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ocean (water) color
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1. Inherent Optical Properties (IOPs)



light within water medium

(Voss et al 2007)

(Kirk 1994)

Lu(ϴ,ϕ)

They are modulated by water constituents.
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colorIOPsWater constituents

Boundary conditions

➔

IOPs (Inherent Optical Properties):

The optical capability regardless of the ambient light environment.

Absorption properties; Scattering properties
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absorption

scattering

backscattering

Scattering has angular dependence

Transfer of energy

Redistribution of energy

Energy transfer processes:

photons
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Definition of absorption and scattering coefficients
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a = aw +    axi b = bw +    bxi
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IOPs are additive



A. absorption properties

a = aw +    axi

Very detailed:

(Stramski et al 2001)
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a = aw +  ap + ag

Practical (and common) separation:

a = aw +  aph + ad + ag

(google) (google)
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Pure water (seawater): aw

Particulate: ap = aph+ad

Pigments of living phytoplankton: aph

Detritus: ad

Gelbstoff (yellow substance; colored dissolved organic matter): ag

a = aw +  aph + ad + ag
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aw spectrum
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“true” values of aw?

(Lee and Tang, 2022)



(Mason et al, 2016)
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In the NIR-SWIR range …

H&Q_73: Hale and Querry 1973
S_81: Segelstein 1981
K_93: Kou et al. 1993

(Lee et al 2016)
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aw is temperature and salinity dependent
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There are contrasting values regarding ψT.
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No clear dependence of aw on T in the visible domain.

(Rottgers et al. 2014)

(Pegau et al 1997)

(Trabjerg and Hojerslev, Appl. Opt., 1996)
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(Wei et al., 2021)
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asw(412,443) slightly decreases with T.

(Wei et al., 2021)



ap spectrum

Bricaud and Stramski (1990) (google) 21



ad spectrum
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Mineral-dominated particles：



aph = ap – ad

spectrum

Bricaud and Stramski (1990)
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(Ciotti et al 2002)

Separated by size

“fatness”
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By species or groups

(Dierssen et al 2006)

diatoms

(Balch et al 1991)

Coccolithophore 

(Dupouy et al 2008)

(cyanobacteria)
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(Bricaud et al 2004)

Contribution of various pigments
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Increase of absorption is 
NOT linearly proportionally 
to Chl concentration.

Package effect

Specific absorption/scattering 
coefficient = 
Concentration normalized 
absorption/scattering coefficient

Chl

a
a

ph

ph
=*

Chl      →   specific optical property 

(Bricaud et al 1995)
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Simplified case:
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Size matters on efficiency.
S: cross section
V: volume
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Absorption spectra of yellow substance (gelbstoff)

(Bricaud et al 1981)

ag spectrum
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ag spectrum
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Sg: ~0.01 – 0.03 nm-1

(Carder et al 1989) 31



(Twardowski et al. 2004)
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(Twardowski et al 2004)

Slope changes with wavelength range
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(Twardowski et al 2004)

Power-law model for ag spectrum:

34



Values of aph and ag of natural waters

(Kirk 1994) 35



0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

400 450 500 550 600 650 700

aw

aph

adg

a_tot

0

0.05

0.1

0.15

0.2

0.25

400 450 500 550 600

aw aph

adg a_tot

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

400 450 500 550 600 650 700

aw

aph

adg

a_tot

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

400 450 500 550 600

aw aph

adg a_tot

Contrast of absorption spectra

Wavelength  [nm]

Wavelength  [nm]

36



B. Scattering properties
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Volume Scattering Function (VSF): β  (m-1 sr-1)

(Mobley 1994)
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Volume Scattering Function (VSF): β  (m-1 sr-1)

Scattering coefficient: b  (m-1)  
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Commonly separated groups for scattering:

Molecules

Suspended ‘particles’

Bubbles

pw bbb +=

POMPIMw bbbb ++=

Or,
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2. Relationships between IOPs and AOPs
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Diffuse attenuation coefficient (Kd)

Remote sensing reflectance (Rrs)
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How are they related?
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𝑑𝐿(λ, Ω)

𝑑𝑟
= −𝑐(λ)𝐿(λ, Ω) + න𝐿(λ, Ω′)𝛽(λ, Ω′, Ω)𝑑𝜔

The fundamental relationship: radiative transfer equation
（no internal source）
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loss gain
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The two-stream approach (Aas 1987):
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Integrate both sides for 4π solid angle:
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Integrate over the downwelling hemisphere:
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a)  Relationship for the diffuse attenuation coefficient (Kd)
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Both m0 and v > 1.

From numerical simulations:

(Lee et al. 2005)
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b)  Relationship for the sub-surface radiance reflectance 
(or remote-sensing reflectance):
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Zaneveld (1995) solution:

−
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Lu:  upwelling radiance at 0o
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Lu

90 deg

L

Lu changes in a narrow range over angles
β changes in a narrow range in the backward domain
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න
2𝜋𝑑
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න
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𝑟𝑟𝑠 =
𝐿𝑢
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=
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(Zaneveld 1995)
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Approximations:
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Contrast between IOPs and AOPs

1. IOPs has no relation/dependence on light distribution; but AOPs do.

2. IOPs are additive; NOT AOPs.

a = aw +  ap + ag
Rrs ≠ Rrs-w +  Rrs-p + Rrs-g

Kd ≠ Kd-w +  Kd-p + Kd-g

Kpar ≠ Kpar-w +  Kpar-p + Kpar-g
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[Chl]

[CDOM] [SPM]

Phytoplankton

Dissolved materials Suspended particulate matter

Major constituents affect optical properties

Case-1

Case-2 (non-Case_1)

Case-1  /  Case-2   concept

Case 1: Those waters in which phytoplankton (with their accompanying and covarying retinue 
material of biological origin) are the principal agents responsible for the variations in optical 
properties of the water.

Has nothing to do with location or Chl value. 60



Case-1  /  Case-2   Concept

61

(Mobley 1994; Loisel and Morel 1998; Antoine et al. 2011)



[Chl]

[CDOM] [SPM]

Phytoplankton

Suspended particulate matter

Case-1

Case-2 (non-Case_1)

Qualitative line

Quantitative relationship

Case-1  /  Case-2   concept

IOPs, AOPs = empirical function([Chl])

Quantitative Case 1:
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(Morel 1988,2001)
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For case-1 waters, given [Chl], all other optical 
properties can be estimated, at least to the first order.

One-variable water.

64

(Morel 1988,2001)



(Lee and Hu, 2006)

Global distribution of “Case-1” waters
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Key points:
1. In addition to boundary conditions, IOPs play the key role in forming 
ocean/water color.

2. Primary IOPs include absorption and scattering coefficients; the latter is 
direction dependent.

3. Bulk IOPs are lump sum contributions of the many individual, dissolved and 
suspended, molecules and particles. 

4. Absorption and scattering coefficients of pure (sea)water are considered 
constant (change with temperature/salinity), but uncertainties still exist, especially 
for absorption in the UV range. 
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5. In addition to water molecules, practically and generally, 
for absorption: there are three major optically active components: phytoplankton 
pigments, detritus and gelbstoff (CDOM);
for scattering: there are organic and inorganic particulates, bubbles, and many times 
lumped into one term.

6. Spectrally, 
water molecules are strong absorber in the longer wavelengths; 
phytoplankton absorption generally has two distinct peaks with a stronger peak 
centered around 440 nm and weaker peak centered around 675 nm; have varying 
spectral shapes
detritus and gelbstoff are strong absorbers in the shorter wavelengths, and 
gelbstoff has steeper spectral slope;

Water molecules are strong scatter in the shorter wavelengths;
‘particle’ scattering is weakly wavelength dependent. It is strongly dependent on 
size, composition, and abundance.
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Downwelling irradiance Upwelling irradiance
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Simplified relationships:

(s = bu/bb)

f ~ 0.33
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Numerical solutions:

Monte Carlo Method

Invariant Imbedding Method
(Hydrolight®)
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d)  Relationship for the diffuse attenuation 
coefficient of PAR (KPAR):

KPAR vary with depth 
significantly!
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(Lee et al 2005)
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Key points:
1. Primary AOPs include diffuse attenuation coefficient, 
irradiance reflectance, and remote sensing reflectance. All are 
wavelength dependent. Even for vertically homogeneous 
ocean, AOPs are not constant vertically.

2. All AOPs are functions of IOPs. Various models have been 
developed to describe AOPs as a function of IOPs. 

3. Diffuse attenuation coefficient is proportional to both 
absorption and backscattering coefficients. 

4. Reflectance is proportional to backscattering coefficient, 
but inversely proportional to absorption and backscattering 
coefficients.
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(Pope and Fry, 1997)

Uncertainties of aw:
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m
-1

]

(Lee et al 2015)
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absorption coefficient: a  (m-1)

Volume Scattering Function (VSF): β  (m-1 sr-1)

Scattering coefficient: b  (m-1)  

2

0 0
sin( )b d d

 

   =  

beam attenuation coefficient: c = a + b  (m-1)

(elastic)
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   a d ( 𝜆 ) =  A d ( 440 )  a d + ( 𝜆 ) +  B d


    d L ( λ , Ω )  d r = − c ( λ ) L ( λ , Ω ) + ∫  L ( λ , Ω ′ ) 𝛽 ( λ , Ω ′ , Ω ) d 𝜔


   d  d z  E u = −   a +  r u  b b   𝜇 u  E u +    r d  b b   𝜇 d  E d


   d  d z  E d = −   ( a +  r d  b b )   𝜇 d  E d


     r u  b b   𝜇 u  E u


  R =    E u   E d


  −   d  L u  d z = − c  L u +  ∫  4 𝜋  L ( 𝜃 ′ , 𝜙 ′ ) 𝛽 ( 𝜃 ′ − > 𝜃 , 𝜙 ′ − > 𝜙 ) d w ′


   ∫  4 𝜋  L ( 𝜃 ′ , 𝜙 ′ ) 𝛽 ( 𝜃 ′ → 0 , 𝜙 ′ → 0 ) d  w ′ =


   ∫  2  𝜋 d  L ( 𝜃 ′ , 𝜙 ′ ) 𝛽 ( 𝜃 ′ → 0 , 𝜙 ′ → 0 ) d w ′   +  ∫  2  𝜋 u  L ( 𝜃 ′ , 𝜙 ′ ) 𝛽 ( 𝜃 ′ → 0 , 𝜙 ′ → 0 ) d w ′


   ∫  2  𝜋 d  L ( 𝜃 ′ , 𝜙 ′ ) ​ 𝛽 ( 𝜃 ′ → 0 , 𝜙 ′ → 0 ) d ​ w ′ =  f b  b b  ∫  2  𝜋 d  L  (   𝜃 ′ ,  𝜙 ′ ) ​ d ​  w ′ =  f b  b b  E  0 d


   ∫  2  𝜋 u  L ( 𝜃 ′ , 𝜙 ′ ) ​ 𝛽 ( 𝜃 ′ → 0 , 𝜙 ′ → 0 ) d ​ w ′ =  f L  L u  ∫  2  𝜋 u  ​ 𝛽 ( 𝜃 ′ → 0 , 𝜙 ′ → 0 ) d ​ w ′ =  f L  b f  L u


   ∫  4 𝜋  L ( 𝜃 ′ , 𝜙 ′ ) 𝛽 ( 𝜃 ′ → 0 , 𝜙 ′ → 0 ) d w ′ =  f b  b b  E  0 d +  f L  b f  L u


  −  d  d z  L u = − c ​  L u +  f b  b b  E  0 d +  f L  b f  L u


   K  L u = − c ​ +  f b  b b    E  0 d   L u +  f L  b f


   r  r s =    L u   E d =    L u    𝜇 d   E  o d


   r  r s =    f b  b b /  𝜇 d  c −  f L  b f +  K  L u

