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satellite ocean color

we desire measurements of marine biogeochemical stocks (e.g., [ ]'s of
phytoplankton, carbon) to further our understanding of marine ecosystems

satellites provide routine, synpotic views of the marine biosphere that cannot
be achieved using conventional in situ & aircraft platforms

ocean color satellite instruments measure light (AOPs) — not [ |'s

in-water constituents & their[]'s = I0Ps = AOPs ﬁ

in satellite ocean color, we start here
& work from right to left

(as discussed in lectures 19 & 20 last Friday)




satellite ocean color

SATELLITE

the satellite views the spectral light
field at the top-of-the-atmosphere
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TOP-OF-THE-ATMOSPHERE

1. remove atmosphere from total

“+— signal to derive estimate of light

3. spatially / temporally bin and P _ !
remap satellite C, observations field emanating from sea surface
(remote sensing reflectance, R)
SEA SURFACE
g > 2. relate spectral R to C, (or
o o . .
o ® geophysical product of interest)
PHYTOPLANKTON
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satellite ocean color

ocean color satellites measure top-of-atmosphere radiances

\

L,

terminology:

L = radiance (uW cm=? nm-' sr)

t = transmittance (unitless)

f = correction factor (unitless)

all terms are spectrally dependent
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satellite ocean color

ocean color satellites measure top-of-atmosphere radiances

\

L =(L +[Ly+ L, J+tgLp+14 L, )tg e f,
R, Ly

. FO Cos(gs)tdsfsfb f)L

Ocean-Atmosphere Model

Satellite Sun
) . ‘U ,/A)
we desire (normalized) - /
remote sensing reflectances \ Ozone Layer

Upwelling Dift. Radiance

terminology:
L = radiance (uUW cm? nm- sr) Dust Layer
t = transmittance (unitless)

f = correction factor (unitless)
all terms are spectrally dependent Scat. & Abs. in the Ocean

Downwelling Diff. Radiance
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outline

atmospheric correction is the process of estimating R, from L,

L =(L +[Ly+ L, J+tgLp+14 L, )tg e f,
R Ly

" FO Cos(gs)tdsfsfb f)L

Ocean-Atmosphere Model

Satellite Sun

"G I/.)

we will sequentially step \ /
through the meaning &
derivation of each term

In these equations

Upwelling Dift. Radiance

Dust Layer

Downwelling Diff. Radiance

Scat. & Abs. in the Ocean
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preview

not known

measured % calculated
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top-of-atmosphere radiance

@: (Lr +[La +Lra]+tdef +ta’va)tgv tgs fp

o

R, = w
rs
FO COS(HS)tdS fs fb f)t
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L (uW ecm™ nm™" sr)

top-of-atmosphere radiance
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known terms

v
L =(L +[L,+ L, ]+t Ly +14L,)t
R . (J
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known terms

instrument polarization correction
factor (pre-launch measurement)

y (J
L =(L, +[L,+ L]+ tg L +14,Ly, ) gt

8V -8

R L, cosine of the

S (o2 AN\ instrument view angle
) ak Is Yo 12

solar constant (irradiance) & an
adjustment for the Earth-Sun distance
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molecular (Rayleigh) scattering

74 v
Lt = @[La +Lm]+tdef +ta’va)tgv tgs fp

o

R, = w
rs
FO COS(HS)tdS fs fb f)L
(4 74 74
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molecular (Rayleigh) scattering

elastic scattering of electromagnetic radiation by particles much smaller
than the wavelength of light (atoms or molecules)

Rayleigh scattering of sunlight in atmosphere causes diffuse sky radiation
— why the sky is blue and the Sun is yellow

25

Rayleigh scattering gives the

20 atmosphere its blue color
Rayleigh Scattering Mie Scattering Mie Scattering,

w larger particles
>
-
P
v

——— Direction of incident light

15

http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/blusky.html

Percent Scattering of Direct Sunlight

500 550
Wavelength (nm)

600

results from electric polarizability of the particles

o the oscillating electric field of a light wave acts on the charges within
a particle, causing them to move at the same frequency

o particle becomes a dipole whose radiation we see as scattered light

scattering phase function is symmetrical — equal forward & backward
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molecular (Rayleigh) scattering

Rayleigh optical properties are calculable (to ~0.2%) — made challenging by a
rough, reflective ocean (in lieu of a flat, black ocean)

Rayleigh radiances (with polarization) are retrieved from look up tables given:
- solar & satellite viewing geometries

- wind speed (a proxy for surface roughness)
- atmospheric pressure (to adjust Rayleigh optical thickness, T,)

-

. I AP < SLb bk L L L A L R
=
T
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Menghua Wang, IOCCG Report 10 - M80 model, 7 (865) = 0.1
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transmittances

v v | v
L; = (Lr +[La t Lra]f w @‘@ p
R, =

FO COS(HS tds sfb f)L
4 v v
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v
L, =

transmittances

diffuse transmittance of gases (g)
in direction of Sun (s) or satellite (v)

\
(L +[Lo* Ll i o)

L

R = w

rs

Fo cos(O)145)fs Jb 12 Rayleigh / aerosol diffuse

v v “ transmittance (d) in direction
of Sun (s) or satellite (v)
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Tranmittance

transmittances

nitrogen dioxide, ozone, oxygen, & water vapor all attenuate sunlight
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0.99 -
C Q
- Q
n o
. 8
0.98 ¢ =
: =
r <
E <
—
0.97 - T K
().96EnjlnlnéxnnEi IIIII ltlélé IIIII Lo v "": O,OH,,,',-,,..,\..., ,é,i,|.7,4..8.;IFI.n..\.,.8..62,#.1’1;1”,,.‘..,‘
400 500 600 700 500 600 700 800 900 1000
Wavelength (nm) Wavelength (nm)
50 (R A B 60 E™ ey
405_ Strat. 3 50 ; 3
—_ =40 Low Lat (325DU)§
g 30p ; ET :
=N £ 30 - E
E 20; Trop. Average Trop. High —E :E() 2 Og— MidLat (325 DU) E
10%— 3 10 _ 3
B F HighLat (325DU)3
107 10° 10° 10" 10" 0.0001 0.0010 0.0100 0.1000
NO, Density (molecules/cm?) Ozone Density (atm-cm/km)

UMaine Ocean Optics Summer Course, PJW, NASA




transmittances

Sun

requires ancillary data, e.g.: - - e
- NO, from SCIAMACHY/GOME/OMI

- O, from OMI/TOMS

- water vapor from NCEP L\,

ancillary data from varied sources for a /

g |Ve n p rOd u Ct Ofte n d Iffe r OceanSurface  \/ % N\~

OmI

example for ozone:

‘L’03 = U3 ko, <— from LUT

1 1

Ih =eXp|—T +
0 =P T Cos@0) T cos(6)

Dark Gray < 100 and == 500 DU
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transmittances

Ed (Z) = Ed (O_)exp(—KdZ)

Ed(Z) = Ed (O_)GXP(—T) \
E,;(z)

E,07) - exp(—r) | often need to mentally transfer
d atmospheric terminology to
t =exp(-7) oceanic terminology

/

To, =0s3 ko,

t03 = eXp

. 1 . 1
Os cos(6y) cos(0)
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a word about ancillary data

compare three
ancillary
sources of Og:
TOAST

OMI

EPT climatology

ozone Mean

200

290

280

270

ozone: ocean all

I I I I I I I I I I I I
~ EPT CLIM: Avg mean: 282.426 SD: 35.572 median:  272.004 Qsep:

L TOAST: Avg mean: 280.703 SD: 40.229 median:  271.833 Qsep: 20,676

M
b
e
on
&

|

— EPTOMS: Avg mean: 280.219 SD:  40.218 median:  268.342 Qsep:  22.548 —
| OMIt: Avg mean:  280.889 SD: 40.217 median: 268.848 Qsep: 20.791 -
a 500 10008 1500

Days since 2005/ 1/ 1
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foam & whitecaps

v o/ v/ v v Vv Vv
Lt (Lr+[La+Lra]+td\@+tdvl‘w)tgvtgsfp

o

R, = w
rs
FO COS(HS)tdS fs fb f)t
v 74 v Vv
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Whitecap Reflectance

Number of points

foam & whitecaps
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a quick aside about Sun glint

ideally, satellite ocean color instruments tilt away from Sun glint (e.g., SeaWiFS)

equation for top-of-atmosphere radiance can more accurately be described as:

Lt _FO TOTLGN =(Lr +[La +Lra]+tdef +tdew)tgv tgs fp

l )
I

contribution
of Sun glint

23
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Sun glint

[ 8,=40° W=5ms @) T =00
T M= 10

—_—

" =20

Correction of sun glint contamination on the
SeaWiFS ocean and atmosphere products

T M=

Lo, (8, 0.00, W)

Menghua Wang and Sean W. Bailey

4790 APPLIED OPTICS / Vol. 40, No. 27 / 20 September 2001 [ \ \'\ \\ \
it EPUDE PP\ WA A ST
0 10 20 30 4 5 6 7 8 9
Sensor Viewing Angle &

Lg = FO TO TLGN

6, = 40", M= XN

Lgy IS glint radiance normalized
to no atmosphere & F, = 1

Lau (9.;- 6,40, W)

1 1

0 10 20 30 4 S0 € 70 8 90
Sensor Viewing Angle 8

+
COS(BO ) COS(B ) Fig. 1. Normalized sun glint radiance Ly as a function of the

sensor-viewing angle (solar zenith angle, 40°) and for (a) various
relative azimuthal angles with surface wind speed of 5 m/s and (b)
various surface wind speeds with a relative azimuthal angle of 20°.

T, T =exp|—(t,+T,)

two step iteration since we don'’t know : Ly from Cox and Munk (1954)
(1) [Lp, ©,', W] =2 LO=L-L, 2> 1, requires ancillary wind speed &
(2) [Lt(1)’ 16(1), W] > |_t(2)=|_t(1)_|_g > 1Ta(2) geometries of Sun & sensor

with initial guess of T, ~ 0.1 (additional logic included to prevent overcorrection)

24
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aerosols

v v vV v V v V V
Lt=( rtdef+tdew)tgvtgsfp
L J

R, = w
rs
FO COS(HS)tdS fs fb f)L
v 74 v Vv
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aerosols

final unknowns in top expression —j
e v v v vV v Vv V
Lt =(Lr ‘@’ tdef +tdew)tgv tgs fp

o

R, = w
rs
FO COS(HS)tdS fs fb f)L
v 74 v Vv

additional concepts:

aerosol tables

single- vs. multi-scattering
aerosol selection

the “black pixel” assumption
absorbing aerosols

26
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aerosol tables

aerosol properties can be characterized by their particle size
distribution (PSD) & their complex index of refraction (m)

given a PSD & m (& assuming sphericity), aerosol optical
properties can be computed using Mie theory:

o scattering phase function (/5’ )
o single scattering albedo (w =b/c)
o extinction coefficient (c =a + b)
aerosol optical thickness relates to extinction coefficient
O <
T,=[c(z)dz
0
aerosol tables are generated for various PSDs (& m’s) & are
o defined by /§ w, 7, (& other variables)

o nhavigated using solar & satellite viewing geometries




aerosol tables

we assume each PSD to be represented by 2 lognormal distributions

o fine particles (continental & sometimes absorbing)

o coarse particles (oceanic / sea salt & non-absorbing)

100+ RhS\O R}[SO

/Rh95

100 |

A course

NG

dV/d(logr)
dV/d(logr)

10;

10+

0.01 0.10 1.00 10.00 100.00
Radius(um)

fine

0.01 0.10 1.00 10.00 100.00
Radius(um)

each PSD modulated by varying relative humidity

o humidity changes particle size
o requires ancillary data from NCEP
80 aerosol tables total, built from AERONET measurements

see Ahmad et al.,

o 10 PSDs
Applied Optics, 2010

o 8 relative humidities




aerosol tables

the Angstrom exponent (o) provides an estimator of particle size
o high a = small particles

o low a = large particles

o definedvia T,(A) _(7\0 )a

T,(Ay) \ A
. = 0.05¢
aerosol models often defined £ N Marine_1.73
' R 0.04-  6-0° (Nadi E
by epsilon (¢) L (748) S 00 (Nadi
o E
o &(748,869)=—4 § 0.03 - Marine 0.79
L,(869) £ -
< E Marine 0.14
%z 0.02° :
R4 :
2 0.01- _ _ E
O = Slope=p7.s/Pseo=€7as
2000
0.0 0.01 0.02 0.03 0.04

Aerosol Reflectance (869 nm)
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black pixel assumption

final unknowns in top expression —\
e v v v vV v Vv V
Lt=( r ‘@’ tdef'I'tdv w)tgvtgsfp

in the open ocean, we can assume (?7?7?) that L, in the
near-infrared (NIR) is = O (rather, is black)

thus, in the NIR (e.g., 748 and 869 nm):
L. (NIR) + L ,(NIR) = L(NIR) — the terms we computed

La +Lra =Lttgv tgs fp _Lr _tdef

UMaine Ocean Optics Summer Course, PJW, NASA
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aerosol selection

L,(NIR) =0, so L (NIR) + L ,(NIR) = L(NIR) — (everything previously computed)
how do we estimate L_(visible) + L _(visible)?

let’s refer to [L, + L,,] simply as L,
select the 10 aerosol tables that match the observed NCEP relative humidity
compute epsilon values for the 10 tables [¢(748,869) = L,(748) / L,(869)]

perform an iterative determination of the mean ¢(748,869) value (can be describe offline)
& select a final bounding 2 aerosol models

using 2 bounding models, calculate ¢(A,869) from ¢(748,869)

calculate L (M) = ¢(A,869) L,(869) 3.0 H‘H(u)
2. 5 :_ 2017 0.176 EE“:%%EE% _:

see Gordon & Wang, - 2.0% .
Applied Optics, 1994 G -

‘7 1.5+ -

D—d L 0.787 1.081

3 i
final retrieval of L (\) is more 1.0F m 1'558///""’"’"’ E
accurate than that of t, and o; 05" . / ]
not unlike retrievals of a(\) being - ]
more accurate than a, (M) &a,,(A) in 0.0 f ]
inversion models (lectures 19 & 20) 200 300 400 500 600 700 800 900

wavelength (nm) 31
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black pixel assumption

are R ((NIR) really black?

Sargasso Sea

0.008 T R R [T T T T T R R R
i | 0.0004 . |
L : | | -
- | 0.0002 : : ]
0.006 - | , | i
| |
| 0.0000 b A pustbun L
_ i | 700 800 900
ol : | |
3 0.004 — | [ | ]
0 i | | | |
€ | | |
| | |
L | | | -
0.002 - : | : =
| | |
| | | | |
| | |
I~ | | | T
0.000 L tdo o d bbb SN T D P S
300 400 500 600 700 800 900

Wavelength (nm)
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black pixel assumption

are R ((NIR) really black?

Sargasso Sea  Mississippi River Delta

0.008

0.006

0.002

0.000

300

400 500 600 700 800
Wavelength (nm)
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black pixel assumption

what happens when we don’t account for R((NIR) > 0?

% frequency

Rrs(412)

Rrs(412) Rrs(443) Chl Angstrom(443,869)
107 | 12] | ] 6 % 40
k 1 10 > 5 3
8E 8l | o 4 i 30
6! 4 % i
t 6f o 3 i 20
4 4} 22
2} 2 2 1 ] 10
0L () ] 0 — 3 0
-0.010 0.005 0.020 -0.010 0.005 0.020 0.1 1.0 10.0100.0 -1 0 1 2 3
0.010— =
ODOSE* ‘g
0.000 =
Jan Jan Jan Jan Jan Jan Jan Jan
2002 2003 2004 2005 2006 2007 2008 2009
o® °
o
S00ge o® 0 %0
Jan Jan Jan Jan Jan Jan Jan
2003 2004 2005 2006 2007 2008 2009
in situ: circles & shaded areas Lower Chesapeake Bay

satellite:  black—pixel assumption

use the “black pixel” assumption (e.g., SeaWiFS 1997-2000)

34
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black pixel assumption
what to do when R ((NIR) > 07?

many approaches exist, here are a few examples:

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

use shortwave infrared bands field datal

e.g., Wang & Shi 2007

correct/model the non-negligible R ((NIR)
Siegel et al. 2000 used in SeaWiFS Reprocessing 3 (2000)
Stumpf et al. 2003 used in SeaWiFS Reprocessing 4 (2002)
Lavender et al. 2005 MERIS
Bailey et al. 2010 used in SeaWiFS Reprocessing 6 (2009)

use a coupled ocean-atmosphere optimization
e.g., Chomko & Gordon 2001, Stamnes et al. 2003, Kuchinke et al. 2009

UMaine Ocean Optics Summer Course, PJW, NASA
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black pixel assumption
fixed aerosol & water contributions (MUMM)

Rrs(412) Rrs(443) Chl Angstrom(443,869)
25

— ek

o OO OoNA

% frequency

o= N Whrhoo

% frequency
o4 N Wh OO

1 1.0 10.0100.0 -1 0 1 2 3

-0.010 0.005 0.020 -0.010 0.005 0.020

a
2002 2003 2004 2005 2006 2007 2008 2009

HHIIII|I‘ I\[Hlllll‘h I}

Jan Jan Jan Jan Jan Jan Jan Jan
2002 2003 2004 2005 2006 2007 2008 2009

in situ: circles & shaded areas Lower Chesapeake Bay

satellite:  MUMM (default) MUMM (Bay-tuned)

assign ¢ & p,(NIR) (via fixed values, a climatology, nearby pixels)
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black pixel assumption

advantages:

accurate configuration leads to accurate aerosol & R((NIR) retrievals
several configuration options: fixed values, climatologies, nearby pixels
method available for all past, present, & future ocean color satellites

disadvantages:
no configuration is valid at all times for all water masses

requires local knowledge of changing aerosol & water properties
implementation can be complicated for operational processing




black pixel assumption
use of SWIR bands only

Rrs(443) Chl Angstrom(443,869)
f 12 ]
g 10! 10 %) 2
o 6} 3 o> 6} i
L 4 4} £ 4 !
R 2t 2 X 2t i
0% \ 0t . 0 3 A
-0.010 0.005 0.020 -0.010 0.005 0.020 0.1 1.0 10.0100.0 -1 0 1 2 3
0.010 — -
o = -
% 0.005( =
Q — -
C 0.000F -
Jan Jan Jan Jan Jan Jan Jan Jan
2002 2003 2004 2005 2006 2007 2008 2009

Lower Chesapeake Bay

in situ: circles & shaded areas
satellite:  NIR (turbid only) SWIR (turbid only)

compare NIR & SWIR retrievals when considering only “turbid pixels’
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black pixel assumption
use of NIR + SWIR bands

Rrs(412) Rrs(443) Chl Angstrom(443,869)
6 , 8 | 10 25
g | 6 | Z 8 20}
[ = 4_ c
S ' S 6 15
T | 4 [ o
g ol o 4 10+
Q| e ) ] 5!
0. . ‘ 0 . 0 R 0
-0.010  0.005  0.020 -0.010  0.005  0.020 01 1.0 10.0100.0 -1
0.010

Rrs(412)
o
o
o
(6]
TTTTT I‘IH |

lilllllllul

Jan Jan Jan Jan Jan Jan Jan
2002 2003 2004 2005 2006 2007

[
o)
3

2008 2009

in situ: circles & shaded areas
satellite:

Lower Chesapeake Bay

NIR-SWIR (2009, default) NIR-SWIR (2007)

use SWIR bands in “turbid” water, otherwise use NIR bands
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black pixel assumption

advantages:

“black pixel” assumption largely satisfied in SWIR region of spectrum
straightforward implementation for operational processing

disadvantages:

only available for instruments with SWIR bands
SWIR bands on MODIS have inadequate signal-to-noise (SNR) ratios
difficult to vicariously calibrate the SWIR bands on MODIS

must define conditions for switching from NIR to SWIR




black pixel assumption

correction of non-negligible R ((NIR)

% frequency

412)

~—

Rrs

Rrs(412) Rrs(443) Chl Angstrom(443,869)
127 | 12§ | 10
101 | 10 | & 8
8 8 | 5 &
6 6 ! s Ll
4} 4} 1 2
2F | 2t Q2
0¢ L 0¢ . 0 J
-0.010 0.005 0.020 -0.010 0.005 0.020 0.1 1.0 10.0100.0
0.010 — -
0.005 ; é
0.000 é
Jan Jan Jan Jan Jan Jan Jan Jan
2002 2003 2004 2005 2006 2007 2008 2009

2009

2007 2008

2004

in situ: circles & shaded areas Lower Chesapeake Bay

satellite:  NIR (default)

estimate R ((NIR) using a bio-optical model
operational SeaWiFS & MODIS processing ~ 2000-present
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black pixel assumption

advantages:

method available for all past, present, & future ocean color missions
straightforward implementation for operational processing

disadvantages:

bio-optical model not valid at all times for all water masses

UMaine Ocean Optics Summer Course, PJW, NASA
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black pixel assumption — bio-optical model

initial R ((670) measured by satellite (using R,((765) = 0)

Bailey et al., Optics
Express, 2010

UMaine Ocean Optics Summer Course, PJW, NASA
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black pixel assumption — bio-optical model

initial R ((670) measured by satellite (using R,((765) = 0)

model a(670) = a,(670) + a,,(670)

10° —_——
a. (670) = M€y * 09389 - 3.7589)
g
10~ =0.1m"’
g a,(670) = 0.44 m"
© 107
107¢
l()—-& - s 2 gl I PO 1 AJJJ‘L' L2 a1
10°= 10° 10" Bailey et al., Optics

Express, 2010

44
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black pixel assumption — bio-optical model

initial R ((670) measured by satellite (using R,((765) = 0)
model a(670) = a,(670) + a,,(670)

estimate b,(670) using R((670), a(670), & G(670) [Morel et al. 2002]

b, (670)
a(670) + b, (670)

R,.(670) = G(670)

Bailey et al., Optics
Express, 2010

UMaine Ocean Optics Summer Course, PJW, NASA
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black pixel assumption — bio-optical model

initial R ((670) measured by satellite (using R,((765) = 0)

model a(670) = a,(670) + a,,(670)

estimate b,(670) using R((670), a(670), & G(670) [Morel et al. 2002]

model n using R ((443) & R ,(555) [Lee et al. 2002]

3.0

25F

—r——r—

—

o GOMEX
¢ COLOR

PR

N .
N
A PPN BEPE SR PR T

~ ~ o R (443)
n=2.0 [1 1.2 exp( 0.9 RrS(SSS))]

j

Bailey et al., Optics

0.6

0.8 1.0 1.2
R.s(443)/R,,(488)

from Carder et al. 1999

BRI Express, 2010
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black pixel assumption — bio-optical model

initial R ((670) measured by satellite (using R.((765) = 0)

model a(670) = a,(670) + a,,(670)

estimate b,(670) using R.((670), a(670), & G(670) [Morel et al. 2002]
model n using R((443) & R((555) [Lee et al. 2002]

estimate b, (765) using b,(670) & 1

670"
b, (765) = b,,,(765) + b, (670) 265

Bailey et al., Optics
Express, 2010

UMaine Ocean Optics Summer Course, PJW, NASA
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black pixel assumption — bio-optical model

initial R ((670) measured by satellite (using R,((765) = 0)

model a(670) = a,(670) + a,,(670)

estimate b,(670) using R((670), a(670), & G(670) [Morel et al. 2002]
model n using R((443) & R((55%5) [Lee et al. 2002]

estimate b, (765) using b,(670) & n

reconstruct R.((765) using b, (765), a,,(765), & G(765)

b, (765)
a,(765)+b,(765)

R..(765) = G(765)

Bailey et al., Optics
a,,(765) = 2.85 m™ Express, 2010

UMaine Ocean Optics Summer Course, PJW, NASA
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black pixel assumption — bio-optical model

initial R ((670) measured by satellite (using R,((765) = 0)

model a(670) = a,(670) + a,,(670)

estimate b,(670) using R((670), a(670), & G(670) [Morel et al. 2002]
model n using R((443) & R((55%5) [Lee et al. 2002]

estimate b, (765) using b,(670) & n

reconstruct R.((765) using b, (765), a,,(765), & G(765)

iterate until Rrs(765) changes by <2% (typically 3-4 iterations)

Bailey et al., Optics
Express, 2010

UMaine Ocean Optics Summer Course, PJW, NASA
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black pixel assumption — bio-optical model

locations of application of bio-optical model

black = land; grey = Chl < 0.3 mg m-3; white Chl > 0.3 mg m-3

not applied when Chl < 0.3 mg m-3
weighted application when 0.3 < Chl < 0.7 mg m3

fully applied when Chl > 0.7 mg m-3 Bailey et al., Optics
Express, 2010




bidirectional reflectance correction

v 74 4 vV Vv 4 v V Vv
Lt (Lr+[La+Lm]+tdef+tdew)tgvtgsfp

o

R, = w
rS
Focos(6y)t 45 f Sp )2
v vV vV

UMaine Ocean Optics Summer Course, PJW, NASA
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bidirectional reflectance correction

SUN

time of in situ
measurement
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bidirectional reflectance correction

SUN




bidirectional reflectance correction

SUN

SATELLITE

time of satellite
measurement

sun position has changed,
water column has changed
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bidirectional reflectance correction

we normalize R to account for Sun’s changing position in the sky:

pathlengths through atmosphere
transmission of light through air-sea & sea-air interfaces

angular features of in-water volume scattering functions

Morel et al., Applied Optics, 2002

normalize all measurements to No fo(ts, W, IOP)

condition of overhead Sun [LowIn™ = [Luly

( f(8,, T, W, IOP)

m,mo 9F7FO 7Q9Q0 Q(OS, 0, b, T, W, IOP)

m(e,’ W) QO(T(D W’ IOP)

from look up tables based on Chl
& geometries of Sun & sensor

UMaine Ocean Optics Summer Course, PJW, NASA
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bidirectional reflectance correction

Morel et al., Applied Optics, 2002

normalize all measurements to
condition of overhead Sun

NNy, F,F,0,0

from look up tables based on Chl
& geometries of Sun & sensor

N L
1.0 - (L%

0.9

iR . 7
0070, &, 4 °
7 7 %
0.7 n Y 0
77 / 77
0.6

<Chl> mg m?

Fig. 13. Evolution of the f,/f ratio with the Chl and for solar
angles as indicated by the shaded areas (the values for 6, = 60°,
which overlap those for 45° and 75°, are not displayed); the symbols
are for the various wavelengths.

§R0 fO(Ta, Wa IOP)

L™ = ey 67, W) ot W, TOP)

f(8s 0, W, IOP) |7
Q(987 6,’ (b’ Ta7 W’ IOP) ’
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spectral bandpass correction

v 74 4 vV Vv 4 v V Vv
Lt (Lr+[La+Lm]+tdef+tdew)tgvtgsfp

o

R, = wo
rs
FOCOS(HS)tdeSf f)L
v v vV Vv V
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Relative Spectral Response

0.1

0.01

0.001

0.0001

le-05

spectral bandpass correction

SeaWiFS Spectral Response for Band 5 (555 nm)

| satellite filter —— )
I

in situ filter

N AW

400 600

800

1000

-------------------------------------------------------------

500

550 600

Wavelength (nm)
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calculate R¢(\) using Morel & Maritorena (2001) for 0.01 < Chl <3 mg m3

Rrs (1/sr)

0.020

0.015

O
o
—
o

spectral bandpass correction

[~ l T T T T I T T T T [ T T T T I L] T T T l T T T T I T T T Yj

— -

. Chl:0.03 0.050.070.11 018 10.00 |

| 1 1 1 l 1 1 1 | 1 1 1 l 1 1 1

400 450 500 550 600 650 700

wavelength (nm)
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spectral bandpass correction

calculate R (M) using MMo1 for 0.01 < Chl < 3 mg m3

for each satellite band A;:
for each Chl;:
calculate 10-nm mean R (A, Chl)
calculate full-spectral-response R (A, Chl)
ratio r(\;,Chl) = 10-nm / full-band

0.004f T T T 1.2

0.003 " 11.1
: 1 3
10-NmM ™ ] =
s 1 E
full-band 8 0.002 11.08
ratio o - 1 e
L+ ] E

0.001 10.9

0.000f . ...108

0.01 0.10 1.00 10.00

Chl

UMaine Ocean Optics Summer Course, PJW, NASA
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spectral bandpass correction

calculate R (M) using MMo1 for 0.01 < Chl < 3 mg m3

for each satellite band A;:
for each Chl;:
calculate 10-nm mean R (A, Chl)
calculate full-spectral-response R (A, Chl)
ratio r(\;,Chl) = 10-nm / full-band

0004: ' T T LA L L | T T Vl!xl|:1'2

0.003 " 8 P
10-nm =
0

full-band 1S .
ratio o

0.001 - o

00000 . ..  os

0.01 0.10 1.00 10.00

UMaine Ocean Optics Summer Course, PJW, NASA
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spectral bandpass correction

calculate R (M) using MMo1 for 0.01 < Chl < 3 mg m3

for each satellite band A;:
for each Chl;:
calculate 10-nm mean R (A, Chl)
calculate full-spectral-response R (A, Chl)
ratio r(\,,Chl) = 10-nm / full-band

plot / regress ratio vs. full-band R..(490) / R .(555)
derive polynomial expression to estimate ratio from full-band ratio

1.061
1.04} ]
102? .....ooo..... i
2 100 |
10 1-00j————————————1:————____
0.98 ‘. ]
0.96/
0940 0
0 1 2 3 4 5

full-band Rrs(490)/Rrs(555)
UMaine Ocean Optics Summer Course, PJW, NASA
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spectral bandpass correction

calculate R (M) using MMo1 for 0.01 < Chl < 3 mg m3

for each satellite band A;:
for each Chl;:
calculate 10-nm mean R (A, Chl)
calculate full-spectral-response R (A, Chl)
ratio r(\,,Chl) = 10-nm / full-band

plot / regress ratio vs. full-band R..(490) / R .(555)
derive polynomial expression to estimate ratio from full-band ratio

to “adjust” satellite full-band to 10-nm, apply correction factors
Rrs(h;,10-nm) = r(A) ™ Rrs(A, full-band)




spectral bandpass correction

SeaWIiFS Spectral Response for Band 2 (443 nm) SeaWiFS Out-of-Band Correction for Band 2 (443 nm)
I 1.10 r
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spectral bandpass correction

why do we care?

satellite R, adjusted using a bio-optical model

take care when executing satellite-to-in situ match-ups

when using multispectral in situ radiometers:
enable the bandpass adjustment

when using hyperspectral in situ radiometers:

enable the adjustment when applying 10-nm filter to in situ R ¢
disable the adjustment when applying full-spectral-response to in situ R ¢

UMaine Ocean Optics Summer Course, PJW, NASA
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so there you have it — perfect R ,

v 74 4 vV Vv 4 v V Vv
Lt (Lr+[La+Lm]+tdef+tdew)tgvtgsfp

o

R, = w

rs
FOCOS(HS)tdeSfbf)L
v 74 vV vV v V

UMaine Ocean Optics Summer Course, PJW, NASA

66







scorecard — ancillary data requirements

ancillary data ancillary source uses

atmospheric pressure NCEP Rayleigh

water vapor NCEP transmittance

relative humidity NCEP aerosol models

wind speed NCEP white caps, Sun glint, Rayleigh
ozone OMI/TOMS transmittance

NO, Sciamachy/OMI/GOME transmittance

look-up tables, coefficients

aerosol models

Rayleigh

Rayleigh optical thickness

ozone absorption

NO, absorption

pure seawater absorption, scattering, index of refraction (temp/sal dependent)
f/Q (bidirectional reflectance distributions)

UMaine Ocean Optics Summer Course, PJW, NASA
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