






































































(M70, T70, C70, U70) 

Gordon et al., 1997) 



Examples of spectral reflectance matching 



Influence of the thickness of the aerosol layer on the aerosol path reflectance. 
Aerosols are confined to the surface (U80), or uniformly mixed with molecules 
over heights of 1, 2, and 4, km (U180, U280, and U480) or over the entire 
atmosphere (UU80). (After Gordon et al., 1997.) 



Effect of unknown aerosol vertical structure on the 
performance of the “spectral matching” algorithm 





[Chl-a] retrieved by “spectral matching” and standard algorithms. 
(After Chomko and Gordon, 1998.) 
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(a) Aerosol optical thickness as a function of wavelength for the Urban at 80% 
humidity (U80) model of Shettle and Fenn (1979) and the Background Desert 
Dust (BDD) and Desert Dust Storm (DDS) models of Shettle (1984). Open 
symbols correspond to the total aerosol optical thickness, τ  , normalized to 550 
nm, and solid symbols to the absorption optical thickness, (1-ωa)τ. (b) Difference 
DRabs between the top-of-atmosphere reflectance when the aerosol, τ = 0.2 at 
865 nm, is located near the surface and at the altitude of 3.76 km.  
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Estimated marine reflectance at 443 nm versus absorption predictor, i.e., 
aerosol-absorption effect on the top-of-atmosphere reflectance 
normalized by the diffuse molecular transmittance. The aerosol layer, τ = 
0.2 at 865 nm, is located at 3.76 nm. Sun zenith angle is 36 degrees and 
view zenith angle varies from 0 to 75 degrees, backward, in the principal 
plane. The marine reflectance is 0.02, and it is retrieved as the intercept 
of the linear regression between estimated marine reflectance and 
absorption predictor. Error is less than 0.002 for the three absorbing 
aerosol models (U80, BDD, and DDS) considered. 



Application of the multi-angle algorithm 
to POLDER-1 imagery 

AOT, 865 nm ρw(0+), 443 nm  ρw(0+), 443 nm  

No Absorption Correction Absorption Correction 



Linear Combination of Observations 

-Perturbing signal expressed as a polynomial or a linear 
combination of orthogonal components. 

-TOA Reflectance in selected spectral bands linearly 
combined to eliminate perturbing signal. 



-TOA Reflectance     

   RTOA(λ) = Rm(λ) + Ra(λ) + Rma(λ) + tm(λ)ta(λ)Rw(λ)

   Rc(λ) = [RTOA(λ) – Rm(λ)]/tm(λ) 

            = [Ra(λ) + Rma(λ)]/tm(λ) + ta(λ)Rw(λ) 

            = R’(λ) + ta(λ)Rw(λ) 



-Linearly combining the corrected reflectance  Rc  in 
spectral bands centered at λi yields the index

  I = ∑i [aiRc(λi)] =  ∑i [ai R’(λi)] + ∑i [ai ta(λi)Rw(λi)]

-To eliminate most of the atmospheric influence on  I, 
one has to find coefficients ai that fulfill

  ∑i [ai R’(λi)] = 0



-For this, we approximate R’(λi) by a polynomial, i.e.,

R’(λi) ≈ ∑j [bjλi
nj]

- In general, a satisfactory representation can be 
obtained with only a few terms, since R’  is a smooth 
function of wavelength. 

-Instead of a polynomial, one may use a decomposition 
in principal components, ei, i.e., 

R’(λi) ≈ ∑j [cjeij]



-Substituting R’ by its polynomial expression, we 
obtain  

∑i {[ai ∑j [bjλi
nj]} = 0 

-This equation can be re-arranged to read 

∑j {[bj ∑i aiλi
nj]} = 0

-To satisfy this equation, it is sufficient to have, 
for each nj

∑i [aiλi
nj] = 0 



-This system of linear equations has an infinite number of 
solutions, which offers a lot of flexibility, but we are only 
interested in solutions (i.e., in coefficients ai) that keep 
the index I, sensitive to chlorophyll concentration.  

-Note that the coefficients bj, which vary with geometry 
and geophysical conditions (i.e., are different for each 
pixel), do not need to be known.  



 

Index I and estimated C from simulated GLI imagery, actual C, and 
fractional C error. [λi] = [443, 565, 667, 866], polynomial. 



C estimated from actual GLI imagery (4/16/2003) using the linear 
combination algorithm (left) and the standard algorithm (right). [λi] = 
[440, 545, 678], polynomial. 

LCI (5, 8, 13) C Standard C 



Comparison of C derived using the linear combination 
algorithm with in-situ measurements. 



Application to MODIS imagery (6/17/2007) of the linear combination 
algorithm and comparison with the standard product. [λi] = [466, 554, 856], 
polynomial. 



Index I and estimated C from SeaWiFS imagery, actual C, and fractional C 
error. [λi] = [443, 565, 667, 866], first 3 principal components.



-Instead of combining linearly spectral bands, one may 
attempt to determine the coefficients of the polynomial 
representation of the atmospheric effects.  

-In the Polymer algorithm developed for MERIS 
(Steinmetz, 2007), the polynomial has the form c0 + c1λ-1 
+ c2λ-4 and spectral bands centered at 510, 620, and 865 
nm are used to determine the polynomial coefficients. 



MERIS 
Standard 
Algorithm 

MERIS 
Polymer 
Algorithm 

Global C maps obtained by application of the Standard and Polymer 
algorithms to MERIS imagery (12/21/2003). 



Summary 

-The index I, formed by linearly combining satellite 
reflectance corrected for molecular scattering and sun 
glint effects, allows one to substantially reduce the 
influence of aerosols on the satellite imagery.  

-No look-up tables of geometry dependent aerosol optical 
properties need to be called or, therefore, created. 
Knowledge of aerosol amount and type is avoided.  

-The coefficients of the linear combination are 
independent of sun and view angles.  



-The bio-optical model is easy to change. 

-The algorithm is fast in execution. 

-Water reflectance and other bio-optical variables can 
be estimated instead of chlorophyll concentration. 

-One can envision a “progressive” atmospheric 
correction scheme, in which the contribution of 
photons back-scattered by the water body is 
estimated in each spectral band, progressively from 
the near infrared.  



Principal Component Inversion 

-TOA reflectance is decomposed in principal components 

-Coefficients of components sensitive to the ocean signal 
are combined to retrieve the coefficients of principal 
components of marine reflectance, allowing reconstruction 
of the marine reflectance. 



Rp = RTOA - Rm = f(Rw) 

Rp = ∑i cpiepi 

Rw = ∑j cwjewj 

cwj = f(cpi’s) ? 



Algorithm 

A. Pre-calculations 

-Perform PCA on representative ensemble of Rp and Rw 
spectra. 

-Compute linear correlation coefficients between cpi’s and 
cwj’s. Select the cpi’s sensitive to a given cwj. 

-Map the selected cpi’s to the cwj’s using empirical 
functions. 

B. Application 

-From measured Rp, determine cpi’s (by projecting onto 
the epi’s), apply the empirical functions to estimate the 
cwj’s, and reconstruct Rw. 



-The algorithm is expected to provide accurate retrievals 
in optically complex waters and in the presence of 
complicated aerosol mixtures, since each Rw leaves a 
unique imprint on Rp, and since those situations will be 
represented adequately in the synthetic data sets.  

-It is also expected to be robust to noise, absolute 
radiometric calibration errors, and unwanted natural 
variability.  

-Unlike iterative spectral matching techniques, the 
algorithm is fast in application, i.e., suitable for use on an 
operational basis.  



Eigenvectors of the Rp and Rw covariance matrices.  



Correlation coefficients between the eight cpi and the six cwj, τ(550), 
and chla. 



cw1 = f(cp1, cp2, cp3, cp4, cp5) 

cw2 = g(cp2, cp3, cp4, cp5, cp7, cp8) 

cw3 = h(cp2, cp4, cp5, cp6, cp7, cp8) 

cw4 = p(cp4, cp6, cp7, cp8) 



f, g, h, and p approximated using neural networks 

log(chla) = 0.3121cw1
3 + 0.3893cw1

2  
                + 1.3340cw1 –0.0012 



Computed versus desired principal components of marine 
reflectance, cwj, for j = 1,…,4, using empirical functions 
f, g, h, and p, respectively. 



Computed versus desired marine reflectance, Rw , for 6 SeaWiFS 
wavelengths: (a) 412, (b) 443, (c) 490, (d) 510), (e) 555, and (f) 670 nm. 



Mean performance of Rw and chla in the absence of noise. Tests are 
performed on the whole data ensemble. 



Rp’(λ) = Rp(λ) [1 + U εu(λ) + Cεc] 

(1) U = 0.005, C = 0 
(2) U = 0.005, C=0.01 
(3) U = 0.01, C = 0.05 
(4) U = 0.03, C =0.05 



Range of mean relative error (%) obtained on Rw and chla when f, g, 
and h are calibrated with ensembles U05C1, U1C5, and U3C5. 



Computed versus desired chlorophyll concentration, chla, 
for various noise figures. 



 

Marine reflectance at 443 nm, Rw(443), derived using neural network 
(left) and SeaDAS (right), for  SeaWiFS imagery acquired off South 
Africa on February 14, 1999.  

U1C5 



 

Marine reflectance at 555 nm, Rw(555), derived using neural network 
(left) and SeaDAS (right), for  SeaWiFS imagery acquired off South 
Africa on February 14, 1999.  

U1C5 



Selected marine reflectance spectra, Rw (λ), obtained using neural 
network (left) and SeaDAS (right), for SeaWiFS imagery acquired 
off South Africa on February 14, 1999. U1C5 noise is included. 



 

Chlorophyll concentration, chla, in mgm-3 derived from neural network 
(left) and SeaDAS (right), for SeaWiFS imagery acquired off South 
Africa on February 14, 1999. 

U1C5 



Rp and Rw ensembles with biological noise 

Ap’(λ) = Ap(λ) [1 + Caεa],   Ca = 0.3 

Bbp’(λ) = Bbp(λ)[1 + Cbεb],   Cb = 0.5 

U = 0, C = 0 
U = 0.005, C = 0 
U = 0.005, C = 0.01 
U = 0.01, C = 0.05 
U = 0.02, C =0.01 
U = 0.02, C =0.05 



Computed versus desired chlorophyll concentration, chla, for 
various biological noise figures. 



Marine reflectance at 443 nm, Rw(443), derived using neural network 
(left) and SeaDAS (right), for  SeaWiFS imagery acquired off South 
Africa on February 14, 1999. U2C1 biological noise is included.  



Marine reflectance at 555 nm, Rw(555), derived using neural network 
(left) and SeaDAS (right), for  SeaWiFS imagery acquired off South 
Africa on February 14, 1999. U2C1 biological noise is included. 



Selected marine reflectance spectra, Rw(λ), obtained using neural 
network (left) and SeaDAS (right), for SeaWiFS imagery acquired off 
South Africa on February 14, 1999. U2C1 biological noise is included.  



Chlorophyll concentration, chla, in mgm-3 derived from neural network 
(left) and SeaDAS (right), for SeaWiFS imagery acquired off South 
Africa on February 14, 1999. U2C1 biological noise is included. 



Summary 

-Using PCA, optimum Rp components can be selected to 
retrieve Rw and Chl-a. 

-For Case 1 waters, without noise on Rp, the relative 
error on Rw does not exceed 2%. Accurate retrieval of 
cw1 allows a global relative error of 5.4% on Chl-a.  

-With 1% correlated and 5% non-correlated noise on Rp, 
the relative error becomes 6% for Rw and 21% for Chl-a. 



-Algorithm is not sensitive to absolute calibration errors; 
but inter-band calibration must be accurate to 1%. 

-Inversion can be extended to Case 2 waters (each Rw 
spectrum imprints the TOA reflectance uniquely). 

-Algorithm is adequate for merging data from multiple 
sensors (coefficients of principal components determined 
for various observations can be averaged before 
reconstructing Rw).  



Estimated versus actual marine reflectance, PCA-based algorithm developed 
for MERIS, Case 1 and Case 2 waters.



Top left: Reflectance at 865 nm showing thin clouds. Top right: Retrieved 
marine reflectance (PCA-based algorithm) with threshold of 0.03 at 865 nm. 
Bottom left: Same as upper right, but threshold of 0.2 at 865 nm. Bottom 
right: Retrieved chlorophyll-a concentration with threshold of 0.2 at 865 nm.  

MERIS, 
11/9/2003 
Arabian Sea 



Rw(443) Rw(555) 

Rw(670) [Chl-a], mg/m3 

Marine reflectance at 443, 555, and 670 nm and chlorophyll concentration, 
derived from PCA-based algorithm for POLDER imagery acquired over the 
Black Sea during the first decade of June 1993.



     MODIS alone, RGB                              SeaWiFS alone, RGB 

     MODIS + SeaWiFS, RGB                MODIS + SeaWiFS, log10(chla) 

RGB composites of MODIS and SeaWiFS marine reflectance at 443, 555, and 
670 nm (August 17, 2002, Northwest Australia) obtained with the PCA-based 
algorithm, individual and merged, and merged chlorophyll concentration. 



Fields of Non-Linear Regression Models for 
Atmospheric Correction of Satellite Ocean-
Color Imagery 

Problem 

To estimate marine reflectance ρw from top-of-
atmosphere reflectance ρTOA and angular variables t 
without knowing the other variables x that influence 
the radiation transfer in the ocean-atmosphere 
system. 



Methodology 

Explanatory variables (ρTOA) are considered separately 
from the conditioning variables (t).  

An inverse model is attached to each t, and the 
attachment is continuous, i.e., the solution is 
represented by a continuum of parameterized 
statistical models (a field of non-linear regression 
models) indexed by t: 

ρw = ζt(ρTOA) + ε 

where ε is the residual of the modeling. 



Ridge functions, selected for their approximation 
properties, especially density, are used to define the 
statistical models explaining ρw from ρTOA and t: 

ζtj(ρTOA) = Σi = 1, …, n cijh(ai. ρTOA + bi) 

ρwj = ζtj(ρTOA) + εj 

where ai(t), bi(t), and cij(t) are the model parameters. 



Function Field Construction 

The free parameters of the field, i.e., the maps ai(t), 
bi(t), and cij(t), are estimated by multi-linear 
interpolation on a regular grid covering the range of t. 

The adjustment is considered in the least-square sense, 
and minimization of the mean squared error is carried 
out using a stochastic gradient descent algorithm.  



Estimated versus expected marine reflectance for 
model ζ0 adjusted on non-noisy data. 



Estimated versus expected marine reflectance for 
model ζ1 adjusted on 1% noisy data. 



Conditional quantiles (of order 0.1, 0.25, 0.5, 0.75, and 0.9) of 
the residual ρw error distributions as a function of aerosol 
optical thickness for model ζ1 applied to 1% noisy data.  



Conditional quantiles (of order 0.1, 0.25, 0.5, 0.75, and 0.9) of the 
residual ρw error distributions at 412 and 555 nm as a function of 
the fraction of one aerosol model in a mixture of two for model ζ1 
applied to 1% noisy data.  



Marine reflectance ρw estimated by ζ* for SeaWiFS imagery 
acquired on day 323 of year 2002 over Southern California. 



Marine reflectance ρw estimated by SeaDAS for SeaWiFS imagery 
acquired on day 323 of year 2002 over Southern California. 



Histograms of marine reflectance ρw retrieved by SeaDAS and ζ*.  



[Chl-a] retrieved by SeaDAS and ζ*, fractional difference, and 
histograms for SeaWiFS imagery acquired on day 323 of year 2002 
over Southern California. Average difference is 19.6%. 



Summary 

-Fields of non-linear regression models emerge as solutions 
to a continuum of similar statistical inverse problems. They 
match well the characteristics of the remote sensing 
problem, allowing separation of the explanatory variables 
(ρTOA) from the conditioning variables (t) 

-The inversion is robust, with good generalization, and 
computationally efficient. The retrievals of ρw are 
accurate, with an error uniform over the entire range of ρw 
values. Situations of absorbing aerosols are handled well.   

-Extension of the methodology to atmospheric correction 
over optically complex waters, situations of sun glint is 
possible. 



Ocean-Color Remote Sensing in the  
Presence of Clouds 

Ocean-color remote sensing from space is currently 
limited to cloud-free areas. Daily coverage is typically 
15-20%, and weekly products show no information in many 
areas. 

This limits considerably the utility of satellite ocean 
color observations for operational oceanography. Global 
coverage is required every three to five days in the open 
ocean and at least every day in the coastal zone (IOCCG, 
1999, 2002).   



Cumulative histogram of the top-of-atmosphere reflectance at “nadir” 
observed by POLDER-2 over the global ocean on 02 July 2003. Here 
“nadir” refers to the direction of observation closest to nadir. 



Percentage of POLDER-2 pixels (observations of 02 July 2003) selected 
by a threshold of 0.03 and 0.2 for the “nadir” reflectance at 865 nm. 



In some cloudy situations, even in the presence of an 
extended cloud layer, a significant amount of photons do 
interact with the ocean. For a cloud of albedo equal to 0.2, 
the transmittance along the double optical path through 
the cloud layer, 0.64, is large, i.e., the signal measured at 
satellite altitude should be sensitive to backscattering by 
the water body.  

The main challenge is to calculate the rather large 
cloud scattering and subtract it from the measurements 
at ocean-color wavelengths. 



   The situation is far from being desperate, because 
cloud scattering is nearly independent of wavelength. 
Furthermore, the interaction with molecules has a known 
spectral dependence in λ-4, whether the clouds are 
extended or broken.  

   This provides the basis for a method of atmospheric 
correction, i.e., the cloud reflectance observed at some 
near-infrared wavelength can be extrapolated to the 
shorter wavelengths whatever the cloud geometry, 
without any additional observation. This is a contrario to 
aerosol scattering, which requires at least a 
measurement of its spectral dependence.  



Radiative Transfer Modeling 

In a clear sky situation, when sun glint can be neglected, 
the top-of-atmosphere (TOA) reflectance, ρ, can be simply 
expressed as (e.g., Tanré et al., 1979; Gordon, 1997): 

   ρ/tg ≈ ρm + ρa + TmTaρw /[1 - ρw(Sm + Sa)]                 (1) 

   The terms ρm and ρa include the specular reflection of 
atmospherically scattered light (skylight) from the ocean 
surface. 



If we add a cloud layer of reflectance ρc, or albedo Ac, Eq. 
(1) becomes 

       ρ/tg ≈ ρm + ρa + ρc + ρcm + ρca 

          + TmTaTc ρw /[1 – (ρw + Ss)(Sm + Sa + Sc)]          (2) 

where ρc is cloud reflectance, ρcm is the interaction term 
between scattering by molecules and cloud droplets, ρca is 
the interaction term between scattering by aerosols and 
cloud droplets, Tc is the diffuse transmittance of the cloud 
layer, Sc is the spherical albedo of the cloud layer, and Ss is 
the spherical albedo of the ocean surface (resulting from 
Fresnel reflection).  



  Assuming that the cloud layer is Lambertian, i.e., an 
isotropic reflector, we have  

Sc = Ac = ρc 

Tc = 1 – Ac 

In this case, all the cloud optical properties can be 
obtained from a single cloud parameter, i.e., ρc.  

The Lambertian assumption is reasonable, because of the 
large number of scattering events within the cloud layer.  



Atmospheric reflectance for situations of molecules plus droplets (no 
molecule-droplet interaction), cloud layer below molecules, cloud layer 
above molecules, and cloud layer above aerosols. Sun is at zenith and 
viewing is at nadir. Cloud albedo is 0.2. 
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Cloud/molecule interaction term, ρcm, when the cloud layer is above and 
below molecules, and cloud/aerosol interaction term, ρca, when the cloud 
layer is above the aerosols. Sun is at zenith and viewing is at nadir. Cloud 
albedo is 0.2.  
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Simulations with the LBLDOM code of Ac, Sc, and Tc for a typical 
stratocumulus (Stratocumulus I, Stephens, 1979) of effective droplet 
radius of 3.5 µm and optical thickness of 3.5 at 550 nm illuminated at 
the sun zenith angle of 30o.  
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Simulations with the LBLDOM code of ρc at 500 nm as a function of view 
zenith angle for relative azimuth angles of 0o and 90o. The cloud model 
and the illumination geometry are the same as in previous figures.  
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Algorithm 

A suitable algorithm to derive marine reflectance, after 
correcting the TOA signal for molecular scattering and 
absorption, consists in determining aerosol properties in 
cloud-free areas and extrapolating them to cloudy areas.  

In cloudy areas, an additional correction is made to 
eliminate the rather large reflectance of the cloud layer 
and the effect of interactions between scattering by 
molecules and cloud droplets. This interaction is very 
variable with geometry, altitude, and shape of the clouds, 
but it does vary as λ-4.  



   The cloud correction can be written as  

ρ’c = ρc + ρcm* λ-4 

where ρc and ρcm*, parameters nearly independent of 
wavelength, are estimated from the residual signal in the 
red and near infrared (two spectral bands). 

  The corrected signal is normalized by the atmospheric 
transmission. Tc is estimated from ρc. The simplest 
model is to assume that the cloud reflects as a Lambert 
source, i.e., Tc = 1 - ρc. A mean statistical cloud BRDF 
(e.g., Suttles et al., 1988) may be applied for a better 
estimate. Note that Tc is nearly non-spectral, so that 
any inaccuracy on its estimate will mostly cancel when 
doing marine reflectance ratios to estimate chlorophyll-
a concentration. 



 The proposed algorithm is very sensitive to the inter-
band radiometric calibration of the ocean color sensor. A 
1% error on the inter-band calibration translates roughly 
into a 0.002 error on the retrieved marine reflectance if 
the cloud albedo is 0.2. 

SeaWiFS, POLDER, and MERIS, as well as the future 
VIISR on NPP and NPOESS, do not saturate over highly 
reflective signals, and allow one to work the cloudy 
situation. Application of the algorithm to MODIS data, 
unfortunately, is limited, due to the low saturation level 
of the ocean color bands.  



True color composite image acquired by POLDER-2 on 02 July 2003 over 
Central America and surrounding oceans.  



Retrieved marine reflectance at 490 nm. Reflectance thresholds at 865 nm of 
0.03 (left) and 0.2 (right) are used in the processing. 



Retrieved chlorophyll-a concentration. Reflectance thresholds at 865 nm of 
0.03 (left) and 0.2 (right) are used in the processing.  



Conclusions 

Atmospheric correction in the presence of thin or broken 
clouds is possible, with potential to improve the daily 
coverage and the operational utility of ocean color data 
from space, today with current sensors, and in the future 
with sensors like VIISR on NPP and NPOESS. 

   It is expected that the daily ocean coverage, typically 
15-20% with standard algorithms, will be increased to up 
to 50% with the proposed algorithm, which is very 
significant.  



   This will allow one to resolve better seasonal biological 
phenomena such as phytoplankton blooms in the open 
ocean (they require coverage every three to five days) 
and “events” linked to wind forcing in the coastal zone 
(they require coverage every day). 

   The improved coverage resulting from observing ocean 
color through clouds could lead to important new 
information about the temporal variability of biological 
processes. 


