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0,ȡ $ÁÖÉÄÅ $ȭ!ÌÉÍÏÎÔÅ



Å Do you think the color of the grass is different because the grass is different?

What is the BRDF?

Å The apparent color is different, but the inherent color is the same



The lake Pend Oreille experiment, 1957

Redrawn by Antoine et al. (2013)
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ÅRadiance varies with the observing angles Ą so does Ὑ
Å"ÕÔȣ ÉÓ ÔÈÅ ÁÎÇÕÌÁÒ ÓÈÁÐÅ ÉÎÖÁÒÉÁÎÔȩ

Mesotrophic water scenario

Oligotrophic water scenario

Åȣ) ÁÍ ÁÆÒÁÉÄ ÉÔ ÉÓ 
not invariant

Å It depends on the 
IOPs



ÅALL waters in the world have bidirectional effects
ÅExtremely turbid water does NOT lead to isotropy of Ὑ  

10.1080/014311601449934

https://doi.org/10.1080/014311601449934


Å The goal is to convert ╡ἺἻ into ╡ἺἻ
Å"ÕÔȣ ÈÏ×ȩ



Å To convert ╡ἺἻ into ╡ἺἻ, we need to know the IOPs

ÅSo, the BRDF is nothing more than the remote sensing problem

Å7Å ÄÏÎȭÔ ÎÅÅÄ ÔÈÅ Ȱ"2$&ȱ ÎÏÔÉÏÎ

ÅWe better talk about anisotropy or bidirectionality



Schaepman-Strub et al. (2006)

Å Tilstone et al. (2025): spontaneous definition of BRDF
ü How would you apply this definition to another methods 

such as Lee 2011? Ą 9ÏÕ ÃÁÎȭÔ

10.1016/j.rse.2006.03.002

10.1364/OE.551042

https://doi.org/10.1016/j.rse.2006.03.002
https://doi.org/10.1364/OE.551042


Å$ÅÆÉÎÉÔÉÏÎÓ ÉÎ -ÏÒÅÌ ÁÎÄ 'ÅÎÔÉÌÉ ɉρωωφɊ ÁÒÅ ÖÅÒÙ ÃÏÎÆÕÓÉÎÇ ÔÏÏȣ

Åȣ ÁÎÄ Ὑ  is defined as only nadir-viewing (not ÔÏÄÁÙÓȭÓ definition)



Ὑ —ȟ—ȟῳ‰

Ὑ — πȟ— π

)/0Ó

Inversion

Forward

You need an analytical model of ╡ἺἻ as a 
function of the IOPs and of  , that:

üIs simple enough to allow algebraic inversion

üIs complex enough to provide accurate values

The IOPs are 
your base camp



ÅYou start model development by solving for Ὑ  from the scalar 
radiative transfer equation

ü That is our truth

ü what tells you the amount of radiance in the water as a consequence of:

V Absorption

V Scattering

ü You need to impose boundary conditions: top and bottom

ÃÏÓ—
Ὠὒ

Ὠᾀ
ὧὒ᷿ ᷿ὒ—ȟ‰ ‍—ȟ‰ ᴼ—ȟ‰ ÓÉÎ—Ä—ᴂ Ä‰ᴂ



Å:ÁÎÅÖÅÌÄȭÓ model and implementations based on it 
have numerous issues

10.1029/95JC00453

10.3390/app8122684

https://doi.org/10.1029/95JC00453
https://doi.org/10.3390/app8122684


Morel: a series of 
fundamental papers

Morel 1991

Morel 1993

Morel 1996

Morel 2002

10.1364/AO.30.004427

10.1364/AO.32.006864

10.1364/AO.35.004850

10.1364/AO.41.006289

https://doi.org/10.1364/AO.30.004427
https://doi.org/10.1364/AO.32.006864
https://doi.org/10.1364/AO.35.004850
https://doi.org/10.1364/AO.41.006289


Morel: how are models developed?

ÃÏÓ— ὧὒ᷿ ᷿ὒ—ȟ‰ ‍—ȟ‰ᴼ—ȟ‰ ÓÉÎ—Ä—ᴂ Ä‰ᴂ

You get the true Ὑ  from here

Ὑ ᴘ
Ὢ

ὗ

ὦ

ὥ

Å You know ὥ and ὦ in advance
Å You know Ὑ  because you solved the RTE
Å You know ᴘ because a smart person calculated 

it for you with his Monte-Carlo code

You calculate  by fitting the model to the data 



Morel: bio-optical modelling 
for the RTE simulations
ÅA three-component model: water (w), phytoplankton 

(chl) and CDOM (y)

ÅPhytoplankton:

ÅIts absorption ALWAYS has the same spectral shape

ÅChl varies between 0.1 and 10 mg m-3

ÅCDOM:

Åis related to phytoplankton with a fully 
deterministic equation

ÅIts spectral slope is constant at 0.014



The phase function

VSF Ą ‍
‍ ‍

‍ ‍ ‍  
‍ ‍ ‍  ‍  

Ӏв

Å These are the VSFs of every water constituent

Å The split is justified on:

ü The ability to quantify each one of them

ü The differences in their angular patterns

Å They increase ~ proportionally to their 
respective concentrations

‍
‍

ὦ

ὦ ς“ ‍  ÓÉÎ Ä 

Mobley, Ocean Optics Web Book
www.oceanopticsbook.info/

https://www.oceanopticsbook.info/


The phase function

Å Hydrolight needs the phase function, ‍

Å BUT Twardowski showed that a parameter that is more related to remote 

sensing is ὖ
ȟ
 

Å 4×ÁÒÄÏ×ÓËÉȭÓ 
ȟ
 ÉÓ ÉÎÖÅÒÓÅÌÙ ÒÅÌÁÔÅÄ ÔÏ :ÈÁÎÇȭÓ … factor with: … ȟ

Å Twardowski showed that 
ȟ
 ȬÓ ÖÁÒÉÁÂÉÌÉÔÙ ÉÓ ÑÕÉÔÅ ÒÅÓÔÒÉÃÔÅÄ ÂÅÔ×ÅÅÎ ωπ 

and 180 degrees, for all kinds of marine particles (Zhang disagrees)

Å This can help you decide whether or not a phase function is realistic

10.1364/AO.48.006811

10.1364/AO.414695

https://doi.org/10.1364/AO.48.006811
https://doi.org/10.1364/AO.414695


-ÏÒÅÌȭÓ ÐÈÁÓÅ ÆÕÎÃÔÉÏÎÓ

Å ‍ȟ for Chl=0.1 mg m-3

Å ‍ȟ for Chl=10  mg m-3

Å A weighted average in between

Å ‍ȟ and ‍ȟ were calculated using 

-ÉÓÈÃÈÅÎËÏȭÓ 4-matrix Fortran code, 
assuming a Junge PSD distribution of 
ellipsoidal, randomly oriented 
homogeneous particles

10.1364/AO.41.006289

https://doi.org/10.1364/AO.41.006289


The QAA

ὶ Ὣ‫ Ὣ‫‫ Ὑ ᴘὶ

Å Widely used, even outside the QAA (e.g., GIOP, etcȣɊ

Å ὫȟὫ Ą single values, calculated from data for 
various sun zeniths and only for nadir-view

Å ᴘ Ą technically inconsistent with Hydrolight

Lee 2011

‫

‫

Ὑ Ὃ ‫ Ὃ ‫ Ὃ‫ Ὃ‫

Ὃ ȟὋ ȟὋȟὋ Ὢ—ȟ —ȟῳ‰

Å Ὑ  is directly calculated (no ᴘ)
Å GȭÓ ÁÒÅ wavelength agnostic

10.1364/AO.41.005755

ioccg.org/groups/Software_OCA/QAA_v5.pdf

10.1364/AO.50.003155

https://doi.org/10.1364/AO.41.005755
https://ioccg.org/groups/Software_OCA/QAA_v5.pdf
https://ioccg.org/groups/Software_OCA/QAA_v5.pdf
https://ioccg.org/groups/Software_OCA/QAA_v5.pdf
https://doi.org/10.1364/AO.50.003155


Å Why consider ‫  and  

‫  separately?

Å Does not ‫  alone 

encapsulate enough information 
to predict Ὑ  with accuracy? 

–
Â

Â



Lee: bio-optical modelling for the RTE simulations

Å A four-component model: water (w) , phytoplankton (chl) , non-algal particles (NAP) 
and CDOM (y)

Å 2ÅÐÌÉÃÁÔÉÎÇ ÔÈÅ )/##' ÄÁÔÁÓÅÔȭÓ ÍÏÄÅÌÌÉÎÇ

Å Pseudo-case 1 assumption: everything is a function of chl, but with a random part

Å Phytoplankton:

ü Chl varies between 0.03 and 30 mg m-3

ü Real absorption spectra, adjusted to be consistent with chl

Å Non-algal particles:

ü Assumes an exponential shape for absorption and a power law for scattering, 
randomly linked to chl

Å CDOM:

ü is related to chl with a random coefficient

ü Its spectral slope varies

Å We can say this modelling is a good starting point



,ÅÅȭÓ ÐÈÁÓÅ ÆÕÎÃÔÉÏÎÓ

Å ‍ : Fournier-Forand, with a 

backscattering ratio ὄ
ȟ

πȢπρ

ü Backward shape consistent with empirical 
evidence

ü Fixed backscattering ratio is a minor 
shortcoming

Å  ‍ : Petzold average: ὄ =0.0183

ü Totally not ok with empirical evidence

‍ ‍ ‍ ‍ ‍ ὦ ὧὬὰ‍ ὦ ὧὬὰ‍

www.oceanopticsbook.info/packages/iws_l2h/conversion
/files/Petzold_VSF_SIO72-78.pdf

misclab.umeoce.maine.edu/ftp/classes/OO2017/readings
/Fournier_SPIE3761_1999.pdf

https://www.oceanopticsbook.info/packages/iws_l2h/conversion/files/Petzold_VSF_SIO72-78.pdf
https://www.oceanopticsbook.info/packages/iws_l2h/conversion/files/Petzold_VSF_SIO72-78.pdf
https://www.oceanopticsbook.info/packages/iws_l2h/conversion/files/Petzold_VSF_SIO72-78.pdf
https://www.oceanopticsbook.info/packages/iws_l2h/conversion/files/Petzold_VSF_SIO72-78.pdf
https://misclab.umeoce.maine.edu/ftp/classes/OO2017/readings/Fournier_SPIE3761_1999.pdf
https://misclab.umeoce.maine.edu/ftp/classes/OO2017/readings/Fournier_SPIE3761_1999.pdf


Phase functions: summary



A new method based on Lee 2011

ÅLee 2011 is the right starting point for a number of technical reasons

ü It has a proper Ὑ  modelling, separating water and particles

ü It is a modular method, allowing to target specific weaknesses

ü It is based on the QAA for IOP inversion

ÅBut we need a dataset to build a new method

VA wide range of realistic IOPs

VA wide range of angular combinations

VSuch dataset did not exist before





Pitarch and Brando (2024), or PB24 dataset

Å Resolved at the full range of geometries (1300 angular 

combinations in total)

ü — πȡρπЈȡψπЈȟψχȢυЈɎ

ü — πȡρπЈȡψπЈȟψχȢυЈɎ

ü ῳ‰ πȡρυЈȡρψπЈɎ

Å 5000 IOP cases, covering an extensive range of water types

Å Phase functions chosen from the Fournier-Forand family (FF), 

with varying backscattering ratio

Å Bio-optical modeling introducing covariances between IOPs to 

mimic natural variability



PB24 dataset

Å Driven by the concentrations of chlorophyll (C), non-algal particles (N) and CDOM (Y)

ὥ‗  ὥ ‗ ὥ ‗ ὥ ‗ ὥ ‗

‍ ȟ‗ ‍  ȟ‗ ‍  ȟ‗ ‍  ȟ‗ 



Pure water absorption and scattering

Å Scattering: Zhang et al. (2009) for T=20̄C and S=35 PSU

Å Absorption, WOPP merged dataset by Roettgers

Mason and Fry (2016)

10.1364/OE.17.005698

calvalportal.ceos.org/documents/10136/64871/WOPP.zip

10.1364/AO.55.007163

https://doi.org/10.1364/OE.17.005698
https://calvalportal.ceos.org/documents/10136/64871/WOPP.zip
https://doi.org/10.1364/AO.55.007163


PB24 dataset: phytoplankton absorption and scattering

ÅPool of real absorption spectra

V3025 1#ȭÄ spectra

V4 orders of magnitude

VDown to 350 nm

ÅGiven C, a random spectrum is chosen and 
scaled, to verify ὥ φχπ ὃφχπὅ

ὧ ‗ ὧ φφπ
φφπ

‗

ὧ φφπ ὴὅȢ ×ÈÅÒÅὴ« לπȢπφȟπȢφ

ὲ πȢτ
ρȢφ ρȢςᴘ

ρ ὅȢ
×ÈÅÒÅᴘ« לπȟρ

ὄ ᴺﬞ ‘ȟ„ ×ÈÅÒÅ

‘ πȢππςπȢπρ πȢππςÅØÐπȢυφÌÏÇὅ

 „ πȢππρσ ÌÏÇὅ πȢππρ

‍ ὊͯὊὄ

ὦ ὧ ὥ

‍ ὦ ‍

Absorption Scattering


