Lecture 20:
Rrs Inversions Part 2:
Semi-analytical models to obtain IOPs
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Forward Model

e Start with incident radiance
e Propagate through the medium using IOPs

e Radiative Transfer Equation

— Monte Carlo
— Hydrolight



Inverse Model

e Approximations to the Radiative Transfer
Equation
— Empirical models
— Semi-analytic models (semi-empirical)

e Start with AOPs

e Derive the IOPs



Reports of the International
Ocean-Colour Coordinating Group

An Affiliated Program of the Scientific Committes on Oceanic Research (5COR)
An Associate Member of the Committes on Earth Observation Satellites (CEOS)

[OCCG Report Number 5, 2006

Remote Sensing of Inherent Optical Properties:
Fundamentals, Tests of Algorithms, and Applications

Editor:
ThongPing Lee (Maval Research Laboratory, Stennis Space Center, TISA)

Report of an [OCCG working group on ocean-colour algorithms, chaired by
ZhongPing Lee and based on contributions from (in alphabetical ordery:

Robert Arnone, Marcel Babin, Andrew H. Barnard, Emmanuel Boss,

Jennifer P. Cannizz aro, Kendall L. Carder, F. Robert Chen, Emmamuel Devred,
Roland Doerffer, KePing Du, Frank Hoge, Oleg V. Kopelevich,

ZhongPing Lee, Hubert Loisel, Paul E. Lyon, Stéphane Maritorena,

Trevor Platt, Antoine Poteaw, Collin Roesler, Shubha Satlyvendranath,

Helmut Schiller, Dave Siegel, Akihiko Tanaka, J. Ronald V. Zaneveld



How do you measure the

——

I e e R
|

f

003

]
8

~

R(A.zo). R(1.20)
<
=1

Roesler and Perry 1995

009

=]
4

{oceanic only)

— [ ——— 139 km offshore
- v/ N | 63 km offshore
E. 0.008 [ --------- diatom bloom
— ]
O E
o - ]
=
° ]
W 0.004 ]
~ e
ﬁ ~ J-:
2 =
- [ ]
0.000 L L A —
400 500 600 700

Wavelength (nm)

Cullen et al. 1997

L, [MW/em?/nm/sr]

reflectance ratio?

T

0.6 _f‘--\ -0 SBA
f ; 3 © P
:;/\:;ﬁ
Fid o~y
3
044 P .
Ny \
W
%
%
0.2+ Y
%
0.0 : : : \
400 450 500 550 600 650 700

Wavelength [nm]

Lee et al. 2013

Percent of incident light

o Chior
TO8TA LOGME  mgim®SLoME

L & SANGASSDSER  (€G) 0373

H B SLOPE WATER 0.3 oo
i © TRANSITION 0.6 01e
i [ GEORGES BANK 1.3 0O0TE
G E GEOMGES SHOALS 3.0 0038

4-”[ (To 7.0% at 400 nm)
I

L i 1 I L 1 - L —
200 450 500 850 600 650
Wavelength (nm)

Clarke et al. 1970



From Curt’s Lecture: empirically estimate chlorophyll
[chl] from radiance or reflectance ratios
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Figure 7.12 Ratios R of upwelling radiance just above the sea surface between pairs of light
bands, as a function of the chlorophyli and phaeopigment concentration at the surface. The super-

script on L refers to the wavelength in nanometers (from Gordon and Clark, 1980).
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NASA's Operational Empirical Chlorophyll Algorithm

Maximum Band Ratio Algorithm

0.020
. Chl:0.03 0

0.015

o
o
—
o

0.005

0.000 .

0070110188

400

450

500 550
wavelength (nm)

600

100.0005.'F
10.000;:
1000~
0.100%
0.010‘%

0.001 |
0.1

OC4versionS

R..510

rs

1.0 10.0
(R.443 > R 490 > R_510) / R 555




NASA's Operational Empirical Chlorophyll Algorithm

OC4 version 5
. .. . . . 100.000¢ ‘ DRSS
operational empirical (statistical) algorithms |
typically have a form that resembles: 10.000
4 ,
i 1.000
log,,(chl) = > ¢ (109, Ry ) s |
i—0 0.100 -
equation that fits the distribution of points 0.010.
0.1 1.0 10.0
(R.443 > R 490 > R_510) / R 555

Ioglo(ChI) = C0 (Ioglo I:\>max )0 + C1 (Ioglo Rmax )l + CZ (Ioglo I:\)max )2 + C3 (Ioglo Rmax )3 + C4 (Ioglo Rmax )4

Table 1
Coefficients for the OC version 5 algorithms (O'Reilly, personal communication).

Ap Ag Lo 1 Cz C3 C4
OCc4 443 490510 555 03080 —3.0882 30440 —12013 —0.7942
OC35° 443 490 555 02409 —24758 1.5296 0.1061 — 11077
OC3M" 443,488 551 02254 —2,6354 18071 0.0063 —12931
4 For SeaWiFs.

" For MODIS-Aqua.




[OCCG Report Number 5, 2006 Chapter 1

Remote Sensing of Inherent Optical Properties:
Fundamentals, Tests of Algorithms, and Applications

Why are Inherent Optical Properties Needed in
Ocean-Colour Remote Sensing?

Ronald Zaneveld, Andrew Barnard and ZhongPing Lee

I o , radiance Chlorophyll,
(R,443 > R _490 > R, 510} / R_555 d]stribut |_1:|-[] '[}Il'_'ldl_]_{:t ]D[]_
and spectrum particle concentration

Figure 1.1 Diagram of inverse radiative transfer elements using the “black
box” approach.

e Empirical estimation of chlorophyll from radiance (“black box”)
e But chlorophyll isn’t what is impacting radiances, it is the IOPs

particle size, index of refraction, radiance
d;stributinnsﬁ ﬂn_d properties of »| 0P p distribution
dissolved materials and spectrum

Figure 1.2 Diagram of forward radiative transfer elements.



[OCCG Report Number 5, 2006

Remote Sensing of Inherent Optical Properties:
Fundamentals, Tests of Algorithms, and Applications

particle size, index of refraction,
distributions, and properties of

dissolved materials

Chapter 1

Why are Inherent Optical Properties Needed in
Ocean-Colour Remote Sensing?

Ronald Zaneveld, Andrew Barnard and ZhongPing Lee

[OP
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radiance

distribution
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Figure 1.2 Diagram of forward radiative transfer elements.

e And the IOPs are determined by constituent properties
e Soinverting radiance provides information on all of these

constituents
diszolved - _
maHer / inorganic MW
radiance particulates | organic
distribution =™ 0P - phyto-
and spectrum plankion

Figure 1.3 Diagram of inverse radiative transfer elements. Many further
parameters are derived from these constituents, such as DOC, POC and

productivity.
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You have heard how to estimate chl from spectral
reflectance ratios, but back in 1977 Morel and Prieur
were already investigating the IOP<—> R relationship

Analysis of variations in ocean color'

André Morel and Louis Prieur

Laboratoire de Physique et Chimie Marines, Station Marine de Villefranche-sur-Mer, 396“
06230 Villefranche-sur-Mer, France ‘\\\5 Q
qe?® A
Abstract «\3
Spectral measurements of downwelling and upwelling daylight werc made in waters
different with respect to turbidity and pigment content and from these data the spectral val-
ues of the reflectance ratio just below the sea surface, R()\), were calculated. The experi-
mental results arve interpreted by comparison with the theoretical R(A) values computed from
the absorption and back-scattering coefficients, The importance of molecular scattering in
the light back-scattering process is emphasized. The R(\) values observed for blue waters
are in full agreement with computed valucs in which new and realistic values of the absorp-
tion coefficicnt for pure water are used and presented. For the various green waters, the
chlorophyll concentrations and the scattering coefficients, as measured, are used in compu-
tations which account for the observed R(X) values. The inverse process, ie. to infer the
content of the water from R(A) measurements at sclected wavelengths, is discussed in
view of remote sensing applications.

LIMNOLOGY AND OCEANOGRAPHY 709 JULY 1977, V. 22(4)



Measurements of R =E /E,
QSSA leads to: R=0.33b,/(a+b,)

Fig. 1. Reflectance ratio R(\), expressed in
percent, plotted with logarithmic scale vs. wave-
length A in nm, for 81 experiments in various
waters. Same units and scales also used in Figs.
4 5, 6,7, and 11.

e Goals of paper

e Explain variationsin R
with respectto b, a

e Model the IOPs to
predict R

e These results are the
basis for semi-analytic
inversions



Parameterize the Spectral Backscattering
(remember there were no measurements)

b(A) = b, (L) +by(A)  and by(A) = by, (L) + by (A)

= by (hg) M43 + by (Ag) AP

when water dominates
the spectral slope is
dominated by that of water

b38q b0

but as particles dominate
the spectral slope is

very reduced and dependent
upon the slope of the power
function (n,)




Case 1: Blue Waters

by (A) + by(A)
a,(A)

R(A) =
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Case 2: Green Waters
V-type Chl-dominated

R(K) — bw(k) + bo(k)

and b,(A) ~ [chl]

a, (M) +ag,,(A) Fphyt
F Gta a Gl L Ay
3": L .2 G.2 . 1h 1,85 hBY &3
[ChI] = 0 2 . 2: b :; 33
10,0
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Case 2: Green Waters

U-type Sediment-dominated

b, (A) +b, (L)
a,(A) +a,,(A) +a (M)

R(L) = a e~ [ch]
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Generalized semi-analytic model

a=a, +[chl+pheola* +ba,

b

Y
10.0f
(know b,, b,,,, measure b)
1.[:||_ . .
Assume a backscattering ratio
R for particles is spectrally flat,
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Tntarmediate
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The results

Order of magnitude variations exist between reflectance
ratios and pigment due to combined spectral variations of
absorption and backscattering
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Figure 7.12 Ratios R of upwelling radiance just above the sea surface between pairs of light
bands, as a function of the chlorophyli and phaeopigment concentration at the surface. The super-
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1990s Invert R to obtain IOPs

ROV = £/Q a(xb)bf;)(x)

Starting in 1995 there was an explosion of papers
(well, OK, less than 5) focused on semi-analytical
inversion models to obtain IOPs from reflectance

Here is how it works...
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1990s Invert R to obtain IOPs

R(L) = £/Q =)

a(M)+b,(A)

Step 1. The IOPs are additive, separate into

absorbing and backscattering components
a(A) =a,(A) +a,p,(A) + ayap(r) +acpoml(A)

by(1) = by, (A) + by ()
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1990s Invert R to obtain IOPs

R =110 257

Step 2. Beer’s Law indicates component |IOPs are
proportional to component concentration, define
concentration-specific spectral shapes. For example
chlorophyll-specific phytoplankton absorption

aon(A) = [chl] xa™* ) (A)

phyt

Component IOP = concentration x concentration-specific IOP
= scalar x vector
= magnitude x spectral shape
= eigenvalue x eigenvector



1990s Invert R to obtain IOPs

R =110 257

Step 3. Put it all together

bw (}\') + Abbp b;;p (}\‘)
+ Apnyt Apnye (M) + Anap ayap (M) + Acpom agpom (M) +bw(A) + Appp by, (L)

R =1/ 75

water IOPs know and constant
eigenvectors are spectra, representative shapes
eigenvalues are scalars to be estimated



1990s Invert R to obtain IOPs

R =110 257

Step 4. input known eigenvectors (component IOP
spectra), perform regression against measured
reflectance spectrum to estimate eigenvalues
(magnitudes, As)

bw (7\') + Abbp pr O\‘)

R(A) =f
) = O oy T e a0 F Avar @ior O+ Acoom aepom O b (R + Anop 3 (o)

How much of each absorbing and backscattering
component is needed (in a least squares sense) to
reconstruct the measured reflectance spectrum?



1990s Invert R to obtain IOPs
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1990s Invert R to obtain IOPs

R0 = £/Q- @”)bf;)(k)

Starting in 1995 there was an explosion of papers
(well, OK, less than 5) inversion models utilizing this
approach. The differences between them lies in:

1) Definition of eigenvectors (spectral shapes)

2) Inversion method (non-linear least squares,
linear matrix inversion)

3) Validation and error analysis



Models to be used in afternoon laboratory

e Roesler and Perry 1995

e Leeetal. 1996 - Lee etal. 2002 QAA

e Hoge and Lyon 1996

e Garver and Siegel 1997 - Maritorena et al 2002 GSM
e Roesler and Boss 2003 (estimate c, b, (A))

e Roesler et al. 2004 (phytoplankton functional types)

e Things to notice
— Basis vector definition
— Solution approach
— Testing against independent data
— Sensitivity analyses



We will not go through each one in
detail but will look at examples to
see how the approach works

1. non-linear regression of R = f/Q bb/(a+bb)
1. Roesler and Perry 1995
2. Leeetal 1996
3. Garver etal. 1997



Eigenvectors

1.25
1
;'E\ 0.75
= small particles
0
o 0.5 ——large particles
—— water
0.25
0
400 500 600 700
Wavelength (nm)
1.25
—water
1 —— phytoplankton
CDOM
;,\0.75 — NAP
E
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0.01

0.0075 <~ bbW(?L)
ows by (1) = b(440) (/1,)°
b (L) = b(440) (W)

0

a,,(1)
a," (1) (from 1989 data)

anap(A) + acpm(A) =
acpv(440) exp[-0.0145 (A-440)]

Roesler and Perry 1995



RA)

RA)

Measured R(A) = E (A)/E4(A)

0.06 —<
/" '\ Estuarine i i
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0.04 + N\
0.02 4 0.01 +
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0.09
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0 0
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Wavelength [nm] Wavelength [nm]
Chl =0.07 to 25.6 mg/m-3

a,pn,:(440) = 0.004 to 0.5 m™

by(440) ~0.002 to 0.04 m'!
Roesler and Perry 1995



Results |: Model Test — reconstructing R(A)

measured
odeled
0.02 1 Estuarine 0.02 1 Fjord
<
% 0.01 A 0.01 4
0 e s 0.00
0.09
002 4 Coastal Qceanic
= 0.06 +
=
O1 +
0-0 0.03 +
0 0
350 450 550 650 750 350 450 550 650 750
Wavelength [nm] Wavelength [nm]
R=_by,+b +by .

aW + aphyt +aCDM
6-component model explains most of the observed variability



Results IlI: IOP model validation
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Results lll:  analysis of model residuals
to assess a, Spectral variations
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Sensitivity Analysis

0 Table 2. Results of Sensitivity Analysis for Equation
Genera | Iy 30/0 Cv (14): The Effect of Changes in the Basis Vectors on

] Estimated Phytoplankton @, and Tripton/Gelbstoff a,,
Phyto ad bS retrleval MOST Absorption and Particle Backscattering 5bp Coefficients

Environment

ro b u St Estimated Varied Basis
. . Coefficient Vector Estuarine Fjord Coastal Oceanic
Evidence of variance iy a, Y4 (47)  nd 3 (34) 43 (28)
a 58(49) 82(72) 42(39) 41(34)
tra nsference, ddm bbp bys 50(30)  27(23) I8(10) 38 (22)
g ay 37.012)  16(11) 26(15) 18 (16)
: . a 34(23)  42030) 26(17) 20 (16)
a4 Dasis vector induced b 300 K09 G 66
. ) by a 40 (5) 10(8) 14(12)  8(5)
largest cv in retrieval w2609 15®)  T@) 1)
b2 39 (18)  27(33) 33(21)  20(6)

Averaged coefficients of variations, expressed as percent coeffi-
cients of variation (cv), were determined for each environment.
Numbers in parentheses are percent v with the two most extreme
basis vectors removed; 1.e., for a,, D). salina and SyRéchococcus
sp.; fora,,, § = 0.02 and 0.009; and for by, ¥ = 0.0 and 1.2. For
fjord a4, nd indicates not determinable; model would not converge
with any other a,.



We will not go through each one in
detail but will look at examples to
see how the approach works

2. non-linear regression of R(A) to retrieve beam ¢
1. Roesler and Boss 2003



Roesler and Boss 2003 GRL:

Semianalytic inversion to retrieve beam attenuation

B F Dpw + bbp
ROL) R Q dw T a(p + dcpom T anap + bbw + lobp

let bbp = bbp bp

where Bbp IS the particle backscattering ratio

S0 Dop(M) = by Bp(L)
therefore by,(A) :@(Cp(k) - ay(A))




What do we know about the
particle backscattering ratio?

Effect of the particle-size distribution

3]

-
w
S ——

on the backscattering ratio in seawater

=t 1norganic
7070  APPLIED OPTICS / Vol. 33, No. 30 / 20 October 1994

—_ n'=0
Osvaldo Ulloa, Shubha Sathyendranath, and Trevor Platt %
Varies withreal g
Index of refractiong
E 0.5

organic

0 L 1 1 I ]
1 1.02 1.04 106 1.08 1.1

n

Backscattering ratio (%)

Independent of imaginary
Index of refraction

%5 e e et (S0 not strongly spectral)

n




Dop(R) = by (Co(R) - ap(A))

we know ap(A) = ag(A) + anap (A)

and c,(A) Is a smoothly varying function

)= 0) )

SO
Dpp(A) = Ebp [Cp(Ko) [%O] - 3p(M) - anap(K)}



Regression Model

Wh R() = L
ere Qa +bb

f_

o~

N i Ay
bb (A) - b'.'r (‘JL) +Abb_u (AFP[::!]G}L"!_) _Acpﬁ:ﬁ(‘]-) _Allﬂpﬁllﬂp ()‘):I
ﬂt{) = Gy, (A:) + Axpﬁg& (‘*D + A:mpﬁﬂap (A) + AED{]M ﬁEDﬂM ("U

7 unknowns, 3 absorption eigenvectors



Results: Model fit to reflectance

Standard Model Fit Better fit with c-model——



Results: comparison with measured IOPs
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Results: backscattering

c-model realistic spectrum, spectral features under high
absorption conditions as predicted by Mie theory.



We will not go through each one in
detail but will look at examples to
see how the approach works

3. linear matrix inversion
1. Hoge and Lyon 1996
2. With uncertainties (Wang et al. 2005; Boss and Roesler 2006)



Linear matrix inversion

e This is linear??

f/Q bw(}\,) + Apbp bbp (}M)
aw(A) + Apnyt apnye (M) + Anap ayap (M) + Acpom agpom (M) +bw(A) + Appp by, ()

R(A) =

Rearrange

(a, +a Agm + by, + bbp) = (f/QR) (b, + bbp)

phyt

(a Acqm + bpp) - (F/QR) x by, = (f/QR) x b, - (a,, + by,,)

phyt
Which has the linear regression form:

Aohye X @* vt + Acgm X Acam + Appp X by, = [(f/QR)-1] x by, - a

phyt phyt

(unknowns) (knowns)



Because it is linear

Regression yields exact solution
Fast (good for image processing)

Allows for computation of uncertainties in
retrieved IOPs (when system is
overconstrained)

based upon our uncertainties in

— Measured Rrs
— Spectral shapes of basis vectors



Determining uncertainties

e Allow spectral shapes of eigenvectors to
vary in every possible combination

e Run linear regression for each combination

e Compile retrieved eigenvalue statistics for

each measured reflectance spectrum
Wang et al 2005

o) g

0 A=440nm

60

A=440nm

A=555nm
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Determining uncertainties

e Repeat for suite of reflectance spectra
(simulated or in situ)

n (c) g (d) = (b) ff

= ~ ! t

S 0.1 % E

s, > ~ 00l +£ »
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= 'H 2 >

A=676nm| T A=440nm| £ oo0 A=555nm |

0.01 0.1 é 0.01 0.1 0.001 0.01
Measured a,, (m-!) Measured acpop (m-1)

Measured by, (m-1)

Wang et al 2005



Invert for Phytoplankton Functional Types
ex. Benguela Upwelling System

alongshore winds
offshore transport

upwelled deep nutrients
fuel expansive blooms
with variable species







Day to day variations in water color

Our primary tool was a small radiometric buoy (HTSRB):
incident solar irradiance spectrum
upwelled radiance spectrum
- Lu(63cm)/Ed(0+)



Wavelength [nm]

Examples from South African Time Series
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Inversion Modeling for Phytoplankton Functional Types:
South African Red Tide
(Roesler et al 2004)

e Time series measured daily reflectance spectra (ex below left)
e 5-phytoplankton eigenvectors, PFTs, (below right)

e |nversion to estimate PFT contributions

e Compare with PFT determined microscopically

0.014,
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Examples from South African Time Series
the differences in ocean color are due to differences in pigmentation,
SO we can retrieve species information

Station 3 R_. (%) Measured (colored)
" Modeled (line)

0.014

Wavelength [nm]

Reflectance

500 600 700 800
Wavelength (nm)

800
13 14 15 16 17 18 19 21 22 23 24 25 26 27 28 30
March 2001 Model vs measured



Inversion Modeling for Phytoplankton
Functional Types: South African Red Tide
(Roesler et al 2004)

e 5-phytoplankton eigenvectors, PFTs, (below)
e Time series measured daily reflectance spectra

e |nversion to estimate time series of PFT
contributions (colored symbols at right)

e Compare with time series of microscopic
estimates of PFTs (black symbols at right)!
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Take Home messages

Semi-analytic reflectance inversion models are powerful tools
for estimating spectral IOPs from ocean color

The devil is in the details

— Eigenvector definitions
— Over constrained (hyperspectral vs multispectral)

Solution method

— Non-linear

— “optimized” non-linear

— linear

Important considerations

— Independent data for model testing
— Sensitivity analysis

— uncertainties



Today in Lab

e Excel file for hands on inversion examples

e Matlab code for inversion
— Different models
— Wavelength resolution
— Basis vectors

e Data for inversions
— Measured reflectance spectra

— Simulated reflectance spectra (Hydrolight)
— Your data



Details on some inversion methods
(for your information)



Roesler and Perry 1995 JGR

Eigenvectors

— absorption

* a,(A) =chla,*(A) average from in situ data base
nap+cn:|crm (?' :I = A ('q'd'D:] E'}{pI:-UDl-ﬂ-S (?'*'?"nn

— backscattering
* byiarge(h) = by (440) (A/400)°
' I:)t'li'fv”"lﬂ||(}"':I = bbpzlva I(d'd'DJ (?“f'ﬂ'oo)l

Reflectance equation (hyperspectral)
— Irradiance Reflectance

R(L) = 0.33 b, (L)/a(™)
non-linear regression: Levenberg-Marghardt
model testing
— measured irradiance reflectance

— 34,3, total particle cross-section
— residual analysis to obtain 3, spectral variations



Lee et al. 1996 Applied Optics

Basis vectors

— absorption
* a,(A) =2,(440) exp[ -F In[h—440} ] =400 to 570 nm

100
e a_,(A)=2a,,(440) exp(-S (A-A.)) S=0.012to0 0.016
— backscattering
e b,,(A)=b,,(400) (400/A)7 m=0to3
Reflectance equation (hyperspectral)
— Radiance Reflectance
Ris = 0.0949( b, /(b +a)) + 0.0794 (b, /(b +a))?
plus terms for sunglint and Fresnel reflectance

Constrained non-linear regression

model testing

— measured radiance reflectance

— afrom Ky, measured a,

— not independent data (data used to derive empirical values, used to test)



Lee: Basis Vectors

1t

¢
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Lee: Measured R(A) =L (A)/E (M)

» =
h ISR
E‘* ” > ’&;i o —’__ £ \
_:F ‘-.. - f:-. -
=t -; -‘\ -

0.000 L —
400 500 6OO 700 800

wavelength (nm)

Fig. 3. Measured "IT,\ of the stations.

Chl = 0.09 to 21 pg/!
a,(440) = 0.01 t0 0.83 m’!



Lee: IOP model test
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QAA Products SeaWiFS MODIS

Z. Lee, K. L. Carder, and R. A. Arnone, "Deriving Inherent Optical Properties from Water Color: a Multiband Quasi-Analytical
Algorithm for Optically Deep Waters," Appl. Opt. 41, 5755-5772 (2002)
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Fig. 1. Comeept and achematic flow chart of the kvel-by-leval cocan-color remote sensing and the CUA4



QAA: Inversion Steps

Table 2. Steps of the QAA to Derive Absorption and Backscattering Coefficients from Remote-Sensing Reflectance with 555 nm as the

Reference Wavelength
Order of
Step Property Math Formula Importance Approach
0 Fra =R../(0.52 + 1.7R.,) 1st Semianalytical
1 w(h) _ T&ot [(go)® + dgira() ] 1st Semianalytical
D
2 a(555) =0.0596 + 0.2[a(440), — 0.01], a(440);, = exp(—-2.0 2nd Empirical
— 14p + 0.2p%), p = In[r,.(440)/r_(555)]
3 bep(555) _ x(555)a(555) . ses 1st Analytical
1 B e
4 Y -2 2{ 1-12 Ekp{ r“":iiiiﬂ 2nd Empirical
rol995)
Sy ¥ - -
5 by (h) — Elb_EI\DDD,I| C’:D | 1st Semianalytical
6 alh) _ [ — ul)][Beu(h) + byy(A)] 1st Analytical

u(h)




QAA: Inversion Steps and testing

Table 3. Steps to Decompose the Total Absorption to Phytoplankton and Gelbstoff Components, with Bands at 440 and 440 nm

Order of
Step Property Math Formula Importance Approach
7 { = a,(410)/a,,(440) _ 071+ 0.06 2nd Empirieal
0.8 + r,(440) /r,(555)
5 £ = a (410)/a (440) = exp[5(440—-410}] Znd Semianalytical
0 ﬂg{fif-l-ﬂ:l _ [2(410) — {ai(440)] [e.i410) — {a,(440)] 1st Analytical
£ ¢ €
10 a,(440) = a(440) — e, (440) — a,(440) 1st Analytical
05 [—— . .
—u e Tested against simulated data
0.3 a4

total absorption coefficient (m™)

. a{490)

set

0.03 .05 0.1

0.3 0.5

AC9 total absorption coefficient (m™)

 Simulated data plus noise

 Tested against n<20 obs made
«»| Wwith an ac9 off Baja California



Hoge and Lyon 1996 JGR

Basis vectors

— absorption
* a,(A) = a,(440) exp[(A—440)%/2g?)] for A=400 to 570 nm
e a_,(A) =a,,(440) exp(-0.014 (A-A,))

— backscattering
* b,,(A) = b,,(440) (A/440)3"

Reflectance equation (410, 490 555)
— Radiance Reflectance

Rgs = 0.0949( b, /(b +a)) + 0.0794 (b, /(b +a))?
Linear regression: singular value decomposition

model testing
— synthetic data using basis vector parameterization
— @ Acmy Dpp at 34

— sensitivity analysis to radiance (IOP uncertainties by
bootstrap)



Hoge: Basis Vectors

0 : L 1
400 450 500 550 ec0c b, (L)= (O/\.)33
Wavelength (nm) bp( ) ( 0)

agn(h) = agy(410) exp[-0.014 (A-410)]



Hoge: Synthetic Reflectance Spectra

Used basis vector formulations in Rrs equation
with magnitudes varied such that 5*10° of each
IOP were generated

a,(410) =0 t0 0.74 m’!
a,.(410) = 0.01 t0 0.5 m-!
b,,,(410) = 0.0005 to 0.05 m'!



Hoge: Sensitivity Analysis

Examined IOP error in response to: a

5% uncertainties in L(555) 5%% 10% 28%
5% uncertainties in L(490)

5% uncertainties in L(410)

uncertainties in all three L(})

10% in width of a, peak 9% 5% 9%
100% uncertainty in S, 20% 20% 20%

100% uncertainty in n >20% >20% >20%



Garver and Siegel 1997 JGR

Basis vectors

— absorption
. a¢(k) = a((440) a¢*(k) 3 models
e a_,(A) =2, (440) exp(-S (A-A,))
— backscattering
e by,(A) = b,,(440) (A/400)" n=0, 1,2
Reflectance equation (8 As)
— Radiance Reflectance
Rgs = 0.0949( b, /(b +a)) + 0.0794 (b, /(b +a))?

non-linear regression (but see Maritorena et al. 2002
for improved optimization method)

model testing
— measured radiance reflectance, 2-yr BATS data

— sensitivity analysis to af models, S, n
— comparison with biogeochemical observations (no validation)
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Garver: IOP model sensitivity analysis
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Garver: I0P model sensitivity analysis
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Garver: I0P model sensitivity analy5|s
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Garver, Siegel, Maritorena 2002
GSM SeaWiFS MODIS product

Simulated Annealing Technique

e “Compared with other steepest descent minimization techniques that
look for the quick and nearby solution, simulated annealing is an
iterative heuristic method that permits the search of solutions in the
uphill i.e., lower performance direction. This allows the system to
ultimately find a global minimum.”

e “This feature also reduces the importance of the first guesses used to
initiate the process that is often a critical aspect of minimization
techniques based on the steepest descent methods.”

e “Simulated annealing includes three basic elements:

— 1 a cost function that, given a set of parameters, evaluates the performance of the
model;

— 2 acandidate generator that randomly proposes new values for the eigenvector, and

— 3 adecreasing temperature that introduces some randomness in the process and
controls its overall progress.”
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