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ESA D/TEC Open Space Innovation Platform (OSIP) call for
ideas campaign on Remote Sensing of Plastic Marine Litter
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b Anne-Lise King, www.artpolarisant.com

Why Polarization?

REFLECTED
LINEAR POLARIZED

LIGHT \/

REFRACTED
PARTIALLY
POLARIZED LIGHT

From https://thinklucid.com/


http://www.artpolarisant.com/

Png the radiometric problem
Mixture

Microplastics 3 Macroplastics

Water-leaving radiance (L) Surface radiance (L, )
"1’/4'

2 Vs V3 T
S=[de'[dOM(2,0,0,0',9')1(2,0',¢) S= [ d¢'[d0'BRDF(2,6,0,6',¢')1(2.0',¢')
0 0 0 0
Need to document angularly and spectrally:

Scattering matrix M Reflection matrix BRDF

- Forward model = Remote sensing exploitation




Png the radiometric problem

Radiative Transfer Equation® (RTE)

cos@@ =@I (z,«9)+? SF(z,0)1(z,0)sin@dO

0

c=a+b b =27 [VSF (©)sin©d®
0

VAN

absorption + scattering
*simplified



Png the radiometric problem

cos @

Vector Radiative Transfer Equation™®* (VRTE:
with polarization)

Stokes Vector

|
Q
U

\

Mueller Matrix

Source function to be documented

*simplified



Degree of Linear Angle of Linear
Polarization Polarization

Q2 +U?

FLIR camera

Brightness

DoLP =

Field Campaign (Pls: Doxaran, Harmel, Gernez, Tormos)
Lake Berre (France), HYPERNETS station
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1 H 1 1400 A South Atlantic (Err=17%)
Refl'aCtIVC lndeX Slze v North Pacific (Err=23%)
1200 1 South Indian (Err=12%)
A 30000 1000 ® North Atlantic (Err=18%)

—— (C1011804)n - polyethylene terephthalate ~— ~—  ceeee PE-PP( E ¢ South Pacific (Err=46%)
= - : L —PE-PP( € goo- .
15 (C16H1403)n - polycarbonate 25000 geaey B> [AOkI & Furue 202 1'
< 1.201 ——— (C2H3Cl)n - polyvinyl chloride — PE-PP( 9 ]
3 \ 20000 f § g 000 3 PLOS;
Q —— (C2H60Si)n - polydimethylsiloxane @ ——PEPP/( & el ’
= 1.15 1 (C37H2406N2)n - polyetherimide 2 15000 | S a Cozar et al., 2014,
= = (C5H802)n - poly(methyl methacrylate) g 2001 A M4
5 (C8HS8) lyst & 10000 f "= N PLOS]
g 1.107 1T POSIER [Sorasan et al., °ff , : ,
—_ 5000 F 10° 10! 102
5 i - 2019, STTE] Size [mm]
= 1.051 : : : . e |

04 0.6 0.8 1 10 100
Wavelength (um) Size (um)
Shape | Composition/mixture
P (from Robin et al., 2019, STTE) P
Large Microplastic Small Microplastic

Fragment Fibre/Line

Fibre/Line Pellet

Polyethylene (PE) Polypropylene (PP)
Co-polymere PE/PP [l Polyethylene terephthalate
Polystyrene “i 4 Polyurethane

Polyvinylchloride

[Poulain et al., 2019, EST]
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\ / ~plastic optical properties...Assumptions

Refractive index Size Four lognormal distribution centered on :
1um, 10pum, 100pm, Imm

g All the refractive indices

; T from 1.05 to 1.22

5 13 But imaginary part=0

g 1104 (i.e., no absorption)

S L

= 1.054 : : : ‘ : : :
» 0.4 0.6 0.8 10-2 10~ 109 101 102 103 10*

Wavelength (um) Radius (um)
Shape Composition/mixture

Homogeneous spheres

Via refractive index distribution
Normal distribution centered on 1.15

1.00 1.05 1.10 1.15 1.20
Refractive index




Refractive index (m),
Size param. (X=2nr/A)
Shape (spherical here)

___________________________

Saved in netcdf

___________________________

Single particle
scattering
(Mie, 'I-matrix, DDA...)

. LUTfile |

¥

Efficiency factors,
Mueller matrix:
Q(m,x), M(m,x)

A4

Size distribution PSD
(lognorm, loglognorm...)

N7

Cross sections,
Mueller matrix:

\

) _}-~§ Plastics Polarization Properties OP3
oF
\ % e

___________________________

Saved in netcdf
LUT file 4

____________________________

/

o

Stokes parameters

(R and polarization terms)
Total and water components at bottom
and top of atmosphere, various viewing
geometries... Y.

f

Radiative transfer for coupled

air-water system:
OSOAA code: aerosol, surface ronghness,

plastic concentration. ..

C(m,A), M(m,)) y

Refractive index
distribution RID

(normal...)

t

Cross sections,
Mueller matrix:

C), M(2)

*All the computations were performed in
multiproc mode (Number of CPU = 40)
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0)
©)~

Refractive index
Refractive index: 1.025 1.050 1.075 1.100 ~ 1.125 1.150 1.175 1.200

:0.005: Single particle EE 4 a2 .
1.005:0.005:1.220, [ | glep

Size param.(X=2zr/1): scattering

_ 0.1:40000 ) Increasing size from 1um to 1 mm (median radius)
Lognorm, r, =1.0, sig=1 Lognorm, r,,=10.0, sig=1 Lognorm, r,, =100.0, sig=1 Lognorm, 1, =1000.0, sig=1
e \ 103
i Saved in netcdf ™
. LUTfile Ll
103
Mueller Matrix 1070

1.0

mll m14

M = :
m41 m44

Useful terms: my;, my,, Mgg

£5 [

0 50 100 150 0 50 100 150 0 50 100 150 0 50 100 150
Scattering angle (deg) Scattering angle (deg) Scattering angle (deg)
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)

Refractive index

Refractive index:
1.005:0.005:1.220,
Size param.(x=2xr/A):

1.025 1.050 1.075 1.100 = 1.125 1.150 1.175 1.200

Single particle __ E—— aE—

scattering

0.1:40000

___________________________

/ AY

' Saved in netcdf
\ LUT file

M =

Useful terms: m;;, m;,, Mg,

Increasing size from 1um to 1 mm (median radius)

Lognorm, r,=1.0, sig=0.5 Lognorm, r, =10.0, sig=0.5 Lognorm, r, =100.0, sig=0.5 Lognorm, r, =1000.0, sig=0.5

50 100 150 ) 50 100 150 0 50 100 150
Scattering angle (deg) Scattering angle (deg) Scattering angle (deg)
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800

Wavelength (nm)
~ 400 450 SQO 550 600 650 7QO 750
Refractive index: - - _ —
1.005:0.005:1.220, | | Single particle
Size param.(X=27zr/1): scattering : : : :
. Increasing size from 1um to 1 mm (median radius)
N 0.1:40000 y
Lognorm, r, =10, sig=0.5 Lognorm, r,, =10.0, sig=0.5 Lognorm, r, =100.0, sig=0.5 Lognorm, r, =1000.0, sig=0.5
Refractive index ol
distribution RID Lol
(normal...) = 1
1074 R .,/—\‘_w_/}
1.0
o 05
E ol — M |
\(\l \ =) \”\/««'\) /\
=105 N
e !
~1.04, , ‘ ‘ , , , , , ,
e ——
- S : A j/\ M
— 51 NrF " \
.00 1.05 110 115  1.20 E " N/
Refractive index 3
e 5
_1'07() 50 100 150 \ 0 50 100 150 0 50 100 150 0 50 100 150

Scattering angle (deg)

Seattering angle (deg)

Scarttering angle (deg)

Scattering angle (deg)



Lognorm, r,=1.0, sig=0.5

103,

— 101_

107].

50 100 150
Scattering angle (deg)

[=F
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OSOAA radiative transfer
[Chami et al., 2015, OPEX]
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( "\/ﬂ .

< m—

Radiative transfer simulation (directional)

Sunglint
areq




Total Stokes vector (radiance I + polarization) + DoLP + AoLP

osoaa tot aot0.1 aero rg0.10 sig0.46 nr1.45 ni-0.0010 ws2 sed1.00 nrl.15 rmed1.0 wl0.400.nc at SZA = 30.0 deg

Q{up) U(up) DoLP(up) AoLP(up)
0° 0° 0° . 0°

2.7e-01 - 60 0.72

> 6e-01 1.4e-04 6.8e-02 0.53

5 5001 -1.6e-02 4.7e-02 0.32

2.3e-01 -3.2e-02 2.5e-02 o

TOA 5 2601 -4.8e-02 3.6-03 270 0.03

5 001 -6.4e-02 -1.8e-02 022

19601 -8.0e-02 -3.9¢-02 o041

1.8e-01 -9.6e-02 -6.16-02 o

16601 -1.1e-01 -8.3e-02 - n 078

180° 180°
DoLP(up) AoLP(up)
0 0°

7 66.02 4.0e-04 8.1e-03 0.72

7 36.02 -3.8e-03 6.0e-03 053

6.90-02 -8.1e-03 3.9¢-03 0.34

6.60-02 1.2e-02 1.8e-03 0.16

ove 6.2e-02 -1.7e-02 -3.5e-04 -0.03

5.9e-02 -2.1e-02 -2.5e-03 0.22

5.50-02 2.50.02 4.6e-03 0.41

suriace 5.20-02 -2.9e-02 -6.7-03 -0.59

4.8e-02 -3.3e-02 -8.8e-03 -0.78

180°

1.4e-01 L6e-04 L7002 0.72

1.3e-01 : 0.53
-3.7e-03 1.2e-02

1.3e-01 : 0.34
-7.5e-03 6.4e-03

1.2e-01 : 0.16
-1.1e-02 9.1e-04

eiloOw 1.1e-01 - -0.03
-1.5e-02 -4.66-03

1.0e-01 : -0.22
-1.9e-02 1 0002

9.3e-02 . -0.41
-2.3e-02 -1.6e-02

surface |
-2.7e-02 -2.1e-02

7.6e-02 : -0.78

180°



Plastic items
concentration 10.01gm)

315¢

Q(0.01g/m?)
0°

4.4e-04

4.5e-05

-3.5e-04
-7.4e-04
-1.1e-03
-1.5e-03
-1.9e-03
-2.3e-03
-2.7e-03

3.8e-04

-5.2e-05
-4.8e-04
-9.2e-04
-1.3e-03
-1.8e-03
-2.2e-03
-2.6e-03
-3.1e-03

180°
1(2.0g/m?)
00

3.7e-02
3.6e-02
3.4e-02
3.3e-02
3.1e-02
2.9e-02
2.8e-02
2.6e-02
2.be-02

7.7e-04

3.8e-04

-1.9e-05
-4.2e-04
-8.1e-04
-1.2e-03
-1.6e-03
-2.0e-03
-2.4e-03

Mcean Plastics Polarization Properties OP3

U(0.01g/m?) DoLP(0.01g/m?)
0° Q°

1.8e-03
1.3e-03
8.5e-04
! 3.9e-04
00°| | -7.7¢-05
5.4e-04
-1.0e-03
-1.5e-03
-1.9e-03

DoLP(2.0g/m?)
0

100° | | -9.7e-05 270f

180°

Water Stokes vector (radiance I + polarization) + DoL.P + AoLP

Stokes lut nrl.15 rmed1.0 levelBOA wl400 at SZA = 30 deg E

0.36
0.31
0.27
0.22
0.18
0.13
0.09
0.04
0.00

0.24
0.21
0.18
0.15
0.12
0.09
0.06
0.03
0.00

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00

AoLP(0.01g/m?)
0°

41.40
30.60
19.80
9.00
-1.80
-12.60
-23.40
-34.20
-45.00

41.40
30.60
19.80
9.00
-1.80
-12.60
-23.40
-34.20
-45.00

41.40
30.60
19.80
9.00
-1.80
-12.60
-23.40
-34.20
-45.00
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1071

Microplastic (g m™)
1o
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. 3
perties op DoLP: Degree of Linear Polarization

M cean Plastics Polarization Pro
AoLP: Angle of Linear Polarization

I: reflectance

/ Impact of size distribution: very small, ~103 mm
Q, U: 2" and 3" Stokes parameters

Stokes_lut nrl.15 rmed1.0_sza30 vza50.42 azi45 levell
Microplastic (8 m=?)
10 101

102 10-1
e -t 0.001251 oo
¢ . 0.002{ ./ * A e TN
‘ ‘ \ 0.00100{ &4 o
0.10 N e : N e, N
) \.\ h o ‘\h\ . \.\ .
N . o 0.0011 o “\ 0.00075 N 3 “y
— ~ % AN \\ "
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TEL T Tea 0.0001 o ® ey o fpTggiargsees < Voo, Y.
N =t S 0.00025 1 X SR SO N oL SN
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&=8: e N Se oL ol e oo
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0.3 el -0~ N et
2 e R e e S e s 01 i
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DoLP: Degree of Linear Polarization
AoLP: Angle of Linear Polarization

\ \ ] . . ~1N-2
Impact of size distribution: small, ~10* mm I reflectance

. d d
Stokes_lut_nr1.15_rmed10.0_sza30_vza50.42_azi45_level0 Q, U: 2"“and 3" Stokes parameters

MlcropTastm m=3)
102 10-1 %g 10!

‘,,q\ 0.0000 - y /F_'_.-#.;-t#-l = §F=0 0.0020 - r&ﬁ.h‘
\\ LA @4”-‘ ./( - e. \\ ~
0.06{ SN Ted e te N
e —0.00051 L 0.0015 « -\ g N
\ o LAY ‘w
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400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm) Wavelength (nm)
RN T 20 size distribution
agd®20- o -9~ 146 \
0.3{ _.&° P e g = = = & = " Finean =4.48€+01 pim
- - ihd 351 . regp=3.31e+02 um

o Y ® i ¥ \
H gl «° e [ 4 'é “q

o V. g /
A .-—.’,‘., .rf <ﬂ 307 ‘\\
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0.1 ed 251 Te
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DoLP: Degree of Linear Polarization
AoLP: Angle of Linear Polarization

|: reflectance

Q, U: 2" and 3" Stokes parameters

/ Impact of size distribution: medium, ~0.1 mm

Stokes lut nrl1.15 rmed100.0 sza30 vza50 42 azi4d5 levelO

MlCI‘Opl—aStIC (Og m™)

102 101 10!
q\. 0.0000 1 ”:.-_-_._—_-.-_—"-.—'.—'.—'.'-.‘-'. g\‘
0.01001 %, o 0.0015 & %
L ~0.0005- e AN
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400 500 600 700 800 400 500 600 700 800 400 500 600 700 800
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40 7 o o eSS e Y\
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hd ‘ : : : 20.41 10-2  10°! 10° 101 102 103 104
400 500 600 700 800 400 500 600 700 800 Radius (um)
Wavelength (nm) Wavelength (nm)
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Impact of size distribution: large, ~¥1 mm

1072

Stokes lut nr1.15 rmed1000.0 sza30 vza50.42 azi45 level(O
101

DoLP: Degree of Linear Polarization

AoLP: Angle of Linear Polarization
|: reflectance
Q, U: 2" and 3" Stokes parameters
Microplastic (g m=)
ldEjg 10!
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40341 d 2 A
A > < 20.50- _
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/ AT o
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400 500 600 700 800 400 500 600 700
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800
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Conclusions «—Detectability

Detectability demonstrated for micrometric up
to hundreds of um depending on concentration

limited for larger microplastic items (>1mm)

10-2  10-!  10° 10! 102 103 10%
Radius (um)

Retrieval algorithms should be based on a
multi-directional approach

- Exploitation of the CNES
POLDER missions archive
(~14 directions, 3 polar.
Bands, >10years of data)

- Waiting for PACE (NASA)
and 3MI (EumetSat/ESA) ™~
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N

Outlooks: going beyond the sphere

Need to consider several shape types: Need to consider orientation and vertical profile

Fragment Fibre/Line Incident Light Incident Light

Fibre/Line Pellet

Scattered
Light

[Marcos et al., 2011, PNAS]

(from Robin et al., 2019, STTE)

Need to consider aggregates with biological Ned to several water types (Chl-a, CDOM, sediment)

coating/matrix:
<
-,
»

a5

gnu ~www,aquaportail.com



Several sensors and prototypes

pcim-/Q camera FLIR camera

Mission of opportunity...
Please join!

septiemecontinent.com | seventh-co

Mantis: an all-sky visible-to-near-infrared
GroundSpex Laboratory hyper-angular spectropolarimeter EXPEDITION

from Leiden University

7 CONTINENT
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Thank you!

Tristan Harmel, tristan.harmel@magellium.fr
Olivier Burggraaff, burggraaff@strw.leidenuniv.nl
Shungu Garaba, shungu.garaba@uol.de

Robert Foster, robert.foster@nrl.navy.mil

Paolo Corradi, paolo.Corradi@esa.int
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