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Supertficial aquatic environments (oceans, lakes, rivers...) contain
a great diversity of particulate and dissolved materials.

Water-leaving radiance €2 optically active water constituents

(OAWC).

Inherent optical properties (IOPs) dependent on the nature of
the particles in suspension (i.e., microalgae, sediments).

The relationship between remotely measurable water reflectance
and the IOPs is still to be better elucidated in turbid and very
turbid waters.

Reassessment of the IOPs-reflectance forward model over a wide Z4§
range of water turbidity, accounting for the polarization of light.

Based on this forward model, a specific python package

(InvRrs) was developed to retrieve hyperspectral or
multispectral IOPs from field or satellite sensors.




Posing the radiometric problem: polarization impacts

Radiative Transfer Equation™ (RTE)

cos @ d](dz,ﬁ) = @/(2,9)+1VSF(2,® I(Z,®)sin Odo

° Backscattering coefficient
=a+b = 27| VSF (©)si f .
¢ \$ 7| VSF (©)sin©d6 b, =27 | VSF (©)sin©d©
/ | 7
absorption + scattering
*simplified 9 -



Posing the radiometric problem: polarization impacts

Vector Radiative Transfer Equation™®™ (VRTE:

with polarization) Stokes Vector
1
I= 0
U
V

costI(dZZ’e) = —c(z)I(z,0)+]§

M(z,@)l(z,@)sin@d@ T

cos O dl (Z, 9) _ —C(Z)I (Z, 9) +@(/ Source function to be documented

dz
*simplified"
plifiec™ .



Posing the radiometric problem: polarization impacts

Mixture

Absorption & scattering 3 Reflection & transmission

Water-leaving radiance (L,) Surface radiance (L, )

3‘1’/4

2 T 2 V3
S=[dg'[dOM(z,0,0,0',¢')1(z,0',¢') S= [ d¢'[d0'BRDF (z,0,0,6',¢')1(z,0',¢')
0 0 0 0
Need to document angularly and spectrally:

Scattering matrix M Reflection matrix BRDF

- Forward model = Remote sensing exploitation




Background

r. . remote sensing reflectance

Quasi-single scattering approximation (QSSA):
below water surface (sr™)

B0 b p4,) = b, P (ﬂs9¢59ﬂv’¢v) I R : remote sensing reflectance
a+b, b, Hs —Hy above water surface (sr™')
[ [ [ [ . 1 1 _1
And other parameterization of the radiative transfer a :absorption coefficient (m~)
b, : scattering coefficient (m™)
b X o
rrs (lus’¢s91uv9¢v) - f (a . bb ﬂlus’luv’A¢)’ FunCtIOIlfIS bb ’ baCkscatterlng ratio
or b often taken as a P : phase function (st ™)
R (1,0, 14,,8,)=f e 1,1 ¢J polynomial 4, cosine of source angle
a+
; M, : cosine of view angle
o R (p.0.1.8,)=f —b,ys,yv,Aqﬁj... ¢, : source azimuth
a

¢, view azimuth

But those relation are theoretically wrong for o
. . . A¢ : relative azimuth _
multiple scattering (turbid waters)... 3




Forward model

IOPs

Single particle
scattering
(Mie, "1 -matrix, DDA...)

Cross sections,
Mueller matrix:

C(m,\), M(m,\)

Inverse model
Retrievals

Absorption and backscattering

coefficient, concentration of OAWC,

size group and refractive index

Radiative transfer for coupled

air-water system:
OSOAA code: aerosol, surface roughness,
OAWC concentration. ..

v

.

water components for various viewing geometries

Stokes parameters
(R, and polarization terms)

-

-

N
Hyperspectral or multispectral

Radiometric measurements
For given viewing geometry )

Non-linear optimization
(Levendberg-Marquardt,...)

D ——

Python InvRrs package ../




Radiative transfer for coupled

air-water system:

OSOAA code: aerosol, surface roughness,
sediment, microalgae, cdom concentration. . .

*All the computations were performed in
multiproc mode (Number of CPU = 40)

Sunglint

Azimuth

60°

180°

Decreasing particle size

Forward simulation: Simulated Rrs

Increasing concentration
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Below-surface level

Above-surface level

Polynomial order > 2
might lead to
mismatch

— Better to use
monotonic functions

—== QAA
— Gordon88
| =<~ Lee99

----- Prejato2020

0.0 0.2

0.4
bul(a + by,)

0.6

0.4
bp/(a + by)

0.6

0.8

N=2 _ b

R, =) Bx', withx=—"—
P a+b,

-order polynomials

B x :
=—I withx=
B,+x

Michaelis-Menten equation
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Above water surface
SZA-ol.O deg SZA=-30 deg SZA-(;'.:O deg

—_ or or
45*

N=2 . b B 3155
R =Y Bx', withx=—b—

-1 a+ bb 270 . i

225 35°

9.40-02
9.3e-02
r9.1e-02
:8.90-02
+8.7e-02
8.50-02
8.30-02
8.1e-02

3.9e-03
3.6e-03
3.3¢-03
J.0e-03
2.6e-03
2.3¢-03
2.0e-03
1.7¢.03
1.46-03

-
\

180* 180*



Above water surface

SZA=10 deg SZA=30 deg SZA=50 deg
0* 0 0°

1.7e-01
1.7¢-01
1.7e-01
1.6e-01
1.6e-01
1.6e-01
1.5e-01
1.5e-01
1.5e-01

% 1.1e+00
1.1e400
1.1e+00

0

1.1e+00
1.1e+00
1.0e+00
1.0e+00

Directly handle
transmission through
the rough water-air
interface

1.0e+00
1.0e+00

All parameters are
available through
netcdf LUT files




InvRrs python package

v _esarrgies oymd

s—_
jupyter

o Notebooks

p GitLab

X 00 » o

o
Yo Narhoown .

LY .(.) ref * Wwa nome”
for spa_norm 4n a9 logipaced«2, 2.5, 25):
sodel . forvard sodel((29, 1, 0.015, 0.5 * spa nore, 9.45 * spa narm, 0,05 * spe nore, 1,15, ~0.0005, 0.018) sutputs'Ars’ ). plotd

colorscnap (noraispe nore * 2)), axsans(o))

sodel .1

orward sodeld[2e, 1, 0015, 0.5 * spa noon, 0.35 * o8 nore, 0.85 * spa norm, 125, 0. 0007, S ni) outputea‘Rrs ). plond

colorscmaplnornispm norm * 2)), axeansil))

¢« flg.co
b, set Labe

s f0) .50t
axsfl). set

asl0).set x
aesll). a0t x
axs[0] .90t ylabeld

pleshowd)

SPM: concentration of
Suspended Particulate

Matter

plorbarise, awsans, Shrinked 4. Mp0ctadd, paded 15, locations tep)

LU S a" {2y, Toatslzes?)

Latied ‘el 150, 00051%)

tithel ‘mel. 25.0.00871")

Labei( "Wavolongth (me)’)

Label { "W gt m)')
bl 88 [rad\ (o107 )

Fgue

SPM =3
B 0
n=1.17-0.01i n=1.17-0.001i

400 600 800 1000 400 600 800 1000
Wavelength (nm) Wavelength (nm)



R,y (sr~")
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Water-column “BRDF” impacts

Chl=2, SPM=36.4, aCDOM=0.5
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Inversion algotithm outcomes

0.03

0.01

0.001{

Retrievals

Absorption and backscattering

coefficient, concentration of OAWC,

size group and refractive index

A

-

-

Hyperspectral or multispectral

Radiometric measurements
For given viewing geometry

~

used data

- retrieved

600 800
Wavelength (nm)

400

- -

1000

Non-linear optimization
(Levendberg-Marquardyt,...)
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Station V7, SPM= 13.793
retrieved:12.258765748179737

1.50

0.031 — used data \ - [[Retrieved variables]] -
--== retrieved 125{ ——- chl: 1.16561159 +/- 0.57871577 (49.65%) (init = 3)
\\‘ — a_bg ref: 0.32683997 +/- 0.09607264 (29.39%) (init = 0.5)
o2 LO0| i\ S _bg: 0.01400000 +/- 0.00182126 (13.01%) (init = 0.017)
‘ 5 spm_norm: 4.62594934 +/- 5.58481767 (120.73%) (init = 10)
a2 XX fine prop: 0.10000000 +/- 0.21262846 (212.63%) (init = 0.6)
Y osol W\ nr: 1.20000000 +/- 0.09140867 (7.62%) (init = 1.18)
001t _ ni ref:  -0.00120298 +/- 0.00156230 (129.87%) (init = -0.0005)
0251 = ~ :~-:.‘::==“_ S ni: -5.0744e-06 +/- 0.00124901 (24614.10%) (init = 0.001)
— M o [[Correlations]] (unreported correlations are < 0.100)
0.00 y : T 0001 (T TR s C(spm_norm, nr) = -0.997
400 600 800 1000 400 600 800 C(spm_norm, fine_prop) = -0.985
Wavelength (nm) C(spm_norm, ni_ref) = 0.982
o= Dbbsed | | i lisseis ecosmrisn qogsminn e C(fine_prop, ni ref) =-0.976
0.22 Sy bb"tot She | 0.01400000 J’ooo:szum:aoxs;{:-:." - 0.007) C(nr, ni_ref) =-0.971
P o et 010000000 3. 021263848 (212 67%) it = 0.6 C(fine_prop, nr) = 0.971
-';:m: -uoouom‘o'f 000156230 {1 20.87%) (mié = 0,00 C(S bg, S _ni) = (.957
o TR o B oo i v~ | iy C(a bg ref, S ni) =-0.888
- Crspas:norm. e, piop) = 0,985 C(a_bg_ref, S_bg) =-0.861
' Cifle peop, 7o) = 0976 C(chl, a bg ref) = -0.689
Cltoe prom ne) = g1 C(chl, S_bg) = 0.571
0.16 e by e o) = 08 C(a_bg_ref, ni_ref) = 0.554
Clehi i by 1) = 0,689 C(chl, S_ni) = 0.527
0.14 Gl g el nire) = 0,554 C(chl, ni ref) = .0.427
400 600 800 1000 Ay C(a_bg ref, spm norm) = 0.395
Cla-bi-ret e proph = 0389 C(a_bg_ref, fine_prop) = -0.389
Cichl, e prop)_ = 0335 C(a_bg _ref, nr) = -0.368
T C(chl, fine prop) = 0.335
C(chl, spm_norm) =-0.331 —

‘4




Application of InvRrs to AERONET-OC database

Retrieved: R _ = Ianrs(@S,Hv,Ago)

Venise OCv3.lev20

0.020+

0.015; /

2016-03-01

SZA = 72.2 deg

Wind Sp.=3.3m-s"!

AOT(550)=0.1

\ Chl-a=0.6ug-L"!

—I'A --o=~ data
3 retrieved
é' 0.010 normalized

0.0051

0.000{ S agameecoeee =

400 500 600 700 800 900 1000 1100
Wavelength (nm)
2022-10-11

Future of Above-water Radiometry 2, Brussels, Belgium

10Ps (m™")

0.20

—
[—y
9}

=
[
o

0.05+

0.00+

Normalized: R =InvRrs(0, =0,0,=0)

Used
hhu'd

a(‘dum

Uror

Chl-a = 0,98 pg-L7!
aCDOM = 0.046 m™"
SPM = 0.63 mg-L""
Fine prop. = 0.48
e = 1,15-0,0010

400

500

600

Wavelength (nm)

700

800

900 1000 1100
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Application of InvRrs to AERONET-OC database

Lake Okeechobee known to be prone to Cyanobacteria bloom

Lake Okeechobee N OCv3.lev20

Used
bbu'd
Uedom

Uror

Chl-a = 83.50 ug-L"*
aCDOM = 2,943 m"!
SPM =824 mg L'
Fine prop. = 0,17
mer = 1.15-0.0243

2021-09-04 20+
SZA = 28.3 deg
0.004 - \ Wind Sp.=0.7m 5!
AOT(550)=0.2 151
Chl-a=20.0ug-L"!
= 0:0021 --o-- data {1
E retrieved ‘:’ 10
e 0.002- normalized %
-~ 5 1
0.001 - g
0.000- . . . . . . . Ol == .
400 500 60 700 800 900 1000 1100 400 500
Wavelength (nm)
Spectral range of
Phycocyanin absorption
2022-10-11 Future of Above-water Radiometry 2, Brussels, Belgium

600 700 800 900 1000 1100

Wavelength (nm)
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Application of InvRrs to AERONET-OC database

Lake Okeechobee known to be prone to Cyanobacteria bloom

Addition of Phycocyanin (PC) Specific absorption in InvRrs
Lake Okeechobee N OCv3.lev20

2021-09-04 17.51

: SZA = 28.3 deg g
0.004 - Wind Sp.=0.7m.s~" 15.01 bsed
‘\\ AOT( 5 50 ) = 0 » 2 Uedom

Chl-a=20.0ug- L~ 12.51 .

~ 0.003 | Lot

T --o-- dara " 10.01 ‘
a b = Chl-a = 69.29 ug - L'
- retrieved > -1

- @ PC = 98.57 ug-L
o 0.002 normalized % 7.5 aCDOM = 3.003 m™'
= SPM = 4.81 mg- L

J Fi .= 0,31
5.0
0.001 - P ’

2.51
0.000 - 3 ; . : , : : : 0.0 , _ ; A s _
400 500 60 700 800 900 1000 1100 400 500 600 700 800 900 1000 1100
Wavelength (nm) Wavelength (nm)
Spectral range of .
Need to be continued...

Phycocyanin absorption

2022-10-11 Future of Above-water Radiometry 2, Brussels, Belgium
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satellite applications -- Going beyond first order...

P S24, 30PYT, 20200521
. GRS processed + L3 algo
Absorption 440nm (m-1)

H

2
v

Chlorophyll-a (mg m-3)

“ 1

003 576 1149 1722 2295 2868 34.41 40.13

%

Rl
A

Backscattering 440nm (m3Y)’

l‘ Al
[ ) [

00 215 43 644 859 1074 1289




Summary

» A forward/inversion algorithm has been developed (/nvRrs
package) with easy function to build up your on model (Ch/, -
algae species, sediment mineralogy (two, three modes, = & _
spectral complex refractive index)

e Recommended to use the above-water reflectance scheme
that includes all the multiple reflections/transmissions of
the air-water interface.

* Multispectral or hyperspectral field or satellite sensors with
direct band width integration

Future works: .

D

Algae or Cyanobacteria species, mineralogical types

* Based on spherical particles: need to include shapes and refractive .
index distribution, orientation, inner structure

* Need of more understanding between lab. exp. data and theoretical
modeling (need accurate measurement of the scattering matrix...)

* Need of a lot more data from the field with mineralogical assessment







Sediment modeling

Multimodal size distribution
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variation:
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Assumption: spherical particles for
scattering matrices
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Goodness of fit: overall residuals
(a

Below-surface level

Above-surface level

(b)
0.0104{ —— Poly2, avg=0.0030 sr*
T 0.008 =
5 S
Z 0.006 %
= 0.004 B
& &
0.002
0.000 . , '
00 01 02 03 04 05 06 07 0.8
bpl(a+ by)
(c) 0.006 : (d)
— Poly2, avg=0.0014 s~
__0.005 -
 0.004 s
< 0.003 E
= 0.002 3
& &
0.001 -
0.000 AR M bt
00 01 02 03 04 05 06 07 0.8
bh/(a +bh)
z Bx', withx=—2o
a+ b

N-order polynomials

0.0104 —— MMM, avg=0.0030 sr'
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0.008 -
0.006 -
0.004 1 o v
0.002 -
0.000 v " ' v
0.0 0.5 1.0 15 2.0 2.5 3.c
bpla
0.006
—— MMM, avg=0.0014 sr-*
0.0051 — poly2, avg=0.0017 s
0.004 -
0.003 -
0.002 M )
0.0011 A !
0.000 - . ! :
0.0 0.5 1.0 15 2.0 2.5 3.5
bpla
_ Bx oy b,
L =——, withx=—=
)+ X a

Michaelis-Menten equation
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