
Basics of ocean color remote sensing

Getting information about in-water constituents Getting information about in-water constituents 
from the color of the oceans.

Major issues:

h  •Atmospheric correction
•Avoidance of sun glint
•White cap correction•White cap correction
•Calibration
•Inversion of Lw/Ed to obtain IOP.Inversion of Lw/Ed to obtain IOP.



Ocean Color Remote Sensing 
to Chlorophyllto Chlorophyll
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2 steps to help with the interface2 steps to help with the interface

LrLw
Ed(0+)Snell’s Law describes the angular

distribution of the transmitted radiance:
sinθ /sinθ = n /n ~ 1 34

Ed(z)Lu(0-)
sinθa/sinθw = nw/nair~ 1.34

Fresnel defines amount transmitted:
r = 0.5{[sin2(θa-θw)/sin2(θa+θw)] + [tan2(θa-θw)/tan2(θa+θw)]}



Ocean Color Remote Sensing 
 hl h llto Chlorophyll
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Ocean Color Remote Sensing 
 Chl h llto Chlorophyll

CZCS

Variations in the radiance
ratios were interpreted solelyratios were interpreted solely
as a response to variations
in Chlorophyll concentration



Coastal Zone Color ScannerCoastal Zone Color Scanner
Atmospheric CorrectionAtmospheric Correction
• Gordon and Clark 1981 

CZCS
• Gordon and Wang 1998 

SeaWiFS
• Gordon and others 2002 • Gordon and others 2002 

MODIS

Water-leaving radiance



After atmospheric 
i L (λ)correction…Lw(λ)

CZCS channels

Variations in the radiance
ratios were interpreted solely
as a response to variationsp
in Chlorophyll concentration



And the relationship between 
radiance ratios and pigment radiance ratios and pigment 

concentration…



But variations in ocean color are 
d    h  j  hl h lldue to more than just chlorophyll

u/E
dApproximations to the RTE

Successive order scattering method

R
=E

uSuccessive order scattering method
Monte Carlo simulations
(Gordon, Zaneveld, Kirk, Morel…)

All l d tAll lead to:

R ~  bb/(a+bb)

Which indicates that variations in
R can be explained by variations
in absorption and backscattering.

Morel and Prieur, 1977. Analysis of variations
In ocean color. L&O, 22:709-722.



Spectral backscattering parameterizationSpectral backscattering parameterization
turbid                                    clear

bb(λ) = bbw(λ) + bbp(λ)

b (λ) = b (λ ) Λnw + b (λ )
bb(380)
bb(700)bb(λ) = bbw(λο) Λnw + bbp(λο)

Λnp

Where   Λ = λ/λo

b (λ) = b (λ)η’ Λnw + (1 η’ )Λnp

bb(700)

bb(λ) = bb(λ)η oΛnw + (1-η o)Λnp

Where η’o = bbw/bb
η’o = bbw/bbbbp

bp

nw and np describe the spectral slope
of bbw and bbp, respectively.
nw = -4.3 while np ranges from 0 to -1

p



Case I:   Blue WaterCase I:   Blue Water

• R = (bbw + bbp)/aw

Where bw was modeled using 
Rayleigh theory, cw was 
measured and bbw and aw
were computedwere computed



Case I:   Blue WaterCase I:   Blue Water
• R = (bbw + bbp)/aw( bw bp) w

Where bw was modeled 
using Rayleigh theory, cw
was measured and bbw
and aw were computedand aw were computed

By varying bbp and np, a range of clear
water reflectance spectra were generated

And compared to clear water observations
In Crater Lake and the Sargasso Sea



Case I:   V-type Green WaterCase I:   V type Green Water

“ chlorophyll concentration …chlorophyll concentration 
is high relative to the 
scattering coefficient”g



Case II:   U-type Green WaterCase II:   U type Green Water

“…waters relatively 
higher in inorganic g g
particles than in 
phytoplankton”



The modelThe model
R ~ bb/a

   [Chl Ph ] *  b *a = aw + [Chl+Pheo]a*φ + b a*m

b b + (b b )(b /b )bb = bbw + (b-bw)(bbp/bp)  
(know, bw,bbw measure b

Let bbp/bp be constant)



The resultsThe results

F th d l t fit th b tiForce the model to fit the observations
at 500 nm, the rest of the spectrum fits
very well.



The resultsThe results

An d  f m nitud  i ti n inAn order of magnitude variation in
Pigment for given reflectance 
ratio.

Due to combined spectral 
variations in absorption and 
backscattering. backscattering. 

Variations in ocean color are 
due to more than simply 

variations in Chl



1980’s Invert R to retrieve 
ChlChl

R = Q bb/(a+bb)

a = fcn (w, Chl, ys)( y )
bb = bbw + A*ChlB

Modeled Lu as a function of Chl
and solved for unknowns

Gordon et al. 1988
and solved for unknowns



But you can do better with 
iratios



1990’s invert R to obtain IOPs1990 s invert R to obtain IOPs
Definition    R = Eu/Ed or Lu/Ed

Theory R = Fq bb/(a+bb)

By linear superpositionBy linear superposition

a = Σi Ci a*i(λ) and bb = Σj Cj bbj* (λ) 

So set measurement = theory

R = Σj Cj bbj* (λ) /[Σi Ci a*i(λ) + Σj Cj bbj* (λ)]

Define the backscattering and absorption spectra, solve for C’s



Definitions of a, bb spectra 
t i tiparameterizations

• Lee et al. 1994
– bbp/b = X[400/λ]Y

– aφ polynomial expansion of Chl
– aCDOM exponential functionaCDOM exponent al funct on

• Roesler and Perry 1995
– bbp = bbp(λo) λ0 + bbp(λo) λ-1

di i l  t– aφ dimensionless spectrum
– aCDOM+nap exponential function

• Garver and Siegel 1997g
– bbp(λo) λ-n

– aφ = a*φ Chl
– a exponential function– anap exponential function



Solution TechniquesSolution Techniques
• Linearization and regressionL near zat on and regress on

– Hoge and Lyon 1996, 1999
– Wang et al  2005Wang et al., 2005

• Non-linear least squares regression
Lee et al  1994– Lee et al. 1994

– Roesler and Perry 1995
G d Si l 1997– Garver and Siegel 1997

• Modified non-linear regression
– Maritorena et al. 2002



Lee, Z., Carder, K. L., Hawes, S. K., Steward, R. G., Peacock, T. G., & Davis, 
C. O. (1994). A model for interpretation of hyperspectral remote-sensing p yp p g

reflectance. Applied Optics, 33. 



Hoge, F. E., Wright, C. W., Lyon, P. E., Swift, R. N., & Yungel, J. K. 
(1999). Satellite retrieval of inherent optical properties by 

inversion of an oceanic radiance model: A preliminary algorithm  inversion of an oceanic radiance model: A preliminary algorithm. 
Applied Optics, 38(3), 495-504. 

Hoge, F. E., & Lyon, P. E. (1996). Satellite retrieval of inherent optical properties by linear matrix inversion 
of oceanic radiance models: An analysis of model and radiance measurement errors. Journal of 
Geophysical Research-Oceans, 101(C7), 16631- 16648 





2000’  G tti   th   d 2000’s: Getting more than a and 
bb from R inversionsb





Obtaining depth and bottom types from hyper-spectral Rrs:

Mobley et al.





Loisel et al., 2006: spectral slope of backscattering (potential information on size)

bbw ~ λ-4.3
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An alternative approach to NPP:

[chl]/Cphyto is directly related 
to phytoplankton growth 
rate.

If we know the growthIf we know the growth 
irradiance, and [chl]/Cphyto
we can predict how fast the 
cells are utilizing photonscells are utilizing photons 
(and CO2 and nutrients)
growing.

Use backscattering to 
estimate Cphyto.est ate Cphyto

Behrenfeld et al., 2005



Latest: Global fluorescence and quantum yield.

R2
LOG-LOG~0.96

Behrenfeld et al., 2009

ϕ=F/absorption is an indicator of iron stress



Conclusion
• Reflectance spectra contain a vast amount of 

information regarding the concentration and 
composition of particulate and dissolved composition of particulate and dissolved 
materials

• Reflectance is theoretically related to the IOPs 
and empirically related to Chl, thus semi-analytic 
inversions to IOPs yield lower errors on global inversions to IOPs yield lower errors on global 
scales (without regional tuning) than do chl
models

• Much left to do: validation of algorithms, taking 
advantage of more bands, polarization, LIDAR advantage of more bands, polarization, LIDAR 
and more…


