM retrieval algorithm, calibrated by non-linear regression 
of seaborne m easurem ents of TSM and marine reflectance, was applied. The effect of the above 
assum ptions on the uncertainty of the m arine reflectance and TSM products was analysed. 
Results show that m apping of TSM in the southern North Sea is feasible with SEVIRI for turbid 
w aters (left panel below), though w ith considerable uncertainties in clearer waters. Moreover, 
TSM m aps are well correlated w ith TSM m aps obtained from  MODIS-Aqua. During cloud-free 
days, high frequency dynamics of TSM are detected. The figure below shows high frequency 
variability of TSM concentration at three selected locations (P1-P3) on a cloud-free day (29 June, 
2006). The error bars denote the estim ated uncertainty on the TSM concentration introduced by 
the atmospheric correction assumptions.

Left: TSM (mg t 1 ) concentration in the southern North Sea from SEVIRI on 29 June, 2006 at 13:00 UTC. Right: 
High frequency variability o f TSM concentration at locations P1-P3 on a cloud free day (29 June, 2006). 
The en-or bars denote the estimated uncertainty on the TSM concentration arising from the atmospheric 
correction assumptions.

2.1.3 Resolving tidal effects

Tides (Figure 2.1) drive coastal cu rren ts  th a t can reach  several kno ts  and  reverse 
approxim ately  every six hours. A m inim um  sam pling frequency  o f th ree hou rs  is 
requ ired  to resolve these features, and  to track  w ater m asses. Hourly sam pling 
is recom m ended  to com pensate  for da ta  lo st due to  cloud cover and  still resolve 
coastal dynam ics. Sam pling once p e r day, w hich is the b es t th a t can be expected 
from  a single ocean-colour im ager in  low Earth orbit, is inadequate to sample these 
dynamics.

Time (h UTC)
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Figure 2.1 Example of a tidal cycle from Charleston, Oregon. The tidal range 
is more than  4 m  and tidal currents on the Oregon coast can exceed 2 knots.
Black arrow: VIIRS sampling at 1:30 PM local time; red arrows: hourly sampling.
Red arrows with dots are once every three hours, i.e., the m inim um  sampling 
frequency needed to resolve a tidal cycle. Adapted from  Davis et al. (2007), 
reprinted with permission from SPIE.

Tidal fluctuations are substan tia l th rough  the course o f a day in  m o st coastal 
zones. According to in situ tim e series observations from  Ariake Bay, Japan, which 
exhibits one of the largest tidal fluctuations in  Japan, tem perature, salinity, turbidity, 
and chlorophyll-a varied w ith the switch from  flood tide to ebb tide. During low tide, 
high chlorophyll-a water spreads outside of the bay; m oreover, inside the bay, com 
plex patchy changes of chlorophyll-a are observed. The tidal m ovem ent is im portant 
for the tran spo rt of organism s such as red  tides, and frequent observations from  a 
GEO orbit can provide a m eans to follow these m ovem ents.

Tidal fluctuations of su spended  particu la te  m atte r  also induce corresponding  
fluctuations of light available for pho to syn thesis  and  re la ted  pa ram ete rs  such  as 
euphotic  depth . The p resen t genera tion  of m arine ecosystem  m odels generally 
does n o t account for such  variations a lthough  it is clear th a t the daily average of 
photosynthetic rate may be significantly different from  that based on an estim ate of 
daily-averaged euphotic dep th  (averaging of a non-linear process).

2.1.4 Inland waters

For in land  bodies of w ater, spatial reso lu tion  is o ften  the prevailing driver for 
requirem ents in  term s of space-based observations given that these regions and their 
attendan t processes and phenom ena are typically smaller in  scale than  for offshore 
coastal regions. That said, m ore frequen t ocean-colour observations afforded by 
geostationary  platform (s) will benefit various research  and  app lication  efforts in  
in land  w aters, e.g., regional carbon  cycle studies, lake ecosystem  dynam ics and 
w ater quality  assessm en ts and  m onitoring  (Dekker et al., 1995; Simis et al., 2005). 
More frequent ocean-colour observations can help address frequent cloud coverage
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Figure 2.2 MODIS-Aqua true colour image, Chlorophyll-a concentration (as an 
index for bloom indication), and normalized water-leaving radiance at 443 nm 
(nLu,(443)) for Lake Taihu on 29 March 2007 (panels a-c) and 7 May 2007 (panels 
d-f) respectively. Results show the spatial variation of Lake Taihu’s optical and 
biological properties before the algae bloom (29 March) and during the peak of 
the bloom (7 May). The major blue-green algae blooms occurred in Meiliang Bay, 
Gonghu Bay, and Zhushan Bay, as well as the west region of Lake Taihu, showing 
a significant drop of the nLu,(443) because of the strong algae absorption in the 
blue band (also considerably high Chlorophyll-a concentration). Image from  
Wang and Shi (2008), reproduced with permission of the American Geophysical 
Union.

over inland water bodies as well as better address dynamic, episodic lake properties 
and phenom ena, e.g., bloom s, runoff plum es, vertical m igration and  changes in  ice 
cover. The varia tion  o f sun  angle over the day m ay also help in  the estim ation of 
adjacency effects which can be particularly  significant for inland waters.

Likewise, there  are com m on as well as d istinct rem ote  sensing challenges in  
in land  w aters to be dealt with, including such  issues as a tm ospheric  corrections, 
adjacency effects, and w ater m ass/op tica l characterizations tha t can be m ore effec
tively addressed using higher spatial, spectral and tem poral resolution ocean-colour 
data.

W ater quality  is an  issue of growing concern  for in land  w ater bod ies due to 
increasing p o pu la tion  grow th and  a tten d an t changes in  land  cover and  use, p a r 
ticularly developm ent and  u rban ization  of ad jacent terrestria l regions. Loading of

Bloom Location

Lake Taihu
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nutrients, sedim ents and other pollutants and pathogens from  terrestrial runoff is a 
significant concern in  th is context, as well as algal bloom s (harm ful and nuisance). 
Illustrating the latter, Wang and Shi (2008; 2011) described massive algal bloom s in 
spring 2007 in  China’s Lake Taihu using MODIS-Aqua observations (see Figure 2.2). 
The w aters of Lake Taihu are highly turbid, and Wang and Shi (2008) dem onstrated  
the utility of the shortwave infrared (SWIR) atm ospheric correction algorithm  (Wang 
and  Shi, 2007; Wang et al., 2009) for rem ote  retrieval of optical and  biological 
p roperties  in  such  tu rb id  regions. However, the lake was o ften  obscured  by cloud 
cover during th is event and  they  ind icated  th a t there  were only two MODIS-Aqua 
clear sky im ages, acquired  one week apart, during  the peak  period  of algal b loom  
contam ination.

This application provides an  excellent example of how geostationary  platform s 
could b e tte r support w ater quality m onitoring and m anagem ent by providing more 
frequen t w ater colour observations during  episodic b loom  and  o ther events. The 
need for im proved tem poral, spatial and spectral water colour observations in  inland 
waters is identified in  the Group on Earth Observations inland and Nearshore Coastal 
W ater Quality Rem ote Sensing W orkshop Report (GEO, 2007), and, m ore generally, 
for coastal waters in  the Integrated Global Observing Strategy Coastal Theme Report 
(IGOS, 2006).

2.2 High Spatio-Temporal Observations for Studying the 
Open Ocean

2.2.1 Diurnal cycles of ocean properties

The d iu rnal cycle of optical p ropertie s  is now  a well estab lished  phenom enon, 
w hich is observed in situ  (e.g., Siegel e t al., 1989; C laustre et al., 1999; Figure 2.3), 
and  can also be rep licated  in  the labora to ry  (e.g., C laustre et al., 2002). These 
d iurnal variations are m ainly driven by  the diel cycle of solar irradiance, and  they 
are responsib le  for a p a rt  of the “n a tu ra l n o ise” w hich is found  in  the databases 
from  which a num ber of bio-optical algorithm s have been  developed (Stramski and 
Reynolds, 1993). The causes of these diurnal variations rem ain  poorly understood . 
They can resu lt from  (1) the balance betw een  daytim e p ro d u ctio n  and  n ighttim e 
degradation of biogenic particles (phytoplankton, bacteria, small heterotrophs), (2) 
a change in  particle  size, or (3) a change of refractive index resu lting  from  the 
in ternal concen tra tion  of organic com pounds. From  the d iu rnal variations of the 
beam  attenuation  coefficient (a proxy to  the particu late  organic carbon), a m ethod  
has recently been p roposed  for estim ating basic biogeochemical quantities, such as 
gross and  net com m unity p roduction  (Claustre et al., 2008).

D iurnal variations in  the concen tra tion  of coloured dissolved organic m atte r 
(CDOM) th a t w ould resu lt from  a balance betw een  p rocesses of pho to -p roduction
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Figure 2.3 Left: Daily variations in integrated particulate organic carbon 
content, derived from m easurem ents of the beam attenuation coefficient, over 
various optical depth  intervals. Black: 0 - 80 m  (100% - 10%); Blue: 80-160 m 
(10% - 1%); Green: 160 - 240 m  (1% - 0.1%); Red: 0 - 240 m  (surface to 0.1% 
of surface irradiance). Grey curves are PAR at the surface (from Claustre et 
al., 2008). Right: 6-day record of the diurnal changes in the beam  attenuation 
(black), particulate backscattering (blue) and phytoplankton fluorescence (green) 
at the BOUSSOLE site in the Mediterranean Sea during a bloom in spring of 2007 
(grey bars indicate night-time). Data collected near the surface.

and  pho to -degradation  are also possible, a lthough  these changes have n o t been  
observed, for lack of appropriate technology. Analysis of these variations could infer 
quantitative changes of dissolved organic carbon (DOC), a significant proportion  of 
w hich (up to  ~50% of production) is know n to be excreted  by  p rim ary  p roducers 
(Karl et al., 1998). It is therefore  becom ing increasingly clear th a t the acquisition  
of bio-optical and biogeochem ical data at high frequency, th rough  new  acquisition 
p latform s fitted  w ith ad hoc sensors is an essential prerequisite  for understand ing  
the d iurnal signal and in terp re ting  it in  a biogeochem ical context (e.g., estim ate of 
p roduction , new  production). W ith GEO observations, we can achieve large-scale 
observations of the daytim e signal of the optical properties.

Docum enting these phenom ena is in teresting from  a scientific point of view, yet 
it also has a practical im portance, w hich is to  assess the possib le b ias in  the LEO 
satellite observations, w hich are nearly  always perfo rm ed  at the sam e tim e of the 
day for a given satellite. This may represent a perturbation  in  the observations from  
different LEO satellites passing  over a given area at different tim es of the day (this 
m ay be an issue for m erging of data from  different missions).

In con tinuation  o f recen t analysis of the diel cycle of the particu la te  beam  
a tten u a tio n  coefficient (cp) (Claustre e t al., 2008; C ernez et al., 2 0 Ü ), it is also 
expected th a t the d iu rnal variability in  the particu la te  backscattering  coefficient 
(bbp) is usable to  estim ate the particle grow th ra te  and  ne t com m unity production, 
as well as their underlying param eters (i.e., m aximum  growth rate, growth efficiency 
and satu ration  irradiance). The capability of estim ating these param eters over vast 
oceanic areas w ould be a b reak through  in  m arine science.
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Figure 2.4 Left: Relationship between cp and bi,p (from Antoine et al., 2011; 
data from  the BOUSSOLE site and the “Plumes & Blooms” program). Right: 
Seasonal variation of net com m unity production (Z APOC, derived from  the 
diel change of cp) and net prim ary production ŒPP, derived from  a light - 
photosynthesis model). The points indicate daily values; the lines show a 3-day 
running mean (from Cernez et al., 2011).

The logic here is to go from  the diel changes of cp or b/,;, in  the surface layer to 
an  estim ate of the daily change in  particu late  organic carbon (APOC), and  th en  to 
the in tegrated  POC change within the productive layer (e.g., Duforêt-Gaurier, 2010).

An example is provided in  Figure 2.4 (right panel), where a 2-year cycle of prim ary 
p ro d u ctio n  at a fixed site in  the M editerranean Sea (BOUSSOLE site; A ntoine et al., 
2006) has been  derived th rough  two differen t m ethods. The first one (indicated by 
light grey symbols and 2PP) corresponds to the classical use of a light-photosynthesis 
m odel (Morel, 1991) fed with daily surface chlorophyll concentrations, SST and above
surface irrad ia tion  (PAR). The second one (dark grey symbols; 2  APOC) is from  a 
new  m odel (Cernez et al., 2011) th a t estim ates the daily com m unity  p roduction  
from  the diel change of the beam  attenuation  coefficient (cp). This is applicable to 
satellite observations p rov ided  th a t a rela tionsh ip  exists betw een  cp (desired b u t 
not m easured) and b (derivable from  inversion of the marine reflectances and Kj).  
This rela tionsh ip  actually ho lds and  is now  docum ented  in  various environ m ents 
(see Figure 2.4 left; see also Dall’Ollmo et al., 2009).

2.2.2 Biological-physical coupling at meso and sub-meso scale

Recent theoretical studies have suggested tha t ocean biogeochem istry is extremely 
sensitive to sub-m esoscale physics (see Levy, 2008 for a review). The fingerprint of 
sub-m esoscale physics on  phy top lank ton  d istribu tion  has em erged as a recu rren t 
fea tu re  in  ocean-colour observations since the beginning of OCR observations. 
These observations clearly reveal th a t the ocean is a tu rbu len t fluid, popu la ted  by 
nu m erous interactive, m esoscale eddies. These in teractive eddies generate very 
energetic dynam ic phenom ena, th a t can act to  change the ocean stratification, to
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Figure 2.5 Surface Chlorophyll-a concentration (mg m '’) in the North Atlantic, 
as derived by a profiling float (blue points), onto which rem ote sensing data 
(red MODIS, green SeaWiFS) extracted along the track of the profiling float are 
superim posed. In spring 2005 (late May, early June), satellite data from  the 
current LEO m issions were unable to detect the blooming event in this highly 
cloudy area (from Taylor et al., 2006).

stir w ater m asses and to enhance vertical m ovem ents, w ith dram atic consequences 
on phytoplankton  grow th and distribution.

Given the space ( 1 - 1 0  km) and  tim e ( 1 - 1 0  days) scales associated  w ith  sub- 
m esoscale dynam ics, their im pact on  p hy top lank ton  can hard ly  be exam ined in 
situ  on  a regional scale. A regional characteriza tion  of the p rocesses is needed, 
however, to quantify  the im portance of the sm all scale s tru c tu res  (e.g., filam ents) 
on global prim ary production  budgets. Such a regional approach at high resolution 
will hopefu lly  reduce the e rro rs  in  global estim ates of p rim ary  p ro d u ctio n  due to 
the m isrepresentation  of the sub-m esoscale processes, b o th  from  m odels and from  
observation netw orks.

Bio-physical coupling at sub-m esoscale is no t yet accounted for in  global ocean 
biogeochem ical m odels because it requ ires ho rizon ta l grid  reso lu tions th a t are 
still out of reach. However, sub-m esoscale resolving regional m odels are emerging. 
These h igh-reso lu tion  m odels are still in  their infancy, and, due to the scarcity of 
h igh-reso lu tion  observations, can only be validated  at the large scale. In the next 
decade, such high-resolution m odels will becom e com m on practice, and  there will 
be a corresponding dem and for high-resolution observations to validate them .

High-resolution models are indicating that phytoplankton bloom s are not contin
uous phenom ena. They reveal an in tricate entangling betw een the rapidly-evolving 
filaments, the seasonal variations, and the shorter-term  variations of the wind. This 
entangling induces im portan t bias when biogeochemical budgets are evaluated from  
a lim ited set of local observations. For instance, the spring p hy top lank ton  bloom
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can be in te rru p ted  locally, either by  the passage of an  atm ospheric depression, or 
by the passage of a downwelling filament. These two phenom ena have contrasting 
consequences on the larger scale budget. Synoptic, high-frequency observations are 
the only way to decipher these various phenom ena, which will help reduce curren t 
b ias in  regional budgets.

A geostationary ocean-colour sensor will ensure an enhanced tem poral resolution 
of observations, w hich will com pensate  for the loss of d a ta  due to cloud cover. 
GEO observations are th u s  expected to  allow a b e tte r  de term ination of the tim e 
evolution of bloom s (Figure 2.5). Additionally, they will improve characterization of 
phenom ena at small tem poral scales, re la ted  to the fluctuations of the upper layer 
ocean dynamics.

2.2.3 Coupled physical-biogeochemical models

The steady  increase of com putational pow er available for n u m erical sim ulations 
of coupled physical-biological system s has drastically  b roadened  the spectrum  of 
spatial and tem poral scales explicitly captured  by ocean m odels. Results of studies 
addressing the existence of d istinctive types of variability and interactions betw een 
dynam ics and  biological activity w ith in  the m esoscale and  sub-m esoscale (tens 
to h u n d red s  of km s; hou rs  to days) have begun  to em erge. However, the ocean 
variability in  cu rren ts  and  m ateria l d istribu tion  is severely under-sam pled  by  the 
observing system s in  place today. Ocean-colour im ages from  a geostationary  orbit 
will contribute to reduce the m easurem ent under-sam pling and im prove the m atch 
betw een  the scales resolved by  the m odels and  those resolved by  observations. 
The h igher spatio-tem poral reso lu tio n  will also im prove m odel evaluation. This 
will open  new  perspectives for synergistic approaches betw een  m odels, in situ  
and  satellite observations, especially th ro u g h  d a ta  ass im ilation. This “in teg rated  
app roach” is expected to  m ake substan tia l p rog ress in  the fu tu re , in  term s of 
scientific, technological and  operational applications (Brasseur et al., 2009).

A lthough ocean-colour data assimilation into coupled m odels is still in  its infancy, 
innovative approaches are being developed using variational or sequential m ethods 
(Carmillet et al., 2001; Faugeras et al., 2003; Natvik and Evensen, 2003; Nerger and 
Gregg, 2008; Sim on and Bertino, 2009) to reconcile data of different types (e.g., ocean 
colour in  com bination w ith altim etry, SST, in situ tem perature  and salinity profiles) 
with models, to improve the realism  of coupled physical-biogeochemical simulations, 
analyses and re-analyses, and to develop an effective capacity to estim ate routinely 
the biogeochem ical state  of the ocean and regional seas.

The accum ulation  of ocean-colour m easu rem en ts a t h igh  spatial and  tem po
ral scales as an tic ipated  from  GEO m issions will first be requ ired  to im prove the 
characterization of m odelling errors prior to m odel-data synthesis th rough  assim i
lation. For com putational reasons, m any coupled physical-biogeochem ical m odels 
will rem ain  lim ited to eddy-perm itting  reso lu tion  in  the foreseeable fu tu re . The
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Figure 2.6 FSLE (Finite Size Lyapounov Exponent) pattern  misfit (top panels) 
and velocity errors (m s -1, bottom  panels) at three stages of the assim ilation 
process: background state (left panels), after 2,000 iterations (middle panels), 
after 45,000 iterations (right panels). Image courtesy of Jacques Verrón (CNRS, 
France).

spatial reso lu tion  offered by geostationary  ocean-colour sensors will be critical to 
estim ate  the rep resen ta tiveness erro rs in  biological m odels due to  sub-grid sam 
pling. Until now however, m ost ocean-colour assimilative system s rely on the use of 
“low-frequency” data  sets (e.g., weekly or m onthly com posite data  products), which 
m ay be a source of bias w hen high-frequency processes are no t taken into account 
properly. Therefore, sequential assimilation m ethods will be tuned  to make optim al 
u se  of (alm ost) tim e-continuous da ta  stream s and  to  b e tte r  u n d e rs tan d  how  the 
average effect of d iu rnal scales can be rep re sen ted  in  coupled physical-biological 
models.

The assim ilation o f im age-type in fo rm ation  is ano ther perspective opened  by 
the geostationary  orbit. Recent stud ies have show n th a t the s truc tu res  contained  
in  sub-m esoscale im ages can be inverted  to control the ocean circulation at larger 
scales (Verrón pers com.). This can be achieved through  the use of an interm ediate 
quantity, the Finite Size Lyapunov Exponent (FSLE), which has the ability to provide 
structu ra l in fo rm ation  from  ocean-colour im ages for assim ilation in to  larger scale 
ocean circulation m odels (Figure 2.6). Ocean colour from  a geostationary  orbit will 
offer an  excellent oppo rtun ity  to fu rth e r explore th is ass im ilation concept, and 
undertake im plem entations in  various dynamically con trasted  regions.
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Figure 2.7 Left: Average (1998-2004) dust optical thickness over the Mediter
ranean Sea, as derived from SeaWiFS observations (after Antoine and Nobileau,
2006). Right: Dust storm  over the eastern M editerranean Sea, captured by 
MODIS-Terra on 29 September 2011 (NASA image credit: Jeff Schmaltz, MODIS 
Rapid Response Team, NASA GSFC).

2.3 Aerosols

A wide range of techniques has been  developed over the p a s t 20 years for the 
rem ote sensing of aerosols, using  different types of sensors and  various p a rts  of 
the electrom agnetic spectrum  (see reviews in  K aufm an et al., 1997; King et al., 
1999; K aufm an et al., 2002). Quite recently, ocean colour arose in to  the panoply  
of m ethods considered  as capable of providing reliable in fo rm ation  abou t the 
am ounts and  types of aerosols (e.g., Wang et al., 2000; Moulin et al., 2001). The 
m ain focus of ocean-colour science with respect to aerosols is to remove their effect 
on the reco rded  signal, i.e., a tm ospheric correction, ra th e r th an  studying aerosols 
them selves, which explains th is situation.

Ocean colour is extrem ely dem anding in  term s of accuracy of the retrieved  
water-leaving reflectances, in  particu la r in  the b lue (Gordon, 1997). For m odern  
sensors, atm ospheric correction schemes have been drastically im proved com pared 
to what was done in  the 1980’s with the CZCS (Coastal Zone Color Scanner). This was 
achieved (am ongst o ther things) by  using  aerosol m odels to describe the spectral 
dependence of the a tm ospheric  signal, and  in  particu lar the m ultip le scattering  
effects. It is through this process that the by-products of the atm ospheric correction 
of ocean-colour observations were im proved and became relevant to aerosol science.

Regional to large-scale quantitative assessm ent of aerosols over the ocean, and 
in  particular of desert dust, is now within reach either using historical data sets such 
as CZCS (Stegman and  Tindale, 1999) or using  the new  generation  of ocean-colour 
sensors such  as SeaWiFS (Jam et et al., 2004; Stegman, 2004a,b; Wang et al., 2005), 
MODIS (Kaufm an et al., 2005; Rem er et al., 2005), MERIS (Antoine and  Nobileau,
2006) or POLDER-I and -II (Boucher and Tanré, 2000; Chiapello et al., 2000; Deuzé et 
al., 1999, 2000) (see Figure 2.7).

The LEO satellites are n o t adapted , however, to m onito ring  specific aerosol 
events, such as desert d u s t outbreaks, volcanic erup tions or po llu tion  clouds. The



22 • Ocean-Colour Observations from a Geostationary Orbit

tran sien t character of these struc tu res m akes their descrip tion  hard ly  feasible via 
sparse observations. In addition, it cannot be excluded that the average description 
that is built from  LEO observations is sometim es biased by this insufficient sampling;

15-OCT -2008 AOD 55Qnm 15-OCT-200S AOD-550nm15-OCT-2tH}8 AOD-550nm

15-OCT-2008 AOD-550nm 15-OCT-2008 AOD-550nm lli-OCT-2008 AOD-550nm

16-OCT-2D08 AOD-550nm

Box 3. Desert Dust Aerosol D etection Using Geostationary INSAT-3A CCD 
Data over the Arabian Sea

Sand and dust blown into the atm osphere by sustained winds can trigger huge dust storm s 
and cause conditions of near-zero visibility. The local climatic conditions become altered by 
airborne particles from  dust storm s by intercepting sunlight and modifying the energy budget 
through their ensuing behaviour of cooling and heating of the atm osphere. For ocean-colour 
remote sensing the absorbing aerosols are one of the major sources of error in the atmospheric 
correction procedure. Many studies using SeaWiFS, MODIS and other satellite data sets have 
shown the im portance of satellite imagery to detect and m onitor dust storm s. However, the 
geostationary platform  is much more suitable to studying the dynamic behaviour of such events. 
In the figure below, we dem onstrate the use of INSAT-3A (Indian National Satellite) data to 
characterize a massive dust storm  event tha t occurred during 15-16 October, 2008 over the 
northern  Arabian Sea. The INSAT-3A sensor has a spatial resolution of 1 km  and observations 
are made at hourly intervals.

A e ro so lO p tic a lD e p th  (5 5 0 n m ) I  A O D (550nm )
0 0.1 0 .16  0 .1 6  0 .3 4  0 4 1  0 .5  0 .56  0 .6 6  0 .76  0 .66  1.0  1 .5  1.0

INSAT-3A CCD derived aerosol optical depth over the Arabian Sea from a geostationaiy piatfoim  (image 
comtes)' ofPrakash Chauhan, ISRO, India).

The dust storm  generated by strong winds lifts particles of dust or sand into the air and is 
characterized by high aerosol optical depth (AOD), lower Angstrom exponent («) along with near 
zero visibility conditions. Multi-temporal INSAT-3A data for every hour have been used to study 
the characteristics and transport of these dust storm  events. AOD and « estim ation were also 
com pared with MODIS-derived AOD at 550nm and « (550/865).
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th is m ay be the case for the desert d u s t tran spo rt, while it is likely n o t a p rob lem  
for background aerosols.

GEO observations of aerosols are already available th rough  a new  generation  
of M eteosat satellites (e.g., the SEVIRI sensor). Near real-tim e p ro d u cts  over the 
ocean are routinely  provided, for instance, by the ICARE D ata and Services Centre 
( h t t p : / / w w w . i c a r e . u n i v - l i l l e l . f r / b r o w s e / ). A quick look at aerosol brow se im ages 
highligh ts  the essentia l benefit from  GEO observation, nam ely the significant im 
provem ent of coverage. Future GEO ocean-colour observations w ould com plete 
the descrip tion  w ith  a m uch  b e tte r  spectral reso lu tion , leading to the possib ility  
to b e tte r  discrim inate differen t aerosol types. A second benefit will arise from  the 
capability to derive aerosols over land as well as over oceans. O ther techniques are 
requ ired  due to the additional unknow n surface as a boundary  cond ition  for the 
aerosol inversion.

Such GEO aerosol p roducts  w ith high spatial and tem poral reso lu tion  will also 
open  new  perspectives in  the area o f air quality  m onitoring. Even if the vertical 
in fo rm ation  critical to air quality  applications is n o t p rov ided  by  rad iom etry  in  
the visible, the h igh-reso lu tion  aerosol im ages will con tribu te  the global p icture 
required  by the m odels u sed  for the assimilation of the in-situ m easurem ents. With 
the growing concern over air quality and climate change, such aerosol products will 
be very usefu l for the developm ent of air quality  operational services in  the near 
future.

2.4 Land-Ocean Interactions

At the interface betw een land and ocean, river outflows are a m ajor source of erosion 
and  consequently , of sed im ent-bound carbon  and  p o llu tan ts  transfer. A lthough 
these events are still poorly  u n d e rs to o d  due to a lack of experim ental sites and 
long-term  hydro-m eteorological da ta  w ith adequate space-tim e reso lu tion  (Beusen 
et al., 2005), they  are believed to  rep re sen t a large p ro p o rtio n  (around 80%) of 
particulate inpu t to the ocean (Schlunz and Schneider, 2000). Rivers tran spo rt ~0.8 
X IO15 g C per year to the coastal ocean (~0.4 x  IO15 g of dissolved inorganic carbon 
[DIC], ~0.5 x IO15 of dissolved [DOC] and particulate organic carbon [POC]) (Sabine et 
al., 2004). While particles from  terrestrial ecosystem s are prim arily deposited  in  the 
coastal region (Eledges, 1992), DOC is considered the m ain conduit for transporting  
terrestria l organic carbon  in to  the deep ocean. Historically, coastal ocean w aters 
have b een  a source of CO2 to the a tm osphere  because of river con tribu tions of 
DIC and  land-derived organic carbon  th a t is subsequen tly  degraded  to CO2 by 
m icrobes in  the coastal ocean (Sabine et al., 2004). However, h u m an popu la tion  
growth, agriculture and  o ther activities along coastal regions have resu lted  in  the 
export of h igher levels of n u trien ts  to  the ocean, w hich su p p o rt m ore extensive 
phy top lank ton  b loom s in  coastal w aters and  po ten tia lly  g reater sequestra tion  of

http://www.icare.univ-lillel.fr/browse/
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carbon into sedim ents. Furtherm ore, recent evidence dem onstrates the im portance 
of CO2 ou tgassing  from  rivers to the a tm osphere  w ith  tropical rivers of g rea test 
significance due to  m icrobial deg radation  of large in p u ts  of land  vegetation  and 
soil derived organic m atte r  in to  these rivers (Sabine e t al. 2004). Com bining field 
d a ta  and geostationary  satellite m easu rem en ts w ould greatly  help  to quantify  the 
trapp ing  efficiency of estuarine environm ents (Beusen et al., 2005; D oxaran et al. 
2009) and the n e t em ission of carbon from  estuaries and  deltas to the atm osphere 
(Frankignoulle et al., 1998) and carbon fluxes to the coastal ocean (Del Castillo et al. 
2008) and  open  ocean. There is also a need  to follow form ation  and  evolution of 
cross-shelf filam en ts  forced  by  upw elling or fresh  w ater run-off (e.g., Wang et al., 
1988; Bignami et al., 2008).

2.5 Operational Services for the Coastal Zone

In th is section, exam ples of existing pre-operational services using  ocean-colour 
observations are briefly p resen ted . One of the m ain  reasons for these services no t 
being truly operational a t the m om ent is the insufficient revisit of the LEO system s. 
The advent of GEO observations w ould allow these “dem onstra tion  activ ities” to 
evolve tow ards truly operational services.

2.5.1 Algae blooms, in particular harmful algal blooms

Algal bloom s are rap id  local increases in  the abundance of phytoplankton. Harm ful 
algal b loom s (HABs) are special cases of the form er, w hich are know n to cause 
deleterious effects either on  hu m an h ea lth  (e.g., paraly tic or neurotoxic shell fish 
poisoning) or on  n a tu ra l or cu ltu red  m arine resources (m ass m orta lity  of fish). 
Besides this generic term  there is, however, a complex reality (some species may be 
harmful at low density, for instance). Algal bloom s are well detected by ocean-colour 
rem ote  sensing, due to their strong  influence on  the optics of w ater. Conversely, 
the identification  of their possib le  toxicity from  space is far from  being achieved; 
curren tly  the exact d istinction  of the causative organism s in  the b loom  is only 
realized through  in situ  m easurem ents. The key role of ocean colour thus lies in:

❖ visualizing the bloom  extent;
❖ launching advanced w arnings, th rough  com bination  of m odels and  Earth 

observation data;
❖ deploying opportune in situ campaigns to analyse the potential toxicity of the 

bloom;
❖ if phy top lank ton  functional type algorithm s can be ex tended  to the coastal 

ocean in  the fu ture , they m ight help de te rm ine the type of b loom  under 
consideration.
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2.5.2 Turbidity and eutrophication

The concentration of hum an population near the shore confronts many governm ents 
w ith the problem  of m onitoring, predicting and m anaging the coastal environm ent. 
To be effective, the assessm ent of the im pact of urbanization, tourism , harbour de
velopm ent, agriculture, etc. on coastal ecosystem s requires an in tegrated  approach 
including databases, m odels and  m onitoring  p rogram s at regional scales, which 
could benefit greatly from  high frequency geostationary ocean-colour observations. 
In th is way, the European Environ m ent Agency h as expressed  its  needs for sim ple 
and  ro b u st ind icato rs for annual analyses of the sta te  of E uropean coastal water, 
which are partly  estim ated  by rem otely-sensed data.

In m any coastal waters, d isastrous changes in  w ater com position resu lt m ainly 
from  non-natural loads of sedim ents tha t have three differen t de trim ental effects:

❖ an  increase in  turbidity, tha t shades the w ater and im pacts benthic habitats;
❖ a rich  supply  in  nu trien ts , th a t increases algal b iom ass (eutrophication) and 

replaces the natural ecosystem , possibly leading to FfAB developm ent; and
❖ a load of heavy m etals trapped  in  the sedim ents.
W ater clarity is a critical pa ram ete r for navy, p rofessional and  spo rt divers, 

as well as aquacu ltu re  and  com m ercial and  recreational fisheries. Estim ates of 
w ater clarity are derivable from  ocean-colour observations, including su spended  
particu la te  m atte r  (SPM), chlorophyll-a, transparency  (Secchi depth), K j  (diffuse 
a tten u a tio n  coefficient), and  tu rb id ity  indices. For all of these applications the 
step forw ard w ith GEO observations essentially lies in  the dram atic increase in  the 
capability to study  the dynam ics of the relevant phenom ena. For example, in  areas 
w ith strong  tides or diurnal winds, w ater clarity changes dram atically on an hourly 
basis as tidal curren ts resuspend  sedim ents from  the bottom .

2.5.3 Front detection for internal waves and localisation of fish stocks

Front de tec tion  is an  advanced p rocessing  of ocean colour corresponding  to  the 
spatial variation of a product, generally chlorophyll or transparency. It is based  on 
ho rizon ta l g rad ien t calculation and, in  even m ore advanced versions, the contour 
de tec tion  by  hystereris  m eth o d  (Figure 2.8). This p ro d u ct enlightens the fron ts  
of the im age and  provides in fo rm ation  abou t oceanic struc tu res; it is thus  a key 
elem ent for tracking dynamics features of the ocean (like in ternal waves) as well as 
fisheries resources. While the Navy req u ests  the fo rm er application  for opera tion  
support, the la tte r  is obviously in teresting  for the fishing industry  and  fisheries 
m anagem ent.

O bservations from  the GEO orbit w ould dram atically  increase the tem poral 
frequency of such m appings, w ith an  obvious im pact on the understand ing  of the 
dynam ics o f fron ts  and  filam ents, and  on  the quality  of the service th a t can be 
provided to m any users.
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Figure 2.8 Example of structure detection for a MERIS scene (9 April 2003 in 
Indian Ocean). From left to right: transparency map, gradient map, contour 
map. Spatial resolution is 1 km. Illustration of a service delivery to the French 
“Service Hydrographique de la Marine” (image courtesy of ACRI-ST).

2.6 Societal Benefits

The societal benefits of ocean colour have been detailed extensively in  IOCCG Report 
7 (2008), “Why Ocean Colour? The Societal Benefits of Ocean-Colour Technology”, as 
well as in  IOCCG R eport 8 (2009), “Rem ote Sensing in  Fisheries and  A quaculture”. 
As add ressed  in  those reports, as well as in  th is cu rren t report, ocean colour can 
be u tilized  to su p p o rt a num b er of im portan t resea rch  and  app lied /opera tional 
efforts including: assessm ents of clim ate variability and  change th rough  im proved 
understanding of biogeochemical cycles (e.g., carbon pools and fluxes) and food web 
impacts; integrated ecosystem  assessm ents and living marine resource m anagem ent 
(e.g., m arine p ro tec ted  areas, fisheries, aquaculture  and  th rea ten ed /en d an g ered  
species); m onitoring of coastal and inland water quality (e.g., pollu tant and pathogen
laden runoff plum es and spills); assessm ents of natural and anthropogenic hazards 
(e.g., h a rm ful algal bloom s, oil and  sewage spills, sedim ent resu sp en sio n  events); 
im proved u nderstand ing  of ocean and coastal dynam ics (e.g., eddies and  blooms); 
developm ent of robust indicators of the state of the ocean ecosystem, and, ecological 
m odelling and forecasting activities.

In support of these efforts, ocean-colour observations from  a geostationary p lat
fo rm  will provide significantly im proved  tem poral coverage of near shore coastal, 
ad jacent offshore and  in land w aters, and likely im proved spatial and  spectral cov
erage relative to cu rren t TEO sensors, w hich are generally m ore focused  on  global 
observations of Case-1 open  ocean w aters. The h igher frequency observations 
from  GEO will help  m itigate the effects of cloud cover, as well as b e tte r  resolve 
the dynam ic, episodic, a n d /o r  ephem eral p rocesses, phenom ena and  conditions 
commonly observed in  coastal regions. This will result in  a denser and more com pre
hensive ocean-colour data set, leading to fu rther developm ent, use and operational

G radient Secchi Transparency  MERIS
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Figure 2.9 A break in the clouds over the central North Pacific revealed a large 
patch  of bright aquam arine water on June 6, 2007. Other ocean patches of a 
similar colour have been identified as coccolithophore blooms in the past. The 
location and timing of this bloom  is what one might expect for such phyto
plankton, but surface water samples would be needed to confirm the identifica
tion. Credit: Ocean Biology Processing Group, NASA/GSFC, reproduced from  
h t t p : / / o c e a n c o l o r . g s f c . n a s a . g o v / c g i / i m a g e _ a r c h i v e . c g i  ?c=CHL0R0PHYLL

im plem enta tion  of m ore tim ely and  accurate p roducts , e.g., h a rm ful algal b loom  
forecasts, which in  tu rn  will provide b e tte r in form ation to users in  support of their 
m anagem ent and decision-m aking needs.

2.7 Future Geostationary Ocean-Colour Applications

The previous sections show how existing scientific and operational activities would 
benefit from  GEO observations, starting from  the state of the art ocean-colour obser
vations. It is im portan t to em phasize th a t in  the fu ture, new  scientific discoveries 
or operational uses will likely emerge after GEO ocean-colour observations becom e 
available, a lthough it is curren tly  n o t possib le to anticipate all the fu tu re  dom ains 
of GEO ocean-colour applications.

To illustrate this exploratory nature of the GEO ocean-colour observations, Figure 
2.9 shows a bloom  in  the no rth  Pacific, presum ably com posed of coccolithophorids, 
as de tec ted  by the MODIS-Aqua sensor, and  occurring in  an  unexpected  location, 
in  principle. A lthough one MODIS image o f th is b loom  was obtained, no  p o ss i
bility existed  to follow its developm ent. This should  becom e feasible w ith  m ore 
frequen t GEO ocean-colour observations. It is an tic ipated  th a t m any such  unex
pected and transient structures will be identified and tracked with GEO ocean-colour 
observations providing insight in to  their causes and  fate.

http://oceancolor.gsfc.nasa.gov/cgi/image_archive.cgi
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Chapter  3

General Requirements for a GEO Ocean-Colour 
Sensor

3.1 Spectral Requirements

Spectral reso lu tion  requ irem ents derive from  the need  to effectively rem ove atm o
spheric com ponents of the to tal signal acquired by a satellite sensor, as well as the 
need to derive accurate values for geophysical products from  the spectral radiances 
em anating from  the ocean. The three sections below are not specific to ocean colour 
from  the GEO orbit. In conditions where a comprom ise is necessary betw een spatial 
and spectral resolution it may be in teresting to consider one or more broader bands 
for a GEO sensor, sim ilar to  the approach  of the h igher reso lu tion  panchrom atic  
b ands on  sensors designed  for m eteorological or te rres tria l applications such  as 
SEVIRI and  SPOT.

3.1.1 Spectral requirements for atmospheric correction

For the atm ospheric correction, theoretical and em pirical analyses of ocean colour 
have shown th a t at least two bands located in  the near-infrared region of the solar 
spectrum  are requ ired  to  provide the aerosol radiative p ro p ertie s  necessary  for 
ocean-colour retrievals. For typical ocean w aters the w ater-leaving radiance is 0 in 
the near infrared (NIR) and the m easured  radiances in  the NIR are used  to estim ate 
the aerosol properties over the ocean. A band located betw een 855 and 890 nm, and 
ano ther b an d  located  betw een  744 and  757 nm  are considered  the m inim um  for 
atm ospheric  correction  (IOCCG, 1998). However, in  w aters w ith  h igh  particu la tes 
there  is still m easurab le  w ater leaving rad iance at 750 n m  and  som etim es at 865 
nm , so additional spectral bands are required for aerosol correction for these turbid 
coastal waters.

Recently, an  approach  similar to the one u sed  for open  ocean w aters has been  
developed for coastal regions by Wang and Shi (2007) and  Wang et al. (2009). The 
m ethod  u ses  sho rt wave in fra red  (SWIR) b an d s  in stead  of the NIR bands. The 
approach  has been  tes ted  for, and  applied  to, various coastal regions (e.g., the U.S. 
and east coastal regions of China) using MODIS data. Because of the m uch stronger 
w ater absorption, the ocean is generally still black at the SWIR bands even for very 
tu rb id  w aters. The spectral ex trapo lation  to  the visible is perfo rm ed  over a larger

29
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Figure 3.1 Normalized water-leaving radiances in the East China Sea. The 
total suspended particle m atter concentration varied from  1.1 g m~3 to 184.1 
g m~3 with large values of water-leaving radiances corresponding to high 
concentrations of particulate matter. Adapted from He et al. (2004).

range, however, which in troduces an  additional difficulty.
Using near-UV bands is ano ther possib ility  for the atm ospheric correction over 

tu rb id  coastal w aters (He et al., 2004). Figure 3.1 displays the varia tion  of n o r
m alized  water-leaving rad iances m easu red  in  the East China Sea. W ith increasing 
turbidity  caused by higher suspended  particle m atter concentrations, water-leaving 
radiances at UV bands increase very little as com pared to the NIR bands. In coastal 
w aters, su spended  sedim en ts and  CDOM significantly influence the w ater optical 
p roperties. High values in  water-leaving rad iances in  the VIS and  NIR m ay resu lt 
from  scattering  by  h igh  concen tra tions of su spended  particle  m atter, m eanw hile, 
the strong absorption of detritus and CDOM causes a rapid decrease in  the blue part 
of the spectrum , and  still m ore in  the near-UV. Therefore, in  som e tu rb id  coastal 
w aters, UV b an d s  are b e tte r  th an  NIR b ands to  ob tain  m ore accurate a tm ospheric 
correction. The transparency  of the atm osphere at near-UV w avelengths is another 
advantage of using th is part of the spectrum .

In addition, the quality  of ancillary data, i.e., a tm ospheric  to ta l colum n ozone 
am ount, sea surface wind speed, atm ospheric pressure, to tal colum n w ater vapour, 
and  atm ospheric  NO2 , w hich are requ ired  in p u ts  for satellite ocean-colour da ta  
processing, also significantly im pact the da ta  quality  of satellite-derived ocean- 
colour p ro d u cts  (Ahm ad et al., 2007; R am achandran  and  Wang 2011). In coastal 
w aters, in  addition  to aerosols, a tm ospheric correction is needed  for the presence 
of tropospheric  trace gases such  as n itrogen  dioxide (NO2), w hich has a strong  
absorption spectrum  in the range 330 to 500 nm  that varies rapidly w ith wavelength. 
A NO2 co rrection  a lgorithm  using  clim atology NO2 d a ta  (Ahm ad et al., 2007) has 
already b een  im plem ented  in  the cu rren t SeaWiFS and  MODIS ocean-colour da ta
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processing (R2009 and R2010). However, the high tem poral (diurnal) and horizontal 
spatial (< 1 km) variability in  tropospheric NO2 concentrations caused by natural and 
anthropogenic emissions can result in  significant errors in  norm alized water-leaving 
rad iances in  coastal w aters on the order of 7-20% for h igh solar zen ith  angles and 
view angles (Herman et al., 2009).

Ozone has an even greater im pact on water-leaving reflectances if no t taken into 
account in  a tm ospheric  corrections. The dilem m a is th a t cu rren t sensors provide 
to ta l colum n ozone and  NO2 m easu rem en ts a t coarse spatia l (12 x 24 km  for the 
Ozone M onitoring Instrum ent, OMI) and tem poral reso lu tion  (once p e r day), which 
m ay be inadequate  for application  of a tm ospheric  corrections to  retrieve water- 
leaving radiances in  coastal waters, particularly adjacent to u rban  areas where NO2 

variability is m ost significant.
In sum m ary a minimum of 5 channels are recom m ended for atm ospheric correc

tion of open ocean and coastal waters: one UV channel in  the 350-380 nm  range, the 
two standard  channels betw een 744 and 757 nm  and betw een 855 and 890 nm, and 
two SWIR channels at 1240 and 1640 nm .

3.1.2 Spectral requirements for in-water properties

For the p u rp o se  of retrieval of bio-geochem ical p aram eters  in  the highly diverse 
and dynam ical coastal water, hyperspectral im aging is an option for geostationary  
ocean-colour sensors in  the next decade. In particu lar, hyperspectra l im aging 
w ith  10 n m  or b e tte r  spectral sam pling has p roven  to be essen tia l w hen im aging 
optically-shallow w aters where reflectance from  the bo ttom  adds to the complexity 
(Lee and  Carder, 2002). The m inim um  spectral requ irem en ts for ocean-colour 
m easurem ents in  the open ocean are d iscussed  in  IOCCG Report No. 1 (1998) and 
are briefly sum m arized in  IOCCG R eport No. 2 (1999), providing a s tarting  po in t 
for assessing  the basic requirem ents. A m inim um  set of th ree b ands (e.g., 443nm , 
490nm , 555nm) is necessary  to retrieve the key oceanic biological param eters, 
p rim arily  the concen tra tion  o f chlorophyll-a (IOCCG, 1998). Bandw idths of 20- 
n m  are the m inim um  requ irem en t for visible bands, b u t 10 n m  is desirable to 
gather specific in fo rm ation  abou t p igm ent com position  (IOCCG, 1998). However, 
the minimum spectral set cannot be applied to the coastal water for biogeochemical 
algorithm s. IOCCG Report No. 1 (1998) recom m ends adding a spectral band  in  the 
blue (around 410 n m ) to separate  the effects of CDOM absorp tion  (with a possible 
add ition  of near-UV b ands in  the 340 -  380nm  range), and  adding  channels to 
m onitor the height of the fluorescence signal above a baseline determ ined using two 
channels on either side of the em ission peak or relative to a nearby single band (e.g., 
667 nm  for MODIS). IOCCG Report No. 2 (1999) recom m ends adding a spectral band 
around 620 nm  to quantify w ater turbidity and adding either additional channels in 
the near-in frared  (NIR), a n d /o r  the use  o f inverse techniques to  estim ate in-w ater 
constituen ts  and  aerosols sim ultaneously. These spectral requ irem en ts are also
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Figure 3.2 Spectral bands proposed by Lee et al. (2007a) with spectral bands 
of SeaWiFS, MODIS and MERIS overlaid. The 750 nm  band is mainly used for 
atmospheric correction.

suitable as m inim um  requirem ents for geostationary  ocean-colour observations.
Lee and  Carder (2002) dem o n stra ted  th a t ~15 b ands are requ ired  in  the 400 - 

800 nm  range for adequate derivation of m ajor properties (phytoplankton biom ass, 
coloured dissolved organic m atter, suspended sedim ents, and bo ttom  properties) in 
b o th  oceanic and coastal environm ents. Of the current sensors in  orbit, the authors 
concluded tha t the MERIS band  set perfo rm ed  the b es t and was closest to m eeting 
th is requ irem ent. More recently  Lee et al. (2007a) dem o n stra ted  th a t the prim ary  
b ands (in the 380 -  800 n m  range) th a t optim ally  capture  the spectral signatures 
of R rs, can be de te rm ined by analysis of the first- and  second-order derivatives of 
water-leaving radiance spectra for a representative range of water types (Figure 3.2). 
In general these bands cover the operational b ands of SeaWiFS, MODIS and MERIS, 
and  provide im portan t and  usefu l suggestions and  guidance for ex tra  b an d s  for 
fu ture m ulti-band sensors, which will provide im proved resu lts for rem ote sensing 
of oceanic and  coastal w aters, ffowever, these b an d s  are op tim ized  for general 
observation  of the m ajority  (99% or m ore) of global aquatic environm ents and  are 
derived based  on available m easurem ents. As pointed out by Lee and Carder (2002), 
sensors w ith discrete spectral bands always face the possibility of m issing im portant 
spectral features of special cases, such as found in  coral reefs and /o r seagrass beds 
(e.g., ffolden and LeDrew, 1998). Sensors w ith higher spectral resolution (along with 
high spatial resolution) or specially placed bands could be m ore helpful for rem ote 
sensing in  such challenging waters.

In sum m ary  hyperspectra l im aging w ith  10 n m  or b e tte r  spectral sam pling is 
usefu l particu larly  w hen im aging optically-shallow  w aters w here reflectance from  
the b o tto m  adds to the com plexity (Lee and  Carder, 2002). ffowever w hen the
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b o tto m  is n o t im aged, a b an d  set sim ilar to the one of MERIS has p roven  to be as 
good as 10 n m  hyperspec tra l da ta  for w ater colum n properties. For exam ple, the 
620 nm  channel on MERIS is useful for m apping suspended  sedim ents and the 705 
nm channel for detecting phytoplankton blooms. Although hyperspectral imaging is 
n o t required , following the MERIS design, the in stru m ent could be a hyperspectral 
imager w ith the order of 1 nm  spectral resolution and the ocean bands binned on the 
spacecraft. There are a num ber of advantages to this approach. One key advantage 
is th a t the b inned  spectral b an d s  have a G aussian (or be tter) shape, so filter stray  
light issues do n o t have to be dealt with, n o r the possib ility  of the filters ageing 
in  space. M ission specific trade-offs are needed  to  decide betw een a filter im aging 
radiom eter (filter wheel or o ther design) and an im aging spectrom eter. Prehminary 
studies have show n that the la tte r m ight actually be difficult to  accom m odate on a 
GEO orbit.

3.1.3 Summary table of useful spectral bands

Table 3.1 sum m arizes usefu l spectral bands tha t could be accom m odated in  a sen
sor on  a geostationary  orbit, along w ith  typical signals expected from  the ocean 
or o ther targe ts  th a t such  a sensor w ould view (e.g., clouds). This table is n o t ex
haustive, and the radiance levels and signal-to-noise ratios (SNR) are rough estimates.

3.1.3.1 Some explanations for the selection  o f spectral bands

The individual b an d  justifica tion  in  Table 3.1 som etim es refers to algorithm s, as 
exam ples. It shou ld  be n o ted  th a t som e algorithm s, specifically neu ra l netw orks, 
m ight use the full visible band  set to determ ine several quantities sim ultaneously.

3.1.3.1.1 Visible dom ain (VIS)

395 nm: this band  can be used  to discrim inate betw een absorption by phytoplankton 
(negligible here) and  CDOM (m axim um  because it increases exponentially tow ards 
sho rt wavelengths). CDOM is an  im portan t con tribu tion  to light absorp tion  in  this 
spectral domain, and often interferes with the determ ination of chlorophyll-a concen
tration. CDOM can have a significant effect on biological activity in  aquatic system s 
so it is essentia l to  de term ine accurately its con tribu tion  to  to ta l phy top lank ton  
absorption.

412 nm: curren tly  th is b an d  is u sed  to discrim inate betw een abso rp tion  by  p hy to 
p lan k to n  and  CDOM. The com bination  of b o th  a 395 nm  and  412 n m  b an d  w ould 
be tte r elucidate the role of CDOM in  the optical budget.
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442 nm: this is the m ain absorp tion  peak for phy toplankton  chlorophyll-a, u sed  in 
all chlorophyll algorithm s and, in  particular, maximum band  ratio (MBR) algorithm s 
(OC4V4, O’Reilly et al„ 1998; 2000).

470 nm: The relatively large gap betw een  the u sua l 442 and  490 n m  b an d s  in  the 
blue could be filled by a ban d  at 470 nm . This ban d  could prove to be useful when 
analysing the 2nd order variability of reflectance, in  search of specific featu res due 
to the presence of typical phy top lank ton  groups. It could also be u sed  in  the MBR 
algorithm .

490 nm: th is is the second b an d  u sed  to  de te rm ine p h y top lank ton  chlorophyll-a 
th rough  MBR algorithm s.

510 nm: th is is the th ird  b an d  u sed  to de te rm ine p hy top lank ton  chlorophyll-a 
through the MBR algorithms. This band is also a “switching poin t” for the reflectance 
in  Case-1 w aters and can be used, for instance, to detect the presence of absorbing 
aerosols (Nobileau and Antoine, 2005).

560 nm: this is the reference band  used  to determ ine phytoplankton  chlorophyll-a 
th ro u g h  the MBR algorithm s. It is near the m axim um  reflectance in  tu rb id  Case-2 
waters.

590 nm: there  are a t least two reasons for p roposing  th is band, w hich does n o t 
exist on curren t or planned ocean-colour sensors. Firstly, the maximum reflectance 
in  Case-2 tu rb id  w aters is o ften  a t th is w avelength, so th a t the trad itional band  
cen tered  at 560 nm  cannot capture  th is m axim um . Secondly, it could be usefu l to 
b e tte r  de term ine the spectral slope of the particu late  backscattering  coefficient in  
open ocean Case-1 waters.

620 nm: This b an d  provides a capability for e s tim ation of the sed im ent load  and 
m ight be usefu l for chlorophyll-a determ ination in  tu rb id  waters.

660 nm: curren t ocean-colour sensor have b ands at e ither 665 nm  (MERIS) or 670 
(SeaWiFS/MODIS). Such b ands are still affected by  phy top lank ton  fluorescence to 
some extent, which makes them  sub-optimal as a baseline to determ ine fluorescence 
line height (FLff). A band at 660 nm  would fall outside of the phytoplankton fluores
cence peak, so th a t it can be u sed  optim ally as one of the fixed po in ts  for the FLH 
base line (the second poin t being the 709 band).

681 nm: this band  corresponds to the peak of the natural sun-induced phytoplank
ton  fluorescence. It has a high potential for coastal waters.

709 nm: This b an d  is u sed  as the second p o in t for the FLH baseline. It can also 
be u sed  to check the atm ospheric correction based  on NIR bands w ith À > 750 nm, 
although it is slightly contam inated by w ater absorption.
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1 39S 10 12 6S S80 180 400 Chl-CDOM separation
2 412 20 12 70 SSO 190 400 CDOM, possibly atm o

spheric correction above 
“black w aters”

3 442 20 12 6S 6S0 18S 400 Chlorophyll, TSM, CDOM
4 470 20 11 60 6S0 17S 400 Specific anomalies of the re

flectance spectrum
S 490 20 10 SO 66S 16S 400 Chlorophyll, TSM, CDOM, 

diffuse attenuation  coeffi
cient, Secchi transparency

6 SIO 20 8 4S 620 1SS 400 Chlorophyll, TSM, CDOM, 
detection of blue-absorbing 
dust-like aerosols

7 S60 20 6 30 S80 132 300 Chlorophyll, TSM, turbidity  
index, Secchi transparency

8 S90 20 S 2S SSO 120 300 Spectral slope fcj,p, maxi
m um  R  in Case-2 waters

9 620 20 4 20 SSO 9S 300 Chlorophyll, TSM
10 660 20 3 IS SOO 86 300 Chlorophyll, TSM, Chi fluo

rescence (baseline)
11 681 7. S 3 IS so o 82 200 Chi fluorescence (peak)
12 709 10 3 13 4S0 7S 200 Chlorophyll, TSM, Secchi 

transparency, Chi fluores
cence (baseline)

13 7S0 IS 3 11 4S0 6S ISO Atmospheric corrections
14 7S4 7. S 2 10 400 6S ISO Reference for 0 2 A-band
IS 761 2.S 2 6 400 63 30 0 2 A-Band (aerosol scale 

height, clouds)
16 779 IS 2 9 380 60 ISO Atmospheric corrections
17 86S 3S 1 6 300 4S ISO Atmospheric corrections
18 1020 40 1 4 220 4S ISO A tm ospheric corrections 

(turbid waters), cirrus 
clouds

19 1240 20 0.2 0.88 1S8 S 6S A tm ospheric corrections 
(turbid waters)

20 1640 40 0.08 0.29 82 2 4S A tm ospheric corrections 
(turbid waters)

1. These values lead to SNR > 1S00 in the visible for 1-km resolution (i.e., 4 x 4 2S0 m pixels)

Table 3.1 Useful spectral bands for ocean colour from  a geostationary orbit, 
including radiom etric inform ation and band use. IOCCG m inim um  require
m ents includes bands #  2, 3, 5, 7, 12, 13 and 17 (IOCCG, 1998). Lmm are 
minimum radiance values that should be measured over the ocean, Lref are typ
ical ocean radiances, Lmax are maximum radiances corresponding to non-ocean 
bright targets (clouds), and Lmax,ocean is the maximum radiance that should be 
measured above the ocean. The radiance values are indicative and may change 
slightly as a function of the assum ptions used for their derivation.
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Other considerations: the “red” bands (590 to 709) can be used  as an alternative to 
determ ine chlorophyll in  high-chlorophyll environm ents. In such circumstances, the 
signal in  the blue bands vanishes, and the red  bands are less affected by atm ospheric 
correction errors.

3.1.3.1.2 N ear in frared  dom ain (NIR)

The role of NIR bands is essentially to perform  atm ospheric correction. Four of the 
NIR bands listed in  Table 3.1 (709, 750, 778 and 865 nm ) can be devoted to this task. 
This is two more bands than  on current ocean-colour sensors (which essentially use 
778 nm  or similar, and 865 nm ), which is notew orthy because im provem ents in  the 
accuracy of atm ospheric corrections are one of the m ost im portan t steps tow ards 
im proving ocean-colour p ro d u cts  in  coastal Case-2 w aters, as well as m any open  
ocean Case-1 w aters. The optim al p rocedure  for using  the four bands, in stead  of 
only two bands, for atm ospheric correction is still being investigated.

The ban d  couple 754nm  and  761nm  (O2 A-band p lus reference band) can be 
u sed  to  determ ine the aerosol scale heigh t (D ubuisson et al., 2009) or cloud top 
height (Preusker et al., 2007). The la tter could be u sed  to identify  cloud shadows.

3.1.3.1.3 Short-wave in frared  dom ain (SWIR)

In the Short Wave In frared  (SWIR: 1 -3pm) there  are a tm ospheric  tran sm ittance 
windows around wavelengths 1040 nm, 1240 nm, 1640 nm  and 2130 nm. flistorically 
these have been  u sed  only for te rres tria l rem ote sensing applications, because of 
the very h igh pure  w ater absorp tion  and consequently  very low m arine reflectance. 
The po ten tia l of the SWIR range for ocean-colour rem ote  sensing of very tu rb id  
w aters was first n o ted  by  (Wang and  Shi, 2005), who u sed  an  a ssum ption  of zero 
SWIR m arine reflectance for atm ospheric correction over w aters w ith non-zero NIR 
m arine reflectance. This idea was extended by (Shi and Wang, 2009), for atm ospheric 
correction of extrem ely turb id  w aters where even the SWIR m arine reflectance, e.g., 
at 1240 nm, is not negligible. In situ m easurem ents by Knaeps et al. (2012) confirmed 
that m arine reflectance at 1020 nm  is not negligible for waters with high suspended 
particulate m atter (e.g., SPM > 100 g n r 3) and showed that the 1020 - 1080 nm  range 
can be u sed  for SPM retrieval in  such  w aters. However, there  is still considerable 
uncerta in ty  in  the SWIR range for b o th  aerosol and  m arine p roperties  (including 
particu la te  backsca tte r spectral varia tion  and  possib le salinity varia tion  of pu re  
w ater optical properties).

Provided tha t the engineering challenge of achieving sufficient signaknoise ratio 
can be met, fu ture ocean-colour sensors could benefit from  SWIR bands particularly 
for tu rb id  w ater applications. This benefit m ust be set off against the extra cost of 
sensors w ith detecto rs capable of m easuring  at w avelengths longer th an  1000 n m . 
This cost m ay be particularly  severe for geostationary  m issions.
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3.2 Radiometric Accuracy, Signal-to-Noise Ratio (SNR)

For clear, Case-1 w aters (low pigm ent concentration) the m arine reflectance should 
be derived w ith  an  uncerta in ty  of 5% in  the blue. This requ irem en t was first ex
pressed by Gordon (1987; 1988; 1997), and was then  translated  in  term s of m aximum 
reflectance erro rs in  differen t bands, specifically w ith in  the fram ework of the de
velopm ent of the MERIS atm ospheric corrections (Antoine and Morel, 1999). These 
requ irem en ts have b een  estab lished  to allow the d iscrim ination of 10 classes of 
chlorophyll concentration (Chi) values within each of the 3 decades of Chi betw een 
0.03 and  30 m g Chi m \  w hen using  a band-ratio  a lgorithm  to derive Chi. These 
classes are d istribu ted  regularly  according to a constan t logarithm ic increm ent of 
0.1. Shifting from  one class to the next corresponds to a change in  Chi by a factor 
10±0.1 (i.e., +25% or -20%). In sum m ary: a tm ospheric  correction  erro rs (in term s 
of reflectance) m u st be m ain ta ined  w ith in  ±1 -  2 x 10~3 at 443 nm , w ith in  ±5 x 
10~4 at 490 nm , and  w ith in  ±2 x 10~4 at 560 nm , in  o rder to  allow discrim ination 
of 30 reflectance values. If it is assu m ed th a t atm ospheric correction erro rs in  the 
440 -  500 n m  dom ain  are approxim ately  twice the erro rs a t 560 nm , the second 
requ irem en t (d iscrim ination of 30 Chi values) requ ires erro rs w ith in  ±1 x 10~3 at 
443 nm  (then ± 5 x 10~4 at 560 nm ), or within ± 5 x 10~4 at 490 nm  (then ±2 x 10~4 
at 560 nm ).

It m u st be s tressed  th a t there  are no universal requ irem en ts in  term s of the 
acceptable e rro rs  for a tm ospheric  correction. These requ irem en ts are dependan t 
on  the subsequen t u se  o f the no rm alized  water-leaving reflectances. The above- 
m en tioned  requ irem en ts rem ain  valid here  p rov ided  th a t the p igm ent algorithm  
for Case-1 w aters is b ased  on  a ratio  technique. If the ocean-colour p ro d u cts  for 
Case-1 w aters are derived using  another technique, e.g., a neural netw ork using  all 
bands, these requ irem en ts m ight have to be m odified. The m inim um  radiom etric  
requirem ent for an ocean-colour sensor is that errors (noise equivalent reflectances) 
are k ep t w ith in  2 x 1CT4 for all visible bands. This is roughly  equivalent to 2.5 
x 1CT2 and  1.5 x 1CT2 W r m 2 s r_1 / m r 1 in  term s of rad iances in  the blue and 
red, respectively  (at a spatial reso lu tion  of ~1 km). These nu m bers are expressed  
in  term s of the SNR in  Table 3.1, for a 250 m  nad ir reso lu tion  and  the reference 
radiance “L ref  ”. It is w orth noting that reaching high SNR from  the GEO orbit is easy 
because the in tegration  tim e can be increased  com pared to w hat is feasible w ith a 
LEO configuration.

3.3 Calibration

Ocean-colour sensors require highly accurate calibration, in  the order of 0.3%, if they 
are to provide suitably  accurate ocean-colour radiances. This is because approxi
m ately  90% of the at-sensor radiance is derived from  the atm osphere. Typically, a
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well calibrated sensor is calibrated to an accuracy of 3 - 5% in the laboratory and this 
level of accuracy is m aintained on orbit by frequent calibration using a solar diffuser 
or im aging the Moon. However, a 5% calibration error in  the at-sensor radiance can 
equate to a 50% error in  the w ater-leaving radiance after the signal from  the a tm o
sphere and reflectances from  the sea surface (typically 90% of the at-sensor radiance; 
Gordon and Wang, 1994; Gao et al., 2000) are subtracted from  the signal. To address 
th is issue, some form  of vicarious calibration is perform ed (e.g., Franz et al., 2007). 
Vicarious calibration is a system  calibration where know n w ater-leaving radiances 
are propagated  through the atm ospheric correction algorithm  to produce at-sensor 
radiances, and these are com pared w ith the m easured  at-sensor radiances. Known 
water-leaving rad iances are typically derived from  three sources: m easu rem en ts 
from  a highly calibrated  optical m ooring, such as the Marine Optical Buoy (MOBY), 
in  uniform low chlorophyll w aters w ith a clear and stable atm osphere (Brown et al.,
2007), observations of very clear central gyre waters in  the South Pacific and Indian 
Oceans (Franz et al., 2007) or satellite ocean-colour data  from  other well calibrated 
sensors. A geostationary  ocean-colour im ager shou ld  be designed  to view these 
open ocean sites.

A coordinated plan for calibration of a geostationary ocean-colour imager should 
include p re-launch  calibration  and  characterization , on-orbit calibration  using  a 
solar diffuser or on-board lam p calibrator, lunar calibration, cross calibration w ith 
LEO ocean-colour sensors, and vicarious calibration. All of these have im plications 
for the design and  construction  of the im ager. The following sections give a m ore 
com plete overview of each of these requ irem ents. Most of these are identical to 
requirem ents for LEO ocean-colour sensors b u t are included here for com pleteness.

3.3.1 Pre-launch calibration and characterization

C alibration and  characteriza tion  of an  in stru m en t involves pre- and  post-launch  
m easuring  of the response  of the in stru m e n t’s sub-system s to controlled, well- 
characterized stim uli. Most of the pre-launch in strum ent calibration and character
iza tion  is pe rfo rm ed  u nder am bient conditions, a lthough  specific tes ts  shou ld  be 
perfo rm ed  u nder environ m ental conditions which sim ulate  on-orbit conditions as 
closely as possible (e.g., the therm al vacuum  tests).

A bsolute rad iom etric  calibration and  associated  u n c e rta in tie s / instabilities 
should be verified by analysis, modelling, and /o r sim ulation. The process of satisfy
ing the radiom etric  calibration requ irem ents against b o th  un ifo rm  and struc tu red  
backgrounds will be accom plished th rough  in stru m en t characteriza tion  using  ra 
diom etric traceable s tan d ard s  (e.g., NIST, NPL). The rad iance levels applied  to the 
calibration process should  be representative of the m ission top-of-the-atm osphere 
rad iance levels. The characteriza tion  and  calibration  p rocess shou ld  follow well- 
defined protocols and guidelines established w ithin the international space agencies, 
for example, as u sed  by NASA for MODIS or ESA for MERIS/OLCI. The geostationary
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ocean-colour sensor calibration should incorporate onboard radiom etric calibration, 
for exam ple a solar diffuser. The in-flight calibration p lan  shou ld  include solar 
diffuser, the m onitoring of its Bidirectional Reflectance Distribution Function (BRDF) 
change due to  the space environm ent, deep space, and  lunar rad iom etric  calibra
tion  opportun ities. In strum en t characteriza tion  enables the de te rm ination of the 
quantita tive  perform ance of the various sub-system s and  the overall in s tru m ent 
system-level perform ance. Tests should  include:

❖ R adiom etric response: At the com ponent level of assem bly, the response  
o f focal p lane elem ents and  sub-assem blies are characterized  for linearity, 
dynam ic range, noise, various cross-talk  sources, and  dead  and  m arginal 
perform ing detector channels. At the sub-system  level of assembly, tests with 
digital electronics determ ine analog-to-digital-conversion characteristics and 
anom alies. In the case of scanning instrum ents, m irro r scan angle variations 
have to be characterized . At the in stru m en t level of assem bly, response  is 
characterized  w ith  static and  active scans. Sensitivity to po lariza tion  is also 
be m easured.

❖ Stray light perform ance: in strum ent spectral and spatial stray  light is charac
terized  on ground. Tests should  include sim ulations of the m ost challenging 
targe t cases (clouds over the ocean and  litto ra l waters). A stray  ligh t m odel 
should be established and validated to be used in  the Level-IB ground process
ing. This is of particular im portance for in strum ents tha t feature a large field 
of view (FOV).

❖ Spectral response: spectral characterization of optical elements, sub-assembly, 
and  the in stru m en t includes centre w avelength, band-pass, out-of-band re 
sponse, cross-talk from  other spectral regions, signal level dependen t out-of- 
b an d  response, and  o thers  as iden tified. The in stru m en t slit function, in  the 
case of the spectrom eter concept, should be characterized w ith high accuracy 
for b o th  the partly-filled or fully-filled slit illum ination conditions.

❖ Spatial response: Knowledge o f po in t source and  edge response, centre of 
pixel position , edge of pixel position , relative alignm ent of spectral b ands 
w ith  respec t to each other, know ledge of the line-of-sight variations w ith 
field-of-regard, and o thers tha t m ay be specific to the in strum ent design.

Special care shou ld  be taken  to decide w hich characteriza tion  tes t shou ld  be 
pe rfo rm ed  in  the am bient environm ent, or in  b o th  the am bient and  vacuum  en
vironm ents. In add ition  to these tests, the p re-launch  and  on-board  calibrations 
should  be characterized  to ensure  the requ ired  on-orbit calibration  perform ance. 
Specifically, the BRDF of the solar diffu ser shou ld  be analyzed. Its varia tion  as a 
function of elevation (instrum ent finite FOV) and  azim uth  (seasonal effect), and  its 
stability  shou ld  be well characterised . Also, there  needs to  be a careful analysis 
of the solar diffu ser field-of-regard to  assu re  th a t it is never partially  b locked or 
im pacted by stray  light from  other parts  of the spacecraft.
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Box 4: Example o f the GOCI Radiometric Calibration Technique
A 3rd order, nonlinear function was chosen as the GOCI instrum ent radiom etric model, to 

define the relationship between the digital instrum ent ou tpu t (DN, digital number) and input 
radiance for each pixel, as follows:

S( B, i , j )  = G ( B , i J ) x T int ( B)xL(B , i j )  + b ( B , i , j , t ) xTf nt (B)xL3 (B, i j )  + [Tint ( B) x O( i , j , t) +F( i , j , t ) ]

where: L(B,iJ) is the radiance at instrum ent input (at-sensor radiance); S(B,iJ) is the output digital 
signal for pixel (i , j )  for each spectral band, B\ Tint(B) is the integration time for each spectral 
band; G(B,ij,t) is the linear pixel gain (including optics transmission, detector response, amplifier 
gain and analog to digital converter); b(ij,t) is the non-linear pixel gain (3rd order approximation) 
modelled as a function of time; 0(ij,t)  is the dark signal offset (including amplifier gain and ADC) 
modelled as a function of time; and F(i,j,t) is the fixed offset (not a function of integration time) 
modelled as a function of time.

GOCI radiom etric calibration strives to  calculate the linear gain [G(B,iJ,t)] and non-linear 
gain [b(i,j,t)] from  the given instrum ent input radiance [L(B,iJ)\ and output DN [S(B,i,j)]. GOCI is 
equipped with a solar diffuser for the solar calibration and a diffuser aging monitoring device to 
m onitor the diffusion factor (transmittance) degradation of the solar diffuser due to the space 
environment (cosmic rays, space debris etc.). Characterization of the solar diffuser aims to find 
the best fitted function to explain the solar diffuser transm ittance with respect to the incident 
angle of the light. Because the sun is the reference light source, an accurate solar irradiance 
model and diffuser characterization is very im portant for GOCI radiometric calibration.

During in-orbit operations, GOCI solar calibration is perform ed at different radiance levels 
on the focal plane using different integration tim es, and different solar incident angles on 
the solar diffuser with respect to  variation of the Sun-Earth distance. The solar diffuser is 
used  to correct non-uniform  pixel response over the detector array. The apparent radiance 
transm itted by the solar diffuser is com puted according to the on-ground diffuser bi-directional 
transm ission characterization results, and corrected by calculating the actual solar incident angle 
during the calibration. Detailed GOCI instrum ent level solar diffuser bi-directional transm ittance 
characterization has been perform ed in the on-ground GOCI calibration tests.
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Bidirectional scattering distribution function (BSDF) characteristics o f  the GOCI solar diffuser with respect to 
the incident angle.
In the case of SeaWiFS, the additional correction for the azim uth angle of the solar diffuser is 
necessary. A major contributor of noise in solar calibration comes from the partial solar diffuser 
azim uth angle characterization during on-ground testing (McClain et al., 2000). For this reason 
GOCI underwent on-ground characterization with respect to the full range of incident and output 
angles. Funar calibration, which does not require a diffuser, is useful as a reference on-orbit 
calibration to  m onitor the changes of the instrum ent’s radiom etric response. Due to  technical 
and operational difficulties, lunar calibration is not available for GOCI, so the instrum ent's 
radiom etric response variation is calculated based on the diffuser aging factor derived from  
radiom etric gains between the solar diffuser and the diffuser aging m onitoring device. The 
m easured absolute radiom etric calibration error in on-ground tests, including m easurem ent 
uncertainty, is below 4%.
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3.3.2 On board calibration system

An on-board accurate calibration system  is essential for m onitoring the perform ance 
of the sensor in  space. The preferred on-board calibration system  is a solar diffuser, 
or o ther system , th a t allows frequen t m easu rem en t of the solar signal. The sun  
is the light source for the rem ote sensing reflectances th a t we m easure  from  the 
ocean, and  therefore calibration relative to the sun  is optim al. There are two m ain 
issues w ith solar diffusers. Firstly, they age as they are exposed to the sun. Secondly, 
because they are diffu sers  they  p resen t a d ifferent image field th an  the norm al 
sensor field-of-view when imaging the ocean. Means to m onitor in-orbit degradation 
of the solar diffu se rs  shou ld  be considered, such  as incorporating  a red u n d an t 
diffuser, as im plem ented in  MIR IS and  GOCI. The diffuser m u st be p ro tec ted  from  
exposure to  con tam ination and  UV rad ia tion  w hen n o t u sed  for the rad iom etric  
calibration. Great care m u st be taken  to assu re  th a t the solar diffu ser does no t 
receive a signal from  o ther p a rts  of the spacecraft w hen doing calibrations. For 
example, p a rt of its field-of-view m ay be obscured  u n d er certa in  conditions, or 
reflections of sunlight bouncing off parts of the spacecraft could give a false signal.

3.3.3 On-orbit stability monitoring using lunar calibration

From  the vantage po in t of a geostationary  ocean-colour im ager, the M oon will 
appear behind the Earth several tim es each m onth. Stone et al. (2005) built on their 
experience using lunar calibration for SeaWiFS, and suggested a technique for using 
Moon imaging for the on-orbit stability m onitoring of a geostationary imager. Stone 
et al. (2005) use the NOAA GOES-12 im ager as an example system  (Figure 3.3). The 
field of regard  for full-disk im aging is 20.8° E-W x 19° N-S, while the Earth disk 
d iam eter is about 17.4° from  geostationary  orbit, resu lting  in  m argins of 1.7° and 
0.8° respectively. From a geostationary  orbit the Moon’s d iam eter ranges betw een 
0.44° and 0.51°, thus for the GOES visible imagers w ith 1-km ground sample distance 
(GSD) the full Moon at perigee will be imaged in  318 N-S lines by 5 56 E-W pixels. The 
M oon appears skewed in  h igh-reso lu tion  im ages, prim arily  due to satellite orbital 
m otion during acquisition, ffowever, geom etric correction is straightforw ard.

By integrating the lunar disk image to an equivalent irradiance and using knowl
edge of the sen so r’s spectral response, a calibration can be developed th rough  
com parison against the USGS Robotic Lunar Observatory (ROLO) m odel (Kieffer and 
Stone, 2005). With th is approach  Stone et al. (2005) no te  tha t calibration precision 
similar to those achieved for SeaWiFS (±0.3% stability, Barnes et al., 2004) should be 
possible for a geostationary ocean-colour imager. Because the Moon is an inherently 
stable source, the lunar calibration technique is a good way to cross calibrate w ith 
o ther sensors th a t also use  Moon imaging, including low Earth orb it ocean-colour 
sensors and o ther geostationary  ocean-colour sensors.

A dvantages of using  the M oon as a stable target for m onitoring  the sensor
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Figure 3.3 GOES-12 visible channel full disk image acquired on 30 August 
2004, 17:45:14 UTC. The nearly full Moon is captured in the lower right comer.
Image courtesy of Thomas C. Stone, US Geological Survey.

th roughou t its life are its reflectance stability  (less th an  one p a rt in  IO8 per year, 
Kieffer, 1997), low cost and  the fact th a t it is available for all ocean-colour wave
lengths. D isadvantages are th a t it is a small source (FOV only partially  illum inated 
in  some sensor designs), the uncertain ties of absolute calibration are ra ther high (> 
5%) and m anoeuvres are required  for nadir-viewing LEO sensors.

3.3.4 Cross calibration with LEO ocean-colour sensors

For a GEO sensor there  are m any advantages to  using  cross-calibration w ith  low 
Earth orbit (LEO) ocean-colour sensors. It is possible to m atch data collection closely 
w ith  LEO sensors and  a GEO im ager. Unlike vicarious calibration, w hich is done 
by  com parison  to a single po in t or area on  the ground, com parisons betw een  two 
sensors m akes it possible to m atch  a full scene covering a variety of environ m ents 
and  sea tru th  locations (w ithin the lim its th a t com parison  is only possib le  for 
identical geometries). Several LEO sensors are very well calibrated and use vicarious 
calibration; cross-calibration can transfer tha t advantage to the GEO im ager even if 
it cannot image the vicarious calibration site.

The challenge is to address the specific sensor characteristics for m atch-up with 
the GEO im ager. First, it is essen tia l to m atch  spectral channels to GEO im ager 
channels. If b o th  sensors are filter rad iom eters, th en  it can be difficult to m atch  
the specific filter functions of the two sensors w hich are always different, un less 
the filters for b o th  sensors come from  the sam e batch. For th is application  LEO 
spectrom eters  are easier to  m atch  to  GEO im ager filter channels th an  o ther filter
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channel in s trum ents. If the GEO sensor is a spectrom eter, then  in  theory  it should 
be able to  m atch  the spectral channels of any LEO sensor. The second issue is to 
m atch  g round  sam ple d istance and  sam pling locations for the two sensors. The 
geom etries are different, b u t da ta  m apped  to the sam e Earth p ro jec tion  and  th en  
b inned  to a com m on pixel size will be good for com parisons. This m eth o d  m ay 
require m odelling the BRDF depending on the site and  im aging geom etries for the 
different sensors.

All sensors have unique artefacts in  the data. For well calibrated sensors, these 
a rtefac ts are rem oved in  the calibration and  p rocessing  so th a t they  p roduce  well 
geolocated and accurate rem ote sensing reflectances for the sea surface. For example, 
NASA’s MODIS on Aqua continúes to operate well and provide stable well calibrated 
data ( h t t p : / / m o d i s . g s f c . n a s a . g o v / ). However, MODIS has filter channels with specific 
shapes, thus if the GEO im ager is a filter im ager, the b an d  p asses will n o t m atch  
exactly un less the filters for b o th  sensors are from  the sam e filter fabrication  
run. Also, MODIS has a two sided  scan  m irro r w ith  som e variable reflectance and 
po lariza tion  effects. NASA has developed good correction  tables for these effects 
and  can p roduce  accurate a t-sensor radiances. Additionally, MODIS is vicariously 
calibrated using MOBY to calibrate the combined sensor calibration and atm ospheric 
correction to give accurate water leaving radiances. To cross calibrate a GEO sensor 
w ith MODIS it is b es t to use geolocated water-leaving radiances from  b o th  sensors. 
MODIS ocean-colour da ta  has a 1000 m  GSD, w hich is larger th an  the 300 m  GSD 
antic ipated  for m ost GEO sensors. However the GEO sensor da ta  can be b in n ed to 
m atch  the MODIS data  for com parisons.

ESA’s MERIS instrum en t is another well calibrated sensor tha t w ould have been  
a good choice for cross calibration w ith a GEO sensor. MERIS provided  stable well 
calibrated data  for over 10 years ( h t t p : / / e n v i s a t . e s a . i n t / h a n d b o o k s / m e r i s / ). Follow- 
on  sensors of the sam e design (OLCI) are p lanned  for the Sentinel-3 satellites 
to ex tend  the ocean-colour tim e-series for decades. MERIS (and OLCI) are h igh 
reso lu tion  spectrom eters b inned  to the selected  channels. This approach  gives 
regular channel shape and  is m ore readily  m atched  to GEO im ager filter shapes. 
MERIS (and OLCI) full reso lu tion  d a ta  is 300 m  GSD da ta  w hich is close to  the 
recom m ended GEO im ager pixel size. MERIS vicarious calibration using MOBY and 
BOUSSOLE data has also been conducted. Like MODIS, OLCI will be a good choice for 
cross-calibration w ith a GEO sensor.

3.3.5 Ocean site vicarious calibration

Vicarious calibration is a system  calibration where know n w ater-leaving radiances 
are propagated  through the atm ospheric correction algorithm  to produce at-sensor 
radiances and these are com pared w ith the m easured at-sensor radiances. Typically, 
the w ater leaving rad iances m easu red  at the sea surface are p ropaga ted  to the 
sensor altitude by running the atm ospheric correction model in  reverse (atmospheric

http://modis.gsfc.nasa.gov/
http://envisat.esa.int/handbooks/meris/
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correction models are an inversion of a forw ard radiative transfer model, so for this 
application the forw ard radiative transfer m odel is run). Note that when using buoy- 
b ased  references, ocean site vicarious calibration is u sed  to refine the com bined 
calibration and  atm ospheric  correction  and  only provides calibration data  for the 
ocean channels. It is no t a replacem ent for good pre-launch and on-orbit calibration 
of the sensor. On-orbit calibration  includes all of the sensor channels and, using  
a solar diffu se r or o ther on-board system , it can be done as frequen tly  as several 
tim es a day. Possible vicarious calibration sites include:

❖ MOBY (Marine Optical Buoy), a U.S. optical buoy near the Hawaiian Islands. 
MOBY has provided accurate water leaving radiances for over a decade and has 
been  u sed  for the vicarious calibration of SeaWiFS, MODIS and o ther sensors 
( h t t p : / / d a t a . m o b y . m l m l  . c a l  s t a t e  . e d u / m o b y 2 4 8 / i  n d e x . h t m l ) .

❖ BOUSSOLE, a French Buoy providing accurate radiances in  the M editerranean 
Sea. BOUSSOLE was u sed  in  con junction  w ith  MOBY for MIRIS vicarious 
calibration ( h t t p  : / / w w w . o b s - v l f  r  . f  r / B o u s s o l  e / h t m l / p r o j e c t / 1  n t r o d u c t l  on  . php ) .

❖ AIRON I" f sites w ith  SeaPRISM sensors can also be considered, w hich are 
located  on  tow ers or p la tfo rm s in  coastal w aters. SeaPRISM d ata  is good 
for validation  o f coastal p roducts , b u t because o f the highly variable na tu re  
of coastal w aters, they  are n o t recom m ended for vicarious calibration ( h t t p :  

/ / a e r o n e t . g s f c . n a s a . g o v / n e w _ w e b / o c e a n _ l e v e i s _ v e r s i  o n s . h t m l ) .

Franz et al. (2007) have also u sed  observations of very clear w ater sites in  
the South Pacific and  Indian  Ocean Gyres for vicarious calibration. The argum ent 
is th a t these sites have very stable biology and  chem istry  and  b ased  on  years of 
observations w ith SeaWiFS, these sites have very consistent water-leaving radiances 
th a t can be m odelled  and u sed  for calibration of o ther sensors. The geostationary  
orb it m ay offer advantages for vicarious calibration  because the a tm osphere  is 
m easu red  th rough  different p a th  leng ths during the day. For a stable a tm osphere  
this may enable im proved corrections to be m ade in  a similar way to use of Langley 
p lo ts for calibration of sun  photom eters.

3.3.6 Calibration strategy

Like o ther ocean-colour sensors, a GEO im ager should  be well calibrated  and char
ac terized  in  the laborato ry  before launch. To provide well calibrated  data  over its 
life tim e the sensor shou ld  be designed to allow for regular on-orbit and  vicarious 
calibration. A GEO im ager should  include a solar diffu ser type on-board calibrator 
and the im ager should be capable of full disk scanning. This will allow for m onthly 
im aging of the Moon providing an independent check on the stability of the sensor. 
If possible it should image vicarious calibration sites (e.g., MOBY or BOUSSOLE) and 
the South Pacific or Indian Ocean central gyres. The b es t approach  is to m ain ta in  
the calibration w ith  solar diffu ser and  Moon imaging, and  th en  refine calibration 
coefficients w ith vicarious calibration. Additionally, it is preferable to cross calibrate

http://data.moby.mlml
http://www.obs-vlf


General Requirements for a GEO Ocean-Colour Sensor • 45

the GEO sensor w ith LEO imager. This approach m akes it possible to check calibra
tion  over coastal and  open  sites, n o t ju s t the vicarious calibration  site. Also, LEO 
im agers can be u sed  to  cross calibrate betw een GEO im agers to provide a un iform 
global image from  GEO.

3.4 Is the Technology Advanced Enough to Answer These 
Requirements?

The m aturity  of the technology requ ired  for a GEO-based ocean-colour in strum en t 
is very high. The m o st rem arkable p rogress m ade in  the las t years is in  the area 
of on-board calibration techniques based  on solar diffusers, detectors and spectral 
filters.

O n-board calibration of rad iom etric  m easu rem en ts in  rem ote  sensing is o ften  
achieved by observation of a sun-illum inated reflectance secondary standard  using 
previously calibrated reflecting diffusers. Three types of diffuser m aterials have been 
u sed  for ocean-colour in strum en ts: surface diffu ser (alum inum  p late  coated w ith 
YB7i pain t, for SeaWiFS), volu m e diffu se r (e.g., Spectralon, w hich is a p rop rie ta ry  
therm oplastic  fo rm ula tion  of po ly tetraflouroethylene for MERIS and  MODIS) and 
Q uasi Volum e Diffuser (a piece of q u artz  w hich is roughened  at two sides, u sed  
for GOCI). All these diffusers are known to age because of photochem ical reactions 
of m olecular con tam inan ts  u nder sun  UV rad ia tio n  in  vacuu m . A decrease of the 
diffu se r reflectance p ropertie s  h as  been  experienced in  all ocean-colour sensors 
w ith  the largest effect in  the blue channels. Several m itiga tion  techniques can be 
im plem ented to m inimize the ageing effect. A reduction of the outgassing of organic 
m aterials can be obtained by proper vacuum  bake-out of the diffuser plate. Shielding 
from  contam ination sources during the on-ground assembly, integration and testing 
p hases  of the in stru m en t and  the satellite is possib le w ith  local purg ing  w ith  dry 
clean nitrogen. Furtherm ore the diffu se r has to be system atically  p ro tec ted  from  
contam ination and Sun/Earth light exposure w hen n o t in  operation for in stru m ent 
calibration. The efficiency of these m ethods has been  dem o n stra ted  for MERIS, 
w hose nom inal diffu ser reflectance decreased  by  less th an  2% in  b an d  BI (412.5 
n m ) after 9 years in  space. Two techniques have been  successful: the ratio ing  
rad iom eter (MODIS), and  the secondary diffu se r deployed at a low frequency to 
m onitor the degradation of the frequently used  diffuser (MERIS, GOCI). Despite these 
efforts, m ethods for m onitoring on-orbit the diffuser bi-directional reflectance factor 
degradation in-flight need to be im plem ented to reach the high level of radiom etric 
accuracy required  for ocean colour.
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Box 5: Example o f the GOCI Instrument

The baseline instrum ent concept of GOCI is a com pact three-m irror anastigm at telescope 
with a 140 m m  pupil diam eter and a 1171 mm  focal length, featuring a CMOS array of about 2 
Mega-pixels. The 8 spectral channels are obtained by means of a filter wheel implemented close 
to  the focal plane. The operating principle consists of imaging a portion of the specified image 
frame, term ed a slot. A pointing m irror provides a bi-dimensional circular scanning on the Earth. 
By successively pointing 16 pre-defined directions, the array is moved in the field-of-view to cover 
the complete image area. Each slot is imaged over the 8 spectral channels, plus a dark position 
for offset m onitoring and correction. The image is acquired for two gain levels, corresponding 
to  sea and cloud radiance levels, respectively, and the image data are sent in real-time to the 
satellite. One single slot acquisition period takes about 90 seconds, leading to an overall image 
acquisition within less than 30 minutes. The following is a brief description of GOCI instrum ent 
subsystem s and operation concept.

The calib ration /shutter m echanism  contains the calibration devices. When GOCI is not 
operating, the shu tter closes the instrum ent cavity, providing a stable therm al environm ent. 
The shu tter is moved either to  the open position for nom inal Earth imaging, or to one of the 
calibration positions when the sun is available in the calibration field-of-view. For the protection 
of the diffuser aging m onitoring device, additional radiation shield equipm ent is im plem ented 
under the shutter cover.

GOCI design with TMA telescope and 2D CMOS focal plane array

The pointing m irror is supported  by a 2-axis circular scanning mechanism; the beam  is 
then  folded by approxim ately 90°. All the optical com ponents lie in a plane perpendicular to 
the incident beam. The pointing m irror and the three m irrors of the three-m irror anastigm at 
(TMA) telescope are all made of SiC. One folding mirror (about 90° fold angle, also made of SiC) 
simultaneously provides a compact instrum ent and com pensates for the polarization generated 
by the pointing m irror, the folding plane being perpendicular to  the pointing m irror folding 
plane. The filter wheel includes eight optical filters and a dark position allowing dark signal 
acquisition for offset compensation.

The detection module is comprised of the detector array and front-end electronics. The array 
is a custom  CMOS image sensor, featuring rectangular pixel size to com pensate for the oblique 
projection over Korea, and electro-optical characteristics m atched to the specified instrum ent 
operations. The Instrum ent Electronics Unit (IEU) includes image data processing, mechanism  
control, interface telem etry and housekeeping functions.

All the equipment, except for the IEU, is m ounted on a common structure (Main Unit), which 
is in turn  mounted on the Earth face (+Zs) of the spacecraft. The primary structure, also made of
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SiC, holds the TMA mirrors, the folding mirror and the focal plane assembly. It is mounted on the 
GOCI Payload Interface Plate (PIP) through bipods ensuring a high stability of the structure. The 
pointing assembly, the filter wheel assembly and the front end electronics are directly m ounted 
on the GOCI PIP. The secondary structure, fixed to  the PIP, surrounds the other equipm ent, 
supports the radiators and holds the shutter wheel. It is covered with Multi Layer Insulation (MLI) 
to guarantee the therm al stability of the main unit cavity. The Main Unit mounting is adjusted to 
provide the desired pointing direction towards Korea. The instrum ent electronics are gathered in 
a single unit (IEU), located inside the platform, close to the instrum ent main unit. The front-end 
electronics provides a first amplification and im pedance adaptation  to allow a safe transport 
of the signal to  the processing electronics within the IEU. Heaters directly controlled by the 
spacecraft perform  the therm al control of the instrum ent cavity.

CCD (Charge-Coupled Device) and  CMOS (Com plem entary Metal Oxide Semi
conductor) im age sensors are two differen t technologies th a t can offer excellent 
im aging perfo rm ance w hen designed  properly. While CCDs have a low noise and 
h igh  dynam ic range, CMOS fea tu res lower pow er consum ption , b e tte r  rad ia tion  
tolerance, and high speed imaging capability. Moreover CMOS devices do not suffer 
from  the undesired  fram e tran sfer sm ear signal th a t needs to be com pensated  in  
CCD sensors. Both sensors have b een  u sed  for ocean-colour in stru m en ts  (CCD 
for M I RIS, CMOS for GOCI) and  the choice depends on  the application. Specific to 
geostationary-based in strum ent application is the need  to develop large 2D arrays 
w ith  sm all pixel pitch, to im age the Earth disk in  a step  and  stare  m ode w ith  a 
minimum  num ber of slots. Designing small detector p itch  is now possible w ith the 
use of smaller lithography nodes (e.g., 0.18 pm). Improvement of the dynamic range 
and sensitivity of CMOS devices is in  progress.

One of the issues to be add ressed  for a filter in s tru m ent such  as GOCI is the 
stability  of the filters. The optical coating com m unity  has greatly  im proved the 
environm ental stability of interference filters through the incorporation of energetic 
processes in to  the deposition  cham ber. H ard-coated spectral filters m anufactu red  
w ith  ion-assisted  deposition  or ion-beam  spu tte ring  featu re  rem arkable stability  
w ith respect to pressure changes, as occurring during the launching phase in  space 
applications (air/vacuum  effect) or w hen exposed to space radiation. Shifts of the 
filter central wavelength lower than  0.1% have been dem onstrated. These filters also 
have lower scattering and absorp tion  properties.
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Chapter  4

Elements of Geostationary Ocean-Colour Missions

4.1 Revisit Frequency

As for the tem poral requirem ents, IOCCG Report No. 2 (1999) recom m ends one-day 
coverage as a m inim um  requ irem en t for resolving events occurring every 2 to  10 
days in  continental shelf and slope waters (generally in  response to wind forcing). In 
coastal regions, however, m ultiple observations during a single day are required  to 
observe tidal and diurnal wind signals directly, which are difficult or im possible to 
observe with current single polar-orbiting satellites. Because sem i-diurnal tides have 
a cycle of about 12 hours, a 3-hour tem poral resolution is the minimum requirem ent 
for a good descrip tion of the sine wave. This requirem ent becom es twice as severe 
(1.5-hour) for tidal resu sp en sio n  p rocesses w hich have a period  ha lf th a t of the 
tidal cycle. Also, river runoff and  w ind-driven coastal cu rren ts  can reach  several 
knots. Therefore, the th resho ld  requ irem en t is to  sam ple the coastal w aters once 
every three hours w ith the goal of half an hour, similar to the sampling frequency of 
geostationary  m eteorological satellites.

The logic here is twofold: on the one hand having a high revisit frequency allows 
sampling of diel variability under appropriate conditions. On the other hand, at least 
one valid observation can be acquired per day when cloud cover, or the observation 
geom etry, p reven ts resolving the diel cycle. Figure 4. i  provides an  exam ple of the 
density  of observations th a t could be obtained  by  com bining da ta  from  GEO and 
LEO satellites (Sentinel-3 in  this example).

4.2 Spatial Sampling

Most coastlines are very complex with many sounds, bays and estuaries. In term s of 
area coverage, the 300 m  spatial resolution (at nadir; this is implicit in  all subsequent 
sections) recom m ended for a geostationary  ocean-colour im ager is approxim ately 
10 times better than  the -1 0 0 0  m  resolution currently available from  polar orbiting 
ocean-colour im agers (90,000 m 2 per pixel com pared to 1,000,000 m 2). This higher 
spatial reso lu tion  will greatly  enhance the ability to image and  m onito r com plex 
areas. For exam ple the h igher spatial reso lu tion  will m ake it possib le to im age the 
Potomac River and o ther rivers feeding in to  the Chesapeake Bay tha t are m issed at 
1 -km reso lu tion  (Figure 4.2).
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Figure 4.1 Example of monthly data availability in March for two mission 
configurations: a constellation of two Sentinel-3 satellites (left), and the same 
one complemented by a GEO with 1-h revisit (right). Data availability takes into 
account realistic cloud coverage (Meteosat Second Generation (MSG) data for 
year 2007) as well as geometrical constraints (air mass < 5, glint reflectance 
smaller than 5 x IO 4). For a given pixel, availability implies at least one clear 
observation per day i.e., 50% means at least one useable clear observation for 
half of the days in the month. The observation area is constrained by the 
MSG observation area (MSG clouds used). Image courtesy of ACRI-ST, Sophia- 
Antipolis, France.

Figure 4.2 Left, MODIS 1-km resolution image of water clarity for the Chesa
peake Bay and the Potomac River (lower left corner of image) as it feeds into 
Chesapeake Bay. Right, 250-m resolution water clarity image simulated from 
the MODIS 1-km ocean-colour channels and the 250-m land channels. The land 
water interface is shown in white. Image reproduced from Davis et al. (2007), 
reprinted with permission from SPIE.
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Outside of the bays and estuaries, the greatest im pacts of HABs, as well as other 
fea tu res of in te rest in  the near coastal ocean, such  as sea grass beds and  coral 
reefs, require a higher spatial sam pling to resolve unique features of in terest. Pixel 
con tam ination by land  reflectance, and  the inability to separa te  unique features, 
are ju s t a few of the problem s tha t are seen in  the data  from  low spatial resolution 
ocean-colour sensors. A study  by  Bissett et al. (2004) to  de term ine the optim al 
g round  sam ple d istance (GSD) for tu rb id  coastal w aters, suggests th a t variance in  
near shore colour requires a GSD of < 100 m  to resolve the changes in  high resolution 
reflectance m easurem ents. In addition, many of the ocean-colour algorithm s rely on 
non-linear equations to  retrieve environ m ental da ta  records (EDRs). In the coastal 
zone, w here significant changes in  optical and  ecological p ropertie s  occur on  the 
scale of m eters, the b lending  of the reflectance signal m ay resu lt in  EDRs th a t are 
n o t rep resen ta tive  of true  environ m ental conditions. In a s tudy  by Davis et al. 
(2007), airborne hyperspectra l im agery was u sed  to address the spatial reso lu tion  
necessary to image a harmful algal bloom  in  Monterey Bay. For optically-deep waters 
in  M onterey Bay, 100 m  GSD im aged the essen tia l fea tu res including the HAB. An 
in term ediate  reso lu tion  (300 m) w orked well for m o st conditions and  is far m ore 
useful than  the standard  1 km  imagery.

Higher spatial resolution is critical to m onitor small-scale phenom ena in  coastal 
w aters, such as red  tides, oil spills, sewage outfall and  therm al discharge from  the 
Nuclear Power Station. Some coastal and  estuarine ecosystem s, such  as w etlands 
or coral reefs, are pa tchy  and  sm all in  size, and  a spatial reso lu tio n  of f -  30 m  
would be required for m ost cases (Klemas et al., 2003). Such high spatial resolution, 
w ith appropriate spectral and SNR requirem ents, is no t practical in  the current and 
foreseeable fu ture because spatial resolution com petes with frequency of coverage, 
SNR, and num ber of bands. In IOCCG Report No. 2 (1999), the spatial and tem poral 
requirem ents for coastal applications of ocean-colour m easurem ents are discussed. 
The rep o rt recom m ended im agery w ith  0.1 to 0.5 km  pixels to provide usefu l 
scientific in fo rm ation  for m o st bays and  estuaries as a realistic goal for the next 
decade (IOCCG R eport No. 2, 1999). At p resen t, MERIS full reso lu tion  and  MODIS 
high  reso lu tion  im ages already provide th is level of spatial resolution. A ccording 
to the experience of MERIS and  MODIS, the p referred  spatial reso lu tion  for coastal 
application is around  300 m.

4.3 Regionally-Focused versus Global Missions

Most of the geostationary ocean-colour m issions proposed to agencies over the past 
decade were conceived as regionally-focused m issions. This was the case, for the 
p ro p o sed  (unselected) Special Event Im ager and  the H yperspectral Environm ental 
Suite. The underlying logic is tha t increasing the frequency of observation m ust be 
accom panied by an increase of the spatial resolution, which is generally technically
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incom patible w ith  the observation  of a large p o rtio n  of the Earth. These m issions 
were o rien ted  tow ards the m onitoring  of events ra th e r th an  tow ards a basin-scale 
or even a global vision. This concept still drives m ost of the existing projects. The 
underlying idea is tha t the coastal dom ain is the only area where rapidly changing 
phenom ena occur which would need a high revisit frequency, however, this is a very 
restrictive view. It is also desirable to observe the open ocean from  a GEO orbit, for 
two m ain reasons:

f . There is a d iu rnal variability in  the open  ocean, w hatever the trophic state, 
and  th is variability is n o t only im portan t per se (to increase fundam ental 
knowledge), b u t characteriz ing  these d iu rnal fluctuations opens the way to 
determining the productivity of the ocean, at least in  some circumstances. This 
is one of the m ost im portan t param eters for which we need a dram atic increase 
in  knowledge, com pared  to w hat is possib le  w ith  today’s LEO ocean-colour 
satellites.

2. The GEO observations will perm it full daily coverage above the open  ocean, 
w hich is also requ ired  for b e tte r  u n ders tand ing  and  m odelling the coupling 
betw een the physical and biogeochemical environm ents. Again, the dual aspect 
of GEO observations is m anifest here  (i.e., obtain ing in fo rm ation  on  d iurnal 
variability, w hen feasible, or obtaining at least one good observation per day).

Therefore, a reasonable goal w ould be to observe all oceanic and  coastal zones 
p resent in  the entire Earth disk from  a longitude that allows maximizing the observed 
ocean area. The exploratory  n a tu re  o f these m issions shou ld  also be considered  
so th a t restric ting  their area of in te rest a priori m ight be counter-productive. The 
observation  area is restric ted , however, to  acceptable observing geom etries. The 
lim its here are set by  physical constra in ts (the m arine signal cannot be accurately 
determ ined w hen it rep resen ts  1% or less of the to ta l signal) and also by  the capa
bilities of atm ospheric correction schem es (anticipating im provem ents from  future 
ocean-colour sensors in  the GEO orbit).

A limit can be set to a total air m ass of 5. This corresponds to a nadir view with a 
sun zenith  angle of 80° or to the sun zenith  angle and the viewing angle bo th  equal 
to ~67°. This lim it is n o t arbitrary. It has been  set by Ding and  Gordon (f 994) who 
recom m ended 70° in  a plane-parallel system. It is also typically above this threshold 
of a to tal air m ass 5 tha t curren t atm ospheric correction schem es fail in  retrieving 
the m arine signal w ith the desired accuracy (IOCCG, 2010). An example observation 
area is show n on Figure 4.3, where im portan t oceanographic areas are indicated (in 
particular the so-called “large m arine ecosystem s”).

4.4 Geostationary versus Geosynchronous Orbits

The geosynchronous orb it is inclined w ith  respec t to  the equatoria l plane, which 
induces a m ovem ent of the satellite around  the equator. W hen the orb it rem ains
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Figure 4.3 Envelope of a typical observation area above the Atlantic Ocean,
Africa and Europe, showing some of the large marine ecosystems and other 
areas of high oceanographic interest. The dashed red circle corresponds roughly 
to an air mass of 5 for the equinox.

circular, the satellite ground track describes a figure-of-eight (a lem niscate) during 
the sidereal day. The inclination represents the highest no rth  and south  sub-satellite 
latitudes. The pass of the satellite at a given point shifts each day within a one year 
period, as dep icted  in  Figure 4.4. Many possib ilities exist in  term s of w hen (with 
respec t to solar time) the satellite is at the n o rth e rn m o st p a rt  of the lem n iscate. 
These param eters can be optim ized as follows:

❖ Maxim ise inclination  to observe h igh  la titudes w ith  a zen ith  angle as low as 
possible, yet ensure  th a t coverage of the reg ions opposite  the nad ir are no t 
lost;

❖ Avoid some geom etrical conditions (e.g., sunglint);
❖ Min im ise the inclination for low ering the satellite speed, w hich can lead  to 

m ore complex image processing if too high.
The advantage of th is orb it is th a t it allows observation  of areas at h igher 

latitudes as com pared to the geostationary orbit. The 10° inclination chosen here for 
illustration  purposes leads to the patterns shown in  Figure 4.5 in  term s of air m ass 
and  for a satellite longitude of 10°W (total air m ass being [ l/c o s (0 ç) + l/cos(ék,)]). 
The sim pler geostationary orbit corresponds to a sub-satellite point on the equator 
and at a longitude to  be optim ized according to m ission objectives.
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Figure 4.4 Times of satellite pass on an inclined geosynchronous orbit, over 
the course of a day and the year. Reference time at the top of the figure-of- 
eight is chosen to be 6:00 am on the vernal equinox. Note that the direction 
of the satellite displacement can be reversed. Image courtesy of ACRI-ST, 
Sophia-Antipolis, France.

Figure 4.5 Earth view from a geosynchronous orbit at noon, at a position of 
10°W, with 10° inclination (top: 21 June; bottom: 21 December). From left to 
right: climatological Chi distribution from the GlobColour data set, view angle 
and total air mass. Images courtesy of ACRI-ST, Sophia-Antipolis, France.
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Geo
synchronous

21 Mar/21 Sept 21 Jun 21 Dec
Ql Q2 Q3 Ql Q2 Q3 Ql Q2 Q3

Latitude 0° 2.IS 266 m 8.7 2.2S 266 m 9 2.2S 266 m 9
Latitude 40° 2.60 281 m 7.8 2.36 270 m 9.3 3.49 303 m 3.7
Latitude 60° 4.7S S66 m 0.9 3.80 466 m 3.4 13 77S m 0
Geostationary
Latitude 0° 2.17 300 m 6.2 2.26 300 m 6.4 2.26 300 m 6.S
Latitude 40° 2.97 466 m 7.8 2.72 466 m 9.2 3.87 466 m 2.3
Latitude 60° S.l 8S2 m 0 4.38 8S2 m 1.64 11.3 8S2 m 0

Table 4.1 Comparison of geosynchronous and geostationary performances in 
term s of minimal air mass (Ql), pixel size (Q2) and number of clear acquisitions 
during one day (Q3) over the course of a year, for three latitudes (0°, 40°,
60°)- The colour highlights the performance as satisfactory (green), acceptable 
(orange) or non acceptable (red).

W hen dealing w ith  passive radiom etry , solar and  viewing geom etries are key 
drivers for the perform ance. From a geostationary perspective, bo th  evolve strongly 
w ith la titude  as illu stra ted  in  Figure 4.5. The viewing zen ith  angle (9V) is constan t 
for every pixel w ith in  the observed disk, from  zero a t the equator, reaching 80° 
over 60°N latitude. The solar zen ith  angle (9S) varies w ith  the su n  elevation over 
the course of a day and  over the year. Both variables m erge in to  the air m ass 
fraction. Standard atm ospheric corrections schem es require an air m ass lower than 
~5 (IOCCG, 2010). A com parison of perform ances betw een a geosynchronous orbit 
w ith an inclination 30°, and a purely geostationary orbit is p resented  in  Table 4.1 in 
term s of:

❖ lower air m ass during one day (Ql);
❖ lower pixel size during one day (Q2);
❖ n um ber of (clear) acquisitions during one day (assum ing 1 h  frequency) (Q3) 

for three latitudes (0°, 20°, 60°) and four seasons.
At 60° latitude, geostationary  observations are n o t feasible w hereas geosyn

chronous observations are possib le from  M arch to  Septem ber. At 40° latitude, 
geosynchronous observations are b e tte r  th an  geostationary  observations for all 
criteria. At 0° latitude, geostationary  and  geosynchronous observations are equiv
alent. The advantage of the geosynchronous orb it in  term s of viewing conditions 
is com pensated  by a reduc tion  of acquisition  tim e com pared  to  the perm anen t 
observation from  the GEO due to the time spent along the lem niscate. Also there is 
a d rift of abou t I o p e r day in  longitude w ith  respec t to the sun. Therefore, if the 
satellite initially reaches its m axim um  latitude  at noon, it will be at the m inim um  
latitude 6 m onths later.

At initial o rb it injection, it is possib le to  select any tim e of day for the node 
crossing and, therefore, the tim e of passage across the target region (e.g., Europe). 
However, the time of day will no t be constant as the Sun ro tates w ith respect to the
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Figure 4.6 Sunglint patterns (reflectance higher than 5.1', 4) from a GEO sensor 
at 10°W and 10° inclination, sim ulated with a wind speed of 3 m s 1 for three 
time periods (10:00, 14:00 and 18:00 UTC, left to right) and days in the year 
(21 March, 21 June, 21 December, top to bottom). Increasing the wind speed 
would enlarge the patch but decrease the intensity. Image courtesy of ACRI-ST, 
Sophia-Antipolis, France.

orbit node since the orb it node is fixed inertially. Therefore, th roughou t the year, 
the local tim e o f passage over the target reg ion  will vary th rough  24 hours. As a 
resu lt of the varia tion  of the local tim e of the node crossing, it is n o t possib le  to 
provide coverage of a given area (e.g., Europe) w ith a single satellite. More than  one 
satellite is thus requ ired  to m eet the m ission requ irem ents of year round, daytim e 
coverage.

4.5 Sunglint Patterns and Avoidance

The specular reflection of the solar radiation at the sea surface is one of the biggest 
causes o f da ta  loss in  ocean-colour m issions. In the MERIS m ission  for instance, 
the w estern  p a rt o f the tracks is o ften  im pacted  by  sunglin t and  lo st for fu rther 
data exploitation. Although the use of algorithm s may correct for sun-glint to some 
exten t (e.g., MERIS POLYMER algorithm , Steinm etz et al. 2011), it is recom m ended 
that such situations be avoided for a proper retrieval of the marine signal. Secondary 
objectives m ight requ ire  sunglin t observations in  o rder to  s tudy  certa in  p a tte rn s
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such as oil slicks (Hu et al., 2009) and  in ternal waves (Jackson, 2007).
C haracterisation  of the sunglin t p a tte rn  is thus  an  im portan t issue for GEO 

ocean-colour m issions. Simulations using the Cox and Munk isotropic m odel (1954), 
w ith  typical w ind speeds, show th a t a geostationary  orb it is very advantageous to 
avoid sunglin t (Figure 4.6): the p a tc h  is res tric ted  to a sm all area, m oving from  
east to w est around  the equator. In th is specific example, the p a tch  never im pacts 
E uropean coasts, for instance, and  there  is always a sufficiently long tim e period  
w ithout sunglint for o ther regions.

4.6 LEO/GEO Synergy for Ocean-Colour Sensors

4.6.1 Complementarity in terms of oceanographic phenomena

Dickey et al. (2006) docum ented  the tim e-space con tinuum  of oceanographic p ro 
cesses. Figure 4.7 illustrates this concept and also shows that space and time scales 
are coupled. Multiple in s tru m en ts and p latfo rm s are therefore requ ired  to sam ple 
the ocean com prehensively a t a given epoch, and a continuum  of these observation 
tools is needed  to  em bed observations in  a long-term  vision (the “clim a te” ellipse 
on  the top righ t corner of Figure 4.7). A nother consequence stem m ing from  the 
analysis of scales is that increasing the frequency of observations should accompany 
an increase in  spatial resolution. For instance, there would be no justification for ob
serving the ocean once a week at m eter-scale or m aking low-resolution observations 
every hour. Technical and program m atic trade-offs are, however, inescapable w hen 
designing observation m issions.

The superim posed  orange and  green  boxes on  Figure 4.7 show  the sam pling 
dom ains of typical LEO and GEO ocean-colour satellites, respectively, w hen consid
ering data  from  one entire m ission (e.g., the 5-10 years provided by m issions such 
as SeaWiFS or MI RIS). W hen data  from  successive m issions are m erged, the upper 
lim it of these boxes (time scale) m ove tow ard the centennial scale. If d a ta  from  
appropriate ly  positioned  GEO sensors are m erged, the righ t side of the g ree n b o x  
m oves tow ards the global scale. The dashed  line rep resen ts  the dom ains accessi
ble th ro u g h  m erging of GEO and  LEO observations over decades. This figure is a 
first dem onstration  of the com plem entarity  betw een LEO and  GEO observations of 
ocean-colour radiom etry.

4.6.2 Coverage synergy

Differences in  geom etry  and  revisit tim e betw een  the GEO and  LEO orb its offers 
the possib ility  of two types of synergy: w hen b o th  LEO and  GEO sensors observe 
the same target at the exact same time there is a possibility of cross-calibration; or 
if only one in stru m ent can see the target during  the day they add  com plem entary  
coverage. The m aps in  Figure 4.8 show these m odes for the solstices and equinoxes
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Figure 4.7 Time scales vs. horizontal space scales diagram illustrating physi
cal and biological processes overlain with sampling dom ains of various p lat
forms: moorings and tripods (blue), typical LEO (orange area) and GEO (green 
area) ocean-colour satellites. The red dashed frame indicates merged LEO and 
GEO data over decades. Adapted from Dickey et al. (2006).

in  2007 (note the observed area is constra ined  by the MSG area because of the use 
of the MSG cloud p ro d u ct for 2007). It can be seen  th a t in  fall and  w inter in  the 
northern  hem isphere, the regions not seen by the GEO can be observed by Sentinel-3, 
w hereas for m o st of the o ther regions and  tim es of the year, the GEO fills m any 
gaps.

4.6.3 Improvement of spatial coverage

A coverage perform ance analysis is presented here to illustrate the synergy betw een 
an  ocean-colour sensor on  a geosynchronous orb it and  several LEO sensors. The 
com bination  includes several LEO sensors th a t w ould fly by  2018, to illustrate  
b o th  the added-value and the synergy of GEO observations w ith o ther ocean-colour 
missions. The following three limitations can im pact the availability of ocean-colour 
observations and have been  taken in to  consideration:

❖ cloud coverage, taken  from  the full 2007 SEVIRI observations (cloud m ask  
each 15 min);

❖ the air m ass fraction is lim ited to a value of 5;
❖ the sunglin t patch , defined by a glint reflectance of 5x 10~4 (Cox and  Munk, 

1954 model).
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Figure 4.8 Synergy map between the Sentinel 3A-3B constellation and a geo
stationary mission at 10°W with 10° inclination at the solstices and equinox. 
Colour bar represents pixels available for LEO and GEO missions during the 
day. Image courtesy of ACRI-ST, Sophia-Antipolis, France.

EMUETCAT Could Ma iii Produd 21 /01/200711:22 -12:12 UTC

Figure 4.9 Example of coverage performance for a Sentinel-3A track: deter
mination of the available pixels (bottom right, in green) using the air mass 
fraction (top left), sunglint patch (top right) and cloud cover (bottom left). 
Image courtesy of ACRI-ST, Sophia-Antipolis, France.

Total air mata 21/01/2007 11:22-12:12 UTC
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These constraints allow us to assem ble the punctual availability of ocean-colour 
d a ta  for a given sensor a t a given tim e, as illu stra ted  in  Figure 4.9 (exam ple of 
a Sentinel-3 track). For these exam ples, we considered  the fu tu re  Sentinel-3A 
and  Sentinel-3B LEO conste lla tion  p lus a GEO satellite s itua ted  at 10° W w ith  an  
inclination of 10°, and a 1-hour revisit. Figure 4.10 depicts the coverage performance, 
as a percen tage of observable days in  a m onth . A percentage of 50%, m eans th a t 
a t least one usable clear observation is available for ha lf of the days in  the m onth . 
These sim ulations clearly dem onstra te  the enhanced  coverage by  a GEO m ission, 
thanks to its full disk swath as well as high revisit frequency. For instance, while the 
LEO constellation can image m ost of the regions less than  40% of the m onth, the GEO 
m ission can obtain usable images for at least 60% of the m onth, and over 90% around 
the tropics. This is true for the whole year. In sum m er, the M editerranean Sea, the 
M ozam bique Channel and  a large p a rt o f the A tlantic w ould be observed alm ost 
every day. Even in  winter, the M editerranean Sea would be observed m ore than  50% 
of the time, com pared to < 30% w ith the LEO constellation. An in teresting feature is 
th a t because of the large sw ath  and  the glint avoidance m o st of the day, the GEO 
sensor provides m ore un ifo rm  coverage at daily and  m onth ly  scales com pared  to 
the LEO sensors.

4.6.4 Improvement of temporal coverage

Figure 4.11 provides an  overview of the achievable n u m ber of observations per 
day, taking into account the constrain ts m entioned above for clouds, air m ass, and 
sunglin t and  using  the prev ious configuration. Clearly the LEO m issions can only 
observe a target once per day, at the m ost (except at very high latitudes). On average, 
w ith a GEO m ission, m ost of the regions w ould be observed at least four tim es per 
day and  up  to  eight tim es pe r day for the M editerranean Sea and  the Equator in 
sum m er (Figure 4.11). The righ t panels in  Figure 4.11 show th a t there  are always 
some days w ith more than  8 observations. Again, those num bers could be improved 
if we consider an optim al acquisition scenario. In addition, it should  be n o ted  tha t 
the curren t estim ates are slightly degraded because the m ean is com puted over all 
days, some of which are never cloud free.

4.6.5 Cross calibration

Cross calibration is a powerful option to transfer calibration from  one LEO m ission to 
another, thus progressively hom ogenizing observations across m issions. Vicarious 
calibration of LEO sensors using in situ sites out of the view of the GEO sensor could 
be tran sferred  to the GEO sensor. Conversely, the GEO sensor can be program m ed 
on  occasion so th a t its observations can be u sed  as a reference to in tercalibrate  
several LEO sensors (sim ultaneous data  acquisition over m any different targets).
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Figure 4.10 Coverage performance of a two-LEO-sensor constellation (left) 
and the same constellation complemented by a geostationary sensor (right) 
for March, June and December (top to bottom). The availability represents 
the percentage of days in the month that a pixel can be observed (i.e., at least 
one clear observation in the day). See text for the constraints applied. The 
observation area is constrained by the MSG observation area. Image courtesy of 
ACRI-ST, Sophia-Antipolis, France.
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Figure 4.11 Mean (left) and max (right) number of daily available observations, 
for a two-LEO-sensor constellation complemented by a geostationary sensor in 
March, June and December (top to bottom). The observation area is constrained 
by the MSG observation area. Image courtesy of ACRI-ST, Sophia-Antipolis, 
France.
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Figure 4.12 Coverage that could be obtained with 6 geosynchronous satellites, 
each with a 30° inclination, targeting different longitudes.

4.6.6 Synergy among GEO ocean-colour missions

Several GEO ocean-colour in s tru m en ts are u n d er developm ent for launch  in  the 
2020 tim e fram e, including GEO-CAPE (NASA) and  GOCI-II (South Korea). It is thus 
foreseeable that several geostationary or geosynchronous m issions could provide a 
near-global coverage in  the future. Figure 4.12 is an extreme illustration of this idea, 
using 6 satellites in  geosynchronous orbits w ith an inclination of 30°. A lthough this 
is no t attainable at p resent, the aim here is to show the po ten tia l of such m issions 
w hen combined.

4.6.7 Synergy between ocean colour, SST and altimetry

One of the central issues tha t the biogeochemical com m unity is currently  facing, is 
un ders tand ing  and  m odelling biophysical in terac tions at the sub-m esoscale level. 
The sub-m esoscale is a key biogeochem ical regim e since it covers b iophysical in 
teractions occurring on  the tim escale of a p lank ton  b loom  (-days). Moreover, th is 
scale is the resolution that is expected on next generation global circulation models 
- indeed, m odelling the climatic p rocesses occurring at the scale of a few km  has 
been  recognized as the “The next big climate challenge” in  a Nature editorial on 15 
May 2008 (h ttp ://www.nature.com/nature/journal/v453/n7193/pdf/4532 57a.pdf).

A necessary  step  for addressing  the sub-m esoscale s tru c tu re  of ocean biogeo- 
chem istry  is developing the capacity  to  observe it. As a synoptic, global-coverage 
com plem ent to in situ  data, altim etry  and  SST data  already cover the m esoscale 
regime, and future satellite m issions will soon provide direct, synoptic observations 
of sub-mesoscale physics (notably, wide sw ath altim eter missions). When combined 
w ith recently  developed theoretical diagnostics, rem otely-sensed altim etry and sea

http://www.nature.com/nature/journal/v453/n7193/pdf/4532
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surface tem perature observations can be integrated, and relevant biophysical in for
m ation  ex tracted  (e.g., Lehahn et al. 2007; Isern-Fontanet et al. 2008; d ’Ovidio et 
al., 2009). Nevertheless, the presence of clouds curren tly  lim its the sub-m esoscale 
com parison of physical fields and chlorophyll filaments to episodic cases, sparse and 
unpredictab le in  space and time. A GEO ocean-colour m ission  can rem ove th is key 
obstacle for the in tegration of physical and biological observations at the timescale 
of a bloom . In particu lar, by  resolving the chlorophyll variability on  individual 
w ater filam en ts de tec ted  from  altim etry  and  sea surface tem pera tu re  im ages, the 
effect of horizon tal and vertical fluxes can be observed during the developm ent of 
phytoplankton patches. The concom itant use of altimetry, sea surface tem perature, 
and ocean-colour data will lead, for the first time, to the quantification of biophysical 
processes, which, un til now, have only been  exam ined in  nu m erical studies. W hen 
used  to validate and im prove the biophysical m odule in  the spatio-tem poral scales 
expected in  next genera tion  global circulation m odels, th is in fo rm ation  will, in 
tu rn , reduce the erro r in  m odelling global biogeochem ical cycles and  b ring  b e tte r  
predictive skills.

4.6.8 An example with the planned MTG mission

Planning for the M eteosat Third Generation (MTG) geostationary  m ission (available 
in  the 2015 tim e fram e) includes requ irem en ts for a m ission  for High Resolution 
Fast Imagery (HRFI), w ith the objective of supporting nowcasting and very short term  
forecasting  of clouds, as well as a m ission  for Full Disk High Spectral Resolution 
Im agery (FDHSI) w ith  the objective of supporting  now casting and  very sho rt term  
atm ospheric forecasting, num erical weather prediction at regional and global scales, 
and  clim ate m onitoring. HRFI is designed  to  acquire da ta  w ith  h igh  tem poral 
reso lu tion  (2 m inutes), spatial reso lu tion  of 500 -  1000 m  and  a lim ited num b er 
of spectral channels (4 in  total). FDHSI is designed  to acquire d a ta  for a full disk, 
typically w ith a tem poral reso lu tion  of 10 m inutes, a spatial reso lu tion  of 1 -  2 km 
and 8 VIS/NIR channels from  0.4 pm  to 2.2 pm  and 8 infrared channels from  3.8pm 
to 13.3pm. As an evolution of the Meteosat Second Generation SEVIRI sensor, which 
has already been shown to be usable for estim ation of total suspended m atter (TSM) 
in  tu rb id  w aters (N eukerm ans et al., 2009), FDHSI is the MTG in stru m ent offering 
the m ost synergy for an ocean-colour sensor.

The spectral and  rad iom etric  reso lu tions of FDHSI are too lim ited for the esti
m ation  of ocean-colour pa ram ete rs  such  as chlorophyll-a concentration. At best, 
FDHSI could provide estim ates o f TSM and  possib ly  the diffuse a tten u a tio n  coef
ficient of PAR, b u t w ith  reduced  accuracy com pared  to a ded icated  ocean-colour 
sensor, and  only for tu rb id  w ater regions w here the m arine reflectance signal is 
sufficiently strong. Exploitation of Fevel-2 FDHSI atm ospheric param eters  is likely 
to provide the m ain  synergistic advantage to ocean-colour senso rs since FDHSI 
benefits from  im proved spectral reso lu tion  in  the NIR/SWIR (1.3 - 2.2 pm ) as well
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as a m uch  higher tem poral reso lu tion , allowing identification  of rap id ly  varying 
atm ospheric conditions. Com parison of ocean-colour derived and FDHSI p roducts  
such  as aerosol optical depth , aerosol particle  s ize /A ngström  exponent and  daily 
PAR can be im plem ented easily, and will allow suspect data  to be flagged.

Use of FDHSI aerosol p ro d u cts  in  the a tm ospheric  correction  of ocean-colour 
observations may provide im provem ents, b u t will also require research on algorithm  
developm ent since such synergy has not been attem pted previously - difficulties are 
expected w ith  spatial and  tem poral co-location and  w ith  rad iom etric  calibrations. 
A fu rth e r obvious synergy is the use of FDHSI cloud p roducts . Finally, the SST 
products to be generated from  MTG will be com plem entary to chlorophyll a-related 
p ro d u cts  to be genera ted  from  ocean-colour m issions for use  in  ecosystem  and 
prim ary p roduction  m odels.

4.7 Can GEO Missions be Seen as Operational Missions?

The prim ary focus of the initial geostationary ocean-colour sensors deployed will be 
research  and developm ent (R&D), and they will serve as pathfinders in  this context. 
Even so, da ta  from  these R&D sensors can, and  certainly will, be u sed  to suppo rt 
user-driven applications (e.g., m onitoring harmful algal blooms, water quality), m uch 
as the operational use  of ocean-colour da ta  from  existing FEO research  sensors is 
now  com m onplace. For example, NOAA p resen tly  u tilizes ocean-colour da ta  from  
NASA’s MODIS-Aqua sensor operationally, w ith  these d a ta  included in  p ro d u cts  
such as the NOAA Harm ful Algal Bloom Operational Forecast System (HAB-OFS) Bul
le tin  ( h t t p : / / t i d e s a n d c u r r e n t s . n o a a . g o v / h a b / b u l l e t i n s . h t m l ). The HAB-OFS bulle tins 
provide inform ation  on po ten tia l or confirm ed harm fu l bloom  events, chlorophyll 
levels, and forecasted  w ind conditions, as well as forecasts for potential hum an im 
pacts associated w ith confirmed harm ful blooms, spatial bloom  extents, movement, 
in tensification  and  the po ten tia l for b loom  form ation. Fikewise, da ta  from  MERIS 
and other ocean-colour sensors have been successfully utilized for operational m on
itoring under the Global M onitoring for Environm ent and Security (GMES) initiative, 
e.g., the Marine & Coastal Environm ental inform ation Services (MARCOAST), as well 
as in  support of o ther user-driven initiatives and applications, e.g., the Chlorophyll 
Globally In tegrated  Network (ChloroGIN) Project ( h t t p : / / w w w . c h l o r o g i n . o r g / ). The 
availability of geostationary ocean-colour data would benefit the HAB-OFS bulletin s 
significantly as well as o ther operational p ro d u cts  and  m onito ring  efforts, p a rtic 
u larly  by helping to  m itigate frequen t coastal cloud cover and  m onito r dynam ic 
features. In the coming decade, partnerships betw een R&D and operational agencies, 
coupled w ith free, open and timely data access under the data sharing principles of 
the Global Earth Observing System  of System s (GEOSS), will facilitate user-driven, 
operational leveraging of R&D-focused GEO ocean-colour da ta  stream s (analogous 
to w hat is being done w ith  FEO data, as described  above). Som ewhat longer term ,

http://tidesandcurrents.noaa.gov/hab/bulletins.html
http://www.chlorogin.org/
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it is an tic ipated  th a t eventually there  will be operational geostationary  m ission(s) 
w ith  ocean-colour sensors, as is curren tly  the case for sea surface tem pera tu re  
(e.g., GOES-12, MTSAT, MSG), and  soon  will be for LEO ocean-colour sensors (e.g., 
VIIRS on  JPSS, OLCI on  Sentinel-3). G eostationary ocean-colour sensors such  as 
GOCI will help clarify and address the various engineering and technical challenges 
th a t need  to be overcom e for accurate GEO ocean-colour observations, leading to 
their eventual technological and m easurem ent m aturity  and subsequent operational 
im plem entation.

4.8 Algorithm Considerations for Geostationary Ocean 
Colour Observations

Considerable experience has been built up over the last ten  years based on processing 
of ocean-colour im agery from  po lar orbiting  sensors such  as SeaWiFS, MODIS and 
MIR IS. Various reviews have been  m ade on the state  of the art for such processing 
algorithm s in  general, and  for specific aspects such  as a tm ospheric  correction 
(IOCCG R eport No. 10, 2010), chlorophyll-a or inheren t optical p ro p erty  retrieval 
(IOCCG R eport No. 5, 2006), and  the genera tion  of m ulti-tem poral com posite 
p ro d u cts  (IOCCG R eport No. 4, 2004). This experience also applies in  the case of 
ocean-colour observations from  a geostationary  orbit. The pu rpose  of th is section 
is to  consider specific issues for algorithm s for geostationary  sensors, w hat new 
prob lem s m ay be encountered , w hat existing p rob lem s will be m ore critical, and 
specifically, w hat benefits can be extracted from  a satellite in  geostationary  orbit.

Whereas polar orbiting sensors provide imaging of any site at a typical frequency 
of once per day, and w ith a sun and viewing geom etry tha t cannot be controlled by 
the data user, geostationary sensors could give imaging at a typical frequency of once 
p e r hour, or even once every few m inutes, and  provide a range of su n  zen ith  and 
azimuth angles over the day. The potential for im proving b o th  the quantity and the 
quality of ocean-colour products is thus remarkable. The other im portan t difference 
of the geostationary orbit com pared to polar orbits is the viewing geometry, which is 
above the equator (or close to the equator in  the case of geosynchronous orbits). At 
high latitudes or longitudes far from  the sub-satellite longitude, m uch higher viewing 
zen ith  angles occur w ith geostationary  orbits than  typical po lar orbits, which also 
increases the uncertain ty  from  atm ospheric correction. This will constrain the high 
la titude  lim it for the use of p ro d u cts  from  geostationary  o rb its (see next section). 
The viewing geom etry will also im pact areas affected by sunglint.

4.8.1 Atmospheric correction

The m ain  challenge for a tm ospheric  correction  o f GEO observations will be to 
provide accurate m arine reflectances under grazing incidences, either w hen looking
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at the edge of the observation area or w hen looking at any place of th is area when 
the su n  elevation is low. C urren t a tm ospheric  correction  schem es (e.g., Gordon, 
1997; A ntoine and  Morel, 1999) are b ased  on  various assum ptions, including the 
plane-parallel assum ption . Ding and  G ordon (1994) show ed th a t the accuracy of 
radiative tran sfe r com puta tions u n d er th is assum p tion  rem ain  valid as long as 
the sun  zen ith  angle is less th an  70°. This rep resen ts  a large p o rtio n  of the area 
observed by a GEO sensor.

The GEO configuration includes larger angles near the edge o f the target area 
or everywhere within th is area w hen the sun  elevation is low. Therefore, spherical 
shell radiative transfer com putations m ight be needed to increase the observational 
capabilities. The accuracy of such corrections for spherical atm ospheres rem ains to 
be determ ined. A tradeoff is necessary, however, betw een the increased complexity 
of such  com putations com pared  w ith  classical ones, and  the gain  in  coverage. In 
fact, the la tte r could be quite lim ited because the area at the edge of the target for 
which 60° < 6 < 80°, is quite small. The issue here is more related to the increase of 
the tem poral window th a t is usable within the dusk-to-daw n cycle. On the positive 
side, the fixed position  of the target area in  the GEO configuration m ay allow the 
use of first-guess climatological information about aerosols to help the atm ospheric 
correction process.

Box 6: The GOCI Sunglint Correction
The objective of this algorithm  is to  identify if sunglint is a problem  for the estim ation 

of ocean-colour p roducts by the GOCI instrum ent, and to  propose and validate an alternative 
solution for the atm ospheric correction algorithm  in the presence of sunglint. A tm ospheric 
correction is usually done by estimating an aerosol model, optical thickness and type, from  the 
spectral dependence of the top-of-atmosphere (TOA) radiances measured inNIR channels (Gordon 
and Wang, 1994). Once the aerosol model has been determ ined, the atm ospheric scattering is 
accurately com puted at shorter wavelengths by a radiative transfer (RT) code and subtracted 
from the TOA radiances to obtain the ocean-colour signal. When the m easurem ents are affected 
by sunglint, th is atm ospheric correction scheme fails to estim ate the aerosol model, and thus 
to deliver an accurate atm ospheric correction. Sunglint has no spectral dependence and this 
causes a bias tow ards larger particles in the retrieval of aerosol properties. The atm ospheric 
correction is also biased because the coupling between molecular scattering and sunglint is not 
taken into account. The sunglint intensity can be predicted from  the wind speed, and corrected 
with a reasonable accuracy.

Most of the ocean-colour instrum ents on a low altitude polar orbit are affected by sunglint 
tha t significantly reduces the spatial coverage of ocean-colour retrievals between the tropics. 
This is also the case for a geostationary instrum ent like GOCI for which the glitter pattern  is a 
large spot centred on the Equator at the Equinox and a little further north (~10°N) at the summer 
solstice. If the problem is flagged for a glitter value > 0.005, this would affect the GOCI retrieval 
up  to  35°N during the spring and sum m er seasons. The sunglint correction algorithm  (SGCA) 
applied to GOCI is based on the spectral m atching of the GOCI observed TOA radiances at 7 
wavelengths by an ocean atm osphere reflectance model that depends on five tuneable variables. 
The algorithm  works pixel by pixel. The input is LIB GOCI data at eight wavelengths, and the 
ou tput is five param eters, three of which describe the atm ospheric scattering, and two (Chi 
and backscattering coefficient ( btp), describe the marine reflectance. The L2 output param eters 
include these five coefficients plus the above-water reflectance R w(0+) or water-leaving radiances
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0. UT 2. UT

Simulated sunglint reflectance for GOCI viewing geometry> on 21 June (sum m er solstice, where 
the sunglint migrates maximally to the north), for 0:00, 2:00, 4:00 and 6:00(UTC) at a wind speed 
o flO m /s. Image courtesy o f P.Y. Deschamps.

The input GOCI LÍ radiances are converted into reflectance by normalization to the solar ex
traterrestrial spectral irradiance. The correction for gaseous absorption and molecular scattering 
and the cloud m ask processing is perform ed for the rough sunglint estim ation in clear pixels. 
The derived reflectance is fitted by the models using an iterative, least-square m inim ization 
scheme that determines the five variables, CO, Cl, C2, Chi, and bi,s, applied pixel by pixel. The L2 
output param eters of SGCA are thus CO, Cl, and C2 that represent aerosol and glitter-corrected 
R w and /o r L w, marine reflectance or water-leaving radiances.

4.8.2 Modification of radiative transfer models

Currently, the radiative tran sfe r (RT) m odels u sed  to generate  the a tm ospheric 
correction look-up tables assu m e the a tm osphere  is a plane-parallel m edium  (PPM 
model). However, the a tm osphere  su rround ing  the Earth is actually  a spherical 
shell m edium  (SSM model). Adam s and  Kattaw ar (1978) show ed that, for a sim ple 
one-layer Rayleigh-scattering m edium with a totally absorbing lower boundary, there 
could be significant differences betw een  the PPM m odel and  SSM m odel for large 
solar zen ith  angles a n d /o r  large viewing angles. Ding and Gordon (1994) u sed  the 
backw ard  M onte Carlo technique to  solve the radiative tran sfe r equation  in  a two 
layer spherical shell atm osphere w ith a Fresnel-reflecting ocean surface (sm ooth or 
rough) a t its lower boundary, and found  th a t for solar zen ith  angles less th an  70° 
there  was no  significant difference of perfo rm ance betw een  the PPM and  the SSM 
models. However, for solar zenith  angles larger than  70°, the difference betw een the 
PPM and  the SSM m odels is significant (Ding and  Gordon, 1994). This m eans th a t
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Figure 4.13 D istribution of the solar zenith  angle (left) and sensor viewing 
angle (right) from  the geostationary meteorological satellite FY-2C (located 
above the Equator at longitude 104.50°E) at time of 2008-02-02 00:30 GMT.
Image credit: Xianqiang He, SOED, China.

Earth-curvature effects shou ld  be considered  w hen the solar zen ith  angle a n d /o r  
viewing zenith  angle are large.

G eostationary ocean-colour sensors scan m ultiple tim es during daylight hours. 
At daw n and  dusk, the solar zen ith  angle m ay be larger th an  70° (Figure 4.13, left). 
The viewing zenith  angle is also very large at the edges (Figure 4.13, right). Therefore, 
under such circum stances, it necessary  to use  the SSM radiative transfer m odel to 
generate the look-up tables for atm ospheric correction. Up to now, there is no SSM 
vector radiative transfer m odel for the coupled atm osphere-ocean system. Ding and 
Gordon’s m odel is a scalar SSM RT model, and it should be m odified to a vector SSM 
RT m odel because polarization consideration is im portan t for the exact calculation 
of the atm ospheric scattering (Gordon et at., 1988). O ther existing PPM RT m odels 
also need be m odified to vector SSM RT m odels so they can be used  to generate the 
atm ospheric correction look-up tables for geostationary  ocean-colour sensors.

4.8.2.1 Bidirectional reflectance distribution function issues

The an iso tropy  of the light field em erging from  the ocean  is well know n in open  
ocean Case-1 w aters. It has been  m odelled  for such  w aters as a function  of the 
inherent optical properties and the illum ination conditions at the sea surface (Morel 
and Gentili, 1991; 1993; Morel et at., 2002). These m odels have been partly validated 
against in situ m easurem ents (Morel et at., 1995; Voss and  Morel, 2005; Voss et at.,
2007), and they can be used  to derive fully-norm alized radiom etric quantities from  
ocean-colour m easu rem en ts (e.g., Morel and  Gentili, 1996), w hich is necessary  in  
view of data m erging from  m ultiple m issions. There are no observations or m odels 
for coastal Case-2 waters.

In the configuration of GEO observations, an iso tropy  can be considered  from
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two po in ts  of view. The first is sim ilar to  the LEO approach, where the an iso tropy  
has to be accounted for to derive fully norm alized water-leaving radiances, i.e., the 
rad iances th a t w ould be m easu red  at nad ir w ith  the su n  at zenith . The second 
approach  w ould benefit from  the availability of observations of the sam e target 
u n d er various su n  elevations, from  daw n to dusk. Provided th a t the a tm ospheric 
correction is accurately perform ed over a sufficient range of this angle, the BRDF of 
the surface w ould be obtained.

4.8.3 Exploiting temporal coherency

One advantage of the high tem poral frequency th a t can be achieved from  the GEO 
orbit is the possibility to exploit tem poral coherency of the ocean and /o r atm osphere 
system  to constra in  retrieval algorithm s. C urrent ocean-colour p rocessing  chains 
generally trea t each pixel independently , ignoring its spatial and  tem poral ne igh
bours. However, in  nature, geophysical param eters are highly correlated especially at 
short tim e and space scales. If this extra inform ation can be exploited by processing 
algorithms, the quality or quality control of products could be significantly improved. 
Processing of m easu rem en ts in  m any fields of science involves identification  and 
rem oval of “sp ikes” or “ou tlie rs”. W ith h igh  frequency geostationary  da ta  sim ilar 
techniques could be applied to ocean-colour m easurem ents as already suggested for 
LEO ocean-colour d a ta  by Sirjacobs et at. (2011, see Figure 7 of their p aper for an 
example of au tom ated  outlier detection).

Going fu rther than  a posteriori outlier analysis of ocean-colour p roducts, in fo r
m ation on tem poral coherency could also be in tegrated  into the retrieval procedure 
to b e tte r  constra in  algorithm s. Two key p roblem s for ocean colour are: 1) the 
large uncertainties from  atm ospheric correction and 2) the possibility that remotely- 
sensed  reflectance spectra  m ay have low sensitivity  to the target pa ram ete rs  (e.g., 
chlorophyll-a retrieval in  w aters w ith high yellow substance absorption) or may even 
correspond equally well to very different combinations of optically active substances 
creating a com plex inversion p rob lem  (Defoin-Platel and  Chami, 2007). For b o th  
problem s there may be insufficient spectral inform ation in  a single pixel to provide 
a unique and ro b u st retrieval. On the o ther hand, if there is knowledge about, say, 
the chlorophyll concentration 15 m inu tes  before and after the m easurem ent being 
processed, this inform ation could provide a first guess for an iterative retrieval, i.e., 
a way of distinguishing betw een m ultiple solutions or, m ore generally, to provide a 
constra in t to the spectral inversion problem .

With the exception of a few fast oceanic processes which could be specifically ta r
geted by a geostationary ocean-colour mission, a geostationary sensor will generally 
be viewing a relatively constan t m arine target th rough  a fo reground  of rapidly- 
changing atm ospheric conditions. W ind-driven variations of aerosol concentration 
are particu larly  im portan t. Viewing of the sam e surface target th rough  differen t 
atm ospheric conditions has already been proposed for geostationary rem ote sensing
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of aerosols over land  by  Knapp et at. (2005). Similarly, viewing of the sam e target 
for differen t sun-sea a tm ospheric  p a th  leng ths could enable a tm ospheric  effects 
to be b e tte r  quantified  in  a sim ilar way to  the dual-view ATSR approach  for sea 
surface tem pera tu re  (Mutlow et at., 1994) or the m ultid irectional viewing achieved 
by POLDER (Herman et at., 2005).

4.8.4 Cloud clearing, daily compositing

Ocean-colour im aging requ ires sunlight and  cloud-free scenes. One advantage of 
geostationary  im aging is the ability to  w ait un til an  area is cloud free, ra th e r th an  
sam pling at a fixed time, as set by the orbit for polar orbiting ocean-colour imagers 
such  as MERIS and  MODIS (Figure 4.14). The capability to ob tain  frequen t cloud- 
free im agery will be an  im portan t asse t to m on ito r w ater quality  because surface 
cu rren ts  can alter p hy top lank ton  and  sedim ent d istribu tions near the coast, and 
also since phy top lank ton  grow th  ra tes  can exceed a doubling p e r day, they  can 
rap id ly  alter w ater quality. M onitoring of w ater quality  pa ram ete rs  from  satellite, 
particularly  from  coastal regions susceptible to harm ful algal bloom s, is im proved 
by the capability to access imagery on any given day. The frequent image acquisition 
available from  a geostationary  satellite will im prove the chances of obtain ing a 
cloud-free image and allow imagery collected at different tim es of the day in  various 
sub-regions to be combined to generate daily cloud-free coastal ocean-colour scenes 
for the entire region.

Figure 4.14 Left: three-day composite of GOES SST. Right: three day composite 
of AVHRR SST for the same period. The more frequent sampling from  GOES 
has effectively cleared the clouds from  the eastern North Pacific (Images from 
NOAA CoastWatch).

D espite their sim ple optical p ropertie s  and  m any decades of experience in  
detecting  clouds in  rem ote sensing data, im perfect m asking of clouds rem ains a 
significant source of b a d  ocean-colour data. Sub-pixel scale clouds, cloud edges, 
th in  clouds and  cirrus are specific cases w here erro rs m ay occur (Robinson et at.,
2008). Traditionally, po lar orbiting ocean-colour sensors use  the single reflectance 
th resho ld  at the NIR b an d  to detect clouds, such  as 865 nm  for SeaWiFS and  869 
nm  for MODIS. Such a sim ple m eth o d  generally w orks well over the open  oceans
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w here Case-1 w aters and  m aritim e aerosols are usually  the case. However, in 
coastal regions, there are often cases w ith significant ocean contributions at the NIR 
wavelengths from  the turbid  waters. In addition, aerosols are likely to be dom inated 
by  sm all partic les (large A ngstrom  exponent). In these cases, un less im proved 
algorithm s are u sed  (Nordkvist e t at., 2009) the cloud-m asking schem e using  the 
NIR reflectance threshold often m istakenly identifies these scenes as clouds, leading 
to significant loss of coverage in  coastal regions (Wang and Shi, 2006).

For a geostationary ocean-colour sensor, because of the variation of the geometry 
betw een sun and sensor w ith the different observation times in  the same day, opera
tional cloud detection m ethods will need further developm ent. Another issue is the 
daily com positing of the m ultiple tem poral images obtained by one or m ore geosta
tionary ocean-colour sensors. Daily com positing can increase the chances of finding 
clear skies due to changing cloud patterns. Several studies have been undertaken  to 
m erge data  from  differen t po lar orbiting ocean-colour sensors. For example, large 
im provem ents in  coverage frequency (daily to four-day) can be expected by combin
ing ocean-colour data from  the SeaWiFS and MODIS m issions. Results indicated  40 
to 70% increase in  global coverage over SeaWiFS alone, and > 100% in  low latitudes. 
IOCCG Report 6 (2007) p resen ts  a com prehensive d iscussion of the different m erg
ing m ethods, including the random  error-correcting type m ethods, bias-correcting 
type m ethods, bio-optical m ethods and num erical m odel-based m ethods. Primarily, 
these m ethods can be u sed  to m erge geostationary  ocean-colour sensor data, b u t 
the diurnal variation problem  should be considered. For polar orbiting ocean-colour 
sensors, it ignores the reality  of d iu rnal varia tion  due to the absence o f sufficient 
sam pling frequency. For example, chlorophyll concen tra tion  increases during the 
daytim e as a resu lt of pho tosyn thesis  b u t geostationary  ocean-colour sensors can 
resolve th is d iurnal varia tion  directly. Therefore, su itable m ethods for the daily 
com positing of the geostationary  ocean-colour data should  be developed.

4.9 Summary of Requirements for GEO Ocean-Colour 
Missions

Generic requ irem en ts review ed in  th is rep o rt are sum m arized in  Table 4.2. W hen 
appropriate , th ree levels are used , o therw ise a un ique value is given w hen there 
is no possib le  trade-off. Goal rep re sen ts  the value which, if exceeded, w ould n o t 
yield significant im provem ents in  m ission  perform ance; Threshold is the value 
below which the observation would not yield any significant benefit for the mission; 
and  Breakthrough is an  in term ediate  value betw een  “th re sh o ld ” and  “goal” that, 
if achieved, w ould resu lt in  a significant im provem ent for the m ission. The b reak 
through level is expected to be m ore appropriate than  the “goal” from  a cost-benefit 
point of view.
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Parameter Goal Breakthrough Threshold Comments

Orbit Geosynchronous (inclination 
depending on mission goals )

Geo
stationary

Type of Coverage
Complete Earth 
disk (oceans, 
coastal zones, 
land)

Complete Earth 
disk (oceans, 
coastal zones)

Selected 
areas of 
interest

Revisit 30 min 1 hour avg. 1 h
Accessibility to 
specific revisit areas

IS min none

Resolution (Nadir 
GSD)

100 m 2S0 m S00 m Aggregation might 
be acceptable for 
some bands

Imager bands 20 (See Table 
3.1)

16 10

Temporal co
registration for 
one scene

< 1 minute For acquisition 
of a given 
point in all bands

Out of band 
integrated signal

< 1 %

SNR See Table 3.1
Solar calibration On-board devices (sun-illuminated diffusers)
Temporal stability 0.1 % over the mission (moon observation)

Vicarious calibration Based on fixed-sites
Mandatory element 
for success of 
any OC mission

Pre-launch absolute 
radiometric accuracy

2 % in radiance, 
w.r.t. lab 
standard

N/A 4 %

Relative accuracy 
between bands

1 %

Polarisation
sensitivity

1 %

Stray light Accurate modelling of instrum ent stray light
Modulation Transfer 
Function (MTF)

0.3 0.2 0.1S

Clouds Clouds to be 
observed

Degraded SNR 
for clouds

No data 
required

Geolocation 1\4 pixel 1\2 pixel 1 pixel

Latency NRT 1 hour 1 day
Time between data 
acquisition and 
LIB availability

Lifetime 10 years 7 years S years

Table 4.2 Summary of requirements for an OC sensor on a GEO orbit that 
would provide observations useful for the domains identified in Chapter 2.
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Chapter  5

General Summary and Recommendations

Nu m erous scientific and  applied  dom ains have been  identified  in  th is rep o rt tha t 
w ould benefit from  ocean-colour observations from  a geostationary  or geosyn
chronous orbit. There is now  a body  of s tud ies th a t su p p o rt the developm ent of 
such m issions. Since the successful launch of the GOCI instrum ent, the question is 
no longer the feasibility  of such  m issions b u t ra th e r w hich schedule can possib ly  
be p u t in  place a t the in ternational level for several GEO ocean-colour m issions to 
be launched in  the coming decade (2011-2020). Many agencies are engaged in  such 
developm ents (see A ppendix A).

Many options are possible for the design of m issions capable of providing ocean- 
colour observations from  a geostationary  or geosynchronous orbit at the desired  
radiom etric accuracy, spatial and  spectral reso lu tion  and, above all, revisit time. It 
is out of the scope of this report to review technological solutions, b u t within scope 
to discern possible m ission scenarios and sensor requirem ents to fulfil the m ission 
objectives.

GEO ocean-colour m issions can be focused  on  lim ited areas, w ith  h igh  spatial 
reso lu tion  to suppo rt m onitoring applications and services in  coastal areas. O ther 
types of m issions w ould observe the entire  Earth d isk  n o t only to provide data  
for operational applications, b u t also for advanced scientific investigations in  b o th  
coastal zones and  the open  ocean. In any case, the spatial reso lu tion  shou ld  be 
within the 100 - 500m range at nadir. Higher resolutions are not necessarily required 
for scientific pu rposes, and  w ould be difficult to achieve h igh  SNR. D epending on 
the m ission specific goals, either a purely geostationary orbit (sub-satellite point at 
the Equator) or an  inclined geosynchronous orb it can be chosen. The la te r allows 
higher latitudes to be observed in  better conditions. When the goal is to observe the 
entire disk from  such orbits, however, two satellites are needed to ensure the same 
revisit frequency over the full disk.

Spectral requirem ents have been sum m arised, which are not specific to the GEO 
orbit, and  w hich come in a variety  of b an d  se ts adap ted  to specific m ission  goals. 
In particu lar, the trade  off be tw een  m u ltispectra l and  hyperspectra l observations 
cannot be resolved, because these two op tions have im portan t consequences on 
sensor design and cost. Wherever feasible, continuity w ith contem poraneous ocean- 
colour m issions in  a low Earth orb it shou ld  be ensured. SWIR b an d s  are requ ired  
for accurate atm ospheric correction above turbid  Case-2 waters, which is a focus of
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possible GEO ocean-colour m issions.
Radiom etric characteristics have to ensure  h igh  SNR typical of ocean-colour 

requirem ents. This is particularly im portan t in  the GEO configuration, to m aximize 
the tem poral w indow w ith in  the dusk-to-daw n cycle for w hich the signal can be 
m eaningfully  in terp re ted . On b oard  accurate calibration un its  should  exist, based  
on sun illum inated diffuser(s) w ith a m eans to m onitor their degradation during the 
lifetime of the m ission. In addition, Moon viewing capabilities for m onitoring of in 
strum ent degradation should be enforced. As for any ocean-colour sensor, pre-flight 
in strum ent characterization m ust be carried out as accurately and comprehensively 
as possible. In particular, an accurate m odelling of the instrum ent stray light has to 
be considered in  the Level-IB ground  processor. Polarization sensitivity should  be 
m aintained below 1%.

In th is report, ocean colour from  a geostationary  orb it has been  considered  
from  the po in t of view of ocean observations. Launching sensors in  a GEO orbit is 
expensive, and  the question  of adapting  m ission  characteristics so they can serve 
o ther purposes (e.g., observations of land  vegetation) will inevitably be raised when 
designing such m issions. The goal and success of the ocean-colour m ission should 
n o t be jeopard ized , however, by unrealistic  com prom ises (in particu lar, a h igh 
rad iom etric  accuracy has to be preserved; IOCCG 1998). In the case of a m u lti
p u rp o se  m issions, the dynam ic range of the sensor m u st avoid sa tu ra tion  above 
highly tu rb id  w aters or clouds, and still rem ain  adap ted  for ocean colour. A nother 
dichotomy may exist betw een ocean-colour GEO m issions that would be either purely 
science-driven or more application-driven i.e., operational m issions. Combining bo th  
aspects is, however, recom m ended to better share investm ent among agencies with 
different focuses.

In terpretation of satellite ocean-colour observations still requires im provem ents 
in  our u nders tand ing  of how  the various optically-significant quan tities com bine 
in  form ing the w ater reflectance. This requ irem en t is n o t specific to ocean colour 
from  a geostationary  orbit, a lthough  th is peculiar configuration adds to the diffi
culty of retrieving accurately the spectrum  of water-leaving radiances and  deriving 
geophysical quantities. These difficulties have been  id en tified in  th is report. They 
stem  m ainly from  the geom etry under which the TOA signal is recorded  and from  
the focus on  coastal zones th a t m any of the p lanned  GEO ocean-colour m issions 
propose. Therefore, the recom m endations are:

❖ to m aintain and possibly augm ent the effort towards better understanding op
tics in  optically-complex waters (in particular the bidirectionality of reflectance, 
which is still undocum ented in  these waters);

❖ to b e tte r  docum ent and  in te rp re t diurnal changes in  optical p roperties  (both 
inheren t and  apparen t optical p roperties), and  assess accessibility of these 
changes from  satellite;

❖ to im prove atm ospheric  correction  for low su n  elevations and  h igh  viewing 
angles (which may require spherical shell atm osphere m odelling to be further
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developed and  used) and;
❖ to support studies tha t w ould benefit from  the spatial or tem poral coherence 

of observations to b e tte r constrain  or verify inversion algorithm s.
A nother requirem ent, w hich is m ore generic and  n o t GEO-specific, is to m ain ta in  
existing ca lib ra tion /validation  sites th a t will allow the GEO ocean-colour observa
tions to be properly vicariously calibrated and connected to tim e series of low-Earth 
orbiting sensors. Studies to be supported  also include the cross-calibration of GEO 
and LEO ocean-colour observations.

C oncerted efforts shou ld  be m ade to ensure  m axim um  com patibility  across 
m issions. Com patibility can be at the level of the in stru m en ts them selves (joint 
developm ents allowing cost reduction) or a t the level o f p rocessing  algorithm s 
(to facilitate da ta  m erging) or even at the level of longitude selections to provide 
overlap betw een observation areas (to facilitate cross calibration). The netw ork  of 
existing geostationary  m eteorological satellites (e.g., GOES series, MSG and  MTG, 
MTSAT) show that coordination is required  and is possible to m eet global coverage 
requirem ents. A coord inated m ulti-national netw ork of geostationary ocean-colour 
satellites is therefore a tangible goal, feasible in  the 2025 horizon.
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Appendix A

International Context

The following sections sum m arize curren t p lans of space agencies w ith an in terest 
in  launching ocean-colour senso rs on  geostationary  p latform s. Note th a t th is is a 
rapidly evolving arena - the in form ation below is the situation as of April 2012.

A.l NASA (USA)

Over the p a s t several years, NASA has in itia ted  p lann ing  efforts and  science and 
engineering studies for a geostationary ocean-colour mission. A planning docum ent 
on  NASA’s ocean biology and  b iogeochem istry  resea rch  (NASA, 2006) p resen ts  a 
descrip tion  for a geostationary  ocean-colour m ission. This p lanning  docu m ent 
describes the m ission science and a prehm inary set of in strum ent requirem ents for 
a geostationary hyperspectral imaging radiom eter to study coastal ocean processes. 
The considerations for ocean-colour retrievals in  coastal w aters entails significant 
im provem ents in  cu rren t ocean-colour sensor capabilities, w hich include: h igh 
frequency sam pling each day, higher spatial and spectral resolution, b road  spectral 
coverage including UV-VIS-NIR and  SWIR bands, h igh  SNR and  dynam ic range, 
cloud avoidance, m inim al polarization  sensitivity (< 0.2%) or change, m inim al stray 
fight w ith  narrow  FOV optics and  low scatter gratings (< 0.1%), no im age strip ing  
or im age latency, solar and  lunar on-orbit calibration. Details on  the p ro p o sed  
in stru m ent requ irem en ts are described  in  the NASA p lanning  docu m en t (2006; 
h t t p : / / o c e a n c o l o r . g s f c . n a s a . g o v / D O C S / ). The au tho rs  recom m ended th a t NASA (or 
in  p a rtn e rsh ip  w ith  o ther U.S. federal agencies or in ternational space agencies) 
contribu te  a regional sensor to a b ro ad er in ternational effort to provide global 
coverage of the coastal oceans from  geostationary orbit. If international coordination 
is no t possible, then  a single geostationary  sensor w ith a precessing orbit to study 
short duration  processes in  tem perate and tropical w aters was recom m ended.

The U.S. N ational Research Council (NRC), a t the req u es t of NASA, NOAA and 
the U.S. Geological Survey, conducted  an  Earth Science Decadal Survey (DS) review 
to assis t these agencies in  p lanning  the nex t generation  of Earth Science satellite 
missions. The final report recom m ended 17 m issions including a m ission called GEO
CAPE (G eostationary Coastal and  Air Pollution Events) focused  on  m easu rem en ts 
of tropospheric trace gases, aerosols, and  coastal ocean colour from  geostationary  
orb it (NRC, 2007). The NRC placed  GEO-CAPE w ithin  the second tier of m ission
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launches which NASA plans to launch after 2020. With respect to the coastal ocean- 
colour sensor on  GEO-CAPE, the NRC recom m ended a UV-VIS-IR (350-1050 n m ) 
hyperspectra l rad iom eter capable o f scanning coastal w aters of N orth  and  South 
America betw een 50°N and 45°S m ultiple tim es per day at 250 m  spatial resolution. 
In preparation for the release of the NRC report, NASA conducted a series of m ission 
p lann ing  and  engineering stud ies in  2006. In A ugust 2008, NASA convened a 
w orkshop on  the GEO-CAPE m ission to  refine the scientific goals, objectives and 
requirem ents for this m ission and define the necessary investm ents to advance the 
m ission concept for a Phase A m ission  start. The w orkshop rep o rt is p o s ted  at 
h t t p  : / / g e o - c a p e . l a r c . n a s a . g o v / d o c u m e n t s . h t m l .

NASA assem bled form al Atmospheric and Ocean Science Working Groups (SWGs) 
betw een  A ugust 2008 and  April 2009 for GEO-CAPE pre-phase-A  m ission  fo rm u
lation  to develop a science traceability  m atrix  to  define science objectives as 
well as m easurem ent, in s tru m ent and  m ission requ irem en ts for coastal ocean 
ecosystem  resea rch  and  applications. A w orking m eeting  o f the SWGs was con
vened in  Septem ber 2009 to d iscuss GEO-CAPE m ission  science objectives and 
requ irem ents. The agenda and  p resen ta tio n s  given at th is m eeting  are p o sted  
at h t t p : / / g e o - c a p e . l a r c . n a s a . g o v / e v e n t s - S E P 2 0 0 9 S W G M . h t m l . In M arch 2010, NASA 
convened a w orking m eeting  of the GEO-CAPE ocean and  atm ospheric  science 
w orking groups. During th is m eeting, d raft GEO-CAPE atm ospheric  and  coastal 
ocean ecosystem s dynam ics Science Traceability M atrices (STM) were endorsed  by 
voice consensus as a sufficient, a lthough  n o t im m utable, s tarting  po in t for p re 
lim inary m ission  p lanning  work. As living docum ents, the STMs are expected to 
fu rth e r evolve pend ing  the outcom e of ongoing science p re-fo rm ula tion  studies. 
In May 2011, an  open  w orkshop was held  to rep o rt recen t p rogress to the science 
and  in stru m entation  com m unities. The agenda and  p resen ta tions  are available 
a t h t t p : / / g e o - c a p e . l a r c . n a s a . g o v / e v e n t s - M A Y 2 0 1 1 C W . h t m l . The prim ary  outcom es of 
th is w orkshop were: (1) identification of opportun ities for in ternational synergy if 
GEO-CAPE is launched  in  the 2018 tim efram e; (2) agreem ent th a t the A tm osphere 
and Ocean science objectives can be m et by launching in strum entation on either a 
single ded icated  spacecraft or on  separa te  p latform s; and  (3) agreem ent th a t the 
possib ility  of launching  the in stru m en t suite on  com m ercial spacecraft as h o sted  
payloads should  be explored.

The science w orking g roups p ro p o sed  the following set of science questions 
traceable to the NRC Decadal Survey (2007) and NASA’s Ocean Biology and Biogeo- 
chem istry Program  long-term  planning docu m ent (NASA, 2006) tha t GEO-CAPE can 
address:

❖ How do short-term  coastal and  open ocean processes in terac t w ith and  influ
ence larger scale physical, biogeochem ical and ecosystem  dynamics?

❖ How are variations in  exchanges across the land-ocean in terface re la ted  to 
changes within the w atershed, and  how  do such exchanges influence coastal 
and open ocean biogeochem istry and ecosystem  dynamics?

http://geo-cape.larc.nasa.gov/events-SEP2009SWGM.html
http://geo-cape.larc.nasa.gov/events-MAY2011CW.html
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❖ How are the productivity and biodiversity of coastal ecosystems changing, and 
how  do these changes relate  to  na tu ra l and  anthropogenic forcing, including 
local to regional im pacts of climate variability?

❖ How do airborne-derived fluxes from  precip ita tion , fog and  episodic events 
such  as fires, dust storm s and volcanoes affect the ecology and  biogeochem 
istry  of coastal and open ocean ecosystem s?

❖ How do episodic hazards, con tam inan t loadings, and  a ltera tions of hab ita ts  
im pact the biology and  ecology of the coastal zone?

The oceans STM was p resen ted  to the ocean-colour com m unity  at the NASA 
Ocean Colour Research Team m eeting in  May 2010 ( h t t p  : / / o c e a n c o l  o r . g s f  c . n a s a . g o v /  

M E E T l N G S / o c R T _ M a y 2 0 l 0 / ) .  This p resen ta tion  also describes a prelim inary in stru m ent 
design study  conducted  in  January  2010 for a GEO-CAPE ocean-colour sensor. An 
u p d a te  on  the s ta tu s  o f GEO-CAPE activities was p resen ted  at the NASA OCRT 
m eeting  in  April 2012, w hich included the la tes t version  of the oceans science 
traceability m atrix (Figure A.l). Currently, NASA is funding science and engineering 
studies for the Tier 2 Earth Science Decadal Survey m issions including GEO-CAPE. 
The publication of a NASA technical m em orandum is planned for sum m er 2012 that 
describes the GEO-CAPE ocean colour m ission science and in strum ent requirem ents 
as well as past, curren t and p lanned m ission activities.

A.2 NOAA (USA)

C urrent ocean-colour sensors, for exam ple MODIS and  VIIRS, are well su ited  for 
sam pling the open ocean. However, coastal environ m ents are quite heterogeneous, 
typically characterized  by dynamic, episodic an d /o r ephem eral processes and p h e
nomena, with waters that are spatially and optically more complex and require more 
frequen t sam pling and  higher spatia l reso lu tion  sensors w ith  additional spectral 
channels. To address these issues, NOAA considered  including a Coastal W aters 
im aging capability (HES-CW) as p a rt  of the H yperspectral Environm en t Suite (HES) 
on the next generation Geostationary Operational Environm ental Satellite (GOES-R). 
From  2004 to  2006 NOAA su p p o rted  field experim ents and  engineering design 
studies for HES-CW. These studies confirmed tha t the key advantage for NOAA of a 
geostationary imager is frequency of revisit. Coastal waters are highly dynamic, e.g., 
tides, d iu rnal w inds, river runoff, upw elling and  s to rm  w inds drive cu rren ts  from  
one to several knots. Three ho u r or b e tte r  sam pling is requ ired  to  resolve these 
features, and to track HAB events, pollutant and pathogen-laden storm  water runoff, 
oil spills or other features of concern for coastal environm ental m anagement. Spatial 
sam pling of 300 m  and the MERIS (or better) set of channels including channels in  
the SWIR were also required to image complex coastal waters. In the fall of 2006, due 
to budget and  engineering concerns, NOAA dropped  HES, including HES-CW, from  
GOES-R. While there  are still s trong  u ser requ irem en ts for coastal w aters im aging
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capability, there  are p resen tly  no specific p lans in  p lace at th is tim e to m eet those 
requirem ents. That said, NOAA scien tists are actively involved in  pre-form ulation  
activities for NASA’s GEO-CAPE m ission as described above. NOAA scientists have 
also been  actively working on im proving ocean colour p roducts  in  coastal regions, 
including the operational delivery of SWIR-based ocean colour data for U.S. coastal 
regions. As is presently  the case w ith data from  NASA’s MODIS sensor and VIIRS on 
Suomi NPP, it is envisioned tha t data  from  GEO-CAPE and o ther R&D GEO m issions 
im plem ented  in  the fu tu re  could be u tilized  operationally  by NOAA to suppo rt its 
coastal u ser needs and applications.

A.3 KIOST (Korea)

A.3.1 GOCI current status

GOCI (Geostationary Ocean Color Imager) is the w orld’s first ocean-colour imager in 
a geostationary  orbit. GOCI was successfully launched  at the Kourou Space Center 
in  French Guiana on 27 June 2010 (Korea Standard Tim e) as the m ain payload of the 
Com m unication, Ocean and M eteorological Satellite (COMS). The first GOCI image 
acquisition test was successfully perform ed on 13 July 2010. The GOCI in-orbit test 
cam paign was schedu led  for six m on ths  for in-orbit perform ance validation  and 
operational testing  for the ground  segm ents in  KARI and  KIOST. The Korea Ocean 
Satellite Centre (KOSC, in  KIOST h t t p : / / k o s c . k o r d i . r e . k r ) has been  successfully  
dissem inating GOCI data  since 20 April 2011 (see Figure A.2).

A.3.2 GOCI-II mission, user requirements and concept design

In late  2011, KORDI (now called KIOST) s ta rted  to develop the next generation  
geostationary  ocean-colour im ager, GOCI-II, w hich is scheduled  to  be launched  in  
2018. Major m ission  differences betw een  GOCI and  GOCI-II are full d isk  coverage 
to m on ito r long-term  ocean  environ m ent and  clim ate change, and  h igher ground  
reso lu tion  (< 250 m) in  local area coverage to effectively m onito r coastal w aters. 
The following m ission requirem ents of GOCI-II were developed by the Korean ocean- 
colour expert comm unity, organized by KIOST.

❖ Succession and expansion of the GOCI m ission:
❖ to reduce the damage caused by disasters and catastrophes in  the ocean,
❖ to provide real tim e ocean environm ent m onitoring, and
❖ to m onitor oil spills, tidal waves and the spread of harmful algal blooms 

(red tides).
❖ Global area (full disk) observation w ith m oderate spatial resolution (~ 1,000 m):

❖ to estab lish  an ocean observation system  to m onitor long-term  climate 
change, and

http://kosc.kordi.re.kr
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CHL image (GOCI)

Figure A.2 RGB (left) and Chlorophyll (right) images captured by GOCI in the 
East (Japan) Sea on 30 March 2011. The physical dynamics of surface water 
movement (eddies) are clearly visible in fine detail in the Chlorophyll image.

❖ to provide ocean environm ent m onitoring to detect variations in  marine
ecosystem s

❖ User selectable local area observation w ith high spatial resolution (< 250m):
❖ to m onito r the fresh  w ater environ m ent for the d rift and  sp read  of 

polluting m aterials,
❖ to m onitor pollu tion of coastal waters, and
❖ to search for fishing grounds and m onitor aquaculture environm ents in 

coastal waters.
To satisfy the GOCITI user requirem ents, state-of-the-art electronic-optics tech

nologies are necessary  to  develop GOCI-II. A com plicated  FOV selectable optical 
system  or full d isk  scanning optical system  is requ ired  to adap t the functions of 
coverage selection (between full disk and local area), and m ovable local area. High 
spatial reso lu tion  (< 250 m) for local area observation in  the geostationary  orbit is 
one o f the m ost challenging requ irem en ts in  the design  process. The so lu tion  of 
GOCI-II is to equip a state-of-the-art, low-noise FPA detector w ith small pixel size (< 
7 pm; GOCI is 14pm) and to fabricate the optical system  w ith a large aperture (~30 
cm; GOCI is 14 cm). As a resu lt of the GOCI-II concept study, all u ser requirem ents 
are achievable w ith  state-of-the-art technologies and  fall w ith in  the developm ent
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GOCI-II GOCI

Temporal resolution 1 hour intervals
8 tim es/day during daylight hours

1 hour intervals
8 tim es/day during daylight hours

Spatial resolution < 2SO m  in local area mode 
1,000 m in full disk mode S00 m

Spatial coverage 2.500 km in local area mode
12.500 km in full disk mode 2,S00 km in local area mode

Spectral resolution 10 to -4 0  nm 10 to -4 0  nm
Spectral bands IS bands

(1 UV, 9 visible, 2 NIR and 3 SWIR)
8 bands
(6 visible, 2 NIR)

SNR 1.S00 1,000

Table A.1 Comparison of GOCI-II and GOCI main technical requirements.

tim e fram e for GOCI-II.
GOCI-II will have 15 spectral b an d s  (GOCI has 8 bands) for phy top lank ton  

fluorescence signal (FLH) and  enhanced  atm ospheric  correction  accuracy. Table 
A.2 below  shows the specifications of the 15 bands (8 of which are com m on to the 
heritage GOCI instrum ent) as well as some of the prim ary applications.

A.4 ESA (European Union)

The European Space Agency (ESA) is curren tly  developing two identical Sentinel-3 
satellites as p a rt  of the Global M onitoring for Environ m ent and  Security (GMES) 
program m e. The pair of Sentinel-3 satellites will m onito r ocean and land  surfaces 
routinely  to generate valuable in fo rm ation  for the E uropean U nion Marine Core 
Service as well as the Land M onitoring Core Service, w ith  the first launch  in  2013. 
The OLCI (Ocean Land Colour Imager) in strum ent o n b o a rd  Sentinel-3 will continue 
the role of Envisat’s MERIS instrum ent b u t w ith enhanced performance, in  particular 
regarding the coverage. The m ean revisit tim e over the sea (after sunglint m asking 
and assum ing cloud free conditions) will be better than  2 days. The in strum ent will 
acquire 21 channels in  the visible and NIR and transm it the full resolution data (300 
m) continuously.

ESA has s ta rted  investigating a m ission  for real-tim e m onitoring  th ro u g h  high 
resolution imaging from  a geostationary orbit, nam ed Geo-Oculus w ith the following 
objectives:
Primary Mission Objectives:

❖ algal bloom  detection and  m onitoring,
❖ w ater quality m onitoring w ith respect to European regulations,
❖ d isaster m onitoring, and
❖ fire m onitoring.



86 • Ocean-Colour Observations from a Geostationary Orbit

Band Heritage
Band
Center
(nm)

Band
width
(nm)

Primary Application

1 GOCI-II 380 20 CDOM, atm ospheric correction for strong ab
sorbing aerosols

2 GOCI-B1 412 20 yellow substance and turbidity
3 GOCI-B2 443 20 chlorophyll absorption maximum
4 GOCI-B3 490 20 chlorophyll and other pigments
5 GOCI-II S20 20 red tides
6 GOCI-B4 SSS 20 turbidity, suspended sediment
7 GOCI-II 62S 20 suspended sediments

8 GOCI-BS 660 10 baseline of fluorescence signal, chlorophyll, sus
pended sediment

9 GOCI-B6 681 10 atmospheric correction and fluorescence signal

10 GOCI-B7 74 S 20 atmospheric correction and baseline of fluores
cence signal

11 GOCI-II 76 S 20 aerosol properties, atmospheric properties TBD

12 GOCI-B8 86S 40 aerosol optical thickness, vegetation, w ater va
por reference over the ocean TBD

13 to 
IS GOCI-II 3-SWIR

(TBD) 40 nm Atmospheric correction for turbid waters

Table A.2 Specifications of the 15 GOCI-II spectral bands (TBD, 8 of which 
are common to the heritage GOCI instrument) as well as some of the primary 
applications.

Secondary Mission Objectives:
❖ oil slick environm ental inform ation, and
❖ m onitoring of erosion and  sedim ent tran spo rt on the European shoreline.
The observations will be based on a system  with satellite agility and the capability

to access the whole of Europe w ith  a reso lu tion  ranging from  20 m  to 100 m. The 
m ission  p lan  w ould take into account the actual w eather conditions. It has been  
show n th a t effective coverage o f E uropean coastal w aters w ould be m ore th an  
doubled  com pared  to LEO b ased  observations. ESA is p lanning  to continue the 
Geo-Oculus assessm ent after the consolidation of the m ission requ irem ents (from  
the “E1R GEO User Consultation W orkshop” in  2010).

ESA is also curren tly  supporting  a variety  of activities aim ed at verifying and 
quantify ing m arine reflectances obtained  after a tm ospheric  correction  of TOA ra 
diances m easu red  by  MERIS on  Envisat. An im portan t p ro jec t is BOUSSOLE, an 
optical buoy located in  Case-1 w aters in  the m iddle of the Ligurian Sea. BOUSSOLE 
provides data that can be used  to study the calibration of MERIS and quality control 
the a tm ospheric  correction  algorithm s. It com plem ents the NOAA optical buoy 
MOBY, by providing m easu rem en ts ob tained  w ith  essentially  the sam e protocols, 
providing data  u nder different illum ination geom etries and  differen t atm ospheric
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aerosol conditions. In addition, ESA supports the netw ork of Ocean-Colour Aeronet 
stations (AAOT in  the Adriatic sea, Palgruden Lighthouse in  Lake Wanern, Sweden) 
and one land-based AERONET sta tion  (Sagres, Portugal) to characterize the aerosol 
properties in  the region of Cape Saint-Vincent, which is fam ous for the purity  of its 
skies. ESA also suppo rts  the evaluation of optical m easu rem en ts m ade w ith small 
optical buoys (TACCS system s, m u ltispectra l and  hyperspectral) or above-w ater 
TriOS Ram ses system s m oun ted  on  sm all ships, in  coastal w aters. Em phasis is on 
traceability  of calibration, stray  light issues and  tilt correction. In addition, ESA 
suppo rts  the collection o f inheren t optical p roperties  of w aters in  various coastal 
areas of Europe, w ith the goal of developing regional bio-optical algorithm s for the 
u ltim ate inversion of m arine reflectance to  provide p roducts  suitable for practical 
m onitoring  of coastal w aters. All cu rren t activities are generic and  can be applied  
to all p resen t and  fu tu re  ocean-colour sensors. Within the fram ew ork of the GMES 
Service Elem ent Program m e ESA has in itia ted  the MARCOAST (Marine & Coastal 
Environm ental inform ation Services) pro ject w ith the aim of establishing a durable 
netw ork  of m arine and  coastal in fo rm ation  services. MARCOAST is delivering a 
portfo lio  o f w ater quality  and  algal b loom  in fo rm ation  services on  a system atic 
basis to operational regional, National and European organisations responsible for 
m onitoring coastal environm ental conditions.

A. 5 CNES (France)

Up un til now, the m ajor con tribu tion  of CNES in  observing the oceans from  space 
has been  dedicated  to physical oceanography th rough  altim etry (TOPEX-JASON se
ries, SARAL, Sentinel-3, HY-2A) and  in n ovative cooperation  in  the field of physical 
oceanography (SMOS, CFOSAT, SWOT). CNES has also su p p o rted  a n um b er of ini
tiatives tow ards developing ocean-colour observations, b o th  th ro u g h  POLDER on 
ADEOS-I and  II satellites, as well as supporting  the estab lish m ent of the IOCCG in 
Í996, and  supporting  French resea rch  activities such  as the BOUSSOLE validation 
site, in-situ in s trum entation  and  cam paigns. In recen t years CNES has been  con
tributing to the developm ent of the ocean colour com m unity in  France th rough  its 
participation  in  a Scientific In terest Group on Ocean Colour (GIS-COOC). CNES also 
participates in  ESA m issions such as MERIS on Envisat and OLCI on Sentinel-3.

A fter m ore th an  20 years, ocean-colour rem ote sensing is now  transition ing  
from  research to applications w ith growing atten tion  devoted to coastal areas. This 
im plies a significant increase in  requ irem en ts in  term s of reso lu tio n  (spatial and 
tem poral). Providing one usefu l observation  per day (or a t least, every two days) 
is the m inim al th resho ld  requirem ent, the u ltim ate  goal being to  m onito r d iurnal 
cycles of various phenom ena. State-of-the-art m odels of the ocean (MERCATOR) will 
soon be ready to include biology at least in  a pre-operational configuration, and this 
also requires daily observations. Clearly, none of the current single satellite m issions
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can m eet th is requirem ent. A lthough very attractive in  principle, constellations of 
LEO satellites are still a challenge for space agencies. This is why cooperation at the 
agency level is critical for developing “virtual” constellations am ong partners. This 
is also why CNES is in terested  in  the GEO approach. A Phase 0 study was conducted 
in  2008 regarding the GEO/LEO trade-off as well as research and developm ent (R&D) 
studies on aerosol retrieval and developm ent of tools preparing  for the processing 
of GEO observations.

A scientific proposal entitled “Ocean Colour Advanced Perm anent Imager” (OCAPI) 
was subm itted  to the CNES “Appel á idées” (call for ideas), assessed  by the CNES 
scientific advisory com m ittee and  recom m ended in  M arch 2009. C onsequently  
a Phase-0 study  for a GEO ocean-colour m ission  was s ta rted  and  con tinued  u n 
til m id-201 2. Since coopera tion  am ong the various space agencies is even m ore 
com plicated w ith GEO than  for LEO m issions, the role of a coordinating body is es
sential. CNES ffeadquarters therefore participates in  the CEOS “Virtual Constellation” 
for Ocean-Colour R adiom etry (OCR-VC), estab lished  by  the IOCCG in the context 
of the Com m ittee on  Earth O bservation Satellites (CEOS) and  the Group on  Earth 
Observations (GEO).

A.6 ISRO (India)

The Indian Space Research Organsiation (ISRO) is planning to launch a ffigh Resolution- 
GEO m ission called GISAT, which is a m ulti-spectral, m ulti-resolution m ission capa
ble of imaging the full, or part of, the Earth disk from  a geostationary platform  with 
following four basic instrum ents:

❖ high resolution, m ulti-spectral VNIR (E1RMX-VNIR),
❖ hyperspectral (ffySI-VNIR),
❖ hyperspectral (ffySI-SWIR),
❖ high reso lu tion  m ulti-spectral TIR (E1RMX-TIR).

Sections A.6.i  to A.6.4 below  provide details o f the individual in s trum en ts while 
Table A.4 provides sum m ary details of this p roposed  GISAT m ission.

A.6.1 High resolution multi-spectral VNIR imager (HRMX-VNIR)

This in strum ent will image in  the visible and near infrared bands. The band  charac
teristics will be similar to the 1RS series of payloads with a resolution of -5 0  m  (see 
Table A.3 for details of p roposed  bands).

A.6.2 Hyperspectral Imager (HySI-VNIR)

This in s tru m ent will have hyperspectra l im aging capabilities w ith  60 bands in  the 
400 to 870 nm  range which will be used  for ocean-colour imaging. The foo tprin t at 
nadir (GIFOV) will be around  350 m.
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Centre wavelength (nm) Bandwidth (nm)

48S 70
SSS 70
6S0 60
81S 90

Table A.3 Band specifications for the high resolution multi-spectral VNIR imager. 

A.6.3 Hyperspectral SWIR Imager (HySI-SWIR)

This in stru m en t will provide hyperspec tra l d a ta  o f the Earth in  the sho rt wave 
in frared  (SWIR) bands. It will have 150 b ands in  range 1000 to 2500 n m  w ith  a 
foo tprin t at nadir (GIFOV) of 200 m.

A.6.4 High resolution multi-spectral TIR Imager (HRMX-TIR)

High reso lu tion  m ulti-spectral therm al infrared (TIR) im aging will be carried out in  
the following three bands: 8.2 -  9.2 pm , 10.3 -  11.3 p m  and  11.5 -  12.5 pm . The 
foo tprin t at nadir (GIFOV) will be 1.5 km  x 1.5 km .

Sensor Number of 
Bands

Spectral 
range (pm)

Band
width (nm)

Spatial 
Resolution (m)

High resolution multi- 
spectral VNIR imager 
(HRMX-VNIR)

4 0.4S - 0.S2 
0.S2 - 0.S9 
0.62 - 0.68 
0.77 - 0.86

70
70
60
90

SO

Hyperspectral 
(HySI-VNIR) imager

60 0.40 - 0.87 -8 3S0

Hyperspectral 
(HySI-SWIR) imager

ISO 1.0 - 2.S -20 200

High resolution multi- 
spectral TIR imager 
(HRMX-TIR)

3 8.2 - 9.2 
10.3 - 11.3 
11.5 - 12.S

1S00

Table A.4 Summary details of the four instruments on ISRO’s planned GISAT mission.

A.7 JAXA (Japan)

JAXA launched the Advanced Earth Observation Satellite (ADEOS) carrying the Ocean 
Color and  Tem perature Scanner (OCTS) in  1996, and ADEOS-II carrying the Global 
Imager (GLI) in  2002. Each of these sensors collected global ocean-colour radióme try 
d ata  for abou t 8 m onths, w ith  a 1 km  resolution. GLI also p rovided  250 m  spatial
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reso lu tion  rad iom etry  w ith  coarse spectral resolution. The A dvanced Visible and 
Near Infrared Radiometer type 2 (AVNIR-2) on the Advanced Land Observing Satellite 
(ALOS), was launched on 2006 and operated for about 5 years, also providing coarse 
spectral radiom etry  data  w ith a high reso lu tion  of 10 m.

JAXA is now  plann ing  to  launch  the second genera tion  GLI in stru m en t (SGLI) 
onboard the Global Change O bservation Mission for Climate (GCOM-C). This sensor 
will include ten  w avelengths of 250 m  reso lu tion  from  near-ultraviolet to  sho rt 
w ave-infrared and  two therm al channels. The possib le tim e schedule of the first 
launch is in  2015. A geostationary ocean-colour sensor was one of candidates for a 
fu ture geostationary m ission. However, the atm ospheric hyperspectral observation 
is the cu rren t first priority. The Japanese ocean-colour com m unity will contribute 
towards the validation of GOCI as principle investigators and co-investigators of the 
m ission.

A.8 CNSA (China)

Regarding dedicated  ocean rem ote sensing satellites, the China National Space Ad
m inistration (CNSA) has established a blueprin t for three series of sun-synchronous 
ocean satellites to be launched  before  2020, including the Ocean Colour Satellite 
series (HY-1 Series), Ocean Dynamic Satellite series (HY-2 Series) and Ocean Watch & 
M onitor Satellite series (HY-3 Series). Currently, there  is no  form al p lan  to launch  
a special GEO ocean-colour satellite, b u t there  is in te rest from  som e sc ien tists to 
p ropose a GEO ocean-colour rem ote sensing satellite program .

The HY-1 series is the ocean-colour and  tem pera tu re  satellite. HY-1 A was 
launched  on 15 May 2002 and failed in  2004, and  HY-1B was launched  on 11 April 
2007, and is still in  orbit providing rou tine products. The HY-1C/D (AM/PM) should 
be launched in  the 2014 tim e fram e after which two HY-1 satellites (AM/PM) will be 
launched every 3 - 4  years up to 2020. There are two sensors o n b o a rd  the HY-1A/B: 
one is the COCTS (Chinese Ocean-Colour and  T em perature  Sensor) w ith  1.1 km  
spatial resolution, and the o ther is the CZI (Coastal Zone Imager, the CCD camera) 
w ith  300 m  spatial reso lu tion . The HY-2 series is the dynam ic ocean satellite for 
ocean surface wind, wave field, as well as the topography, sea level and gravity m on
itoring. HY-2A was launched on 16 August 2011 with a payload of a radar altimeter, 
m icrowave scatter m eter and m icrowave radiom eter. The th ird series, HY-3, will be 
a com prehensive and operational satellite constellation combining the functions of 
ocean-colour rad iom etry  and dynamic m onitoring, especially for observing coastal 
regions w ith high spatial resolution. The HY-3A satellite is scheduled for launch in  
2015.

Besides the special ocean rem ote sensing satellite series, the m eteorological 
satellite series (FY) can also be u sed  for ocean m onitoring, including ocean-colour 
observations. The m eteorological satellite series (FY) are the m ost soph istica ted
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satellites in  China w ith  four satellite series p lanned . FY-1 and  FY-3 are the polar 
orbiting  satellites, and  FY-2 and  FY-4 are the GEO satellite series. The W orld 
Meteorological O rganization has accepted the FY-1, FY-2 and FY-3 satellites into the 
international operational meteorological satellite network. Currently, the FY-1 series 
is operating its  fou rth  satellite (FY-1D), carrying a visible and infrared radiom eter.

The FY-3A m ission  was launched  on  27 May 2008 carrying 11 sensors, one 
of which, MERSI (Medium R esolution Spectra Imager), is sim ilar to ESA’s MERIS 
sensor, and is capable of m onitoring ocean colour with a spatial resolution of 250 m. 
The FY-3 series represen ts China’s new generation of polar orbiting m eteorological 
satellites with 9 planned operational satellites, which will be launched every 2 years 
from  2013.

FY-2 is the first genera tion  of the GEO m eteorological series w ith  7 satellites 
(FY-2A,B,C,D,E,F,G). FY-2A/B is the experim ental GEO satellites w ith FY-2A launched 
on  10 June 10 1997, and  FY-2B on  25 June 2000. The operational satellites w ith 
a 5 channel VISSR (Visible and near-infrared Spin Scanner Radiom eter) include FY- 
2C (18 O ctober 2004), FY-2 D (8 D ecem ber 2006) and  FY-2 E (23 Decem ber 2008). 
Currently, FY-2C,D,E are operational w ith an observation frequency of 15 m inutes. 
FY-4 is the nex t genera tion  of GEO m eteorological satellites, w hich is a t the p re 
phase  A stage and  is scheduled to  be launched  after 2012. The m ajor payloads in  
consideration  include a m ulti-channel scan im aging radiom eter, infrared sounder, 
atm osphere vertical sounder, lightning m apping sensor, solar X-ray imager and space 
environm ent m onitor suite, am ongst others, to integrate the optical and m icrowave 
sensing ability. For the imaging radiom eter, 12 channels will be considered (similar 
to MSG and  GOES-R) w ith  a h igh  spatial reso lu tion  (e.g., 100 m), m ore frequen t 
observations (15 m inu tes over China), and -3 0 0  x 300 km  swath.

Theoretically, the GEO m eteorological satellites FY-2/4 can be u sed  for coastal 
ocean-colour applications using the visible and near-infrared radiom eter, although 
the rad iom etric  perform ance is n o t sufficient for the open  ocean. In the fu ture, 
there will be less distinction betw een oceanic and meteorological satellites in  China, 
since the onboard sensors have become m ore and m ore sophisticated and allow for 
com prehensive applications.
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Appendix B

Acronyms and Abbreviations

AAOT Aequa Alta Oceanographic Tower (AERONET platform  in Adriatic Sea)
ACRI-ST Independent R&D company based in Sophia-Antipolis, France
ADC Analog to Digital Converter
ADEOS Advanced Earth Observation Satellite (Japan)
AERONET Aerosol Robotic Network
ALO S Advanced Land Observing Satellite (Japan)
AOD Aerosol Optical Depth
ATSR Along Track Scanning Radiometer
AVHRR Advanced Very High Resolution Radiometer (NOAA)
AVNIR Advanced Visible and Near Infrared Radiometer (Japan)
BOUSSOLE Buoy for the acquisition of a long-term optical series (Mediterranean Sea)
BRDF Bidirectional Reflectance Distribution Function
CCD Charge-Coupled Device
CDOM Coloured Dissolved Organic Matter
CEOS Committee on Earth Observation Satellites
CFO SAT Chinese-French Oceanic Satellite
ChloroGIN Chlorophyll Globally Integrated Network
CMOS Complementary Metal Oxide Semiconductor
CNES Centre National d’Etudes Spatiales
CNRS Centre National de la Recherche Scientifique
CNSA China National Space Administration
COCTS Chinese Ocean-Colour and Tem perature Sensor
COMS Communication, Ocean and Meteorological Satellite (Korea)
CS A Chinese Space Agency
CZCS Coastal Zone Color Scanner
CZI Coastal Zone Imager (China)
DIC Dissolved Inorganic Carbon
DN Digital Number
DOC Dissolved Organic Carbon
EDR Environmental Data Record
Envisat Environmental Satellite (ESA)
ESA European Space Agency
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FDHSI Full Disk High Spectral Resolution Imagery
FLH Fluorescence Line Height
FOV Field-of-View
FPA Focal Plane Array
FSLE Finite Size Lyapunov Exponent
FY Chinese meteorological satellite series
GCOM-C Global Change Observation Mission for Climate (Japan)
GEO Used for geostationary in this report
GEO The intergovernm ental Group on Earth Observations
GEO-CAPE Geostationary Coastal and Air Pollution Events mission (NASA)
GIFOV Ground Instantaneous Field-of-View
GISAT High Resolution GEO Imager (India)
GIS-COOC Groupement d ’intérêt Scientifique - COlour of the OCean
GLI Global Imager (Japan)
GMES Global Monitoring for Environment and Security (EU)
GOCI Geostationary Ocean Colour Imager (Korea)
GOES Geostationary Operational Environmental Satellite
GOOS Global Ocean Observing System
GSD Ground Sample Distance
GSFC Goddard Space Flight Center (NASA)
HAB Harmful Algal Bloom
HAB-OFS Harmful Algal Bloom Operational Forecast System (NOAA)
HES Hyperspectral Environment Suite (NOAA)
HRFI High Resolution Fast Imagery
HY Chinese Ocean Colour Satellite Series
IEU Instrum ent Electronics Unit
IGBP International Geosphere-Biosphere Programme
INSAT Indian National Satellite
IOCCG International Ocean-Colour Coordinating Group
1RS Indian Remote Sensing satellite series
ISRO Indian Space Research Organization
JASON Satellite mission to m onitor global ocean circulation
JAXA Japan Aerospace Exploration Agency
JPSS Joint Polar Satellite System (NOAA)
KARI Korea Aerospace Research Institute
KIOST Korea Institute of Ocean Science and Technology
LEO Low-Earth Orbiting
LOV Laboratoire d ’Océanographie de Villefranche
MARCOAST Marine & Coastal Environmental Information Services (ESA)
MBR Maximum Band Ratio
MERCATOR An ocean model (France)



Acronyms and Abbreviations

MERIS Medium Resolution Imaging Spectrometer (ESA)
MERSI Medium Resolution Spectra Imager (China)
Meteosat Series of geostationary meteorological satellites
MLI Multi Layer Insulation
MOBY Marine Optical Buoy
MODIS Moderate Resolution Imaging Spectroradiometer (NASA)
MSG Meteosat Second Generation
MTG Meteosat Third Generation
MTSAT Multi-functional Transport Satellite
MUMM Management Unit of the North Sea Mathematical Models
NASA National Aeronautics & Space Adm inistration
NIR Near-Infrared
NIST National Institute of Standards and Technology (USA)
nLw norm alized water-leaving radiance
NOAA National Oceanographic and Atmospheric Adm inistration
NPL National Physical Laboratory (UK)
NRC National Research Council (USA)
OC Ocean Colour
OCAPI Ocean Colour Advanced Permanent Imager (CNES)
Oceansat Indian satellite carrying the OCM instrum ent
OCM Ocean Colour Monitor (India)
OCR Ocean Colour Radiometry
OCR-VC Ocean Colour Radiometry - Virtual Constellation
OCTS Ocean Color and Tem perature Scanner (Japan)
OLCI Ocean and Land Colour Imager (ESA)
OMI Ozone Monitoring Instrum ent
OSU Oregon State University
PAR Photosynthetically Active Radiation
PIP Payload Interface Plate
POC Particulate Organic Matter
POLDER Polarization and Directionality of the Earth’s Reflectances (CNES)
PP Primary Production
PPM Plane-Parallel Medium
R&D Research and Development
ROLO Robotic Lunar Observatory model (USGS)
RT radiative transfer
SARAL Satellite w ith ARgos and ALtika (cooperative mission between CNES and ISRO)
SeaPRISM SeaWiFS Photometer Revision for Incident Surface Measurements
SeaWiFS Sea-viewing Wide Field-of-view Sensor (NASA)
Sentinel-3 Third series of “Sentinel” (ESA satellites)
SEVIRI Spinning Enhanced Visible and Infrared Imager
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SGLI Second Generation Global Imager (Japan)
SGCA Sunglint Correction Algorithm
SGLI Second generation GLI instrum ent (Japan)
SMOS Soil Moisture and Ocean Salinity mission (ESA)
SNR Signal-to-Noise Ratio
SPM Suspended Particulate Matter
SPOT High-resolution, optical imaging Earth observation satellite system
SSM Spherical Shell Medium
SST Sea Surface Tem perature
STM Science Traceability Matrix
SWIR Short Wave Infrared
SWOT Surface Water Ocean Topography
TACCS Tethered Attenuation Coefficient Chain Sensor
TIR Thermal Infrared
TOA Top of Atmosphere
u s e s U.S. Geological Survey
TMA Three-Mirror Anastigmat (telescope)
TSM Total Suspended Matter
UTC Coordinated Universal Time
UV Ultra Violet
VIIRS Visible Infrared Imager Radiometer Suite
VISSR Visible and near-infrared Spin Scanner Radiometer
VNIR Visible and Near Infra-Red
VIS Visible
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