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Issues

1. Absorbing aerosols

2. Whitecaps

3. Adjacency effects

4. Clouds/Sun glint

(For a discussion of these and other atmospheric correction issues, see: 
Frouin et al., 2019, Atmospheric correction of ocean color imagery during the 
PACE era, Front. Earth Sci. 7:145, doi: 10.3389/feart.2019.00145.) 



1. Absorbing Aerosols

Introduction

-Absorbing aerosols are particles that have a refractive index with a non-null 
imaginary part. In terms of radiation transfer, their single scattering albedo 
(i.e., the ratio of scattering and extinction coefficients), waer, is less than 1. 

-There are two basic sources of absorbing aerosols, both of terrestrial origin: 
(i) Industrial, as a soot component of small particles present in variable 

amount in urban-type aerosols, and 
(ii) Natural, as small or large mineral particles present in desert dust aerosols. 



GEOS Model Aerosol Simulations, Sep-Oct 2006

Figure 1-1: Global 10km resolution aerosol simulations from GEOS model, v5. Time 
period is September-October 2006. The model is driven by observed sea surface 
temperature and daily fire emissions derived from MODIS fire radiative power.  Dust, 
sea-salt, and carbonaceous aerosols are displayed in orange, blue, and green tones, 
respectively. (Arlindo Silva, NASA GSFC, 2012.)

-Absorbing aerosols 
affect large oceanic 
areas, not just the 
coastal one. 



Aerosol absorption effect

-Aerosol scattering affects the TOA reflectance at all wavelengths. It is 
better detected as a TOA reflectance increase with decreasing 
wavelength at large wavelengths, above 700 nm where the ocean 
reflectance is null or small. 

-Aerosol absorption does influence strongly the TOA reflectance at ocean 
color wavelengths, especially in the blue and ultraviolet, where it 
constitutes a source of error for ocean-color retrievals. 

-The effect of aerosol absorption is mainly the result of its interaction 
with molecular scattering. It depends on the absorption optical thickness 
and the location of the aerosol layer in the vertical, and it increases with 
the altitude of the aerosol layer. It can be written (Torres, 2002):

               ra_abs  ≈ -(1 – waer )taer m*[rwTa + rmol(Ps – Pa)/Ps] 



Figure 1-2: Absorption effect as a 
function of wavelength (top left), air mass 
(bottom left), and aerosol pressure level 
(top right) for continental, urban, desert 
dust, and biomass burning aerosol models. 
The effect increases in magnitude with 
decreasing wavelength, decreasing aerosol 
pressure level, and increasing air mass. 

Aerosol absorption effect



! !Figure 1-3: Aerosol optical thickness (top) and marine reflectance (bottom) derived from POLDER 
data on 20 June 1997 using an atmospheric correction scheme that neglects aerosol absorption. 
The presence of a strong dust storm out of Libya to Greece results in a strong underestimation 
of the marine reflectance. 

Dust storm out of Libya, 20 June 1997, POLDER imagery

AOT(865 nm) rw(443 nm)

-Standard atmospheric correction strongly underestimates rw(443 nm). 



How to deal with absorbing aerosols?

4) One may detect the presence of absorbing aerosols (e.g., by looking at the 
retrieved water reflectance at wavelengths where it is expected to be known 
and constant) and use more appropriate LUTs.

2) One may estimate individual aerosol properties, using various techniques, but 
accuracy may not be sufficient to perform suitable atmospheric correction. 

3) One may use the entire information available (e.g., spectral observations from 
UV to SWIR): 
     -to estimate simultaneously the key properties of aerosols and water 
constituents by minimizing an error criterion between the measured reflectance 
and the output of a RT model.
    -To cast atmospheric correction as a statistical inverse problem and to define 
a solution in a Bayesian context (e.g., estimating a function to perform from RT 
simulations a mapping from the TOA reflectance to the water reflectance). 

4) One may exploit some properties of aerosol absorption on TOA reflectance 
(e.g., dependence on molecular scattering, therefore angular geometry). 



Figure 1-4: SeaWiFS imagery of the Sea of Japan, 7 April 2001, showing location of in-situ 
measurements within ± 2 hours of satellite overpass (red dots). Left: RGB composite. 
Right: TOA reflectance at 865 nm.

-Very polluted air and relatively stable and low (<500 m) MBL heights. 500 m 
trajectories from Japan, Korea, and Northern China. 

RGB composite rTOA(865 nm)

SeaWiFS, Sea of Japan, 7 April 2001

In-situ data
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Figure 1-5: Estimated rw(443), Sea of Japan, 7 April 2001, in the presence of absorbing aerosols.

Bayesian vs. Standard AC, Sea of Japan, 7 April  2001 



Figure 1-6: SeaWiFS imagery of the East China Sea, 15 April 2001, showing location of in-
situ measurements within ± 2 hours of satellite overpass (red dots). Left: RGB composite. 
Right: reflectance at 865 nm.

-Moderately polluted air and well-capped MBL with a height < 1 km. 500 m 
trajectories from Yellow Sea, Northeastern Mongolia, and Northern China. 

RGB composite rTOA(865 nm)

SeaWiFS, East China Sea, April 15, 2001

In-situ data
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Figure 1-7: Estimated rw(443),East China Sea, April 15, 2001, in the presence of absorbing aerosols.
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Figure 1-8: Comparison of satellite-derived marine reflectance with in-situ measurements, in 
the Sea of Japan and East China Sea, April 7 and 15, 2001. Left: Marine reflectance derived 
by the standard OBPG algorithm. Right: Marine reflectance derived by the statistical 
algorithm. The values in the blue are underestimated by the standard algorithm due to the 
presence of absorbing aerosols and overestimated by the statistical algorithm. The 
statistical values are in better agreement with the measurements. 
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Evaluation against in-situ measurements: Bayesian versus Standard



Using angular information

-After removing the atmospheric scattering effects, the TOA 
reflectance becomes approximately:

rTOA’ ≈ ra_abs  + Ta rw 

rTOA’ ≈ - (Ps – Paer)/Ps tabsm*rmol + rwTa (1 – tabsm*)

-By regressing rTOA’ versus m*rmol (depends on geometry) one may get 
an estimate of the marine reflectance rw. In practice, the problem is 
non-linear, and one my use different absorption predictors, such as the 
absorption effect for a typical aerosol.  

-The aerosol variables that govern the absorption effect, i.e., absorption 
optical thickness and vertical distribution, do not need to be determined.



Figure 1-9: SOS simulations of rTOA’/Tmol versus rmol m* for fine aerosols (left) and coarse 
aerosols (right). Wavelength is 412 nm and aerosol optical thickness is 0.3. Wind speed is 5 
m/s and marine reflectance is 0.02. Solar zenith angle is 30 deg., viewing azimuth angle varies 
between 0 and 80 deg., and relative azimuth angle is 90 deg. Aerosol scale height varies from 1 
to 8 km (8 km correspond to mixed aerosols and molecules). The fine aerosols are defined by rf 
= 0.1 µm , sf = 0.20, and mf = 1.40 - 0.010i (single scattering albedo of 0.94), and the coarse 
aerosols by rc = 2.0 µm , sc = 0.30, and mc = 1.55 - 0.002i (single scattering albedo of 0.88).  

Fine
waer = 0.94

Coarse
waer = 0.88

rTOAʼ/Tmol versus rmolm*



Figure 1-10: Expected Error on retrieved marine reflectance at 446 and 558 nm, before and 
after correction of the aerosol  absorption effect. MISR viewing zenith angles of 26.1, 45.6, 
60.0, and 70.5 deg. Various haer (1-8 km). taer (0.1-0.5), absorbing aerosol types (fine, coarse), 
and SZ (30-60 deg.) are considered.  RAZ = 90 deg.

Theoretical performance of multi-angle AC, MISR

446 nm 446 nm
Corr.

558 nm 558 nm
Corr.

VZ =45

VZ =45



Figure 1-11: Application of the multi-
angle algorithm to POLDER imagery 
over the Mediterranean Sea during a 
dust outbreak from Africa. In the 
Eastern part contaminated by dust, 
the multi-angle algorithm (lower left) 
gives higher values than the standard 
algorithm, consistent with values in 
adjacent regions not affected by 
dust.

Application of multi-angle AC algorithm to POLDER imagery



Conclusions about AC in the presence of absorbing aerosols

-Determining aerosol parameters separately may not be sufficiently 
accurate to compute aerosol reflectance and perform suitable 
correction. But aerosol retrievals may be used to constrain the 
solution in the standard algorithm.  

-Including spectral observations in the visible, where the effect of 
absorbing aerosols is significant, may improve the AC of ocean-color 
imagery in the presence of absorbing aerosols. Further improvements 
are expected by observing in the UV, where the effect of absorbing 
aerosols is larger (OCI/PACE).  

-Multi-angular information may be used to estimate directly the 
effect of aerosol absorption on the TOA reflectance. (The aerosol 
variables that govern the absorption effect, i.e., absorption optical 
thickness and vertical distribution, do not need to be determined.)



Introduction

-When ocean waves break, they generate whitecaps, a mixture of air and water. 

-Whitecaps may enhance dramatically the intensity and properties of sunlight 
diffusely reflected by the surface on temporal scales of seconds to minutes; 
They affect large areas such as the windy Southern Oceans. 

-The enhanced reflectance from whitecaps, i.e., Arwc (product of fractional 
area A and reflectance rwc), needs to be removed in order to produce water 
reflectance estimates suitable for standard ocean-optics applications. 

-From space, since whitecap reflectivity is high, even a small amount of 
whitecap may be problematic for the retrieval of water reflectance. 

-Whitecap properties (i.e., fractional area coverage, spectral reflectance) are 
extremely variable and, therefore, difficult to model with enough accuracy, a 
major challenge in ocean color remote sensing from space. 

2. Whitecaps



Frouin et al. Atmospheric Correction of Ocean-Color Imagery

FIGURE 40 | TOA reflectance and degree of polarization of a water target located 5 km from a linear coastline as a function of solar zenith angle. Viewing zenith angle

is 30◦. The land reflectance is 0.8 (snow). Results are displayed at 380, 500, and 800 nm in the principal plane of the Sun for the sensor above water and above land,

and assuming no adjacency effect (homogeneous water). Details about simulations are given in the text. Due to adjacency effects, the TOA reflectance is increased

and the degree of polarization decreased, especially at 380 nm where atmospheric scattering is effective.

FIGURE 41 | Examples of seas with whitecaps, showing various stages of wave breaking with surface foam, streaks, and underwater bubble plumes. The presence

of whitecaps changes dramatically the aspect of the surface and its brightness.

FIGURE 42 | Time series of measured surface reflectance at 440, 550, 650, and 850 nm in the surf zone, in the absence and presence of breaking waves, left and

right, respectively. When waves break, air is trapped and injected below the surface, creating surface foam and underwater bubble plumes, increasing substantially

surface reflectance. Reproduced with permission from Wiley (After Frouin et al., 1996).

Frontiers in Earth Science | www.frontiersin.org 24 July 2019 | Volume 7 | Article 145

Figure 2.1: Examples of seas with whitecaps, showing various stages of wave breaking with surface foam, 
streaks, and under-water bubble plumes. The presence of whitecaps changes dramatically the aspect of the 
surface and its brightness. 

Seas with whitecaps



Frouin et al. Atmospheric Correction of Ocean-Color Imagery

FIGURE 40 | TOA reflectance and degree of polarization of a water target located 5 km from a linear coastline as a function of solar zenith angle. Viewing zenith angle

is 30◦. The land reflectance is 0.8 (snow). Results are displayed at 380, 500, and 800 nm in the principal plane of the Sun for the sensor above water and above land,

and assuming no adjacency effect (homogeneous water). Details about simulations are given in the text. Due to adjacency effects, the TOA reflectance is increased

and the degree of polarization decreased, especially at 380 nm where atmospheric scattering is effective.

FIGURE 41 | Examples of seas with whitecaps, showing various stages of wave breaking with surface foam, streaks, and underwater bubble plumes. The presence

of whitecaps changes dramatically the aspect of the surface and its brightness.

FIGURE 42 | Time series of measured surface reflectance at 440, 550, 650, and 850 nm in the surf zone, in the absence and presence of breaking waves, left and

right, respectively. When waves break, air is trapped and injected below the surface, creating surface foam and underwater bubble plumes, increasing substantially

surface reflectance. Reproduced with permission from Wiley (After Frouin et al., 1996).

Frontiers in Earth Science | www.frontiersin.org 24 July 2019 | Volume 7 | Article 145

Figure 2.2:Time series of measured surface reflectance at 440, 550, 650, and 850 nm in the surf zone, in the 
absence and presence of breaking waves, left and right, respectively. When waves break, air is trapped and 
injected below the surface, creating surface foam and underwater bubble plumes, increasing substantially 
surface reflectance. (After Frouin et al., 1996.) 

Measured ocean surface reflectance, with and without whitecaps



Dierssen Whitecap Reflectance

FIGURE 2 | (A) Select examples of manufactured whitecap reflectance and the associated pictures of the sea surface. (B) Historic whitecap reflectance measured

over the last 25 years from an indoor tank (Whitlock et al., 1982), bow wake from a research vessel (Moore et al., 2000) and natural breaking in the surf zone (Frouin

et al., 1996). The Whitlock et al. (1982) spectrum was modeled using the published relationship to absorption by waters spectrum for wavelengths >800 nm (black

line) and corrected for the reflectivity of the barium sulfate standard (dashed black line). (C) Reflectance measured in Long Island Sound, USA of intense wave

breaking from a ship bow (cyan) and mixed pixels of natural waves breaking (blue) in relationship to published studies. Average whitecap reflectance is shown as the

thick black line overlying the cyan measurements with ±1 standard deviation.

higher reflectance values (50–75%) and a more green-peaked
spectrum in visible wavelengths. However, a similar decay in
reflectance out to 860 nm near infrared wavelengths was found
by Moore et al. (1998), as well as a decrease at 670 nm compared
to blue-green wavelengths. These peaked spectra are closer to the
ones produced by deep submerged bubbles in Figure 2A and this
may be a result of the type of foam and deeper bubbles produced
by the wake of a large ship.

Whitlock et al. (1982) was the first to measure the full
spectral reflectance of different layers of foam from 350 to
2700 nm. The reflectance profiles are generally spectrally flat

in visible wavelengths with a maximum of 60% and higher
reflectance into the NIR and SWIR than observed in other
studies (Whitlock et al., 1982). Reflectance from 500 to 800 nm
shown in Figure 2B (black line) are from Whitlock et al.
(1982 Figure 2A) and derived from the polynomial fit with
absorption by water at wavelengths >800 nm (Whitlock et al.,
1982, Equation 1). Whitlock et al. (1982) also found a strong
relationship between the absorption by pure water at >800 nm
and the measured whitecap spectrum and noted reflectance
minima at 1,500 and 1,900 nm that correspond to absorption
peaks of clean water. A fourth order polynomial model was

Frontiers in Earth Science | www.frontiersin.org 6 February 2019 | Volume 7 | Article 14
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line) and corrected for the reflectivity of the barium sulfate standard (dashed black line). (C) Reflectance measured in Long Island Sound, USA of intense wave
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thick black line overlying the cyan measurements with ±1 standard deviation.

higher reflectance values (50–75%) and a more green-peaked
spectrum in visible wavelengths. However, a similar decay in
reflectance out to 860 nm near infrared wavelengths was found
by Moore et al. (1998), as well as a decrease at 670 nm compared
to blue-green wavelengths. These peaked spectra are closer to the
ones produced by deep submerged bubbles in Figure 2A and this
may be a result of the type of foam and deeper bubbles produced
by the wake of a large ship.

Whitlock et al. (1982) was the first to measure the full
spectral reflectance of different layers of foam from 350 to
2700 nm. The reflectance profiles are generally spectrally flat

in visible wavelengths with a maximum of 60% and higher
reflectance into the NIR and SWIR than observed in other
studies (Whitlock et al., 1982). Reflectance from 500 to 800 nm
shown in Figure 2B (black line) are from Whitlock et al.
(1982 Figure 2A) and derived from the polynomial fit with
absorption by water at wavelengths >800 nm (Whitlock et al.,
1982, Equation 1). Whitlock et al. (1982) also found a strong
relationship between the absorption by pure water at >800 nm
and the measured whitecap spectrum and noted reflectance
minima at 1,500 and 1,900 nm that correspond to absorption
peaks of clean water. A fourth order polynomial model was
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Figure 2.3: Top: Examples of manufactured whitecap reflectance 
and associated pictures of the sea surface. Bottom: Reflectance 
measured in Long Island Sound, USA of intense wave breaking 
from a ship bow (cyan) and mixed pixels of natural waves breaking 
(blue) in relationship to published studies. (After Dierssen, 2019.)  

Variability of whitecap spectral reflectance and fractional coverage

Frouin et al. Atmospheric Correction of Ocean-Color Imagery

FIGURE 43 | Measurements of “equivalent neutral” wind speed at 10 m (U10N) and whitecap fraction (W) from the Southern Ocean Gas Exchange (blue) and

HiWings (red) campaigns. Larger dots represent data binned over wind speed ranges and the dotted red line represents the mean from both campaigns. Overlaid on

this plot (thick black curve) is the relation based on Stramska and Petelski (2003) that is used by NASA in the standard atmospheric correction algorithm. (Adapted

from Brumer et al., 2017).

FIGURE 44 | Measured reflectance spectrum of intense breaking waves from a ship bow-wake showing the non-linearity of reflectance in near short-wave infrared

wavelengths. The overall shape can be modeled using the absorption spectrum of liquid water. (Modified from Dierssen et al., 2019, this issue.)

Frontiers in Earth Science | www.frontiersin.org 25 July 2019 | Volume 7 | Article 145

Figure 2.4: Measurements of “equivalent neutral” wind speed at 10 
m and whitecap fraction  from Southern Ocean Gas Exchange 
(blue) and HiWings (red) campaigns. Larger dots represent data 
binned over wind speed ranges and the dotted red line represents 
the mean from both campaigns. Thick black curve is the relation 
based on Stramska and Petelski (2003) used by NASA in the 
standard AC algorithm. (Adapted from Brumer et al., 2017.) 



Impact on ocean color remote sensing: Error on water reflectance at 
443 nm for different combinations of aerosol and whitecap reflectance

-Using the gray model, the extrapolation scheme introduces small errors, except when 
Angstrom exponent is above 1. 
-Using the spectrally dependent model, errors become catastrophic as soon as there is even 
a small amount of whitecap, mixed or not with aerosols, thus irrespective of aerosol type. 

rTOA/tg ≈ rw + ra + rm + rwc

Whitecaps behave as gray bodies Whitecap reflectance varies spectrally_________________________________________________________________      
                                                                                         a 
                                              ___________________________________________ 

   rwc/(ra + rwc)           0               0.5              1.0              1.5 
_________________________________________________________________ 

              0                      0                0                 0                  0 
              0.5                   0         -0.0002      -0.0010       -0.0026 
              1                      0                0                 0                  0 
_________________________________________________________________ 
 
 
 
 
 

 

 

 

 

_________________________________________________________________      
                                                                                         a 
                                              ___________________________________________ 

   rwc/(ra + rwc)           0               0.5              1.0              1.5 
_________________________________________________________________ 

              0                      0                0                 0                  0 
              0.5                   0         -0.0002      -0.0010       -0.0026 
              1                 0.0429      0.0429       0.0429        0.0429 
_________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 

Table 2.1: Error on water reflectance at 443 nm for several combinations of ρa and ρwc and some values of the Angstrom 
exponent α. ρa + ρwc is fixed at 0.02. In the absence of whitecaps, the value of 0.02, i.e., ρa at 865 nm corresponds to typical 
aerosols having an optical thickness of 0.2 and observations at scattering angles of 90-120 deg. A positive value of the error 
corresponds to an overestimation of the correction or an underestimation of the marine reflectance. (After Frouin et al., 1996.)

_________________________________________________________________      
                                                                                         a 
                                              ___________________________________________ 

   rwc/(ra + rwc)           0               0.5              1.0              1.5 
_________________________________________________________________ 

              0                      0                0                 0                  0 
              0.5                   0         -0.0002      -0.0010       -0.0026 
              1                      0                0                 0                  0 
_________________________________________________________________ 
 
 
 
 
 

 

 

 

 

_________________________________________________________________      
                                                                                         a 
                                              ___________________________________________ 

   rwc/(ra + rwc)           0               0.5              1.0              1.5 
_________________________________________________________________ 

              0                      0                0                 0                  0 
              0.5             0.0158       0.0178      0.0195         0.0209 
              1                 0.0429       0.0429      0.0429         0.0429 
_________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 



Whitecap Reflectance Modeling

-When waves break, they generate surface foam (air cavities separated by thin 
water layers) and underwater bubbles. These bubbles increase photon path in the 
water, i.e., enhance absorption effects. 

-To capture these essential physics, one can model whitecaps as a 2-layer system, 
each layer having a different spectral behavior: 

a) A semi-transparent foam layer at the surface of reflectance rf, characterized 
par its value at a reference wavelength (e.g., 400 nm), rf0, and its spectral 
dependence (Whitlock et al., 1982), f(l), i.e., rf = rf0f(l);

b) A bubble layer below of reflectance rb, characterized by its geometrical 
thickness, Hb, and its optical thickness, tb.

-The total whitecap reflectance, rwc, is then expressed as:

                 rwc(rf0, Hb, tb) = rf0f + rb(Hb, tb) (1 – rf0f)2/[1 – rb(Hb, tb) rf0f]



Phase function for underwater bubble layer 
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 f(r) = fo.(r/50)-4 pour 50<r<500 mm 

où r est en micromètre et où fo est défini par ;ю f;rͿdr Ϳ=1.  

N(z) dépendant fortement de la vitesse du vent à la surface de l'océan, la granulométrie pourra 
sensiblement varier : un vent fort de 12 m.s-1 créera de grosses vagues injectant beaucoup plus de 
bulles dans l'eau qu'un vent faible de 5 m.s-1 (Wu, 1988). Les travaux de Baldy (1993) décrivent les 
populations de bulles à différentes profondeurs et permettent d'obtenir une estimation réaliste de 
N(z).  

La fonction de phase ainsi obtenue possède un pic de diffusion vers 80°, similaire à l'effet d'arc-
en-ciel des gouttes d'eau dans l'air, et qui fut déjà mis en évidence par Davis (1955) et Marston et 
Kingsbury (1979). De plus, la fonction de phase des bulles (Figure 4.6) présente deux régimes que l'on 
peut interpréter à l'aide de l'optique géométrique, car le rayon des bulles étant très supérieur à la 
longueur d'onde, nous sommes à la limite de la théorie de Mie: i/ La moitié du rayonnement diffusé 
se concentre dans la pointe avant, à savoir un cône de quelques degrés autour de la direction de 
diffusion avant (pour un angle de diffusion inférieur à 5°). Cette très forte probabilité de diffusion 
avant est assimilée au phénomène de diffraction du rayonnement incident par les bulles. ii/ Lorsque 
le rayonnement incident est intercepté par la bulle, ce sont les phénomènes de réflexion et de 
réfraction de l'optique géométrique qui interviennent. La diffusion s'effectue alors dans toutes les 
directions : elle est plus importante avant l'arc de diffusion (pour un angle de diffusion entre 5 et 80°) 
qu’après (pour un angle de diffusion entre 85 et 180°). 

L'indice optique réel de l'eau n'évolue pas entre 400 et 1000 nm, et de plus, du fait de la grosse 
taille des bulles par rapport à la longueur d'onde, la section efficace de diffusion des bulles reste 
constante et égale à 2. La fonction de phase des bulles calculée pour plusieurs longueurs d'onde 
(440, 850 et 1200 nm) [Figure 4.6] reste alors la même sur tout le domaine visible et proche 
infrarouge. 

 

Figure 4.6: Fonction de phase des bulles d'air dans l'eau pour 3 longueurs d'onde (400, 
850 et 1020 nm) calculée par la théorie de Mie et en prenant en compte les spectres de 
taille des bulles étudiés par Baldy (1987). Le demi-espace de rétrodiffusion correspond à 
des angles de diffusion supérieurs à 90° et l'angle critique est égal à 80°.  

Figure 2.5: Phase function of air bubbles in water for wavelengths of 
440, 850, and 1200 nm, calculated using Mie theory and bubble size 
spectra of Baldy (1987). Critical angle is 82.5 deg.  
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-Bubble probability density follows 
Junge power law with -4 exponent 
according to Kolovayev (1988), 
Johnson and Cooke (1979, and Baldy 
(1993): 

f(r) = f0 for 10<r<50 mm;

f(r) =  f0(r/50)-4 for 50<r<500 mm

where r is bubble radius and f0 is 
defined by (∫f(r)dr)=1. 



Reflectance of underwater bubble layer 

- rb calculated approximately as the sum of normalized contributions of radiances at each 
order of scattering n, Ln, weighted by the probability to be scattered at this order, w0

n, i.e.,
                    rb(qs, qv, f) ≈  1/cosqs  ∑n [w0

n Ln(qs, qv, f)]  with  w0 = tb/(tb + awHb)

SecƚiŽn B͗ ObƐeƌǀaƚiŽn ƐƉaƚiale de la CŽƵleƵƌ de l͛Océan  
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pour des épaisseurs optiques supérieures à 2, et  ii) le nombre moyen de diffusion d'un photon par la 
couche de bulles est important : supérieur à 14 pour une épaisseur optique de 3. 

 

Figure 4.7: Décomposition en ordres successifs de la réflectance observée au-
dessus d'une couche de bulles de différentes épaisseurs optique (de 0.5 à 6) et 
pour un albédo de diffusion de 1, un angle zénithal solaire de 45° et un angle 
azimutal de visée de 180° (rétrodiffusion). La diffusion primaire est caractérisée 
par l'ordre d'indice 1. 

 

4.4.3) Intégration du modèle  

Notre modèle d'écume est composé de l'addition de deux écumes de comportement spectral 
différent et nécessite trois paramètres en entrée  

a) la couche semi-transparente de mousse de surface est caractérisée par sa réflectance à 400 nm 
et sa dépendance spectrale selon Whitlock et al.. Cette réflectance représente, à 400 nm, 
l'importance de la SFR par rapport à la UBR  

b) la sous couche de bulles est définie par une épaisseur géométrique Hb 

c) la quantité de bulles dans cette sous-couche est donnée par l'épaisseur optique Wb des bulles 

La couche de mousse étant semi-transparente, la réflectance WSR du modèle final d'écume peut 
s'écrire  

  
  
WSR( bH , bW ,SFR)    SFR �  UBR( bH , bW )

2(1�SFR)
(1�SFR.UBR( bH , bW ))

  (4.14) 

Les trois paramètres du modèle sont ajustés de façon à simuler une allure spectrale de WSR 
proche de celle mesurée in situ par les instruments MIR et ceci sur le domaine spectral 400-1600 nm. 

Un bon accord fut trouvé pour une SFR de 0.11 à 400 nm, une épaisseur optique Wb de 3 et une 
profondeur géométrique Hb de 15 cm (Figure 4.8). 

Bubble layer is a very scattering medium:

1) Single scattering plays little role (<5% 
for tb>2.

2) The average number of scattering 
events by a photon is large (>14 for tb>3). 

r b Total

Scattering order

tb
Figure 2.6: Contribution of various scattering orders to rb. Single scattering 
albedo is unity, Sun zenith angle s 45 deg., and backscattering viewing.



Simulations and application to in-situ measurements
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Les trois réflectances, UBR, SFR et WSR du modèle obtenu, sont présentées en Figure 4.8. Le 
modèle considère 50% de bulles et 50% de mousse de surface. Ce résultat aboutit à une réflectance 
d'écume simulée de l'ordre de 0.22 ce qui correspond aux estimations réalisées par Koepke (1984). 

 

Figure 4.8:  Comparaison entre les différents facteurs spectraux de: a) la 
réflectance de la mousse de surface (SFR) selon Whitlock (1982) [en pointillé], b) 
la réflectance de la sous-couche de bulles (UBR) de 15 cm de hauteur et 
d'épaisseur optique 3 [croix], c) la réflectance du modèle d'écume (WSR) résultant 
de l'addition de la mousse et des bulles [traits gras] et d) la réflectance dérivée 
des mesures MIR de février 1994 (Frouin et al., 1996) et de décembre 1995 
[cercles pointés]. 

 

 4.5 Discussion 

Nos mesures in-situ ont montré qu'une rapide décroissance spectrale de la réflectance d'écume 
devait être prise en compte dans le proche infrarouge pour des longueurs d'onde inférieures à 1000 
nm, confortant ainsi les résultats de Frouin et al. (1996). Cette chute spectrale est en contradiction 
avec les observations d'écume décrite comme blanche par Whitlock et al. (1982). Il ne s'agit donc pas 
du même type d'écume et nécessairement, il convient de considérer en plus de l'écume de type 
Whitlock et al. une écume de type 'sous-marine', constituée de bulles injectées par le déferlement en 
profondeur. Deux phénomènes permettent alors d'expliquer la chute spectrale observée : i/ la 
diffusion des photons par les bulles d'air, ce qui augmente le parcours de ceux-ci dans le milieu 
aquatique, et ii/ l'absorption de l'eau qui, du fait du long trajet des photons dans l'eau, va prendre 
une importance déterminante surtout dans le proche-infrarouge. Le rôle important joué par 
l'absorption s'illustre (Figure 4.9) par une simple comparaison entre la réflectance d'écume observée 
in-situ par les instruments MIR et l'inverse du coefficient d'absorption de l'eau selon Hale et Querry 
(1973). Le coefficient d'absorption de l'eau est, pour 850 nm, 150 fois plus élevé qu'à 400 nm, c'est à 
dire qu'à 850 nm, le photon devra parcourir une distance 150 fois moins importante qu'à 400 nm 
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Figure 2.7: Left: Simulations of spectral dependence of whitecap reflectance for an underwater bubble layer of variable geometric 
thickness (0.1, 0.2, 0.3, 0.4, and 0.5 m and optical thickness of 1. Sun zenith angle is 30 deg. and viewing is in backscattering. 
Absorption effects increase as Hb increases. Right: Comparison between normalized surface foam reflectance (blue), underwater 
bubble reflectance for Hb = 0.15 m and tb of 3 (red), the resulting whitecap reflectance (green), an in-situ measurements collected 
at the Scripps Institution of oceanography Pier in 1994 and 1995. 

rb

Hb = 0.15 m 
tb = 3

rwc

rf



Inversion using PACE OCI wavelengths in NIR and SWIR, no atmosphere

Wavelength (nm)

-Spectral bands: 865, 890, 
1038, 1250, 1615, 2130, and 
2250 nm.

-Nelder/Mead optimization.

-Model parameters are well 
retrieved, allowing accurate 
Arwc estimates in the  entire 
spectral range.
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Top: Prescribed rwc (Case 1, left: tb = 5, Hb = 0.5 m, rf0 =0.3; Case 2, right: tb = 2, Hb = 0.3 m, rf0 
=0.2). Bottom: retrieved and prescribed Arwc for Case 1 with A = 0.02 and case 2 with A = 0.01. 

tb = 5 
Hb = 0.5 m 
rf0 =0.3
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Inversions, no atmosphere, for  varied values of A, rf0, Hb, and tb

Figure 2.8: Modeled versus prescribed Arwc for 100 cases with A, rf0, Hb, and tb values randomly selected in the 
ranges 0.01 to 0.1, 0.1 to 0.5, 0.1 to 0.5 m, and 0.5 to 5, respectively. Inversion (in the absence of noise) is robust using 
the PACE OCI spectral bands in the NIR and SWIR, allowing reconstruction of whitecap signal at short wavelengths. 



Inversion from top-of-atmosphere

-Inversion from TOA using PACE OCI spectral bands in NIR/SWIR (only 7 
usable bands) is ill-conditioned, because atmospheric parameters also need to be 
retrieved. Additional spectral bands are necessary. 

-Spectral dependence of rwc can be expressed as a function of w0, allowing rwc to 
be modeled as a weighted combination of 2 extreme cases, the case of the 
surface foam and a case of underwater bubbles, i.e., the number of parameters 
characterizing rwc is reduced from 3 to 2:

rwc = rwc0{P[af/(af + aw)] + (1 - P) [ab/(ab + aw)]} 

P: mixing parameter (0-1); rwc0: whitecap reflectance at a reference wavelength; 
af and ab: pre-determined coefficients.

-Signal of atmosphere + surface may be sufficiently smooth spectrally to be 
modeled with a few parameters, if wavelengths are properly selected. 



Conclusions about AC in the presence of whitecaps

-From space, since whitecap reflectivity is high, even a small fraction of 
whitecaps within the instrument’s elementary field of view (i.e., within a 
pixel) may be problematic, which may lead to water reflectance errors 
much larger (i.e., by an order of magnitude) than the requirements. 

-Whitecap reflectance can be modeled reasonably well by assuming 
whitecaps as a two-layer system, with foam at the surface and entrained 
bubbles below. 

-The two layers have spectrally different behaviors, the underwater 
bubble layer enhancing absorption. The model depends on 3 parameters, 
i.e., rf0, Hb, and tb. 

-The model allows a good representation of in situ measurements of 
whitecap reflectance, especially its spectral dependence, a key parameter 
in ocean color remote sensing.



Conclusions about AC in the presence of whitecaps (cont.)

-In the absence of atmosphere, the whitecap spectral signal, i.e., Arwc can 
be retrieved accurately from measurements at the PACE OCI wavelengths 
in the NIR and SWIR, but inversion from TOA measurements is ill-
conditioned. Additional spectral bands in the NIR and SWIR are necessary 
for robust inference. 

-For PACE, using standard AC algorithm, one may still have to rely on some 
assumptions about optical properties of whitecaps and their fractional 
coverage (one may not be able to estimate them directly from the available 
measurements). 

-AC algorithms robust to whitecaps, in which the perturbing signal to 
correct is modeled to implicitly include the whitecap signal (e.g., POLYMER-
type), should be further explored. 



3. Adjacency effects

Introduction

-Adjacency effects are caused by atmospheric
 scattering of radiance that originates outside 
of the sensor element's field of view.

-They are especially important in the the vicinity of land, clouds, and sea ice, 
i.e., when the spatial contrast between the target and its environment is 
relatively large.

-They may affect significantly the retrieval of water reflectance and 
derived products (e.g., chlorophyll concentration) at distances of 10-20 km. 

-Adjacency effects are generally ignored in standard atmospheric correction 
schemes and operational processing of satellite ocean-color imagery.

TANR!• ET AL.' THEMATICS MAPPER DATA 12,001 

Se• sor 1 

M ///////////// I• , 
Fig. 1. The different components of the satellite signal (M is the target). 

The expression pa(0o, 0, ca) is the intrinsic atmospheric re- 
flectance (denoted 1 in Figure 1). 

The expression pMT(Oo)e -•/" is the contribution of the 
object pixel, T(O o) is the total solar transmittance (direct plus 
diffuse) through the atmosphere, and e -•/" is the direct trans- 
mittance from the target to the sensor (component 2 plus 
component 3 in Figure 1). 

The expression (p)T(0o)td(0) is the contribution of the area 
surrounding the target and results from the total solar flux 
reflected by the background and diffusely transmitted to the 
sensor (component 4 plus component 5). The higher successive 
orders of interaction between ground and atmosphere are 
taken into account by the factor (1 - (p)S)-•, where S is the 
spherical albedo of the atmosphere as viewed from the ground 
(component 6). However, our study concerns near-infrared 
wavelengths for which S does not exceed a maximum of 15% 
in the worst conditions; thus (2) will be simply written 

p*(0 o, 0, ca)= pa(0o, 0, ca) + pstT(Oo)e -•/• + (p)T(Oo)ta(O ) (3) 
It is obvious that the different terms in (3) depend upon the 
wavelength, but they have a smooth spectral variation. 

If the target and the environment reflectances exhibit differ- 
ent spectral behaviors, (3) clearly shows that the observed re- 
flectance p* will exhibit a spectral variation different from that 
of the target. Of course, this effect depends not only on the 
respective spectral dependences of p• and (p) but also on the 
target dimension (Figure 2). Let us consider the case of a 
target with a mean radius ? and with reflectance Pst sur- 
rounded by uniform ground with reflectance Pe; then the 
term to be used in (3) is given by 

(t 9) = PMF(r-) + [1 -- F(r-)]pe 

Fig. 2. Determination of the environment reflectance. 

where F(r) is the relative contribution to p• of surface points 
not farther than a distance r from the pixel M. F(0)- 0, 
F(•) = 1, and, clearly, for very large targets (? • 10 km) or for 
very small ones (?• 1 m), (4) gives the two usual approxi- 
mations discussed in the introduction ((p) = p• or (p) = Pe, 
respectively). 

F(r) depends on the optical properties of the atmosphere 
(principally the aerosol phase function) and on the aerosol 
vertical density profile. However, except for very unusual aer- 
osol models, the environment weighting function is reasonably 
accounted for by a mean standard function [Tanr• et al., 
1981]. We will use here the F(r) function derived by using 
McClatchey et al.'s [1971] aerosol model, shown in Figure 3. 

As a consequence of this preliminary study, we think that 
the best way to display the cross effect is to consider targets of 
the same kind but with different sizes and placed within differ- 
ent environments in order that Pe and F(r) be varied and the 
adjacency effect be clear. Of course, to compare the above 
formulation with observed reflectances, we will have to take 
into account gaseous absorption and integrate the different 
atmospheric functions in (3) over the spectral bands. 

Let p' be the measured reflectance; we will write 

p'= ta(O o, O)p*(0o, O, ca) (5) 

where tg(0 o, 0) accounts for the 0 3 and H20 absorption and is 
simply computed along the direct path Sun-target-sensor 
[Tanr• et al., 1986] and where p* is derived from its mono- 
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Fig. 3. Function of environment for three atmosphere models 
(Rayleigh and ground visibilities of 23 and 5 km) and two wave- 
lengths (solid line for/• - 450 nm and dashed line for/• - 850 nm). 



Figure 3.1: Left: Image of TOA reflectance at 865 nm acquired by MERIS (1 km resolution) 
over the Netherlands on 5 August 2003. Right: Reflectance along the black line in the image. 

Example of Adjacency effect

-The measured signal over the Zuydersee is enhanced by reflected light 
from vegetated areas surrounding the target pixel (band of higher TOA 
reflectance values within 5–10 km of the coast).



Frouin et al. Atmospheric Correction of Ocean-Color Imagery

FIGURE 40 | TOA reflectance and degree of polarization of a water target located 5 km from a linear coastline as a function of solar zenith angle. Viewing zenith angle

is 30◦. The land reflectance is 0.8 (snow). Results are displayed at 380, 500, and 800 nm in the principal plane of the Sun for the sensor above water and above land,

and assuming no adjacency effect (homogeneous water). Details about simulations are given in the text. Due to adjacency effects, the TOA reflectance is increased

and the degree of polarization decreased, especially at 380 nm where atmospheric scattering is effective.

FIGURE 41 | Examples of seas with whitecaps, showing various stages of wave breaking with surface foam, streaks, and underwater bubble plumes. The presence

of whitecaps changes dramatically the aspect of the surface and its brightness.

FIGURE 42 | Time series of measured surface reflectance at 440, 550, 650, and 850 nm in the surf zone, in the absence and presence of breaking waves, left and

right, respectively. When waves break, air is trapped and injected below the surface, creating surface foam and underwater bubble plumes, increasing substantially

surface reflectance. Reproduced with permission from Wiley (After Frouin et al., 1996).

Frontiers in Earth Science | www.frontiersin.org 24 July 2019 | Volume 7 | Article 145

Figure 3.2: TOA reflectance and degree of polarization of a water target located 5 km from 
a linear coastline as a function of solar zenith angle. Viewing zenith angle is 30 deg. The land 
reflectance is 0.8 (snow). Results are displayed at 380, 500, and 800 nm in the principal 
plane of the Sun for the sensor above water and above land, and assuming no adjacency 
effect (homogeneous water). (After Frouin et al., 2019.)

-Due to adjacency effects 
TOA reflectance is increased, 
and degree of polarization is 
decreased, especially at 380 
nm where atm. scattering is 
effective. 

RT simulations of the TOA adjacency effect

Target 5 km offshore



Impact on water reflectance retrieval

-Depending on the environment (e.g., vegetation, bare soil, ice, etc.), the coupling 
between surface reflection and atmospheric scattering may either decrease or 
increase the retrieved water reflectance with increasing wavelength. 

-This spectral dependence is not captured by determining the atmospheric signal 
from measurements in the near infrared and extrapolating to shorter wavelengths.

MERIS, 4 March 2003, rw(560)
Figure 3.3: Marine reflectance at 560 
nm retrieved from MERIS imagery 
acquired at 1 km resolution on 4 March 
2003 over the Mediterranean Sea 
(left) and on 4 July 2008 over the 
Beaufort Sea (right). Standard MEGS 
processing was used. Values are 
anomalously low (blue/green pixels) 
over a distance of more than 10 km 
along the coast of Corsica and 
Northern Sardinia (left), and 
anomalously high (green/red pixels) 
near sea ice (right). This is attributed 
to the adjacency effect in the near 
infrared bands used for the correction 
of aerosol scattering.

Frouin et al. Atmospheric Correction of Ocean-Color Imagery

FIGURE 38 | Left: Image of TOA reflectance at 865 nm acquired by MERIS (1 km resolution) over the Netherlands on 5 August 2003. Right: Reflectance along the

black line in the image. The measured signal over the Zuydersee is enhanced by reflected light from vegetated areas surrounding the target pixel (band of higher TOA

reflectance values within 5–10 km of the coast).

FIGURE 39 | Marine reflectance at 560 nm retrieved from MERIS imagery acquired at 1 km resolution on 4 March 2003 over the Mediterranean Sea (left) and on 4

July 2008 over the Beaufort Sea (right). Standard MEGS processing was used. Values are anomalously low (blue/green pixels) over a distance of more than 10 km

along the coast of Corsica and Northern Sardinia (left), and anomalously high (green/red pixels) near sea ice (right). This is attributed to the adjacency effect in the near

infrared bands used for the correction of aerosol scattering (see text for details).

Frontiers in Earth Science | www.frontiersin.org 23 July 2019 | Volume 7 | Article 145

MERIS, 4 July 2008, rw(560)



-The resulting errors on the retrieval of chlorophyll concentration may be 
large, even at distances of 20 km from the coast, as shown theoretically by 
Santer and Schmechtig (2000).

-A C of 2 mg/m3 is underestimated by 
25% at a 10 km distance from shore 
when the atmospheric visibility is 23 km 
and 50% when the visibility is 8 km. The 
underestimation becomes larger as C 
increases, with retrieved values 5 times 
smaller than actual values at 10 mg/m3 
when the visibility is 8 km. 

Impact of chlorophyll concentration retrieval

Figure 3.4: Impact of adjacency effect on the retrieval of 
chlorophyll-a concentration, C. Contrast between land and 
ocean reflectance is 0.3 at 865 nm and 0.07 at 670 nm.



Formulation of the adjacency effect

-Homogeneous surface

rt ≈ ra + rwTa(qs)Ta(qv)/(1 - rwSa)

-Heterogeneous surface

rt
* ≈ ra + Ta(qs)[rwexp(-ta/cos(qv)) + reta(qv)]/(1 - reSa)

re: equivalent reflectance of the environment

-Adjacency effect:

Drt = rt
* - rt ≈ (re - rw)ta(qv)Ta(qs)



-Environment reflectance

€ 

−∞

+∞

∫ −∞

+∞

∫ rs(x,y)P(x,y)dxdy      re =

P(x,y): Atmospheric point-spread function (expresses the 
contribution to the measured reflectance of surface-
leaving photons scattered in the field of view).

-For small qv’s (<30 deg.), P(x,y) ≈ P(r)

F(r) ≈ [tamFm(r) + tapFp(r)]/(tam + tap)

Fm(r) = Am[0.93exp(-0.08r) + 0.07exp(-1.1r)]

Fp(r) = Ap[0.037exp(-0.02rH0/H) + 0.62exp(-1.8rH0/H)]

H: Scale height of aerosols; H0 = 2 km; r in km.

Am, Ap: Normalization factors

re = (1/2π)

€ 

0

2π
∫ 0

+∞

∫ rs(r,f) [dF(r)/dr]drdf



Variability of the adjacency effect

-The adjacency effect produced by molecular scattering and aerosol scattering 
are different and vary with F and the reflectance of the background. 

1.The scales of influence are different. Fm exhibits an exponential decay with a 
scale of 12 km, while Fp has a far more rapid decrease with a scale of less than 
1 km. 

2. Molecular scattering varies with wavelength and increases very rapidly in the 
blue, but Fm remains about the same with a good approximation. 

3. Aerosol scattering is less spectrally selective, but changes in the aerosol 
physical properties like the size distribution would modify its single scattering 
phase function and the coefficients of the exponential decrease with distance.

4. The spread is larger if the aerosols are at a higher altitude. 



-One way to deal with adjacency effects is to develop atmospheric correction 
algorithms that minimize the effects. 

Figure 3.5: MERIS image of the Beaufort Sea showing that the standard 
processing is affected by the ice environment, leading to an anomalous 
increase of retrieved reflectance (left). Adjacency effects are reduced with 
the POLYMER algorithm (Steinmetz, 2011), which models the atmospheric 
signal as a polynomial function of the wavelength (C0 + C1l-1 + C2l-4). 

How to handle adjacency effects?
Robustness to the environment effect

Norwegian coast, MERIS RR, July 04, 2003

(image already discussed by C. Brockmann at MERIS (A)ATSR workshop, 2005)

RGB Browse ⇢+w (443) from MEGS ⇢+w (443) from POLYMER

c�2010 Improved Global Ocean Color using POLYMER Algorithm 24 / 25

Norwegian Coast, 4 July 2003, MERIS 

rw(443), MEGS rw(443), POLYMER
Figure 3.6: MERIS image of water reflectance at 443 
nm (Norwegian Coast, 4 July 2003) showing that 
anomalously low reflectance near shore is well corrected 
for adjacency effects with the POLYMER algorithm.



-Another way is to correct systematically the TOA imagery for the adjacency 
effect at the Level 1b and produce a Level 1c, so that the processing of Level 2 
products can be done by assuming that the surface is homogeneous (i.e., using 
the large target formalism of standard atmospheric correction schemes).

-The simplest option, easy to implement, is to correct only the adjacency 
effects associated with molecular scattering. 

-A second option, more accurate, is to correct also the effects associated with 
aerosol scattering. This can be done:

(1) by assuming background aerosols or using aerosols with average properties 
(eventually seasonally and regionally dependent), and 

(2) by estimating the aerosol properties (optical thickness, type, and altitude).

-In the case of clouds, one can assume that they are located at the surface, or 
one can estimate their altitude.



Figure 3.7: SeaWiFS LAC images of TOA Level 1b radiance at 443 and 555 nm 
(mW/cm2/µm/sr) obtained on 14 February 1999 in upwelling region off the coast of 
Namibia. The image is about 200x200 km in size. White rectangle denotes area within 
which adjacency effects are estimated. 

Example of adjacency correction (open ocean)

-Adjacency correction of spectral bands used for ocean color, i.e., 443 
and 555 nm, was performed according to previous (simplified) equations 
for re and F using the aerosol content derived from the operational 
atmospheric correction algorithm. Aerosol scale height was fixed at 2 km. 

LTOA(443 nm) LTOA(555 nm)



100*drw/rw, 443 nm 100*drw/rw, 555 nm

100*dChl-a/Chl-a

Figure 3.8: (Bottom left) Chlorophyll-a concentration computed from 
marine reflectance at 443 and 555 nm, after correction for adjacency 
effects. (Bottom right) Error on chlorophyll-a concentration due to 
adjacency effects. (Top left and top right) Error on marine reflectance at 
443 nm and 555 nm due to adjacency effects. 

Chl-a, mg/m3

Figure 3.9: Variogram of chlorophyll-a 
concentration. Spatial correlation is changed 
significantly (influence of local processes is 
comparatively decreased at large scales after 
correction of adjacency effects). 

Before

After

-Even in open ocean, adjacency 
effects may be significant. 

Impact on water reflectance and chlorophyll-a concentration



Conclusions about AC in the presence of adjacency effects

-The adjacency effect can be important, not only in the coastal zone or in 
the vicinity of sea ice and clouds, but also in the open ocean (e.g., in 
upwelling regions). 

-Non negligible errors in the retrieval of chlorophyll-a concentration (>10% 
in the typical example considered) and a significant change in spatial 
structure, correlation scales.

-Correcting systematically Level 1b imagery for the adjacency effect is 
recommended. For coarse resolution sensors like MODIS, VIIRS, OCI, it 
may be sufficient to correct the effect due to molecular scattering (F 
associated with aerosols decreases exponentially with a scale of 1 km). 

-As a result, the accuracy, quality, and daily coverage of aerosol and ocean-
color products should be improved substantially over water surfaces 
contiguous to land surfaces, sea-ice, and clouds, and where spatial 
variability is relatively large.



Introduction

-It is currently admitted that ocean color can be observed from space 
only over cloud-free and Sun glint-free areas. 

-In the state-of-the-art algorithms, the presence of a cloud or even a 
minimum amount of Sun glint prevents utilization of the data.  

-Consequently, the daily ocean coverage is typically 15-20%, and weekly 
products show no information in many areas. 

-This limits considerably the utility of satellite ocean color observations 
in oceanography. Global coverage is required every three to five days in 
the open ocean and at least every day in the coastal zone. 

4. Clouds/Sun glint



Figure 4.1. Left: Cumulative histogram of the TOA reflectance at 862 nm observed by VIIRS-SNPP 
over the global ocean on 15 July 2018; Right: Percentage of VIIRS-SNPP pixels (observations of 15 
July 2018) selected by a threshold of 0.03 and 0.2 for the TOA reflectance at 862 nm.

-For a cloud albedo of 0.2, 80% of the photons that are incident upon on the top of the 
cloud layer may reach the surface, and 80% of the photons reflected by the ocean are 
transmitted back through the cloud layer. The transmittance along the double optical 
path through the cloud layer, 64%, is large, i.e., the signal measured at satellite altitude 
is sensitive to interactions with, and therefore to the characteristics of the water body.

Statistics of TOA reflectance over ocean in near infrared



Figure 4.2: Simulations, using a successive-orders-of-scattering code, of the top-of-atmosphere 
normalized radiance in the solar plane for several aerosol conditions. Water body is black. (Left) 
Forward scattering. (Right) Backscattering. 

-Perturbing signal results from many processes and couplings, that may be 
difficult to model accurately. But importantly, it is smooth spectrally.

RT simulations of TOA spectral reflectance, black water body



-Perturbing signal can be represented accurately by a polynomial or a linear 
combination of orthogonal components with a few terms or eigenvectors

rp(li) ≈ ∑j [ajli
nj]

rp(li) ≈ ∑j [cjeji]

-Three nj or ej are usually sufficient. 

-POLYMER spectral matching algorithm (Steinmetz et al., 2011) models the 
residual signal after correction for molecular scattering and some glint as:

                                     rgam = rTOA – rm – rg = C0 + C1 l-1 + C2 l-4

-PCA-based algorithm (Gross et al., 2007) combines PCs of TOA signal 
sensitive to ocean signal retrieve PCs of water reflectance, allowing 
reconstruction of the marine reflectance.

  rTOA = ∑i cpi epi                        rw = ∑j cwjewj                         cwj = g(cpi ’s) 



Figure 4:3: RGB composite of a MERIS scene off Portugal, 21 June 2005 (left) and chlorophyll 
concentration derived by the POLYMER algorithm (right). Chlorophyll concentration is retrieved in the 
presence of thin clouds and sun glint, and the chlorophyll patterns exhibit spatial continuity from cloud- 
and glint-free areas to adjacent cloud- and/or glint-contaminated areas. (After Steinmetz et al., 2011.)

POLYMER retrieval, MERIS, 21 June 2005, NE Atlantic



POLYMER vs MEGS, 21 December 2003 

MEGS

POLYMER

Figure 4.4: MERIS level 2 imagery of POLYMER-derived chlorophyll concentration, 21 December 2003.

-Daily global 
coverage is 
dramatically 
increased using 
POLYMER. Good 
spatial continuity 
between glint-
contaminated and 
glint-free areas. 



Figure 4.5: Level 3 composites of chlorophyll concentration, 3 to 5 June 2003, in the Arabian 
Sea, showing a dramatic increase in spatial coverage by the POLYMER algorithm. 

POLYMER vs MEGS and standard OBPG AC, 
3-day composite, 3-5 June 2003, Arabian Sea

-Spatial coverage is increased from 26% (MODIS/Standard) to 49% 
(MERIS/MEGS) and 92% (MERIS/POLYMER) 



PCA-based Retrieval, 21 June 2005, Northeast Atlantic

Figure 4.6: Same as Figure 1 but PCA-based algorithm and, instead of chlorophyll concentration, 
marine reflectance at 443nm (R. Frouin and L. Gross, unpublished.)

RGB rw(443 nm)



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Imagery acquired by MERIS

over the Arabian Sea on 09

November 2003. 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.

PCA-Based retrieval,
Arabian Sea

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Imagery acquired by MERIS

over the Arabian Sea on 09

November 2003. 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
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Figure 4.7: Imagery acquired by MERIS over the Arabian Sea on 09 November 2003. Left: Reflectance at 865 nm showing 
thin clouds.  Center left: Retrieved marine reflectance (PCA-based algorithm) with standard threshold of 0.03 at 865 nm. 
Center right: Same as center left, but threshold of 0.2 at 865 nm. Right: Retrieved chlorophyll-a concentration with 
threshold of 0.2 at 865 nm. (R. Frouin and L. Gross, unpublished.)

PCA-Based retrieval, 09 November 2003, Arabian Sea
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-One may use PCs of the TOA signal directly to predict, via machine learning,  
ocean color properties derived from the MODIS atmospheric correction algorithm 
(Fasnacht et al., 2022). 

FIGURE 11 | Chlorophyll retrievals in the Gulf of Mexico for 10 October 2020. (A) shows a true color image fromMODIS Aqua, (B) shows MODIS-Aqua daily 4 km
retrieval, (C) shows TROPOMI machine learning–based chlorophyll, and (D) shows MODIS-Aqua 8-day composite of chlorophyll.

FIGURE 12 | Chlorophyll retrievals in the Arabian Sea on 13 October 2020. (A) shows a true color image from MODIS Aqua, (B) shows MODIS-Aqua daily 4 km
retrieval, (C) shows TROPOMI machine learning–based chlorophyll, and (D) shows MODIS-Aqua 8-day composite of chlorophyll.
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Figure 4.8: Chlorophyll retrievals in the Gulf of Mexico for 10 October 
2020. (A) shows a true color image from MODIS Aqua, (B) shows MODIS-
Aqua daily 4 km retrieval, (C) shows TROPOMI machine learning–based 
chlorophyll, and (D) shows MODIS-Aqua 8-day composite of chlorophyll. 

-Neural network is trained to 
predict ocean color properties 
for OMI/TROPOMI pixels 
that are co-located with the 
MODIS retrievals of Rrs and 
chlorophyll.

-Assumption is that MODIS 
retrievals are correct. 

-TROPOMI machine learning 
approach yields very few gaps 
in coverage. No noticeable 
contamination in the TROPOMI 
chlorophyll from Sun glint 
features.



Conclusions about AC in the presence of clouds and Sun glint

-Atmospheric correction of satellite ocean-color imagery can be performed 
through thin clouds and in the presence of Sun glint. 

-The POLYMER, PCA-based, and machine learning algorithms yield imagery that is 
comparable with standard imagery. Spatial continuity is good from cloud- and 
glint-free areas to adjacent cloudy and/or glint-affected areas. Daily ocean 
coverage, 15-20% with standard algorithms, is increased substantially.

-Machine learning based on satellite retrievals may yield robust retrievals  (large 
training set) but assumes that satellite-derived products are the reference. 

-The gain in coverage allow one to resolve better phytoplankton blooms in the open 
ocean and “events” linked to wind forcing in the coastal zone. This could lead to 
important new information about the temporal variability of biological processes. 



5. Other Issues

-Radiometric calibration

-Spatial heterogeneity of
  atmosphere

-Aerosol altitude

-Earth curvature

-Separation of CDOM and
  aerosol absorption in UV



Aerosol altitude

Frouin et al. Atmospheric Correction of Ocean-Color Imagery

FIGURE 45 | SMART-G simulations of ρr (Left) and ρr (Right) at 446, 558, 672, and 867 nm as a function of Solar zenith angle for a viewing zenith angle of 15◦.

Relative azimuth angle is 90◦. Aerosols are of maritime type with optical thickness of 0.1 at 550 nm. Calculations are made using plane-parallel (PP) and

spherical-shell (S) geometry (solid lines and dots, respectively). Top: Absolute values. Bottom: Relative difference between PP and S results.

FIGURE 46 | Effect of aerosol altitude, Ha, on the coupling term, Cam, of the atmospheric reflectance due to interactions between aerosol and molecular scattering.

Wavelength is 443 nm and aerosol models are M98 (a) and T70 (b). Aerosol optical thickness is 0.1 at 865 nm. Solar zenith angle is 36.2◦. Results are for the principal

plane (negative zenith angles correspond to backscattering). The case of Ha = 8 km corresponds to homogeneously mixed aerosols and molecules. Reproduced with

permission from the University of Lille, France (After Tieuleux, 2002).
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Figure 4.9: Effect of aerosol altitude, Ha, on the coupling term, Cam, of the atmospheric reflectance due to 
interactions between aerosol and molecular scattering. Wavelength is 443 nm and aerosol models are M98 (a) and 
T70 (b). Aerosol optical thickness is 0.1 at 865 nm. Solar zenith angle is 36.2 . Results are for the principal plane 
(negative zenith angles correspond to backscattering). The case of Ha = 8 km corresponds to homogeneously mixed 
aerosols and molecules. Reproduced with permission from the University of Lille, France (After Tieuleux, 2002). 

-May have a significant effect on the TOA signal even when aerosols are not 
absorbing, simply due to the coupling between aerosol and molecule scattering, 
which depends on the relative altitude of the scatterers. 

-For some viewing angles, 
the effect of neglecting 
aerosol scale height 
variability reaches 0.002 
(M98) and over 0.01 
(T70) in amplitude, which 
for T70 is an order of 
magnitude larger that 
accuracy requirements).  



Earth curvature

-For solar zenith angles >70 deg. assuming that the Earth atmosphere is flat (i.e., 
plane-parallel) is a problem. A spherical-shell atmosphere is more appropriate. But 
even at small zenith angles, the error on molecular reflectance, a fraction of 1%, 
may significantly impact water reflectance retrievals. 

Figure 4.10: Ratio of the reflectance for spherical geometry over the reflectance for plane-
parallel geometry for a pure molecular atmosphere over a black surface and for different 
viewing angles. (D. Jolivet, HYGEOS, personal communication.)



Separation of CDOM and aerosol absorption in UV

-Spectral dependence of the aerosol and CDOM absorption effects may be 
comparable, making distinction of the two signals difficult in some one-step 
atmospheric correction schemes (e.g., spectral-matching). 

-CDOM absorption of 
0.01 m-1 has nearly the 
same effect as aerosol 
absorption when scale 
height is 2km, i.e., about 
−0.002 over 50 nm. 

Frouin et al. Atmospheric Correction of Ocean-Color Imagery

FIGURE 47 | (Left) Simulated TOA reflectance (total, corrected for molecular effects, and water body) for waters with chlorophyll concentration of 0.1 mgm−3 and

CDOM absorption of 0.02 m−1 at 440 nm. Spectral slope of CDOM absorption is 0.018 nm−1. Aerosols are of maritime type with optical thickness of 0.2 at 550 nm

and scale height of 2 km, and wind speed is 7 m s−1. Solar zenith angle is 30◦, viewing zenith angle is 15◦, and relative azimuth angle 90◦. (Right) Contribution (in %)

of the water signal to the total TOA signal (red curve) and to the corrected TOA signal (blue curve).

FIGURE 48 | (Left) Simulated CDOM absorption effect on water signal at top of atmosphere, for CDOM absorption coefficients of 0.01, 0.02, and 0.1 m−1.

Chlorophyll concentration is 1 mgm−3. (Right) Simulated aerosol absorption effect for scale heights of 2, 5, and 8 km. Spectral slope of CDOM absorption, aerosol

type and optical thickness, Sun/view geometry, and wind speed are the same as in Figure 47.
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Figure 4.12: (Left) Simulated CDOM absorption effect on water signal at top of atmosphere, for 
CDOM absorption coefficients of 0.01, 0.02, and 0.1 m-1. Chlorophyll-a concentration is 1 mgm-

3. (Right) Simulated aerosol absorption effect for scale heights of 2, 5, and 8 km. Spectral 
slope of CDOM absorption is 0.018 nm-1. Aerosols are of maritime type with optical thickness 
of 0.2 at 550 nm and scale height of 2 km, and wind speed is 7 m s . Solar zenith angle is 30 
deg., viewing zenith angle 15 deg., and relative azimuth angle 90deg. (After Frouin et al., 2019.)


