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About me

PhD « Atmospheric correction
of SeaWiFS images »: jan. 2004

Associate professor since sept.
2006 at the Université du
Littoral-Cote d'Opale and the
Laboratory of Oceanology and
Geosciences

Chairman of an IOCCG WG on
Evaluation of atmospheric
correction algorithms over
optically-complex waters

Evaluation and improvements of
atmospheric correction over
optically-complex waters

Retrieval of ocean color
parameters using optimization
and neural networks algorithms

Lidar for ocean color



Basic principles

How to interpret ocean color images?

The surface ocean color is regulated by the optical properties of the pure
water and of those of the different particulate and dissolved matters
that are in the surface layer



Basic principles

> The most clearest seawaters absorb the red light and transmit and scatter the light
at the shortest wavelengths (blue waters)

- Phytoplancton contains pigments such as chlorophyll (and other accessories

pigments) that absorb at other wavelengths and that contribute to the green color
of the oceans

~>In the coastal waters, the inorganic suspended matter backscatters the light
contributing fo the green, yellow and brown of the ocean color



Basic principles

As a consequence, the color
(pure water included), can be
measured on the basis of the
visible spectrum emitted by the
ocean surface

The "clear” ocean (A) has a max
in blue and values close to zero
in yellow and red

Backscattered Sunlight (%)

500 520 550 G000 670 Foo
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More phytoplankton is present in the water, more the contribution toward the green
is important (B).

In the coastal waters, with high concentrations of organic detritus and inorganic
particles, the maximum shifts to the red (C).



Basic principles

The surface reflectance, Rrs(A), (called Remote-Sensing reflectance) is a function of
the back-scattering and absorption coefficients of the different optically active
components of seawater:

R(A) = G * b(A) / a(A)
with G, a parameter that depends of the incident illumination

-~ The remote-sensing reflectance is not the final product but the accuracy of its
estimation impacts the quality of the ocean color products

- Need for developing inversion models of R, for obtaining parameters of interest
6



Ocean sensor remote sensors

The remote sensors on-board satellite called
“ocean color” are the only tools that measure
these parameters over several years and
synoptically

chl



History of atmospheric correction

Color photographs obtained by
spacecraft

Clarke et al. (1970):
measurements of radiance
spectra from aircraft >
Detection of chl-a + atmos.
effects

Gordon (1978; 1980): single-
scattering AC for CZCS

Gordon and Wang (1994):
mutiple-scattering AC for
SeaWiF$S

Coastal waters + absorbing
aerosols



Ocean color remote sensors

MERIS

VIIRS



Ocean color remote sensors

First sensor:

CZC5 (1978-1986)
Successors.

Pol/DER 1(1996-1997)
PolDER 2 (2003)
SeaWiFs (1997-2010)
Followers:

MODIS (2002-)
MERIS (2002-2012)
New generation
GOCI (2010-)

VIIRS (2011-)

OLCT ( 2016 ') http://ioccg.org/sensors_ioccg.html
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Ocean Color Radiometry (OCR)

Goal: To provide quantitative data of bio-optical properties of
the global ocean (IOPs, Chl, POC, CDM, species, ...)

How: Remote sensing of the water
leaving radiance, L,, in the visible
part of the spectrum

Main issue:
Atmospheric correction




From satellite to biogeochemical parameters...
A challenging task

http://oceancolor.gsfc.nasa.gov/

p,(A)= top of atmosphere reflectance


http://oceancolor/

From satellite to biogeochemical parameters...
A challenging task

p,,(A)= water-leaving reflectance (ocean color)

http://oceancolor.gsfc.nasa.gov/

p,(A)= top of atmosphere reflectance


http://oceancolor/

From satellite To biogeochemical parameters...
A challenging task

p,,(A)= water-leaving reflectance (ocean color)

Biogeochemical parameters

Chl (mg/m?3)

20100417 10:33:21

http://kalicotier.gis-cooc.org/
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From satellite To biogeochemical parameters...
A challenging task

p,,(A)= water-leaving reflectance (ocean color)

Biogeochemical parameters

SPM (g/m?3)

20100417 10:33:21

http://kalicotier.gis-cooc.org/


http://oceancolor/

From satellite To biogeochemical parameters...
A challenging task

p,, (A)= water-leaving reflectance (ocean color)

http://oceancolor.gsfc.nasa.gov/

p,(A)= top of atmosphere reflectance


http://oceancolor/

Basics of radiometry for remote sensing
The studied target can either emitt a radiation (radiance

or emittance) or be illuminated by a source (irradiance)
Radiance (Wm-2sr-1): L(0,04,A9,1) j

Emittance (Wm-2): M(L)
M=| , L cos@d(2 W

Downwelling Irradiance (Wm-2). £4())
Remote sensing reflectance (sr-!): R = L,/E&; (RLw)

Ea(6b,A)=_ L(60,6,A¢)c0s0dQ

. L

Radiance-to-reflectance: p =
FE)'/le

Normalized p,=n.Rrs



Radiative Transfer Equation (RTE)

dL(6,9) _

P =—cL(Of)+2n j 36,40, 4)Ldw+S

Loss by scattering(b)

}b+ a=_c
Loss by

absorption (a)

L(8", ¢’)

/

Gain by
Scattering (5)



Analysis of ocean color images (1)

. Estimation of the chlorophyll-a concentration
- estimation of the quantity of light that leaving the
seawater p,(L,.RnLnp,)

mmm)> W/hen the chlorophyll-a concentration increases,
there is less light in the blue and more in the green
wavelenghts

 Estimation of the quantity of light that leaving the
seawater - Estimation of the contribution of impact of

aérosols Py

mmm 71's the step called « Atmospheric Correction »



Analysis of ocean color images(2)

Use of several spectral bands for the

determination of each component of the TOA signal

From H.R. Gordon



From p.(A) to p,,(A)
Atmospheric Correction

. /



From p.(A) to py,(A)
Atmospheric Correction

L(A)+ (L (A)+L (A))
= Scattering by aerosols & air molecules L ( A
~ 40% toa

|- ya
/\

Absorption.by
aerosols
& air molecules

~20%



From p.(A) to py,(A)
Atmospheric Correction

L(A)+ (L (A)+L (A))
= Scattering by aerosols & air molecules L ( A
~ 40% toa

|- ya
/\

=Scattering at water surface

Absorption.by
aerosols
& air molecules

~20%



From p.(A) to py,(A)
Atmospheric Correction

L(A)+ (L, (A)+L ()

= Scattering by aerosols & air molecules

~40%

A

toa(

Absorption.by

aerosols
& air molecules
~20%
=Scattering at water surface
Absorption by pure LW(A )
water & constituents  : =Scattering by pure water and

~ 40% ) constituents




From p.(A) to py,(A)
Atmospheric Correction

_ TOA TOA TOA TOA
L=L+L +L_ +Lg +Lsky +L "+ L,

L=L +L,+L,+T.L +tL, +tL,

All these parameters are
function of the viewing SUN
conditions:

* Sun angles 6,
« Satellite viewing angles 6,
« Azimuthal angles®



Propagagation of the light through the atmosphere
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Absorption
spectrum of the
atmosphere.



From p.(A) to py,(A)
Atmospheric Correction

L=L+L +L + LQOA + L ,?;1 + LI+ [
L=L+L,+L,+T.L +tL, +tL,

Effect of the atmosphere

L=(L.+L,+L, +T.L,+tL, +tL)t,.1L,.f,

With t,,: transmittance by atmospheric gases in the viewing direction
t,s: transmittance by atmospheric gases in the Sun’s direction
f,: instrument polarization-correction factor



From p.(A) to py,(A)
Atmospheric Correction

L(A) EL (A)f (La()\)+pra()\))*tLWC()\)+TLg()\)+*LW()\)

~ wind speed and ~ wind, sun and viewing
atmospheric pressure angle

(e.g., Wang, 2002 and 2005; c T 1654
Ahmad and Frazer, 1982) (e.g., oxand Munk, ;
Frouin et al., 1997;

Wang and Bailey, 2001;
Moore et al., 2000)

Desired quantity in ocean color remote sensing

Rayleigh-corrected reflectance:

L, (A) =L (\)-L (AL, (A)-TL (A)=(L,(N)+L,, (A))+tL,, (A)




I0CCG, 2010
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Specular
reflection “"Sun
Glint"

How to take into account Sun glint ?

- Determination of the contaminated
areas based on geometrical criteria

Calculation of the radiance associated to
glint based on:

Probability function of the waves
orientation as a function of wind +
Fresnel law

Cox, C., W. Munk: Statistics of the sea surface derived from sun glitter.
J. Mar. Res., 13, 198-208, 1954.

redrawn from Wang, M., S. Bailey: Correction of sun glint
contamination on the SeaWiFS ocean and atmosphere products.
Appl. Opt., 4790-4798, 2001.

34



L,(2) = Fy(A)T,(A) Ly
Len is glint radiance normalized to no

atmosphere & F, = 1

Need for ancillary data: surface wind speed
and geometries of Sun & sensor

In practical:

-Most of sensors tilted

- If not, regions should be masked based on
a threshold on L

Cox and Munk model still among the best
(Zhang and Wang, 2010)

Wang and Bailey, 2001
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Foam “"White Caps”

Average wind speed

Stramska & Petelski, “Observations of oceanic whitecaps in
the north polar waters of the Atlantic.” J. Geophys. Res., 108,
3086, 10.1029/2002JC001321, 2003.

Gordon & Wang, Appl. Opt., 33, 7754-7763, 1994.

Whitecaps appears when the wind speed is higher than 3 m.s! (2-3% of the oceanic surface)
Their optical signature is linked to wind speed as a function of W32,

The whitecaps reflectance is estimated using empirical relationships that allow to obtain
reasonable estimates for wind speeds < 10-12 m.s.,

Whitecap reflectance is spectrally dependent (Frouin et al., 1996; Moore et al., 1998)
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Rayleigh contribution

* Due to gas molecules in the atmosphere

» Dependent of size of the molecular
scatterer to the incident wavelength (<<

) Rayleigh Scattering Mie Scattering Mie Scattering,

% % =

— Direction of incident light

Reason why the sky is blue



Rayleigh contribution
* Lr can be 50-90% of Lt Il



I0CCG, 2010



Rayleigh contribution

e Lr can be 50-90% of Lt Il

* Rayleigh optical thickness at 1
atmosphere of pressure:

1.0455996 — 341.290611° —0.90230850.4°
1.0 +0.00270598891 * —85.9685631°

I, = 0.0021520(

with A in micrometers
» Pressure effects:

£ (P.A) =1 (P,2)
£




Wang, 2016



Rayleigh contribution

 Rayleigh radiance:

1—exp[-C.z, /cosé |

L(P)=L(F
r( ) r( 0)1—eXp[_C'TrO/COSQV]

with C a function of T,
 Rayleigh scattering radiance can be computed accurately

* Need for wind speed (surface roughness) and atmospheric
pressure

- Ancillary data

> Atmospheric pressure: NCEP

> Wind speed: NCEP
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no one uses the “black pixel assumption” anymore



Analysis of ocean color images(2)

Use of several spectral bands for the

determination of each component of the TOA signal

From H.R. Gordon



Atmospheric correction " "
P Standard approach” (Gordon 1997)

SeaWiFS, Level-1, 10 Sep. 1998, N. Adriatic Extrapolation of aerosol
‘true-color' Lioa. 412 nm  Models to the visible

vk

e
k. :

Estimation of the aerosol
model

Estimation of aerosol
In the NIR

At 765 and 865 nm,
Seawater is considered
Totally black (black

Lfoal 555 nm | L‘roa' 86 plxel C(SSUI’\‘\pTlon)

There are other possibilities !l

49



The classical approach:

» The black pixel assumption: p,=0 in the NIR (due the high
Pure sea water absorption) (gordon et al., 1997).

= p,is then estimated at two NIR wavelengths which allows to
retrieve the type of aerosols, and the concentration using
look-up tables established from radiative transfer computations.

= This information is extrapolated towards the visible domain to
retrieve p, (1) in the visible.

The main problems:

= Presence of absorbing aerosols (Antoine et al., 2006)

» Bottom albedo in clear shallow waters

» Presence of sediment in coastal areas (p,, # O in NIR)

=" p,, # 0 in NIR for eutrophic waters (Siegel et al., 2001)

Solutions

Solving simultaneously the atmospheric and oceanic radiative system
(Iterative procedures (Siegel et al., 2001), neuronal network approaches
(Jamet et al., 2005), NIR similarity spectrum (Ruddick et al., 2000))



Standard processing (1/2)
In the infra-red, p.M)-p.N)=p (N

Hypothesis: ocean
totally absorbing
p. (1) negligeable

670nm 765nm 865nm

-

Estimation
of aerosol
optical

properties
and model:

T, O

‘ Estimation of p, and t




Aerosols

« Small particles (solid or liquid) in suspension in the
atmosphere larger than gas molecules



From www.chile.ird.fr/

From M. Choel, 2005



Desert dust in the eastern part of the Atlantic Ocean (26
February 2000

Haze aerosol in the North Atlantic (4 May 2001)

Desert dust in the Mediterranean Sea



Aerosols

» Small particles (solid or liquid) in suspension in the
atmosphere larger than gas molecules

 Defined by three parameters:

— Optical thickness T : proxy of aerosol concentration in

r,(4) = [0..(2)dz

the air column

witho, (1) the extinction coefficient:

dL(1) = —L(1).c

ext

(1)dz



Aerosols

« Small particles (solid or liquid) in suspension in the
atmosphere larger than gas molecules

 Defined by three parameters:

— Optical thickness : proxy of aerosol concentration in

the air column

— Angstrom coefficient «: proxy of aerosol size

7, (4) (ﬁja
r,(A) 4




Aerosols
« Small particles (solid or liquid) in suspension in the
atmosphere larger than gas molecules

 Defined by three parameters:

— Optical thickness < : proxy of aerosol concentration in

the air column

— Angstrom coefficient a: proxy of aerosol size

— Single-scattering albedo w: proxy of absorption

properties (ratio of scattering coefficient to the

extinction coefficient)



Aerosols

» Small particles (solid or liquid) in suspension in the
atmosphere larger than gas molecules

 Defined by three parameters:

— Optical thickness = : proxy of aerosol concentration in the air

column

— Angstrom coefficient o: proxy of aerosol size

— Single-scattering albedo w: proxy of absorption properties

(ratio of scattering coefficient to the extinction coefficient)

— Refractive index m.-i.m;: m; related to particle absorption



Aerosols
« Small particles (solid or liquid) in suspension in the
atmosphere larger than gas molecules

* Other _important parameters:

— Scattering phase function

http://www.atm.damtp.cam.ac.uk/people/mgb/aniso.html



Aerosol Size Distributions

Number distribution =2
nn(Dp)=dN/ d Dp

Surface area distribution >
ns(Dp)z dS/de

S=Tch2

Volume distribution =
nv(Dp)de/ de

V=(x/6)*D,3



Log-normal distributions

Aitken mode

Number distribution > Accumulation mode
hn(log D,)=dN/d log D,,

S Coarse mode
Surface area distribution =

hs(log D,)= dS/d log D,

Volume distribution =
hy(log D,)=dV/d log D,



NASA Aerosol models

« Shettle and Fenn (1979)

— Lognormal distribution of tropospheric and
maritime aerosols

i
yu| B = E rg (L)

=1

dN; (D)
i) |
N, 1 {log,,(D/D)\’

= - exp l = ( U810 J'If J

D log, (10).4/2ma, of

g L)) =




NASA Aerosol models
« Shettle and Fenn (1979)

— Lognormal distribution of tropospheric and
maritime aerosols

— Representative of tropospheric, coastal,
maritime and oceanic aerosols

Aerosol model Relative humidity (%) Symbol

Oceanic 99 099
Maritime 50, 70, 90, 99 M50-M99
Coastal 50, 70,,90, 99 C50-C99

Tropospheric 50, 90, 99 T50-T99




New NASA Aerosol models

 Ahmad et al. (2010):
— Based on AERONET models

— Bimodal lognormal distributions (narrower
than previous models)

2

av(r) <& V, Inr—Inr .
— ol exp| — VoI
dinr ;1/27201. P ( {20, j

with Voi: volume of particles
r.;- volume geometric mean radius
o,. geometric standard deviation



New NASA Aerosol models

 Ahmad et al. (2010):
— Based on AERONET models

— Bimodal loghormal distributions (narrower
than previous models)
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New NASA Aerosol models

 Ahmad et al. (2010):
— Based on AERONET models

— Bimodal loghormal distributions (narrower
than previous models)

— Modal radii and refractive indices as a
function of relative humidity

— Eight relative humidity values: 30, 50, 70,
75, 80, 85, 90 and 95%

— For each RH: 10 distributions
- 80 aerosol models




atmospheric correction & the “black pixel” assumption

PiL) = pu(h) *+ pg(k) + pr) + plRh) + p,(R)
TOA water glint foam air aerosols

need p,(A) to get p,,(1) and vice-versa

the “black pixel” assumption (pre-2000):

calculate aerosol ratios, ¢ :

£(748,869) . _Pel748) |
P,(869)
Pa(r)

£(1,869) T p.(869) ¢(748,869)

Courtesy of J. Werdell



Black pixel assumption
(Gordon and Wang, 1994)

Based on hypothesis:

Ocean is totally absorbant in NIR

MERIS/OLCI AC based on same
principle (Antoine and Morel, 1999):

> SF aerosol models + Dust model



Standard processing (2/2)
In the visible, (p,(\)-p,(A)-pA(1)/t(h)= p. (L)

412nm 443nm 490nm 510nm 555nm
Bio-optical b - =
algorithm chl-a f(pW(}\“))

Hypothesis: 1. Open Ocean
2. Non or weakly absorbing aerosols

atmosphere and ocean not coupled

—>
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Direct and diffuse transmittance

* Direct transmittance:

T(8,,A)=exp[-(7.(A)+7,,(A)T4(A))/cos(6,)]

e Diffuse transmittance:

0 _ pw(gv’¢v)TOA
16,4, p,(0,,9,)




Direct and diffuse transmittance

e Diffuse transmittance:

10,9, ) =exp| - (T’” A , (. M)j(lj t,(0,,4)
2 H,

with

t (6,,1)=exp|—

[1-o,(A)F, (1, D], ()
H,

where

Fa (,Uv : ﬁ) is related to the scattering phase function of the aerosol



Chlorophyll-a concentration: Historical product
of remote sensing of ocean color

Source :http://oceancolor.gsfc.nasa.gov/
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Monthly variability of the chlorophyll-a concentration in the Mediterranean Sea for 1999

Bosc, 2004



Spring Summer

Fall Winter

Seasonal mean of the chlorophyll-a concentraiton between 1997 and
2006 from SeaWiFS



Secondary products: Aerosol optical properties

/
N\

chl-a (POLDER 2)

June 2003



Seasonal variability of aerosols in the Mediterranean Sea in 2000

005 01 015 02 025 03 035 04 06 08 10 12 14 16 1.8
Jamet et al., 2004



remote sensing of turbid, coastal waters is

difficult

temporal & spatial variability
satellite sensor resolution
satellite repeat frequency
validity of ancillary data (SST, wind)
resolution requirements & binning options

straylight contamination (adjacency effects)

non-maritime aerosols (dust, pollution)
region-specific models required?
absorbing aerosols

suspended sediments & CDOM
complicates estimation of R.,(NIR)
complicates BRDF (f/Q) corrections
saturation of observed radiances

anthropogenic emissions (NO, absorption)

Chesapeake Bay
Program

AERONET
COVE

From J. Werdell



no one uses the "black pixel assumption” anymore

From J. Werdell



approaches to account for R.,(NIR) > O sr-! overlap
many approaches exist, here are a few examples:
» assign aerosols (¢) and/or water contributions (Rrs(NIR))
e.g., Hu et al. 2000, Ruddick et al. 2000
» use shortwave infrared bands
e.g., Wang & Shi 2007
» correct/model the non-negligible R.,(NIR)
Aiken et al. 1999 MERIS/OLCI
Bailey et al. 2010 NASA
Jiang and Wang 2014 MODIS
Shanmugam, 2012 any sensor
Wang et al. 2012 GOCIT
- use a coupled ocean-atmosphere optimization

e.g., Moore et al., 1999; Chomko & Gordon 2001, Stamnes et al. 2003,
Jamet et al., 2005, Brajard et al., 20064, b, 2008, 2012; Ahn and
Shanmugam, 2007; Kuchinke et al. 2009; Steinmetz et al., 2010;

Other

e.g., Chen et al., 2014; Doerrfer et al., 2007; He et al., 2013; Mao et
al., 2013, 2014; Schroeder et al., 2007; Singh and Shanmugam, 2014



approaches to account for R.,(NIR) > O sr-! overlap

many approaches exist, here are a few examples:

- assign aerosols (¢) and/or water contributions (Rrs(NIR))
e.g., Hu et al. 2000, Ruddick et al. 2000

- use shortwave infrared bands

e.g., Wang & Shi 2007 (similar than 6W94 but using SWIR bands
to determine aerosols)

- correct/model the non-negligible R.,(NIR)
Aiken et al. 1999 MERIS/OLCT
Bailey et al. 2010 NASA
Jiang and Wang 2014 MODIS
Shanmugam, 2012 any sensor
Wang et al. 2012 GOCT

use a coupled ocean-atmosphere optimization

e.g., Moore et al., 1999; Chomko & Gordon 2001, Stamnes et al. 2003,
Jamet et al., 2005, Brajard et al., 20064, b, 2008, 2012; Ahn and
Shanmugam, 2007; Kuchinke et al. 2009; Steinmetz et al., 2010;

Other
ea Cheneta 2014: Doerrfer et al 2007 He et al 2013 Mao et



NASA algorithm (6W94; Bailey et
al., 2010)

Based on hypothesis:

* Iterative process
* NIR bio-optical model

* hon-zero LWw(NIR) can be
reconstructed from Lw(A) in the
red bands (667 nm) assuming a
power-law function > Spectral
dependence of by,(A)

« Use GW94 as first guess



MUMM algorithm (Ruddick et al.,
2000; 2006

Based on hypothesis:

Spatial homogeneity of aerosol
and water-leaving reflectances
ratio in the NIR

->Definition of two parameters

—>a (ocean): constant (sensor
dependent)

¢ (aerosol): constant over region
of interest = needs to be
calculated for each image

Three steps AC



Polymer algorithm (Steinmetz et al., 2011)

1. Correction for gaseous absorption and Rayleigh
scattering

2. Spectral matching using a model for atmosphere and
glint + ocean reflectance:

Proa) = Ty + 1 A7 + 47 + t(W)p)f noa (A.chl, byy)

Atmosphere Ocean water
+Sun glint model reflectance model

« Simultaneous optimization of 5 parameters

» Using the whole sensor spectrum (from 412 to 865
nm)

3. Tterative optimization using Nelder-Mead simplex
method



Example of sun glint correction
Comparison of 2 scenes taken one day apart

Without sun glint

I
I

RGB composite P (490)

May 14, 2007 May 15, 2007

RGB composite pw(490)



Polymer algorithm

— ———

3 days MERIS
3 days MERIS




Adaptation of the optimization technique used in the POLYMER
algorithm (Steinmetz et al., 2010) for coastal regions (ANR
GlobCoast)



Miiller et al. (2014)



Spectral matching/optimization algorithm

Chomko et al. (1998); Kuchinke et al. (2009)
Jamet et al. (2004); Brajard et al. (2010)
Li et al. (2003); Stamnes et al. (2005)

F’.ﬂl‘l

!

i i
)II Direct mcd el -3 £ )II Lokt functlon fi-a) ill Dherivat bve

Parameters adjustements [I-5] &
={wR ¥ di/dx

Ocean and atmosphere are coupled

|L’Js)e of LUT or NN or ... for simulating (La+Lra, ¥,
w

Allow to deal with absorbing aerosols/coastal
waters
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Validation of atmospheric correction (1/10)

* Match-ups definition:

— Co-location of in-situ dataset and satellite
Images

— Time difference criteria: open of coastal
waters? +/- 1h or +/- 3h?

— Extraction of satellite data over a box of
several pixels: 3x3 or 5x5 or ..?

— Calculation of satellite mean values only for
valid pixels:

Bailey and Werdell, 2006



Different types of satellite data

Level O
Level O data are unprocessed instrument/payload data at full resolution. Any artifacts of
the communication (e.g. synchronization frames, communication headers) of these data
from the spacecraft to the ground station have been removed. These data are the most
raw format available, and are only provided for a few of the missions that we support.

Level 1A
Level 1A data are reconstructed, unprocessed instrument data at full resolution,
time-referenced and annotated with ancillary information including radiometric and
geometric calibration coefficients and georeferencing parameters (e.g. platform
ephemeris data) computed and appended but not applied to the Level O data.
It is this last point that makes Level 1A the preferred archival data level.
If the sensor calibration changes, the data do not need to be reacguired — no
mean feat where large data sets are concerned. The same is not true for Level 1B
data (described below) which must be replaced every time the sensor calibration
changes.

Level 1B
Level 1B data are Level 1A data that have had instrument/radiometric calibrations
applied.

Level 2
Level 2 data consist of derived geophysical variables at the same resolution as the
source Level 1 data. These variables are grouped into a few product suites

Level 3
Level 3 data are derived geophysical variables that have been aggregated/projected
onto a well-defined spatial grid over a well-defined time period.



Different types of satellite data

Level O
Level O data are unprocessed instrument/payload data at full resolution. Any artifacts of
the communication (e.g. synchronization frames, communication headers) of these data
from the spacecraft to the ground station have been removed. These data are the most
raw format available, and are only provided for a few of the missions that we support.

Level 1A
Level 1A data are reconstructed, unprocessed instrument data at full resolution,
time-referenced and annotated with ancillary information including radiometric and
geometric calibration coefficients and georeferencing parameters (e.g. platform
ephemeris data) computed and appended but not applied to the Level O data.
It is this last point that makes Level 1A the preferred archival data level.
If the sensor calibration changes, the data do not need to be reacguired — no
mean feat where large data sets are concerned. The same is not true for Level 1B
data (described below) which must be replaced every time the sensor calibration
changes.

Level 1B
Level 1B data are Level 1A data that have had instrument/radiometric calibrations
applied.

Level 2
Level 2 data consist of derived geophysical variables at the same resolution as the
source Level 1 data. These variables are grouped into a few product suites

Level 3
Level 3 data are derived geophysical variables that have been aggregated/projected
onto a well-defined spatial grid over a well-defined time period.



Flags system

Examples of flags when processing
SeaWiFS, MODIS and VIIRS data
With the NASA SeaDAS software

In red:
Flags for L2/L3 products

- To assure the radiometric
quality of the data

-~ To remove the « noisy »
pixels



Flags system

Examples of flags when processing
SeaWiFS, MODIS and VIIRS data
With the NASA SeaDAS software

In red:
Flags for L3 products

- To assure the radiometric
quality of the data

-~ To remove the « noisy »
pixels



Validation of atmospheric correction (1/10)

* Match-ups definition:

— Co-location of in-situ dataset and satellite images

— Time difference criteria: open of coastal waters?
+/- 1h or +/- 3h?

— Extraction of satellite data over a box of several
pixels: 3x3 or 5x5 or ..?

— Calculation of satellite mean values over the box
only for valid pixels: how many pixels? At least
50°/o or lOO°/o or Xo/o?

— Calculation of variability coefficient a/<x>: only
values <0.2 or <..? On which parameters?

Bailey and Werdell, 2006



Bailey and Werdell, 2006



AERONET-OC sites:

- Mainly open ocean
- Absorbing oceans

Zbibordi et al. (2009)
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Zibordi et al. (2010)



MERIS AC (CCI-OC) round -robin comparison in open ocean

Dataset: Mermaid dataset (http://mermaid.acri.fr/home/home.php)

Four AC:

- NASA standard
- MERIS standard (Antoine and Morel (1999), MEGS)
- C2R (NN, Doerffer et al., 2007)



Inverse NN for atmospheric correction

Input (18) — CC Ve r-S i O n Output (43)
o //
O
RLtosa
12 bands o Tau_aerosol 412, 550, 778, 865
© Sun_glint ratio
O
sun zenith o Neural Network a_tot, b_tot
view X @)
View y o 18->25x30x40->43 MERIS band 1-10, 12,13
View z ®) Ed_surface
temperature o Path radiance reflectance
RLw
salinity o — o

RLw(0,$) =Lw (0,0) /Ed

For each water type




MERIS AC (CCI-OC) round -robin comparison in open ocean

Dataset: Mermaid dataset (http://mermaid.acri.fr/home/home.php)

Four AC:

- NASA standard

- MERIS standard (Antoine and Morel (1999), MEGS)
- C2R (NN, Doerffer et al., 2007)

- POLYMER (Steinmetz et al., 2010)



MERIS AC (CCI-OC) round -robin comparison in open ocean

Miiller et al. (2014a)



Atmospheric Correction Algorithms over

turbid waters

* Three NIR ocean contribution removing/AC algorithms
(Jamet et al., RSE, 2011)

— Stumpf et al. (2003)/ Bailey et al., (2010) SO3:
* Based on Gordon and Wang atmospheric correction (6W94)
« SeaWiFS/MODIS standard algorithm
« Iterative process
* Bio-optical model used to determine b, (670)
— Ruddick et al. (2000) ROO:
* Based on Gordon and Wang atmospheric correction (6W94)

* Spatial homogeneity of the L,(NIR) and L,(NIR) ratios over the
subscene of interest

* o: Ratio of L,(NIR)cst =172
« ¢&: Ratio of L,(NIR) determined for each subscene

— Kuchinke et al. (2009) KO9:

« Spectral optimization algorithm
 Junge aerosol models
* GSM bio-optical model (Garver, 2002)

« Atmosphere and ocean coupled



DATA
« Satellite data:

— (M)LAC SeaWiFS 1km at nadir = Processed with
SeaDAS 6.1 (R2009) (Fu et al., 1998)

—nLw(412->865), ©1(865), «(510,865)

o Insitudata: AERONE T-OC network (zibordi et
al., 2006, 2009)

— Three sites

—7 A centered at 412, 443, 531, bb1, 667, 870 and
1020 nm






Results

 Only turbid waters (Robinson et al., 2003): nLw(670)>0.186

« Comparison of the normalized water-leaving radiances nL,,
between 412 and 670 nm and of the aerosol optical
properties (the Angstrom coefficient a(510,865) and the
optical thickness t(865))

MVCO |AAOT |COVE |TOTAL |nL(412)<0
S03 20 163 |18 201 7
ROO 19 129 |17 165 6
Kuchinke |13 134 |13 160 0

# of matchups for each algorithm and each AERONET-OC site




Jamet et al., 2011



Jamet et al., 2011



Courtesy of Jeremy Werdell



In-Situ data

1. AERONET-OC data:

= global network of above-
water autonomous radiometers
located in coastal regions

- AAQOT: 2002-2007

- COVE: 2006-2009

- MVCO: 2004-2005

- Gustav Dalen: 2005-2009
- Helsinki: 2006-2009

2. Cruise data from LOG:

= in-water measurements with
TriOS - Optical Sensors

— North Sea and English
Channel 2009/05-2009/08

— French Guiana 2009/10-
2009/10




Matchup pairs

Matching satellite images with in-situ data:

- 3 by 3 pixel window around the station

- Median of at least 6 « valid » pixels within the
window

- Spatial homogeneity within the window
- Focus on turbid waters only
(in-situ nL, (667) > 0.183 mW. cm2 um! sr-1)

Excluded matchups:

" Reduced to 187 for inter- comparison
(matchup has an estimation for each algorithm)



Global Evaluation

211 match-ups AERONET-OC & LOG)

Overall the STD AC method
performs the best

M spatial coverage but ™ neg.
L,,.(A) values with the MUMM AC
method

STD, MUMM and NIR-SWIR tend to
underestimate L, (A) (bias between
-26 and 3%)

STD, MUMM and NIR-SWIR perform
better in the green (< 20% RE), not
as well in the blue & red (> 30% RE)

NN performs better in the blue
(30% RE) and red (22% RE) and
not as well in the green (up to
27% RE)

Goyens et al., (2013) [a]



Global evaluation of the algorithms




Evaluation of the algorithms as a function of the water types

Classification of in-situ Lw spectra in 4 water type classes
defined by Vantrepotte et al. (2012)

Distinguish classes based on
normalized reflectance spectra

Focus on turbid waters
only !



Evaluation of the algorithms as a function of the water types

Mainly
phytoplankton

/

Detrital &
mineral
material

High
concentrations

of CDOM & Normalized LOG Rrs(A) data spectra per class according
phytoplan kton to the classification scheme of Vantrepotte et al. (2012)



(detrital & mineral) (phyto) (CDOM & phyto)

Goyens et al., 2013; Vantrepotte et al., 2012



USE OF UV BANDS

He et al., 2012



Validation of aerosol optical properties

Melin et al., 2010



Jamet et al., 2011

Goyens et al., 2013



Other issues

« Adjacency effects

« Absorbing aerosols



Adjacency effects

Adjacency effects are associated with the change in digital humber
of a pixel caused by atmospheric scattering of radiance that
originates outside of the sensor element’s

They are important in coastal zone or in the vicinoty of clouds and
sea icea or even in the open ocean (e.g., upwelling systems), i.e. when
the spatial contrast between the target and its environment is
relatively large

They may affect significantly the retrieval of marine reflectance
and chlorophyll-a concentration, all the more as pixel size is small.
Scale of influence is larger for moleculare scattering that aerosol
scattering and when aerosols are located at a higher latitude

Adjacency effects are generally ignored in standard atmospheric
correction schemes and operational processing of satellite ocean-
color imagery



Adjacency effects
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Kratzer et al., 2010



SIMEC method:

sensor-generic adjacency pre-
processing method

Estimation of contribution of
the background radiance based
on the correspondence with the
NIR similarity spectrum

Knaeps et al., 2014



Absorbing aerosols

* Not detectable with only NIR bands
« Spectral dependency

Dubovik et al., 2002



Chomko and Gordon, 2001



L.n(443): Satellite-In situ difference
b)

00 02 04 06 08 10 12 00 05 1.0 15 20 25
SeaWiFs «(510, 865) AERONET a(500,870)
d)
3
A
o}
A
A
1 b
o P L EEETERE
0 1 2 3 00 02 04 06 08
SeaWIFS r,(865)/x (510,865) AERONET r,(870)/(500,870)
LEGEND:
+ STD-Buoy
x STD-Ship
o SMA-Buoy
A SMA-Ship
..... Buoy Std Dev
4 1. . . . - — Ship Std Dev
0.0 0.4 0.2 0.3

SeaWiFS p,(865)/c(510,865)
Banzon et al., 2009



Sofwares to process ocean color images

» SeaDAS: http://seadas.gsfc.nasa.gov/






Sofwares to process ocean color images

» SeaDAS: http://seadas.gsfc.nasa.gov/

« BEAM/VISAT: http://www.brockmann-
consult.de/cms/web/beam/






Sofwares to process ocean color images

» SeaDAS: http://seadas.gsfc.nasa.gov/

« BEAM/VISAT: http://www.brockmann-
consult.de/cms/web/beam/

« SNAP:
https://sentinel.esa.int/web/sentinel/toolb
oxes/sentinel-3






Sofwares to process ocean color images

» SeaDAS: http://seadas.gsfc.nasa.gov/

« BEAM/VISAT: http://www.brockmann-
consult.de/cms/web/beam/

« SNAP:
https://sentinel.esa.int/web/sentinel/toolb
oxes/sentinel-3

* ODESA: http://earth.eo.esa.int/odesa/






What I didn't talk about

* Shallow waters

« BRDF

 Sensor spectral response
* Vicarious calibration

» Radiative tranfer model/code for
generating Look-Up Tables

» Exact nLw
» Single vs mutiple scattering



Thank you
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