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INTRODUCTION 

Spectacular progress has been attained since the early fifties of this century in designing scanning radi- 
ometers for the remote study of natural environments from aircraft and satellites (Durand et al., 1998). 
This brought into being a number of national and international programs which relied on the use of 
airborne and spaceborne scanners (Kondratyev et al., 1988) to the effect of obtaining surface reflection 
spectra from a wealth of qualitative/quantitative information on the land/water surface properties. To 
gain these goals, it was necessary to develop procedures capable of removing the impact of the inter- 
vening atmosphere on the airborne/spaceborne spectrometric data in the visible and the near infrared in 
order to eventually extract the legitimate signal originating from the targeted surface (Kondratyev et 
al., 1985). 

Two basic investigations have laid the foundation for remote sensing of open marine and oceanic wa- 
ters. First Clarke et al. (1970) showed that the algae content in surface waters could be confidently de- 
duced by retrieving the algae chlorophyll concentration from the spectral distribution of the light 
emerging from beneath the water surface (i.e. from the water color). Actually, these studies have 
shown that the ratio of radiance exiting the water surface at 460 and 540 nm can be related to the chlo- 
rophyll concentration present in the upper layers of clear oceanic/marine waters. Soon afterwards, Cur- 
ran (1972) suggested that the atmospheric contribution to the light reflected by a water column and 
captured by a satellite sensor could be assessed if in addition to 460 nm and 540 nm, the upwelling 
radiance is also measured at a wavelength > 540 nm in order to simultaneously retrieve the aerosol op- 
tical thickness over the given location. 

This concept was further substantially improved by Gordon (1978) who showed that since in clear wa- 
ters the radiance backscattered into the atmosphere at K 2 750 nm is nearly zero (i.e. the ocean is 
thought to be totally absorbing at these wavelengths), the signal around 750 nm could be used to de- 
termine the atmospheric impact on the radiance at satellite at shorter wavelengths. 

This work has become a real milestone and proved to be the beginning of a new era in remote sensing 
of the world ocean. Atmospheric correction studies as applied to processing ocean imageries developed 
into a specific branch of research incorporating the solar radiation transfer in scattering and absorbing 
media, atmospheric physics (with specific emphasis on aerosol microphysics and their optical proper- 
ties), hydrooptics, and optics of the air/water interface. 

Closer inspection of the atmospheric correction problem reveals that the ways it might be tackled are 
essentially dependent on the nature of waters under surveillance. In this part of the review we attempt 
to summarize the present state of the art in the domain of removing atmospheric effects from satellite 
imagery of open ocean waters and identify the relevant problems still waiting for their solution. 

FUNDAMENTALS OF ATMOSPHERIC CORRECTION FOR OCEAN COLOUR 
MEASUREMENTS 

Definition and Basic Equation 

• 

The radiance LMr ( )  captured by a downward looking remote sensor in a spectral channel centered 
at a wavelength can be partitioned into a number of components: 

Lpu!h I ) , the radiance originating both from scattering of the sunlight along the two-way optical 
path between the water surface and the remote sensor and specular reflection of skylight from the 
air-water interface, 

L8 ( )  , the sun-glint term, the direct solar radiation specularly reflected by the sea surface and 
then travelling back without scattering to the top of the atmosphere, 
LWC (lY ) , the direct and diffuse incident radiance reflected by whitecaps, and finally 
Lw ( ) ,  the radiance arising from volume reflectance of both diffuse and direct sunlight within 
the water column. 
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Consequently: 

Lfot : Lparh + )Le + )Loc -|- )Lw(l, ) ' (1) 

where T and t are the direct and diffuse light transmittance functions, respectively. 

Note that since both water surface and water volume optical properties are generally horizontally in- 
homogeneous, the quantities Lg ( , LWC(,1), and L W Q )  are indeed area-weighted averages of 

the respective upwelling contributions to Llot (PM ) . 

When sounding the water volume (for determination of water quality parameters, for example), the 
desired component is the water-leaving radiance associated with the photons coming out from beneath 
the water surface, Lw (f ) .  For practical purposes a procedure is required to remove all components 
arising from the atmospheric and purely surficial effects from Llol (l ) in order to extract the desired 
signal. This procedure is commonly referred to as atmospheric correction. 

The goal of atmospheric correction can only be achieved when the nature of each component is suffi- 
ciently clear and can be adequately assessed. Hence, we will begin with the discussion of each term of 
Eq.l. 

Since the calibration of satellite sensors is reportedly more accurate in reflectance rather than in radi- 
ance (Gordon, 1998), it appears more convenient to transform Eq.l replacing radiances with reflec- 
tances. The reflectance p associated with a radiance L is defined as 7rL/ F0 cos 90, where F0 is 
the extraterrestrial solar irradiance and 90 is the solar zenith angle, i.e. the angle between the line run- 
ning from the targeted point on the sea surface to the sun and the local vertical (Deschamps et 
al.,l980): 

Plot ( A )  = Ppalh UL) + T(li M8 (M + r(/L )p.,,c(& ) + r(A, )pa(& ) . (2) 

I 

Path Radiance Reflectance 

Strictly spealdng, Eqs. 1 and 2 are only accurate when the atmosphere and the water column can be 
decoupled. This condition is met in the open ocean/atmosphere systems: due to a very low volume re- 
flectance of the case I waters (Gordon and Clark, 1981), it is possible to ignore those water-leaving 
photons that were first scattered by the atmospheric medium back into the water and then backscattered 
again by aquatic medium into the atmosphere and the path radiance can be assumed independent of PW , 
i.e. the ocean and atmosphere can be effectively decoupled (Gordon, 1976). Under these conditions the 
path radiance reflectance can be decomposed into three terms (Deschamps et al., 1983): 

Q M )  : mil) + pa(/1) + cru(/m) , (3) 

where P and ,Orz are the reflectances generally due to multiple scattering by air molecules in the ab- 
sence of aerosols (Rayleigh scattering), and respectively aerosols in the absence of air molecules (Mie 
scattering). Crn is the term accounting for the interaction between Rayleigh and Mie scattering (the 
process when photons are first scattered by aerosols and then by air or vice versa). 

Strictly speaking, reflectances Pr and ,Oa are exponential functions of the respective Rayleigh (Mie) 
optical thickness 7"r(ra) , where 'L'r(0) is defined as 
oo 

f c(z)d2: 1 (4) 
0 
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C(Z) being the vertical profile of the molecular (aerosol) extinction coefficient. The extinction coeffi- 
cient c is a sum of coefficients of absorption a and scattering b by molecules (aerosols). In the single 
scattering approximation (i.e. when the atmosphere is assumed to be optically thin - frm) being below 

0.1) and with a flat sea surface, the exponentials in Pr(F1) can be expanded in a power series in T to 
obtain (Tanre et al.,1979; Gordon, 1993, 1997): 

p,(,>(?l) = w,<u,(l)@<,,,(A)p,,(9<p ,90,¢0,A) / 4cos 9 cos 90 v v 9 (5) 

where 

Pr(a) (9v'¢v'60'¢0 -1) : Pr(a) (9 l) + Pr(a) I6-Hllrlgv) + r(90)) 

COS H = i cos 60 COS 6v sin 90 sin Gv cos(Fpv (Po ) 9 

11 (O6,l) is the aerosol scattering phase function for a scattering angle OF , Wu is the aerosol single 
scattering albedo, and r(a) is the Fresnel reflectance of photons at the interface for an incident angle 
(X . The term involving 9+ accounts both for photons first scattered by the air molecules (aerosol ) 
towards the water surface and then specularly reflected from the surface into the field of view of the 
remote sensor, and direct solar radiation specularly reflected from the sea surface and subsequently 
scattered by the atmosphere into the field of view of the remote sensor. The term containing 9_ pro- 

vides the contribution to Pr(a) arising from those photons which are scattered by the air molecules 
(aerosols) directly into the field of view of the remote sensor (i.e. without interacting with the water 
surface). The angles 90 and $0 are the solar zenith and azimuth angles respectively and 9v and (Dv are 
the viewing zenith and azimuth angles of a vector from the targeted point on the water surface to the 
sensor. Being measured with respect to the upward normal, 90 and HV are consequently less than 90o. 

According to Hansen and Travis (1974) the scattering coefficient br (measured in m-1) for air mole- 
cules is given by 

Br 
2 lawn -1)2/3A"nJ[6+35/6-75] s (6) 

where N is the number of air molecules per unit volume, n is the refractive index of the atmospheric 
gas, and 5 is a depolarization factor, which accounts for anisotropy of the molecular polarizability. 
For dry air 6 = 0.0279 (Young, 1980), and 

Tr = 0.008569)1"" (1 + 0.0113/1-2 + 0.0001A-4 )P(z) / p0 7 (7) 

where P0 is the standard atmospheric pressure (1013.25 mbar), and P(Z) is the actual surface atmos- 
pheric pressure. For standard atmospheric pressure Tf` varies between 0.237 at R. = 443 nm and 
0.044 at A = 670nm (Gordon et al., 1988). 

The wavelength dependence of Tr on A is given in Eq. 7 ignoring the fact that the refractive index n 

is also a function of /I . Inclusion of the wavelength dependence of n in Eq. 7 results in Tr 21,-4109 (see 
e.g. Bakan and Hinzpeter, 1987). 

Using the successive order of scattering method detailed in van de Holst (1980), Gordon et al. (1988) 
have shown, however, that even for the atmospheres nearly devoid of aerosol (i.e. for very low values 
of T(I ), due to multiple-scattering phenomena, the Rayleigh optical thickness is never "sufficiently" 
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small, particularly in the blue part of the visible spectrum. Thus, single scattering computations of'L'r 
can result in an error of 5% for small and moderate solar zenith angles when assessing the radiance 
reflected from a plane-parallel purely Rayleigh atmosphere over a flat ocean. At large solar zenith an- 
gles (common in the analysis of high latitude imagery) the errors might be as high as 10% in the blue 
band(s). 

By definition, the atmospheric aerosol optical thickness Tn (in the case of the nonabsorbing aerosol) is 

a function of the aerosol scattering coefficient ba . For an ensemble of spherical particles with radii 
varying between 11 and r2, the aerosol scattering coefficient ba is a function of the scattering effi- 
ciency factor Qa and the aerosol particle size distribution with the efficiency factor Q(1 being, in turn, 

a function of the so-called diffraction parameter x = 27Tr / /I and the refractive index n , that is: 

X2 

u f b 7I:x2N(x)Q(1(x,n)dx (8) 
Xl 

For a normal Junie size distribution of aerosol particles (Junge, 1958): 

dN(r)  
dr C(z)f" -(v+l) 

7 (9) 

where v is the Junge parameter and C(Z) is a factor proportional to the aerosol concentration, which 
generally is dependent on the altitude Z. It could be shown (Bihar et al., 1990) that 

ba(/1) Cl" v-2) 
(10) 

where the coefficient g accounts for the columnal content of aerosol particles and their microphysical 
characteristics and proves to be independent of A for the size limits 0.01 - 10 um. In view of Eqs. 4 
and 10, for a normal Junie size distribution of aerosol particles the aerosol optical thickness is a power 
function of /l : 

Ia(z,/1) = A(z')l"' 9 (11) 

where U is called the AngstrOm exponent and A(Z) is proportional to the total number of aerosol in 
the atmospheric column (0 - z). It should be emphasized that a simple equation like Eq.lI is not really 
adequate for particle distributions other than the Junge type power law (Dave, 1978). 

Even for a purely scattering aerosol, the value of 'Ea could not be assessed a priori as it can be done 
(given the local atmospheric pressure) in the case of the Rayleigh optical thickness since Ta proves to 
be an area-specific quality crucially depending on the aerosol type (or a combination of types) and the 
aerosol microphysics which, in turn, is a function first of all of the remoteness of the aerosol source 
(i.e. atmospheric advection pathways) and the local air humidity vertical profile (Koepke et al., 1997). 
However, the statistical data on Ta over open oceans (where, in the absence of strong continental dust 
advection, the atmospheric aerosol, perhaps, is closest to that qualified as purely scattering) indicates 
that Ta (for the middle visible spectrum wavelengths) can be as low as 0.03 - 0.04 with the corre- 
sponding AngstrOm exponent varying between - 0.3 and - 0.5 (Villevalde et al., 1994, Srnirnov et al., 
1995; 1998). 

However, returning to the issue of accurately assessing the atmospheric path radiance reflection, it 
should be noted that from general considerations it is conceivable that when a certain amount of aero- 
sol is added to a hypothetical purely molecular atmosphere, the term Pr should experience some 
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changes. Similarly, the addition of gas molecules to a purely aerosol atmosphere should affect Pn 
Assuming that Pr* and Pa* are the modified reflectances, Eq.3 becomes: 

* 9 1 

Ppnrh = Pr + Pa + :Ora 7 (12) 

where pa arises from heterogeneous ( double/multiple) scattering, i.e. scattering by both aerosols and 
molecules. From Eqs (3) and (5) it follows (Antoine and Morel, 1998) that: 

Cra =pa, +(p£"-p,)+(p,:'-p) 7 (13) 

where the terms in brackets account for the changes in the radiative regime when single-component 
atmospheres are transformed into a compound ( two-component) atmosphere. 

Experimenting with two-layer and multilayer atmospheres and maritime (nonabsorbing) aerosol at a 
relative humidity of 70% (Shettle and Fern, 1979) and solar zenith angles varying between 0O and 60o, 
Antoine and Morel (1998) have found through Monte Carlo simulations that for 0.05 S Ta S 0.5 and the 
Elterman (1968) vertical profiles of air molecules, ozone and aerosol, the terms in brackets are system- 
atically negative. The largest absolute values for the aerosol term in Eq.5 are found in the ultimate short 
wave region of the visible spectrum, whereas the Rayleigh term seemingly displays a quasi-independ- 
ence of A . The finding that bracketed terms in Eq. 5 are negative is conducive to a rather evident cor- 
ollary that the heterogeneous reflectance p; is apparently created at the expense of homogeneous 

the NIR and over 10% in the visible, at Ta 

multiple scattering of both kinds. Even for T(I as low as 0.05, pr; accounts for about 7% o f  p pnth in 

0.2 this contribution can be 10% in the NIR and 25% in 

the visible. Moreover, p; can exceed both P(I and Pi in the blue spectral region attaining there 
nearly half of the Rayleigh term Pr for the modeled atmospheres. 

cal~weather" situations and Hv 
As a result, for a given A and 0 o S Q, S 70o, the corrective term Cm , depending on concrete "opti- 

, can assume both positive and negative values and will not necessarily 
be particularly small. 

It was found that p 
* 
re increases almost linearly with Ta at T(I 2 0.1 (with the difference (PI - P(t ) 

remaining invariably negative for 0 STu S 0.5), whereas the molecular reflectance pr* rather steeply 

decreases with the first increments of 'Ca and then more slowly when Ta > 0.1. Thus the initial addition 

of small amounts of aerosol to the molecular atmosphere is more efficient in creating p; than are fur- 
ther additions. Importantly, due to compensating effects, the resultant path radiance reflectance varies 
nearly linearly with 'Fa 

The Rayleigh and AngstrOm exponents for air molecules and aerosol respectively adequately describe 
the spectral variations of the respective reflectances only if the atmosphere is optically thin (i.e. a single- 
scattering medium composed of either molecules or aerosols) and the shape of the relevant phase func- 
tion is independent of /l . In a more general case, i.e. a multiple scattering atmosphere, it is possible to 
introduce the so-called operational exponents 5 for reflectances, defined as 

C2
 

H I I"IJO(f*~.)/D(/U] 
In(Z., /li) 

7 (14) 

where p is either Pr Pi , Pa , Pa* or pr*a , and Iii, la are any pair of wavelengths chosen in the short 
and the long wavelength regions respectively of the visible spectrum. Antoine and Morel (1998) have 
found that for 00S Q, S 60O ' 
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(i) 

( i i )  

(iii) 

(iv) 

Importantly, both ii and i; prove to be dependent on 

in a compound atmosphere (molecules plus the maritime aerosol) 

=-4.09 9 

ii* differs from 

Ur 
the Angstrom exponent 6; for maritime aerosol strongly departs from U(1 (in the applied 
model it was - .  0.4), 
the exponent 5; appears totally disconnected from the AngstrOm exponent and 

in spite of wide variations (- 3.6 to - 4.6), T is aldn to the Rayleigh exponent. 

9 v 

Gordon (1997) conducted extensive numerical simulations for a heterogeneous (air molecules plus 
aerosol) atmosphere for (i) a maritime (sea salt-based particulate matter) and (ii) tropospheric aerosol 
(which is a mixture of 70% water-soluble and 30% dustlike small-size particles) at 99% and 50% of 
relative humidity respectively (the aerosol models used in simulations were those developed for LOW- 
TRAN6 by Shettle and Fenn, 1979). The sea-salt-based oceanic aerosol modal diameter varies from 
~0.3 to 1.2 um as the relative humidity (RH) varies from 0 to 98%, the index of refraction is essentially 
real (imaginary part -10-8) implying that the single scattering albedo is unity. The real part of the index 
of refraction of maritime aerosol varies from 1.5 at RH = 0 to 1.35 at RH = 98%. The tropospheric 
aerosol median diameter is invariably less than lttm and the refractive index at 550 nm ranges from 
1.53-0.0066i at RH = 0 to 1.369-0.0012i at RH = 98%, so that the single scattering albedo ranges from 
0.959 to 0.989 (Shettle and Penn, 1979). Gordon (1997) found, somewhat contrarily to the results of 
the above simulations, that at least for nadir viewing and 90= 60O the heterogeneous multiple scat- 
tering corrective term Cm (Eq. 14) invariably increases with Ta both in the blue and near IR, this in- 
crease being, quite understandably, dependent on the aerosol model. It appears that Cm is nearly inde- 
pendent of wavelength and as high as 40% for maritime aerosol for P(1 E (0.002 - 0.06), whereas in 
the case of tropospheric aerosol the increase in the aerosol reflectance is (i) dependent on wavelength 
(about 10% in the NIR and 5% in the blue) and (ii) more variable in the above range of Pa values. 

If the atmosphere is not conservative, i.e. if the aerosol is not purely scattering but also moderately or 
even strongly absorbing , it implies (i) lessening of the aerosol single scattering albedo W(1 value (it 
becomes < 1) and (ii) some concomitant changes in the aerosol phase function. Antoine and More] 
(1998) have found for the modeled atmospheres (see above) and (Ll = 0.8 and 0.6 and 'Ca 6 (0.0 - 0.7) 

that all components of the path radiance reflectance ( Pr* , Pa* and p a )  , and hence the resultant path 
radiance itself, decrease as as decreases, and tend towards respective asymptotic values, the latter being 

less for lower cg. In comparison with nonabsorbing aerosols, an increase in absorbing aerosol concen- 
tration is not conducive to a rapid growth in the path radiance. Moreover, it can cause ( e.g., for a mari- 
time atmosphere at Ta : 0.1 and (Le = 0.6) a decrease in the path radiance reflectance IOputh below the 
value for a purely molecular atmosphere. It compares well with Gordon's (1997) simulations which are 
indicative that both for the cases of tropospheric and maritime aerosols the corrective term Cm (in abso- 
lute value) increases strongly ( but not linearly) with increasing Tn and decreases as Ag decreases. It 
proves to be less significant in the blue than in the NIR part of the spectrum. 

In the single scattering approximation, the radiances computed both with scalar (ignoring polarization) 
and vector (including polarization) radiative transfer theories result in the same values. When multiple 
scattering is present, scalar theory, unlike exact vector theory, is known to lead to small errors (Katta- 
war et al., 1976).Gordon (1997) compared to calculations of Cm using scalar and vector theories for 
maritime and tropospheric aerosol models (at 80% of the air relative humidity and Tn (865) = 0.2), and 

found that the differences were typically S 0.001 which is much less than the Ap values that can be 
expected from the aerosol absorption influence. 

As indicated in the beginning of this section, the path radiance assessments by Antoine and Morel 
(1998) as well as by Gordon (1997) were carried out through radiative transfer simulations considering 
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a flat-ocean interface. Redirecting the solar and sky beams upwards into a range of angles, the wind- 
roughened oceanic surface is bound to result in a significant growth of surface reflectance close to the 
specular image of the sun (the phenomenon known as the sun glitter). Generally, exceeding by several 
times the desired signal, the sun glitter image should be discarded from further analysis by applying a 
mask technique as also suggested in Gordon (1997). Apart from the sun glitter (which can either be 
discardable by applying a mask technique or avoided when the instrument has a facility to be tilted 
away from the specular image of the sun), the surface roughness brings in some additional noise at all 
viewing angles Qv due to redistribution of light scattered from the reflected solar beam, and a redistri- 
bution of sky light Fresnel reflection (Eq. 4). Simulating the wind-roughened surface with the Cox and 
Munk (1954) surface slope function, Gordon (1997) has shown (for the same aerosol models, 'Eu val- 
ues, and the wind speed W = 7.5 m/s as above) that regardless of the radiative transfer theory (scalar or 
vector) used, the residual effect due to the rough surface except for sunglint is small both in the single 
and multiple scattering cases ( Ap 0.0005 at A = 865 nm, and 0o < QV < 70O). In principal, this noise 
can be nearly completely removed from the captured signal provided the exact near- surface wind speed 
is known. 

White Caps Reflectance Component 

Assuming Lambertian reflectance for whitecaps and defining the normalized whitecap reflectance 
[pa we as the area-weighted quantity (i.e. weighted over at least several pixels) 

[/>w(M] = nLw(Al¢(@0,A) / F0 cos 00 
N 9 (15) 

the whitecap reflectance component at the top of the atmosphere Zpwc (2) can be expressed as fol- 
lows: 

of the atmosphere, the estimation of 

v zpWC(/1) = [pWC(l)]Nz(00,l)z(9 , l ) ,  (16) 

where I(90 , l )  and /(9v , ,U are the diffuse transmittances for the respective surface illumination and 
viewing geometries. Hence, in order to remove the impact of whitecaps on the signal captured at the top 

[pm we is required. 

According to Whitlock et al. (1982) the spectral reflectance of dense foam of clean water is about 55% 
and is practically invariant within the visible and near infrared (up to 800 nm) spectral regions; to- 
wards longer wavelengths the reflectance gradually decreases (due to the absorption of liquid water). It 
has two relative minima at /1 = 1.5 um and 2.0 um and can be assumed to be zero at it = 2.7 IJ.M. 

(Koepke, 1984). For water temperatures higher than 14oC the fraction g of the area covered with 
whitecaps is dependent on wind velocity W in m/s (Monahan and O'Muircheartaigh, 1986): 

5 = 2.95-10-6w" (17) 

Taldng into account the influence of individual white cap age dynamics (through applying an efficiency 
factor few (W) which averages at 0.4 i 0.2 and only slightly decreases with wind speed ) Gordon and 

Wang (1994), following Koepke (1984), assume that [pm IN : 6.49 . 10-7W3.52 and remains invari- 

ant for 400 nm < A < 800 nm. 

Frouin et al. (1996) reported that the foam reflectance in the surf (wave-breaking) zone decreases sub- 
stantially with wavelength already at the very beginning of the near infrared. Foam reflectance values at 
A = 850 nm were assessed to be 40% less than at /1 = 440 nm (compared to 5% as reported by whit- 
lock et al.(1982)). For 1.02 um and 1.65p.m the drop in foam reflectance with respect to 440 nm is 50% 
and 85%, respectively. This darkening of foam in the NIR is thought to be due to the presence of bub- 
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bles of air in the foam underlayer (the sea foam is composed of large bubbles of air separated by a thin 
layer of water and also of bubbles of air injected into the underlayer, i.e. the top-most layer of bulk 
water). The presence of air bubbles in the underlayer is believed to enhance water absorption due to 
increasing a photon geometric path sufficiently long to enhance the water absorption in the near infra- 
red. Indeed, the absorption coefficient of water at 850 nm is 4.3 m-I , thus a path of only a few tens of 
centimeter could produce the observed decrease. Although this explanation seems plausible, it appears 
interesting to mention that the turbidity enhancement does not necessarily result in the increase of the 
photon geometric path (PGP). According to Bakan and Quenzel (1976) the actual changes in PGP de- 
pend entirely on the concrete combinations of solar illumination conditions, the surface albedo, and 
light scatter microphysical characteristics: PGP can increase, remain insensitive to or even decrease 
with the turbidity growth. 

In summary, the present status of the white caps reflectance assessment issue remains rather uncertain 
for open ocean areas where the underlayer bubbles may be less abundant and, hence, less important. 
Besides, the observed spectral signature (since bubble scattering follows Mie scattering theory) should 
depend on the viewing geometry ( in the Frouin et al., 1996 experiments QV was equal to 45o) and can, 
therefore, be of varying importance under a variety of viewing conditions. 

Direct and Diffuse Light Transmittance Functions 

When the radiance angular distribution is approximately a Dirac delta function (the direct sun beam 
approximation), the direct transmittance function is given by 

T(l9 JJ v ( r(/1)+1: (1)+@,m))(1/m )] 03 
V 9 (18) 

where ,uv : COS H , To; (fi) is the ozone optical thickness. Ozone absorption is known to vary signifi- 

cantly in space and time ( Kondratyev and Varotsos, 1997), and a climatological mean of the ozone 
concentration might be a poor candidate for assessing T03 ( X ) ,  rather it can be computed using the 
WMO Ozone Mapping Center data (http://www.athena.auth.gr:80/ozonemaps) which is continuously 
derived both from SBUV-2 satellite and world-wide ozone sonde measurements. 

As it follows from Eqs. 1 and 2, the only term in the atmospheric correction scheme that requires appli- 
cation of the direct transmittance function is sunglitter radiance/reflectance. However, since the pixels 
with sunglitter should be discarded from further analyses, the expression (18) is of no practical conse- 
quence and given here only for reasons of completeness. 

The diffuse transmittance r(9v , (Dv , Z.) in our considerations accounts both for the loss of diffuse radi- 
ance propagating upward through the atmosphere from the water surface due to molecular and aerosol 
absorption and scattering as well as for the gain in radiance in the direction (Qv , (Dv) due to scattering 
from upward directions into (Hv , by ) . If the upwelling radiance from the water surface can be assumed 
independent of (9, ¢) then r(9v , up , ,U can be approximated by (Gordon et al., 1983): 

r(9v,<Pv,A) exp IM) 
2 

+ 1O(k) 
1 

H v 
ta(6v, l ) ,  (19) 

where t(I ( 9 2 )  
1 

exp -[  -0Ja(?*~)E,(Mv»/1)]T 
H a 

v 

Fa(I,¢v,/1) 
1 

47r I1%,((m)dud¢ 
0 

the probability that a photon scattered by the aerosol will be 

scattered through an angle less than 90o, 18 (OF,)») is, as above, the aerosol phase function at A for a 
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scattering angle a , and COS OF 

v 

v My \/(1 -- #2)(1 - M2 )cos Q) . Gordon et al. (1997) point out + v 

that for 9 S 60o (which is generally true for space imageries) the factor [1 - W(1 (2L)F(a)] is usually 

<< 1 (according to Gordon et al. (1983), its upper limit is l/6), which means that I(I depends only 

weakly on Ta 

Recently, Wang (1999) suggested an improvement to expression (18). Considering a pure Rayleigh 
atmosphere (i.e. without aerosol and ozone absorption) bounded by a Fresnel-reflecting ocean, he 
found that a correction parameter B (A,9v) can considerably increase (particularly in the blue) the 
accuracy in computing the first term in Eq. 19 which accounts for the Rayleigh component of the at- 
mosphere diffuse transmittance tr (l,9v/ : exp[- p (/t,6v )'L' (/1)/Zoos Uv g (l,9v) can be 

approximated by the expression p (}i,,9v) = at (Qv) + az (Gv ) in["L' (),)]+ as (Gv ) in [1, Q ]  with 

ai(9v) : :  as! +a11 /costv +a21 /cos 6v +a31 /cos39V, be 

found with a least-squares fit to the equation for p (/1,69) for a given viewing angle 9 

2 

2 

where 0 0 } = a 1 j > a 2 i = a 3 }  can 

v 

Basically, Eqs.18 and 19 should also contain terms accounting for N02 and H20 absorption (Bakan et 
al., 1978, Bakan and Quenzel, 1978, Kondratyev et al., 1978). The optical depth 'EN02 is only significant 
in the blue region of the spectrum attaining a value of 0.01 there (Wrigley et al., 1992) which, as we saw 
above, is comparable to the aerosol optical depth for very clear atmospheric conditions over deep 
oceans. Otherwise, it can be ignored for more turbid atmospheres due to its smallness. Assessment of 
the contribution of a weak continuum absorption by water vapor in the atmospheric windows (Tomasi, 
1979) presents nearly insurmountable difficulties in terms of separating the direct effect of water vapor  
absorption from the indirect effect that the water vapor  will have on the extinction of hygroscopic 
aerosols (Gordon, 1997). In view of this difficulty and the expected smallness of 71120 through the 

visible to NIR, TH20 is usually set to 0 whereas the effect of liquid water absorption per se is believed 
incorporated in the aerosol optical thickness by setting up a certain value of air humidity. 

Note that in deriving Eq. 18, it was assumed that the upwelling radiance from the water surface can be 
assumed independent of (9, lb) . In reality this is not the case ( Morel and Gentili, 1993, 1996), and just 
beneath the surface the upwelling radiance Lu (-0, 21, 9, p) exhibits a nonuniform angular distribution 
which should be taken into account in order to accurately propagate the radiance leaving the water sur- 
face Lw(-l-0, FL, 9, ¢) through the atmosphere up to the remote sensor. The difference between a uni- 
form subsurface upwelling distribution and bidirectional behavior of Lu(-0,/1,9,lb) is assessed at 

<5% of t (Yang and Gordon,1997). This suggests that for a higher precision of the LW retrieval the an- 
gular nonuniformity of Lu (-0, /1, 9, lb) should be either known or assessed (e.g., through the iterative 
scheme devised by Morel and Gentili, 1996). 

Recapping the discussion in the preceding sections, it should be explicitly emphasized that regardless of 
some persistent uncertainties stemming, for example, from the varying angular structure of the water- 
leaving light field or the rate of foam darkening in the NIR, the main challenge in assessing the path 
radiance contribution is to be found predominantly in the necessity to consider the atmospheric aerosol 
optical properties which are highly variable in time as well in the horizontal and vertical dimensions. In 
the following, this issue will be discussed at length in conjunction with the necessity of meeting rather 
stringent requirements for the precision of atmospheric impact removal from space imageries of natural 
waters when aiming at a desired accuracy of water quality parameter retrieval. 
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ATMOSPHERIC CORRECTION APPROACHES AND OPERATIONAL SCHEMES 
FOR CASE I WATERS 

In preparation to the Coastal Zone Color Scanner (CZCS) mission which started in late 1978, Gordon 
(1978) suggested an atmospheric correction approach which, in essence , has been widely used up to the 
present time. CZCS was designed to image the ocean in six co-registered spectral bands centered at 443 , 
520, 550, 670, 750, and 11 500 nm, with the spectral width of 20 nm for the first four channels and 100 
and 2000 nm for the fifth and sixth channels, respectively (Hovis and Leung, 1977). 

Assuming that in the NIR (e.g. at A = 750 nm - the longest NIR wavelength of CZCS) the clear water 
surface is perfectly black, i.e. the water column is totally absorbing (Fig.1) and hence the radiance cap- 
tured by a satellite sensor in this spectral band is entirely due to the atmospheric influence (the path 
radiance), Gordon considered in a single scattering approximation a very thin atmosphere (Ta < 0.1) for 
which the path radiance signals from Rayleigh and aerosol scattering can be assumed additive. Further- 
more, admitting that T(T X" , where v is the AngstrOm parameter (Eq. II) ,  he presumes that for a 
given aerosol phase function independent of /l there might be proportionality (with a coefficient of 
proportionality E = T(1 ( )  / T(I ( A ) = ( )  //1/)U ) between Tu values in the NIR ( A )  and visible 

(up to PL j=  443 nm) spectral regions. For a given aerosol size distribution and refractive index, the ratio 
E is independent of aerosol concentration and the viewing angle ( if g is assumed to be independent 
of A , E will also be independent of R1 ). Once determined from the space image in the NIR, T(I can 
therefore be further extrapolated to the blue (given the value of 1) ), thus providing a simple way of 
assessing the path radiance and hence to atmospherically correcting the water-leaving radiance from 
which the water quality parameters will be estimated. Clearly, this approach implicitly assumed that E 
is constant even in the presence of a horizontally variable aerosol. Gordon and Clark's (1978) simula- 
tions indicated that for the retrieval of water quality parameters only ratios (not absolute values) of 
water-leaving radiance at two or more wavelengths are required ( for ref. see e.g. Reilly et al.,l998), 
since it is the exact value of U that is crucially important whereas an inaccurate estimate of 'Ea will not 
be unmanageably critical. However, at that time estimating U from space image data alone was an open 
question. 

Obviously, because of a very wide spectral band width (~ 100 nm) of the CZCS channel at 750 nm, 
Gordon et al. (I983) have later suggested using the 650 nm channel with a band width of only 20 nm. 
The assumption that the ocean is totally absorbing at 650 nm is less readily defendable: it strictly holds 
for really clear oceanic waters with small (< 0.5 kg/l) concentrations of chlorophyll (CHL) and associ- 
ated degradation products and is totally irrelevant for more productive waters in the open ocean leaving 
only coastal and inland waters (Bukata et al., 1980). To circumvent this difficulty, Gordon and Clark 
(1980) had to assume that even if there are excessively high concentrations of pigments for a particular 
pixel, there will exist nearby pixels in the open ocean image for which the water-leaving radiance is 
zero at 650 nm. 

Assuming that (i )t(I (/1i) in Eq.l9 is unity for most common atmospheric conditions over the open 

ocean (this assumption being not unreasonable since the entire algorithm will break down before Ta 

acquires values large enough to significantly influence / ( / i )  via its effect on ta ( l  ) )  and (ii) Wa l )  
is only a weak function of wavelength, Gordon et al. (1983) suggested that E (AA4) can be deter- 
mined (see Eq. 4) from: 

8()»,/14) Ln (24 ) 
Ln (1, ) 

We (24 )1:1 (MPG (9-,90,2.4 ) 
We )Ta (/l,)1>,, (iv ,00,A,) 

n o  
11--9 

u(/li) 

f 

/14 
(20) 

I 
1-1 
\_1 (l,A4) is a smooth function of (which was evidenced by model calculations). provided that 

Previously, Gordon and Clark (1981) have found that the normalized water-leaving radiance w N is [L ] 

11 



0.498, 0.30, and < 0.0015 mW/cm2 pun sr at the czcs bands 520 (A2) , 550 (23) and 670 (/14) nm 

respectively for CHL less than 0.25 mg/m3. With the known water-leaving radiances at ,12 and 13 , 
the ratio E can be first determined for these wavelengths. By averaging v(,12) and "u(l3 ) , it can be 

further assessed for ,t (which is the only CZCS wavelength at which the water-leaving radiance is 
affected by the phytoplankton content in water provided CHL < 0.25 mg/m3): 

v(/L) = [ v i  +v(,13)]/2. (21) 

[LW ] 

Summing up, the Gordon scheme of removing the atmospheric effect from a CZCS image reduces to 
the following sequential steps: 
1. For a pixel with [Lw QUO )]N presumably equal to 0, the path radiance is determined (by setting 

N to 0.498, 0.30 and 0, for channels 2, 3 and 4 respectively) from a simplified version of Eq. 
1: 

Ltot (A) = Lpnrh (A) + Z(A)Lw (A) (22) 

(where Lp(IIl1 ( 2 )  :: L (/1) + Lu (,1) , L, and L(1 are the contributions arising from Rayleigh and 

Mie scattering respectively in channels ,in , /13 ,,14 ); 

3. 

4. 
5. 

2. The Rayleigh component at ,in ,A ,/14 is subtracted using Eqs. 7 and 19 with t a :  1 from the path 

radiance at the same wavelengths yielding the respective spectral values of La , 
Eq.20 (with the simplifying assumptions made above) is used to compute the ratios E (550,670) 
and E (520,670) and respective exponents v ; 
The value of E (443, 670) is determined from Eq. 20. 
With ': (443, 670) determined, the water-leaving radiance can be retrieved by the following ex- 
pression : 
LW (443) : expl- 0.5(7: (443) + 10 (443)) / cos 6 lx 

0 (443) ':' {LtO, (443) - L, (443) - _(443,670)[Lro, (670) - L, (670)]} 
F 
Fo (670) 

(23) 

Note that Eq. 23 can be derived from Eqs. 20 - 22. 

The accuarcy of the Gordon et al. (1983) atmospheric correction approach should depend vitally on the 
availability of a group of pixels corresponding to truly clear water, nearly void of phytoplankton. Be- 
sides, the aerosol type should be invariant over the viewed ocean area and the instantaneous values of 
the extraterrestrial solar spectral flux should be known with great accuracy. In addition, very stringent 
requirements to the calibration of the sensor should be met, particularly in the blue region of the spec- 
trum. 

To avoid the clear-water assumption in the Gordon approach, Bricaud and More] (1987) and Andre and 
Morel (1991) suggested using a model-produced relationship between Pw (ii ) and CHL as well as Eq. 
20 in order to solve the resulting nonlinear equations at each pixel for CHL and v by iteration. It is 
clear, however, that the applicabilty of the p w ( / l )  - CHL relationship to varying oceanic conditions 
(all pertaining to case I waters only) becomes a limiting factor. Later applying the least-squares method, 
Sturm (1993) extended this approach for a larger selection of surface types including land surfaces. 

with the next dedicated ocean color sensor put into orbit - SeaWiFS (the Sea-viewing-Wide-Field-of- 
view-Sensor) the space imageries are now available in 8 spectral bands: 402 - 422, 433 - 453, 480 - 
500, 500 . -  520, 545 565, 660 680, 745 785, and 845 - 885 nm (Hooker et al., 1992), and the 
problem with identifying pixels with [Lw IN = 0 becomes considerably less difficult. Indeed, in open 

ocean waters pixels for which [Lw (765l~ , [LW (865)1N = 0 or Pw(765), pw(865) = 0 could be 

found. Hence, it would be logical to compute E(765,865)= p(765)/ p(865) in order to assess the 
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aerosol properties. However, simulations of the spectral variations of G for the aerosol (maritime, tro- 
pospheric and coastal) models developed by Shettle and Penn (1979) for LOWTRAN-6 indicated that 
the linear relationship (Eq. 19) between log E and log A does not strictly hold for the range 412 - 865 
nm (although it is a reasonable approximation for the restricted range 443 - 670 nm) showing increas- 
ing departures as the relative humidity of the air increases. 

Since the goal of SeaWiFS is to recover pW with an accuracy of at least 5 %, the permissible error 

Aw should be S i 0.1 at the scan edge, which was shown to be unattainable with the above linear ap- 
proximation. One possibility of improving the extrapolation is to base it on aerosol models, assuming 
that if the actual value of E (765,865) falls halfway between the respective values predicted by two 
models then the ratio E ( l,865) for all SeaWiFS wavelengths will equally fall midway between the 
two models. 

Through modeling it was found (Gordon and Wang, l 994) that the spectral variations of E over the 
SeawiFS spectral range could be parameterized by =(2l,/i/) : f i with y being a 
function of viewing geometry and the aerosol model. Although the above assumption cannot be true in 
general, it can, however, hold for the range of aerosol models appropriate for clear atmospheres over 
open oceans. 

@xpb/(/1 -ml 

Importantly, the multiple scattering effects become significant at the required level of accuracy for 
SeaWiFS (AP(443) = 0.001): simulations indicate that multiple scattering is strong enough even at 
it = 865 nm. Consequently, these effects should be properly assessed and eliminated to accurately esti- 
mate E (765,865) It could be done, for instance, through determining the correction term Crru (2) in 
Eq.3 from a precise solution of the radiative transfer equation for a number of atmospheres with the 
appropriate aerosol candidate models to provide8,-(765,865) first and finally an averaged value of 
E (765,865) Since the individual E,-(765,865) values for the considered aerosol models prove to be 
fairly close to each other and to the correct value, this procedure has good chances of being efficient in 
removing atmospheric effects. 

2. 

3. 

4. 

Thus, if there are two aerosol models most closely bracketing the observed value of E (765,865) and if 
the correction term Cm (1) can be assumed to be in the same proportion to the bracketing aerosol mod- 

els as =`(765,865), the operational scheme of atmospheric correction reduces to the following four 
steps: 
1. Determine from the space image the actual values of the aerosol reflection component at 765 and 

865 nm; 
Derive E (765,865) and identify two bracketing aerosol models thus determining the spectral de- 
pendence of E (A,865) for all SeaWiFS wavelengths; 

Compute the correction term Cm (/l = 865 nm) for the bracketing aerosol models and extrapolate 

it to all SeaWiFS wavelengths in the same proportion as E (1,865) ; 

Compute the pw (al) values in all SeaWiFS channels using Eq. 2 or the simplified version: 

tow : P!0[ - Ppaf/1 = P f 0 [  (Pp01h5& + Cry 
where Ppm'h,s (= ,Or + Pn ) is the path radiance reflectance in the single scattering approximation 

(Et. (5)) and Cru (A) is as in Eq. (12). 

This procedure ensures the desired accuracy (i.e. APw(443) = in 0.001) only if the size~refractive 
index distribution of the candidate aerosol models encompasses the variety of the respective aerosol 
parameters within the atmosphere over the scene. 

v 

The implementation of the above procedure implies, therefore, the availability of a set of look-up tables 
(for all realistic combinations of 90 ,H ) consisting of several aerosol models with the key parameters 
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close to those expected over the viewed scenes. To ensure the required atmospheric correction accuracy, 
high radiometric calibration accuracy is necessary as is the removal of the impact related to white caps. 
Besides, a certain inaccuracy can arise from a partial overlapping of the SeaWiFS 765 nm band and at- 
mospheric O2 absorption band at 759 nm: this effect also needs to be assessed (Ding and Gordon, 1995). 

A close consideration of the above as well as other sources of inaccuracy in assessing the atmospheric 
influence on space imagery becomes strictly mandatory for the forthcoming sensors such as MIRS 
(Multiangle imaging spectroradiometer) and particularly MODIS (Moderate Resolution Imaging Spec- 
troradiometer), which together with SeaWiFS will serve as the ocean co lor  surveillance tools in 
NASA's Earth Observing System era. Indeed, MIRS's sensitivity is superior to SeaWiFS and MODIS 
is about 2 - .  3 times more sensitive than SeaWiFS, which in turn is approximately twice as sensitive as 
CZCS (Salomonson et al., 1989). The MODIS bands 13 and 14 (670 and 681 nm) designed to measure 
the chlorophyll a fluorescence are about 6 times more sensitive than SeaWiFS and 12 times as sensi- 
tive as CZSC. 

The European sensor MERIS envisaged to be put into orbit under the ENVISAT mission will be 
equipped with 15 spectral bands confined within the spectral region 390 - 1040 nm. The "standard" 
location of these spectral channels is as follows: 412.5; 442.5; 490; 510, 560, 620, 665; 681.25; 705; 
753.75; 760; 775; 865; 890; 900 nm (Anonymous, 1998), although, the positioning of the channels can 
be varied at the customer's request. This instrument will ensure the error of the channel spectral posi- 
tion less than 1 nm, the solar reflectance absolute accuracy better than 2 % and the radiometric resolu- 
tion of about 15 UW/(m2 sr nm). 

Table 1 (with input from Gordon, 1997) illustrates the radiometric performance of MODIS compared to 
SeaWiFS, MIRS, and CZCS for 90 = 60o. 

Since the main goal of the SeaWiFS, MERIS and MIRS missions is to accurately measure chlorophyll 
concentrations in the open oceans (which on an average is only about 0.19 mg/m3, according to 
O'Reilly et al.,l998), the normalized water radiance reflectance n should be recovered with an 
error of less than 5% (a prerequisite for meeting the scientific goals for the three satellite missions, see 
above). Thus, the atmospheric correction should be as accurate as i (0.001-0.002) in reflectance, i.e. 
about 5 to 10 times the NEAp (Gordon, 1997). 

[p ] w 

Within the Gordon approach, as we saw above, the pivotal element is the ratio E and the associated extrapolate 
son from E (765,865) to r (1,865) to achieve the atmospheric correction in the visible. Clearly, the accuracy 
of this extrapolation determines to a large extent the success of the missions. Gordon and Wang (1994) analyzed the 
spectral behavior of :' for three different atmospheres loaded with the tropospheric aerosol with no sea 
salt contribution, maritime aerosol for which 99% of the particles have the tropospheric and 1% the 
oceanic characteristics and the coastal model for which 99.5% of the particles have the tropospheric and 
0.5% the oceanic characteristics respectively, The particles were assumed to have log-normal distribu- 
tions given by 

2 

n(D) II Ni (D), 
i 1 

(25) 

with H,-(D) 
on ( D )  

dD 
Ni 
I exp lnl0- -QD 

1 18(D/D,)  
2 07i 

2. 

9 

where dn, (D) is the number of particles per unit volume with diameter between D and D+dD, Di 

and ,O being the median diameter and the standard deviation respectively and Ni is the total number 
density of the ith component. 

Mie theory was used to compute the optical properties of all three atmospheres. The simulations re- 
vealed that in the format In E (l,865) versus A it is a nearly straight line over the range 412 - 865 nm 
whose slope exhibits a strong dependence on aerosol type and relative humidity (RH). As RH increases, 
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the slope significantly decreases. Although 
also causes additional spectral variations of 

II_\ 
H 

L 

r"l 
r-1 

A 

is mainly governed by T ( |  , the aerosol phase function 

Experimenting with an absorbing aerosol with (On = 0.7481 (simulated by the Shettle and Penn (1979) 
urban model at RH: 80% with a sootlike particle mode and a large-particle mode in addition to that of 
tropospheric aerosol) and an aerosol with a different analytical form of size distribution (viz., the Junge 
law (see Eq. (8)) was tested with v = 2, 3 and 4) , Gordon and Wang (1994) showed that (i) the pres- 
ence of strongly absorbing aerosol produces departures (mostly at /1 S 550 nm) from a linear depend- 
ence of in E ( ).,865) one and (ii) the slope of the linear dependence for all simulated models of at- 
mospheric aerosol at RH = 80% increases as V decreases. 

The departures from linearity in the In E(/'t,865) versus 2 dependence in the blue part of the spec- 
trum is particularly appalling, since for the pigment concentration > 0.5 - 1.0 mg/m3 E (443,865) is 

overestimated and hence negative values of the retrieved low (443)]N might occur. As already shown 
in the preceding sections, the error is mainly due to multiple scattering which is strongly influenced by 
even weak absorption. 

Lp ] 

Furthermore, under the conditions of multiple scattering and strongly absorbing aerosol, the vertical 
profile of the aerosol distribution becomes essential in terms of the atmospheric correction accuracy. 
Simulations of top-of-atmosphere radiance with a two-layer model with aerosol plus air molecules 
scattering in the lower layer and only air molecules in the upper layer point to an ever increasing error 
in the retrieval of w (443) N when the aerosol layer is extended. This is thought to be due to the fact 
that the amount of Rayleigh scattering increases as the vertical extent of the lower layer increases, thus 
bringing about an increase in the mean path length for photons. This, in turn, increases atmospheric 
absorption leading to a drop in atmospheric reflectance. This is particularly pronounced in the blue by 

. -4 . o . A 

virtue of P r  Z . As a result, extrapolatlon of atmospheric reflectance determined in the NIR to the 

blue will yield erroneously high path radiance reflectance and cause negative [pW (44-3)]N values. 

Calculations indicate (Gordon, 1997) this effect should be particularly significant for 90 240o and for 

pixels at the edge of the scan (i.e. Qv near 45O). 

As seen from above, the application of the Gordon approach based on the ': ratio determined in the 
NIR from the imagery and extrapolated to the blue, encounters numerous, although manageable, prob- 
lems. These are related, in the first place, to spectral variation of : . To circumvent this inconvenience 
(see e.g. Mukai (1990), Mukai et al. (1992)) , Antoine and Morel (1997, 1998) suggested using the ra- 
tio Pp(Ilh / ,Or which represents the relative increase in path reflectance as the aerosol amount succes- 

sively grows. Clearly, this ratio can be related to 'Ea via a certain function f('L'u) whose concrete value 

depends on the aerosol type, 2. and illumination-viewing geometry. The value ( p path / P r )  determined 

at Tu (865) can be related to 'Ea (765) via f (Ta)  pre-computed for all possible geometrical configura- 

tions, candidate aerosol types and relative humidities. These values of Ta (865) are then transformed 

into Ta (765) using: 

I 065) = Tu (865)[c (765)/c(865)] 7 (26) 

where Ca is, as above, the aerosol extinction coefficient. Determination of Tn (765) then allows deter- 

mination o f (  Pp(I'/M / P r  ) at 765 nm (via the pre-computed f('L'a ) ). Comparing [ Pparh / p  ] at 776 nm 
with the measured countervalue, the aerosol model can be definitely identified. Importantly, passing 
from one Z to another is affected here by means of the changes in 'En , which depend on the AngstrOm 
exponent only and is independent of geometry in contrast to the Gordon ratio E . However, the Antoine 
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and More] modification of the Gordon atmosphere correction algorithms does not exempt us either from 
the necessity to build look-up tables as large as in Gordon and Wang (1994). 

A further solution to the problem of extrapolating the NIR value of Ta to the blue portion of the spec- 
trum was suggested by Haltrin (1998). Basing on the scalar radiative transfer model proposed by Viol- 
lier et al. (1980) and Deschamps et al. (1983) for satellites, Haltrin developed an algorithm for correc- 
tion of AVIRIS images which uses a one-parameter optical model of atmospheric aerosol and an em- 
pirical relationship between the aerosol scattering phase function and the total aerosol optical thickness 
in the infrared. The main assumption remains the same, viz., the water-leaving radiance in the NIR (745 
nm) is zero. For this wavelength the aerosol optical thickness is calculated. As soon as Ta (745) is 

determined, T(I (X) is computed at other A through a modified AngstrOm power law: 

Z-.1 (1 )  'L'(745) 745 
A 

0.08K/r(745) 

Q ( 2 7 )  

where K is a tuning coefficient whose magnitude lies in the range (li0.3). The inclusion of this tuning 
coefficient is aimed at obtaining reasonable values of the water column reflectance R ( R  = Eu / Ed , 

where EIl , and Ed are subsurface upwelling and downwelling irradiances), which is a key quantity in 
bio-optical algorithms for the CHL retrieval. The question, however, remains as to the limits of applica- 
bility of the suggested empirical relations (coupled with the one-parameter optical model) and the at- 
mosphere removal precision when applied to a variety of atmospheric conditions. 

In a simular attempt to avoid the necessity of using the ratio E and assuming LW (765) = 0 , Zim- 
merman et al. (1985) and latter Babaev et al. (1989) suggested using the atmospheric oxygen absorp- 
tion band at 760 nm for retrieving the aerosol optical thickness over marine/coastal zones. In view of 
two experimental findings (Tavartkiladze, 1979; Badaev, 1981) that for a marine atmosphere there is a 
strong correlation between both the atmosphere optical thickness I and 2, , as well as T and the at- 
mosphere scattering phase function P , the following equation for Lfor at a wavelength of 760 nm 
could be written as: 

LMt (760) F0 (760) sec H r(760) 
47r(sec 90 + sec Hv ) 

M760' n) d77 » an (28) 

where 11 = P ( z ) /  H), Q( is a parameter that accounts for multiple scattering and water surface reflec- 
tance at 760 nm (which is not bound to be zero as in Gordon's approach). According to Badaev (1981) 
for maritime atmospheres pg could be related to the atmospheric Rayleigh and aerosol optical thick- 
nesses and the water reflectance through parameterizations found from field measurements. Solving Eq. 
28 by a regularization procedure, one obtains the atmospheric scattering thickness 'L'(760,17) at 17 = 0 
and the water reflectance at A =760 nm (11 =1). Given the spectral distribution of 'L' over the sea as 
well as the dependence of T on the atmospheric scattering phase function (Tavartldladze, 1979), the 
path radiance can be computed. 

This approach is probably most vulnerable to criticism in terms of the validity and transferability of the 
relationships established by Tavartkiladze (1979) and Badaev (1981) to a variety of marine/oceanic 
atmospheres. The same reservation should be expressed for a somewhat analogous approach explored 
by Mukai (1990) and Mukai et al. (1992) who only used a couple of aerosol models and look-up tables 
(computed with the help of a modified Chandraseldlar's classical code (for ref. See Mukai (1979)) in 
order to remove the path radiance from CZCS images. The choice of the two aerosol models was dic- 
tated by the sole prerequisite of simulating most closely the specific atmospheric optical "weather" 
occurring over the Japan Sea and the Pacific Ocean in a definite season. 

The poorly defined spectral behavior of E from the NIR and blue regions could be avoided if the re- 
mote sensing is accompanied by ground-based measurements of multi-wavelength aerosol optical depth 
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(eg., Biggar et al. 1990). Another attempt, following Wiscombe (1980), Wrigley et al. (1992) calculated 
by Mie theory (assuming a "characteristic" index of refraction for a given location) the aerosol single 
scattering albedo and phase function using King et al's (1978) method for deriving the aerosol size 
distribution from a measured Ta ( )  . Undoubtedly, such an approach could be very efficient, but it 
reduces the possibility of applying it to locations other than the one for which the aerosol parameters 
were derived. 

In an attempt to avoid all problems with determining aerosol properties over a targeted water surface, 
Philpot (1991) examined a simplified procedure based on derivatives of a simple radiative transfer 
equation and found that, although the algorithm is not likely to outperform sophisticated atmospheric 
correction algorithms, it nevertheless is capable of providing an alternative. Expressing the observed 
radiance of a target as 

Loot »:EdR + Lpath , (29) 

where R is the target reflectance, and the other terms as above, and taldng the first derivative with re- 
spect to A , Philpot shows that if the slope of the spectral reflectance curve is sufficiently steep, then the 
reflectance term can be large enough to dominate other derivative terms : 

dL[0[ 

d/I 
dR 

rEd DA (30) 

Eq. 29 will be true (if at all) only partially ( a wavelength dependence on I, Ed and Lpath remains) and 
only in selected wavelengths whose exact position depends entirely on the concrete target optical prop- 
erties. Suggesting that the second derivative of I, Enf and Lpn!h with respect to wavelength is really 

negligible (at least in some portions of the spectrum) in comparison to the second derivative of R, then 

d2 Ln): 

d/12 

R do 
2 IE 

" co (31) 

If Eqs. 30 and 31 hold at two adjacent wavelengths ,m and 22 for which the condition 

. l (32) 

is met, then a ratio of second derivatives of Llor 
to the ratio of second derivatives of the reflectance. 

at those two wavelengths will be approximately equal 

In the case of water remote sensing with multiband sensors, the second derivative of R provides several 
2 

. . , 0 . d R points at whlch the proportionality between the water constituents and the absolute value of d 

could be established. 

MR 
The method has some obvious and very serious limitations. Firstly, the predominance of 2 

d 
other components, secondly, derivatives can be very sensitive to noise: subtle variations in the atmos- 
pheric variables or a noisy detector will threaten the algorithm's stability. It implies, in turn, that the 
detector should have sufficiently wide bandwidths to ensure detector stability and to remove higher 
frequency spectral fluctuations in the path radiance term. This, nonetheless, is at odds with the require- 
ment that Al and 22 should be close enough to meet the condition (32). 

over 
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However, returning to the challenge of the spectral dependence of the ratio : and the inadvertent OC- 
currence of strongly absorbing aerosol in the atmosphere over the scene, Gordon et al. (1997) and then 
Chomko and Gordon (1998) investigated more closely the avenues of handling the issue of aerosol 
absorption. Moreover, an attempt was made to avoid the use of the ratio :' by employing look-up ta- 
bles. 

As discussed above, a strongly absorbing aerosol can have a size distribution rather close to a weakly 
absorbing (e.g., maritime) aerosol over open oceans. The scattering characteristics of such an aerosol in 
the NIR are not readily distinguishable from those of nearly purely scattering aerosol. Indeed, since 
pa is roughly proportional to the product of Tn and (00 at small Ta, it is practically impossible to 

distinguish nonabsorbing aerosol (600 =l )  at smaller Ta from absorbing aerosol (600 <1) at larger Tu 

Furthermore, the aerosol absorption shows its influence on atmospheric correction in the multiple 
scattering regime (not necessarily arising from aerosol multiple scattering per se). Also the vertical 
distribution will strongly influence the light transfer not only in terms of Pu but also Pr: Rayleigh 
scattering increases the probability of absorption by aerosol through increasing photon paths and lead- 
ing to a drop in Pr (which is especially pronounced in the blue). It was also indicated above that the 

importance of the multiple scattering impact on Pputh strongly depends on the size distribution and 
refractive index of the aerosol. Employing the Shettle and Penn (1979) maritime, coastal, tropospheric 
and urban aerosol models with log-normal distributions for RH = 50%,70%, 90% and 99%, and as- 
suming that in a two-layer atmosphere the aerosol is confined to the boundary layer, Gordon et al. 
(1997) computed look-up tables to provide Pfl + pm as a function of T(1 (A) for Ta (2) in the range 

0.05 .. 0.8, 90 = 0 - 80° and 6v= 0 - 90o which could be parameterized as 

Pa + Pro : own +w(2»)# +§(7L)1r +n(A)¢" a (33) 

where g ,I//, g , T/ are coefficients expandable in a Fourier series in the relative azimuth view angle (pv 

4. 

The basic feature in this approach is that for each aerosol and pigment concentration, a unique and dis- 
tinctive spectrum of Pu + pm and 1t(/l)pw (/U1 exists. The algorithm follows four steps: 

I .  Estimate Pa + pra through varying Tu (865) for each candidate model; 

2. Provide the water-leaving reflectance 1t()L)pw (,1)1 as a trial upwelling reflectance 

[Plot ( )  - P ( 1 )  - r(A)PWC (A)] at each wavelength using the parameterization relating 

DW (2) to CHL, the scattering related coefficient b 0 (  Gordon et al., 1988) and varying CChl and 
0 0 o . o b . The white cap reflectance can be estimated given the wind speed and the reflectance model 

(see the relevant discussion above) , 
3. Determine the deviation 5(1) of these simulated spectra from the measured true spectrum and 

determine the smallest one corresponding to a certain set of T(I (2) , CHL and b0 .  The mean of 
the ocean-atmosphere properties that yield the best ten fits of the computed to measured radiances 
is then taken for determining CHL; 
With Ta (A) determined, P(1 + pm is computed to account for the multiple scattering effect. The 
corrected water-leaving radiance reflectance is then used to retrieve CHL. 

The above procedure implies that in the case of absorbing aerosols, it is impossible to atmospherically 
correct the image first and then retrieve CHL: simultaneous determination of ocean and atmospheric 
optical properties is necessary. 

This algorithm was tested for T(I (865) varying from 0.01 to 0.40, CHL - from 0.05 to 1.5 mg/m3, and 

b0 - from 0.12 to 0.45 m-l. The algorithm clearly works better for smaller CHL, since as CHL in- 
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creases, the responsiveness of Pw in the blue region of the spectrum to the chlorophyll increments 

significantly diminishes. Besides, as Ta (865) increases, the CHL retrievals deteriorate and e.g. at 

T(I (865)= 0.3IACHL/CHL' grows to 60% whereas for Ta (865)= 0.1IACHL/CHL] 
always less than 20% and even less than 5% for about 90% of the cases considered in the model calcu- 
lations. Finally, this algorithm can handle the vertical structure of the absorbing aerosol by including 
candidate vertical distributions of Ta within the candidate aerosol model set. Obviously, the success of 
this algorithm depends on the appropriateness of the candidate aerosol models and the bio-optical re- 
trieval algorithm. In absence of a priori knowledge on the actual absorption of the aerosol (i.e. whether 
it is strongly absorbing or nearly nonabsorbing) over the scene, the look-up tables required for accu- 
rately extrapolating G to the blue portion of the spectrum could be unmanageably huge for routine 
atmospheric correction. 

was 

optical thicknesses, th" 
units of ozone and 1.9 

v 

Further ways of using look-up tables were exploited by several authors. Based on an earlier work by 
Ahmad and Fraser (1982), Fraser et al. (1997) explored atmospheric and sunglint corrections for CZCS 
images. The tabulated radiances are related to the measured radiance at a wavelength where the water- 
leaving radiance is negligible (i.e. 670 nm for very clear case I waters) and are calculated for a rough 
surface, polarization of the scattered light and multiple scattering (including heterogeneous multiple 
scattering). Fraser et al. believe that the water-leaving radiances derived through their approach are 
accurate enough to retrieve the chlorophyllous pigments with an error of less than i 15% for wind 
speeds of 6 and 10 m/s and an urban atmosphere with aerosol optical thickness of 0.20 at 444 nm and 
0. 10 at 670 nm. They admit that the accuracy of the retrieval of pigment abundance deteriorates as wind 
speed is below 6 m/s and it is as high as 30% for an atmosphere with aeolian dust. The look-up tables 
were computed for a fine mesh of 90 JDo .9  ,¢v angles, surface wind speed w = 6 m/s and 11 aerosol 

. Q§""'ption by atmospheric gases was approximated by assuming 313 Dobson 
§ 0 f  water vapour. 

pa . w 
According to Fraser et al. (1997), a chosen aerosol optical thickness that matches the satellite signal at 
685 nm does not reflect the actual value of T(1 but rather a net optical result produced by aerosol, sur- 
face reflection and multiple scattering. Using the Shettle and Fenn (1979) aerosol models for continental 
and oceanic types of atmospheric particulate matter and assuming that the aerosol extinction as well as 
the associated radiance have an approximate power law dependence on A (Eq. 9 and 10), Fraser et al. 
(1997) adjusted the model parameters (i.e. the AngstrOm exponent, complex index of refraction and 
single scattering albedo) to some measured data and the surface slopes were simulated with the Cox and 
Munk (1955) model whereas the fractional coverage by foam and its reflectance were estimated as in 
Koepke (1985). The water-leaving radiance was assumed to be isotropic and unpolarized. Ta varied 

between 0 - 1.0 in increments of 0.1 for A = 443 nm. The error in the look-up table radiances was 
estimated at 1%. In order to find the atmospheric correction, a one-dimensional cubic spline function 
was applied to each variable to relate the measured and look-up radiances. 

As seen, the Fraser et al. (1997) procedure also relies on the clear water pixel availability in the scene. 
They also have to use the Eq. 19 and predetermined values of the normalized water-leaving radiance at 
520 and 550 mn (as in the Gordon approach) to derive Ta for wavelengths other than 670 nm. The se- 

2. 

3. 

4. 

quential procedure is as follows : 
1. Use LMf (670) and the look-up tables to subtract the Rayleigh radiance for a given illumination 

and viewing geometries to provide for the aerosol radiance under conditions of the heterogeneous 
multiple scattering; 
Identify pixels with the net aerosol radiance at 670 nm less than or equal to 1.4 mWcm-2p,rn-lsr-l as 
areas over which the aerosol optical thickness is S 0.5 and the sunglint radiance is negligible; 
Relate the aerosol reflectances for 443, 520 and 550 nm to that at 670 nm and calculate the water- 
leaving reflectance, 
Compute the pigment concentrations using the Gordon (Gordon et al., 1983) bio-optical retrieval 
algorithms (which are radiance ratio regression relationships), then identify clean water pixels and 
determine an averaged value of Ta (),)/ T(1 (670) assuming that [Lw 1~ is known for such pixels 
at 520 and 550 nm; 
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5. Assess the water-leaving radiance anew to provided more accurate values of the pigment concen- 
tration once using the function 8(/l,670) obtained from look-up tables. A further iteration step 
can then be initiated. To save computing time, this iterative procedure is to be conducted only for 
some "control" pixels with further interpolation of the results to intermediate pixels. 

The assessment of the look-up tables' capability to predict water-leaving radiance under different con- 
ditions points to some limitations. For example, for wind speeds below 6 m/s the measured values might 
be less than their tabulated counterparts in the glint pattern and the atmospheric correction cannot be 
made. Chlorophyll errors proved to be relatively large for aeolian dust. Additional look-up tables would 
be required to cover all the probable situations. 

The Gordon scheme for removing atmospheric effects can be further improved by using a non-linear 
optimization procedure to simultaneously determine the ocean and atmospheric optical properties, thus 
eliminating the necessity of involving realistic multicomponent aerosol model sets. Following Zhao 
and Nakajima (1997), Chomko and Gordon (1998) used lunge power-law size distributions which 
seems an adequate approximation to bimodal aerosol distributions typically found in marine atmos- 
pheres. However, to taclde the absorbing aerosol issue, Chomko and Gordon let the real and imaginary 
parts of the index of refraction vary as well as the size distribution parameter. Thus, all the aerosol 
properties are allowed to vary continuously. This permits utilization of non-linear optimization tech- 
niques. The technique employed was the DZXMWD routine from the International Mathematical & 
Statistical Library which incorporated a quasi-Newton method (International..,l982). 

Since the Junge distribution is a one-parameter power law, the relationship V <-> 8(765,865) can be 
established for a coarse determination of V from the image (i.e. for the real multiple scattering situa- 
tion). Given the coarse value of v , the aerosol optical thickness T(1 can then be computed at A for 
each complex index of refraction. Non-linear optimization is carried through by varying the complex 
index of refraction m (real part - my and imaginary part - Ml ), water parameters (phytoplankton 

chlorophyll concentration CHL, and scattering related coefficient 190, pertaining to Gordon's semi- 
analytical model) within the following limits: CHL: 0.05 - 1.5 mg/m3, Bo: 0.12 - 0.45 m`l, Mk :L33 - 

1.50, mI :  0 - 0.04. 

N equations for A to N are further subjected to non-linear optimization: 

p0(/1,mI,rf'zR) + C (l ,m,,mR) + pa (A ,c , , b ° )  i Prof .-- rn (34) 

Chomko and Gordon confirmed Gordon's earlier finding (Gordon, 1997) that a detailed shape of the 
aerosol scattering phase function is not vitally important for atmospheric correction of ocean colour 
data: the relevant parameters are the aerosol single-scattering albedo (00 and the spectral variation o f  

the aerosol optical depth Tu . At the same time, in the case of absorbing aerosol, the vertical distribu- 
tion proves to be quite essential (see above) and the retrieval quality deteriorates as the aerosol layer 
thickens. 

Zhao and Nakajima (1997) gave another example of using a minimization procedure to retrieve water- 
leaving radiance and the aerosol optical thickness simultaneously. Using the radiative transfer code for 
the atmosphere/ocean system developed by Nakajima and Tanaka (1988) and assuming that for case I 
waters the Austin and Petzold (1981) water-leaving radiance ratios interdependence holds and adopting 
the Junge power law for aerosol size distribution, Zhao and Nakajima determined Lw and Ta simulta- 
neously at the CZCS wavelengths by minimizing the standard deviation between the measured and 
modelled water-leaving radiances. Adopting an iterative procedure, they conducted minimization until 
the standard deviation is less than a certain convergence criterion. At the later iteration steps the simplex 
method was used. In the validation experiments several bimodal aerosol size distributions were em- 
ployed and the complex index of refraction of aerosols was assumed to be constant at 1.50 - i- 0.01. 
Also ozone absorption was taken into account. The wind speed was set to l m/s and Ta was given the 
value of 0.15. Under these conditions the standard deviation of the water-leaving radiance at 443 nm 
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200aI`ld 6v= was about 10%, except at 90 21.5o where it was 21.5 % (the solar zenith angle varied 

between 20o and 60o,(l)0 = 90o, the viewing angles were 21.5o and 40o). The merits of this algorithm 
are that it avoids assuming that the aerosol thickness is not significantly affected by the uncertainties in 
the aerosol size distribution, and that the molecular and aerosol contributions to the LIO! can be com- 
puted separately. However, in implementing this algorithm, the aerosol complex index of refraction 
should be chosen judiciously to minimize the error in retrieving T(I 

Returning now to the mainstream of the Gordon approach, it should be emphasized that for an accurate 
and operationally easy atmospheric correction, it would be very important to detect the presence of 
absorbing aerosol in the atmosphere over the viewed water area directly from the multispectral image. 
This appears an impossible task with the NASA EOS era satellite sensors. However, it could, perhaps 
be done with either hyperspectral sensors or sensors equipped with a large number of channels in the 
NIR extending up to 2 um. Gordon and Wang (I994) found that the ratio E (A 2 1260,865) is 
much less for strongly absorbing aerosol (due to a rapid decrease in the real part of the refractive index 
beyond 1260 nm) than for purely scattering aerosol, which could be taken as a criterion for distinguish- 
ing between these two categories of atmospheric aerosols. 

Among the other factors controlling the atmospheric correction accuracy, the impact of white caps 
causes an error comparable in magnitude to the acceptable error in [pw (,t)] However, in view of the 

apparent uncertainty in the spectral variations of pwc at A 2 800 nm (we discussed this issue above), 
some new radiometric data on the actual spectral reflectance and its dependence on wind speed are 
required. 

N 

A certain improvement in the accuracy of water reflectance retrieval might be further gained when tak- 
ing the curvature of the earth into account, especially at high latitudes with their associated large solar 
zenith angles. Ding and Gordon (1994) have examined this problem and provided a method for opera- 
tional computation of P for the spherical shell atmosphere, but it still needs to be implemented for 
image processing. 

1. 

2. 

3. 

Sea surface roughness and polarization effects (under conditions of both single and multiple scattering), 
as discussed above, will not appreciably affect the atmospheric correction accuracy. However, the wa- 
ter-leaving bidirectional effects were mentioned above as capable of influencing the atmospheric diffuse 
transmittance and hence the atmospheric correction procedure per se. Through extensive model calcu- 
lations, Yang and Gordon (1997) analyzed the dependence of (r - r*) /  lL*. This ratio determines the 

error ALw / Lw, which is due to assuming that LW is uniform, where I* is the diffuse transmittance for 

nonuniform spatial distribution of the subsurface upwelling radiance Lu . They found that the error in 

[Lw [N induced by the assumption of Lu as Lambertian is less than 4% for viewing geometries typical 
of ocean colour observations and aerosol optical thicknesses typical of the open-ocean marine atmos- 
phere, an exception existing in the blue for low chlorophyll concentrations where it can be about 5%. 
The error ALW / LW can be in excess of 6% for scanners capable of viewing over a large range of azi- 
muth angles (e.g., POLDER mission (Deschamps et al., 1994)) and in this case it certainly should be 
taken into account. At the same time, if the chlorophyll retrieval procedure involves ratios of [LW ]N 
two or more wavelengths, the effect of replacing I by Z 
[Lw [W . Morel and Gentili (1996) suggested an iterative procedure to estimate Z 

Determine CHL from atmospherically corrected LW ( assuming Lu is Lambertian) by using one 
of the bio-optical retrieval algorithms e.g. one of those listed in O'Reilly et al. (1998); 
Determine a tentative value of I* relying on the derived CHL; 
Use this tentative value of I* for a more precise determination of CHL, which should generally 
lead to a converging procedure. 

at 

is considerably smaller than the effect on 
* from CHL: 
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In the above discussion, it was invariably assumed that the aerosol was present exclusively in the 
boundary layer. However, even thin cirrus clouds and stratospheric aerosols are likely to have a very 
substantial influence on the retrieval results. Gordon et al. (1997) examined different stratospheric 
aerosol models consisting of either a 75% solution of HQSO4 droplets or absorbing mineral particles 
(simulating aged volcanic ash) with an index of refraction in = 1.50-0.008i, which was independent of 
wavelength. 

The size distribution of stratospheric sulfurous aerosols was simulated by either 
dn / dD = S I D  exp(-9D) ( background stratospheric aerosol) (35) 

or 
on/ dD : 1.79386 108 D12.65 exp(-l9.65D) (the E1 Chichon aerosol). (36) 

The index of refraction was taken from Palmer and Williams (1975). The aged volcanic ash was mod- 
eled by a size distribution given by 

on/dD I 1365.33D exp(-l 1.31376 ), 
and the scattering properties of such aerosol were assumed to be independent of wavelength. 

(37) 

The cirrus cloud model (with the scattering properties of crystals assumed to be independent of wave- 
length) was taken from Takano and Liou (1989). However, the simulated stratospheric aerosol phase 
functions showed significant spectral variations, whereas the cirrus cloud phase function proved to vary 
rather irregularly with scattering angle. 

The spectral variations of E (1,865) are very sensitive with regard to the stratospheric aerosol model 
type, being particularly nonlinear for background aerosol and much more linear for aged volcanic aero- 
sol. In Gordon et al. (1997) the atmosphere was simulated as a three-layer medium with the Shettle and 
Penn (1979) maritime aerosol (R = 80%) in the lower layer, purely Rayleigh scattering in the second 
layer, and the stratospheric aerosol in the upper layer. Calculations indicated a degradation in the per- 
formance of the atmospheric correction algorithm ( i.e. Apw 2 0.002) for Tu > 0.15 (occurring e.g. after 
a volcanic eruption), particularly for geometries with large multiple scattering (i.e. large solar zenith 
angles (~ 60o) and large (~ 45 o) viewing angles). 

The presence of cirrus clouds with optical thickness in the range 0.5 
correction algorithm even further, resulting in ApW > 0.002. 

1.0 deteriorates the atmospheric 

In view of the importance of cirrus clouds, Gordon et al. (1997) suggested for MODIS, which is 
equipped with a channel centered at 1380 nm (see Table 1), that this wavelength be used to correct for 
stratospheric aerosol and cirrus clouds. This channel is within a strong water vapor absorption band and 
photons penetrating through the stratosphere will usually be absorbed by water v a p o r  in the tropo- 
sphere. Thus any radiance measured at 1380 nm can, in the first approximation, be assumed to be scat- 
tered by the stratospheric aerosol or cirrus clouds. 

The choice of A = 1380 nm for assessing the optical impact of cirrus clouds on the accuracy of atmos- 
pheric correction was prompted by the availability of this channel on MODIS. However, it is worth 
mentioning that Costanzo and Bakan (1999) and Betancor et al. (1999) have recently reported that the 
radiation in spectral channels centered at 1050 and ~l550 nm might be preferable since it allows esti- 
mation of the cirrus optical depth as well as the effective size of the cloud particles, however the un- 
known shape of crystals induces some errors. 

( s )  

Returning to the simulations carried out by Gordon (1997), a successive-order-of-scattering radiative 
transfer code (Van de Hulst, 1980) was applied. Assuming that all optical properties of the aerosol in 
the upper (stratospheric aerosol/cirrus clouds) and bottom (maritime aerosol) layers of the atmosphere 
are known except for the respective concentrations, Gordon computed and plotted the transmittance 
factor I'(A) = f ( p  tot (1380)) for a variety of combinations of 90 ,Qv at A = 443, 765, and 865 

IO! nm. That accounts for the reduction in pa)  due to the presence of the stratospheric aerosol layer 
using: 

to, 1 0 - 59 (s)  
to! 

(s) 
for , (38) 
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( ) . . 0 o where pm, s 1S the reflectance of the entlre ocean-atmosphere system in the presence of stratospheric 

aerosol, up(s) is the reflectance added by the stratospheric aerosol rot (=~ 
~f 

(" ,,,, (1380) ), Ii" 
T.y being the stratospheric aerosol/cirrus cloud optical thickness) . 

(s) The I : f ( p  for )dependence is parabolic. With this finding, the measured value of P / 0 1  (1380) 
can be used to estimate the proper value of z' given the appropriate stratospheric aerosol model. Once t '  
is determined, the corrected value of Prot (Qt) can be computed and the Gordon correction scheme 

(pages l2,l3) can be pursued. If the value of t ' is not strongly dependent on Tb or on the aerosol opti- 
cal properties in the free troposphere, then look-up tables of t '  could be used to make the correction 
procedure operational. However, the radiative transfer simulations show that the relative independence 
of t '  from Tb could be assumed only for the visible spectral region (where it is < 1 for cirrus clouds), 

whereas in the NIR (where it is > l  for cirrus clouds) t '  proves to be strongly dependent on Tb (thus 
indicating that in the NIR, multiple reflections between the stratosphere and the underlying troposphere 
are very important) . 

Since the contamination of images by cirrus clouds is expected to be more important than by volcanic 
stratospheric aerosol, Gordon et al. (1997) suggested using the cirrus cloud model as the third (upper) 
atmospheric layer. It is recalled that the scattering properties of cirrus cloud particles can be assumed to 
be independent of wavelength. In this case, the correction procedure becomes rather simple since it 
reduces to a mere subtraction of the reflectance at 1380 nm from that at 443, 765, and 865 nm. To de- 
termine t '  for representative combinations of 90 and Hv , a one-layer multiple-scattering radiative trans- 
fer code (with a totally absorbing lower surface to represent the troposphere) was used. For each ge- 
ometry, t '  was further fit by least squares to a parabola for the boundary layer optical thickness Tb 

equal either to 0.15 or 0.30. Should t '  fit Emmi (1380) exactly, the stratospheric aerosol is actually 

cirrus clouds, and their influence can be directly removed, with the consequence that the retrieved Pfor 
will be used as the input reflectance for the atmospheric correction scheme given above (pages 12 and 
13). Clearly, the fit cannot be exact, which is conducive to a certain residual error in l`pW. To improve 

f(p(",0, (1380)) relation- the correction procedure, Gordon et al. (1997) propose a separate I'(/1) 
ship for volcanic stratospheric aerosol and for cirrus clouds. 

II 

s 

Consequently, for MODIS or any other sensor equipped with a channel in a strong water vapor  band 
(e.g., 1380 nm) the sequential scheme on pages 12-13 can be preceded by several steps for elimination 
of the impact by cirrus/stratospheric aerosol for 'L' S 1.0 ): 

a. 

b. 

c. 

d. 

(s) 

Determine p (8110f (1380) from the space image and then determine T.§~ (1380) from Pls)!or (1380); 

Compute 6P(S)¢0! (K), subtract it from p for ( )  to provide ;())pm/ ( )  ; 

Determine the I versus 0M/0/  (1380) relationship for a variety of combinations of 90 , Uv and the 

best fit parabola ( for A = 443, 765, 865 nm) for an assumed boundary layer maritime aerosol with 
T = 'vb , 
obtain Proz corrected for the impact by cirrus and stratospheric aerosol. 

Understandably, the dependence of the t '  value on the marine boundary layer (MBL) presents additional 
complications for the implementation of the atmospheric correction procedure. Gordon et al. (1997) 
suggested an iteration procedure: first, the t '  versus p for (1380) relationship is used for the Shettle 

and Fenn (1979) maritime aerosol model at RH = 80% to estimate P M l  . It is then used to assess G , 
which is finally employed to provide a more appropriate aerosol model in the MBL with eventual re- 

( s )  
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(5) assessment of the t '  versus p tot (1380) relationship, obtaining a more accurate value of Ptot at 443, 
765, and 865 nm. 

Choosing the appropriate aerosol model plays a pivotal role in obtaining atmospheric correction of a 
desired accuracy. Along with the Dermendjian (1969), Shettle and Fenn (1979), and the World Mete- 
orological Organization (WMO) models, many others were used to this goal. Davies and Lynch (1997) 
applied a three-mode Navy aerosol model established predominantly from aerosol studies over the 
North Pacific and North Atlantic oceans (Gathman, 1983): mode l (the mode radius is 0.03 um) is a 
background aerosol of continental origin whose number density is correlated to the air mass travel time 
from the continental land mass, mode 2 (the mode radius is 0.24 um) is ascribed to marine aerosols 
which have been produced by earlier high wind conditions with a number density correlated to the mean 
wind speed of the previous 24 hour period, mode 3 (with the mode radius 2.0 um) consists of salt spray 
particles with number density correlated to the current wind. Haan et al. (1991) used the aerosol models 
suggested by Royer et al. (1988) and modelled the aerosol scattering function by a single Henyey - 
Greenstein (SHG) function and by a linear combination of two SHG phase functions for continental 
aerosols with the parameters defined by Gordon et al. (1983). These functions were also used by Martin 
and Perry (1994) when removing the atmospheric impact from CZCS ocean images. 

Along with LOWTRAN, the aerosol model suggested by Tanre et al. (1990) is considered as recom- 
mendable for this purpose (Wrigley et al., 1992). ), because the columnar aerosol content is not speci- 
fied through the horizontal visibility. 

Haltrin (1998) and Zimmermann et al. (1985) used their empirical relations to relate Ta in the infrared 

to Ta at other wavelengths. Koepke et al. (1997) suggested a global aerosol data set for a spectral range 
0.3 - 40 um and 8 values of RH encompassing ten components (water-insoluble, water-soluble, soot, 
sea salt accumulation and coarse modes, mineral nucleus, accumulation and coarse modes, mineral- 
transported, and H2S04 droplets). This model was conceived to provide global aerosol distribution of 
each defined aerosol component including the vertical profile on a 5o x 5o latitude/longitude grid for 
winter and summer. 

This enumeration could be made much longer, but even in this rather exemplary version it is indicative 
of a remarkable diversity in employing aerosol models. Recently, Schwindling and Deschamps (1998) 
reported the results of a thorough investigation on the ability of the Shettle and Penn (SF) and WMO 
aerosol models to simulate correctly the optical properties of the oceanic atmospheres. In fact, both 
models are "genetically" very alike being based on the work of Shettle and Penn (1979). The size dis- 
tribution is a log-normal law. The main differences lie in the relative amount and the way the compo- 
nents are mixed: in the WMO models Mie theory is applied to each component to compute the optical 
parameters which are then mixed up to obtain the final aerosol model. In the SF model log-normal 
multi-mode distributions are applied to a mixture of basic components, whereas the refractive index 
and mode radius may vary with RH. 

Using sun photometer measurements, TOMS data on stratospheric ozone, and the Gordon et al. (1988) 
analytical expression for Tr , Schwindling and Deschamps retrieved the aerosol optical thickness and 
AngstrOm exponent (after subtraction of the stratospheric component) and compared them with the 
respective values computed from the SF and WMO models. Measurements during 1993 and 1994 win- 
ters indicated a high frequency of T(I below 0.1 with values often around 0.05 at 870 nm which is well 
below what is considered as a tropospheric background in most of the comprehensive models (Kondrat- 
yev and Pozdnyakov, 1990). The comparison revealed that within the accuracy of the measurements, 
the SF models do allow description of the observed Angstrom exponents and phase functions quite 
accurately. Additional WMO models bring very little if any improvements to retrieval results. Interest- 
ingly, Schwindling and Deschamps found that different aerosol models can only be identified from 
measurements when Ta is large, i.e. above 0.1 at 870 nm. When this condition is met, two models can 
be clearly identified: a tropospheric model ( the Angstrom exponent v is around 1.2) and a maritime 
model ( U  is less than 0.5 and tends to 0.2). Certainly, that study should rather be qualified as a case 
study and much more research is needed to verify the existing variety of aerosol models under more 
variable/turbid atmospheric conditions. 
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CONCLUDING REMARKS 

Since the 1970s the general concept of the aerosol correction algorithm, firstly to determine the path 
radiance p parh in the near infrared where the clear water surface reflectance is assumed to be negli- 

gible and, secondly, to extrapolate Ppn!h (NIR) to the visible spectrum, have remained generally in- 
tact. 

However, due to the development of more and more sensitive satellite sensors with an increasingly 
larger number of spectral channels in the NIR and enhanced requirements/stringency to the pigment 
concentration retrieval accuracy, this physically lucid idea has grown into a highly sophisticated proce- 
dure. It was understood that in order to gain the required level of accuracy, the single scattering ap- 
proximation should be replaced by the heterogeneous multiple scattering approach. Further, it was ad- 
mitted that at least two channels above 700 nm are necessary to determine correctly the spectral distri- 
bution of the aerosol optical thickness Ta and, in first approximation, the aerosol type: from these 
measurements the correction for aerosol scattering can be extrapolated to shorter wavelengths either 
analytically or using a set of aerosol models in the form of look-up tables. Minimization procedures 
prove to be a good candidate for simultaneously retrieving T(1 and pigment concentration given reli- 
able bio-optical algorithms. 

It became clear that the occurrence of absorbing aerosol over the scene is capable of deteriorating the 
atmospheric correction to an impermissible level and a third infrared channel centered at about 1260 
nm would be very useful for detecting the presence of this land of aerosol. 

It is obvious that any attempt to reduce the complexity of the problem by employing either an empirical 
dependence of T(I on /I or a simplified aerosol model, characteristic of some averaged or typical ma- 

rine atmosphere, immediately gives rise to questions about the Ppath retrieval precision and extent of 
applicability. 

The optical impact of enhanced stratospheric aerosol density as well as high cirrus clouds can signifi- 
cantly compromise the result of atmospheric correction and a fourth infrared band at 1380 nm or longer 
wavelengths (e.g., 1550 nm) would be useful to remove this combined effect. However, unlike for 
stratospheric aerosol, the optical properties of cirrus clouds are yet insufficiently defined, calling for 
further research. 

Also, surface roughness is important when correcting satellite images: white caps reflectivity proves to 
be sufficient to influence substantially the water reflectance pW retrieval accuracy. Since there is still a 
considerable controversy as to the spectral behavior of foam reflectance in the NIR, some additional 
research is also needed here. 

The above multitude of factors to be taken into account when correcting images of clear oceanic/marine 
water is seen to be mostly dictated by the requirements of the pigment retrieval accuracy. Such accura- 
cies are generally unnecessary when monitoring inland and coastal waters (Kondratyev et al. 1999). 
Would this simplify the task of atmospheric correction when making atmospheric correction for such 
waters? Are the main approaches elaborated for clear water atmospheric correction directly applicable 
to case II waters? These and other intimately related issues will be discussed in the companion paper 
(part II) dedicated to the atmospheric correction of inland and coastal water images. 
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LIST OF SYMBOLS 

a(/1) 

particle 

power 

photons 

particles per 

pressure 
pressure 

particle 

parameter 

absorption coefficient 

be) scattering coefficient 

b0(/1) Gordon scattering parameter 

cm (1) term accounting for the radiative interaction between molecules and aerosols 

c(/1) attenuation coefficient 
CHL concentration of chlorophyll 
D aerosol diameter 

Ed (2) subsurface downwelling irradiance 

Eu (M subsurface upwelling irradiance 

Fa probability that a photon scattered by the aerosol will be scattering through an angle less 
than 90o 

F0 (fl) extraterrestrial solar irradiance 

K tuning coefficient in Hultrin's modified Angstrom law 

Lg (1)  radiance originating from the direct light photons specularly reflected from the sea sur- 
face into the field of view of the remote sensor 

Lpulh 
radiance originating both from scattering of the sunlight along the two-way optical path 
between the water surface and the remote sensor and specular reflection of skylight 

from the air-water interface 

Lror (1) radiance captured by a remote sensor 

Lw (al) radiance arising from volume reflectance of both diffuse and direct sunlight 

LWC (2) radiance produced by reflection of white caps of the light incident on the water surface 

[Lw ] N 
normalized water-leaving radiance 

m, WIR , 7711 complex index of refraction, real and imaginary parts 

H number of volume 
n refractive index 
P0 standard atmospheric 
P(z) atmospheric at altitude z 

Pr(a) 
Rayleigh (aerosol) scattering phase function 

P/ ' ( ( l )  
Rayleigh (aerosol) scattering function 

Q,, relative aerosol scattering efficiency 

R(A) water volume reflectance 

r radius of a 
T(A) direct light transmittance function 

r(A) diffuse light transmittance function 
W wind speed 
x diffraction in Mie scattering 

z altitude 

a scattering angle 

5, correction parameter for tr 
y coefficient in the exponential dependence of E on A 
5 depolarization factor 
E (/11, M) ratio of the aerosol-related radiances at two wavelengths II , ,12 
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Ql§3uf,tI aerosol optical thickness coefficients expandable in Fourier series in ¢pv 
90(v) 

solar and viewing zenith angles 

A wavelength 

iU'0(v) 
cosine of the solar zenith (viewing) angle 

pg (/1) reflectance corresponding to Lg l )  

p rtrr) (1)  reflectance due to homogeneous multiple scattering by air molecules (aerosols) 

Ppru/1 (1) reflectance corresponding to Lpath (A ) 

Pro! ( )  reflectance corresponding to Llot (X) 

1'103(I-]20) 
ozone (water vapor) optical depth 

Tr(a)  (/1) Rayleigh (aerosol) optical thickness 

v Angstrom exponent 

¢0(v) 
solar and viewing azimuth angles 

x atmospheric pressure correction parameter 

a0r(a) 
Rayleigh (aerosol) single scattering albedo ( E b/c) 
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Table 1. Radiometric performance of MODIS compared with SeaWiFS, MIRS, and CZCS for 90 = 60O. 
NEAp is the noise equivalent reflectance. 

/1. nm 
NEAp, SI"I 

MODIS SeaWiFS MIRS CZCS 
412 0.00018 0.00068 ¢ 

443 0.00016 0.00043 0.00024 0.0011 
490 0.00014 0.00034 0 

530 0.00013 0.00031 0.00058 
555 0.00010 0.00027 0.00020 0.00064 
670 0.00004 0.00023 0.00017 0.00051 
681 0.00004 _ 
750 0.000085 0.00018 
865 0.000076 0.00015 0.00013 
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Abstract 

We analyze atmospheric correction problems and procedures arising from specific 
spectral properties of water-leaving radiance in the case of inland and coastal waters, 
which generally qualm as turbid/ productive waters or case II waters according to the 
Morel classification. First, approaches reported in literature for atmospheric correction 
of airbag me/spaceborne multispectral images pertaining to such waters are discussed. 
Secondly, issues of validity and limits of applicability of the suggested atmospheric 
removal procedures are also addressed accounting for natural variability in 
concentrations of all optically active components: phytoplankton, suspended minerals, 
dissolved organics, etc. Finally, the persisting problems are identified and examined. 
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INTRODUCTION 

One of the specific features of offshore oceanic/marine waters usually referred to as case I waters according 
to the More] classification (Morel and Prieur, 1977) is that they generally contain phytoplankton and its 
degradation products in moderate amounts and are nearly devoid of dissolved organic matter and suspended 
minerals. Being closely correlated with the phytoplankton chlorophyll concentration (CHL), the degradation 
products amount nevertheless only to a small fraction of CHL. Therefore, in such waters variations in the 
spectral features of solar light emerging from beneath the water surface can be related confidently and 
unequivocally to variations in CHL. Since the chlorophyllous pigments contained in algae cells absorb 
strongly at 430-450 nm and less strongly at 640 - 660 nm (for ref. see e.g. Weaver and Wrigley et al., 
1994), the major optical impact of chlorophyll on the water-leaving radiance is thus confined to the blue 
portion of the spectrum leaving the green to red spectral region nearly intact (this is strictly true if CHL is 
less than 0.25 ,kg/I (Gordon and Clark, l98l)). The longer wavelength limit of water-leaving radiance in 
the case of offshore oceanic/marine waters is determined by the optical properties of water molecules per 
se: being strong absorbers at wavelengths Z 670nm, they prevent light from leaving the water column at 
such wavelengths. 

The basic concept underlying atmospheric correction procedures for case I waters (see part I of this article) 
assumes, in conformity with the above, that the water-leaving radiance is negligible at wavelengths 
exceeding 700 nm. Since the mean chlorophyll concentration in the world oceans is assessed at a value as 
low as 0.19 l.Lg/l (O'Reilly et al., 1998), the precision requirements for retrievals are understandably very 
stringent. This, in turn, entails high demands on the precision of atmospheric correction, especially in the 
blue region of the spectrum. Indeed, due to the strong absorption band of phytoplankton chlorophyll at 
430 - 450 nm, and relative insensitivity of water-leaving radiance at 520 -560 mn if CHL < 0.25 ,Ug/l, the 
intensity of upwelling radiance in the blue is the principle information-bearing quantity reflecting the 
phytoplankton abundance in offshore oceanic/marine waters. 

Over offshore marine and open ocean areas, the atmosphere is often less turbid with the aerosol optical 
thickness Ta in the visible spectrum not exceeding a value of 0.5 (not infrequently it is about or even under 
0.1 (Smirnov et al., 1995)). Generally, the atmospheric aerosol over mid-oceanic areas is assumed to be 
purely scattering as it consists mostly of non-absorbing sulfate and sea salt particles. This assumption 
becomes invalid, however, in cases of strong advection of continental air masses loaded with either 
carbonaceous particles or eolian dust particulates containing ferrous oxides. Small values of Ta and the 
purely scattering nature of atmospheric aerosols simplify very significantly the task of atmospheric 
correction of ocean/marine color  imagery, since under such conditions the solution of the radiative transfer 
equation can be reached through well-known approximations. This has made the atmospheric correction 
procedure already operational. 

Coastal marine waters, called case II waters according to the Morel classification, as well as inland waters 
differ dramatically from those of open marine and mid oceanic areas. First of all, case II waters generally 
include not only chlorophyll-bearing biota and associated degradation products, but also a variety of sus- 
pended inorganic particulates and dissolved organic matter. Importantly, these components in case II waters 
are generally rather abundant and seldom, if ever, covarying. 

The presence of particulates in ample amounts in case II waters increases the probability of backscattering 
of long-wave photons (Gordon and Morell, 1983). As a result, the water surface cannot be considered black 
at wavelengths 2 700 nm as it was appropriately assumed for case I waters. On the other hand, 
phytoplankton and dissolved organic matter are known to absorb strongly in the short wavelength region 
(for ref. see e.g. Bukata et al. 1995) . Co-existing in case II waters, these two constituents cause a dramatic 
drop in the blue region of the upwelling radiance spectral distribution. Hence the water surface becomes 
black at the short wavelengths in highly productive and mesa/eutrophic waters. Nearly all the above con- 
stituents of case II waters absorb light in large parts of the visible region (although with different effi- 
ciency). Their co-existence in significant amounts results, not infrequently, in very low values of water 
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column diffuse reflectance not only in the blue but also in the green region of the spectrum (Kondratyev et 
al., 1999). 

Unlike over open ocean waters, where the atmosphere is generally remarkably clear, it is typical of coastal 
marine and notably inland waters that the atmospheres are much more turbid and, apart from purely scat- 
tering aerosols, also contain strongly absorbing particulates whose concentration can be quite high. The 
proximity of case II waters to natural/anthropogenic sources of aerosol production results in aerosol optical 
thicknesses sometimes reaching values as high as 0.6-0.7 in the short wavelength region of the spectrum 
(Bartenyeva et al., 1991). 

The above differences lead to the following question: can the atmospheric corrections procedures suggested 
for case I waters be used for case II waters, and if not, what should replace them? 

It seems appropriate to begin the discussion with the examination of the issue of water surface "blackness" 
in the near infrared since this is one of the pivotal elements in the atmospheric correction procedures sug- 
gested for case I waters. 

SPECTRAL DISTRIBUTION OF WATER-LEAVING RADIANCE UNDER CONDITIONS OF 
HIGH WATER TURBIDITY/ PRODUCTIVITY 

R(-0,A) 

Curran and Novo (1988) obtained a sequence of spectra of water-leaving radiance Lu (-1-0,/1) by in- 
creasing the concentration of inorganic suspended sediments (SM) progressively increasing from 0.5 to 
1000 mg/l (Fig. 1). Evidently, such a two-component aquatic medium shifts the longwave limit in the 
water-leaving radiance distribution systematically to the near infrared. For a remote observer the water 
surface ceases to appear black even at A 2 1.0 um if SM 2 100 mg/l. This finding was further substantiated 
by Schalles et al. (1997) who studied spectral variations of the volume reflectance coefficient just beneath 
the water surface R(-0,/1) for a two and three component aquatic media (by definition 

_ EH (-0,A) 
B (-0.A) ' 

irradiances respectively). For water loaded with ~40 mg/I of white kaolin clay the value of R(-0,}t)is 
about 2 % at lim. 

where El l  (-0,/1), Ed (*0,)L) are the subsurface upwelling and downwelling 

Addition of 30 kg/l of phytoplankton to water containing 40 mg/l of clay, although resulting in drastic 
spectra] changes ofR(-0, ,to at A _< 820 nm, leaves the value of R(-0,l) at a level of 2 % for A > 820 
nm. In a two-component aquatic medium containing water and phytoplankton, the increase of phytoplankton 
chlorophyll concentration (CHL from 0.4 to 60 pkg/l leads only to a moderate enhancement (up to ~4%) of 
water volume reflectance at 750 < /L < 1000 nm . 

Exploring eutrophic water bodies, many studies (see e.g. Yacobi et al., 1995, Arr one (1977), Haan et al., 
1997; Dekker et al., 1997; Schalles et al.,1997) report that water volume reflectance can be as high as 3% at 
800 nm if CHL 2 50-60 ug/1. The actual value of R(-0,/1) at /1 2 750 nm in highly eutrophic waters 
becomes even higher if the phytoplankton happens to be accumulated in the upper-most layers instead of 
being distributed over the entire water column. Interestingly, a considerable augmentation of phytoplankton 
concentration in the water column affects not only R(-0,/1) but also the Fresnel reflection coefficient: at 
CHL ::: 170ug/l the water surface becomes an ideal reflector for nearly all visible light (Haltrin,1998). 

Not infrequently, phytoplankton blooms in lakes result in the formation of a scum floating on the surface. 
This scum reflects light very much like the higher vegetation, i.e., exhibiting a dramatic increase in re- 
flectivity over the spectral interval 700 .... 750 nm. As a result, R values can reach about 60% at 800 nm. 
Such spectra were recorded e.g. when studying some highly eutrophic lakes in the vicinity of Berlin in the 
summer of 1995 (Bakan and Gerdes, 1995). 
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Waters exceptionally rich in CHL and/or SM also present additional problems in terms of the validity of the 
decoupling of the water and the atmosphere (see part I of the article): the water volume reflectance becomes 
high enough to violate the assumption that the photons backscattered to the atmosphere are not 
backscattered into the water. Moreover, excessive loads of phytoplankton and suspended minerals should 
inevitably result in self-shading (Bristow et al., 1981) which are liable to compromise seriously the ade- 
quacy of bio-optical algorithms (Kondratyev and Pozdnyakov, 1988). 

The case of very high concentrations of phytoplankton corresponds to situations when plant canopies are 
submerged only slightly: the light emerging from beneath the water surface proves to be significantly en- 
riched in the red and near-infrared rays (Fig.2) (Gower and Borstad, 1993; Farrington and Courtney, 1995). 

Thus it is impossible to consider the case II water surface black in the near infrared (at least for A S 900 - 
1000 nm). The concept of a black water surface in the near infrared for atmospheric correction can be 
exploited only when there is a spectral channel beyond at least 1 um. This implies further complications. 
First, a precise knowledge of water surface reflection is required in the near infrared. Our analyses of Al- 
pine lakes reflectivity in the near infrared as well as laboratory studies indicate that surfactants are capable 
of increasing water surface reflectivity in the near infrared (Grassl et al., 1999). Since the presence of 
surfactants on the water surface is not known a priori, it will introduce an error of unknown magnitude in 
determining Ta in the near infrared. Secondly, choosing a wavelength at which the water surface could be 
assumed black, far away from the visible range of the spectrum, makes it even more difficult (in comparison 
with the option of case I waters) to assure the required accuracy of retrieving the aerosol optical thickness in 
the short-wave portion of the visible spectrum. We will consider this aspect of the problem closer later in 
this paper. 

AEROSOL OPTICAL THICKNESS OVER CASE II WATERS 

In a fundamental study performed by Bartenyeva et al. (1991), the aerosol optical thickness I(I was de- 
termined from a large data set for different seasons and atmospheric conditions over numerous land and 
ocean areas of the earth. These and other data (see e.g., Skouratov, 1997) indicate as follows for atmos- 
pheres over land: 

The probability of aerosol containing strongly absorbing particulate matter is much higher than in 
atmospheres over the ocean, 
The spectral dependence of Tu varies strongly (see e.g. Fig.3), 

Relative humidity (RH) strongly affects the size distribution of hygroscopic modes of atmospheric 
aerosols, thus controlling the resultant Angstrom exponent, 
T(1 in the blue part of the spectrum can attain values as high as 0.6 - 0.7, whereas in the red and near 

infrared it is several times lower, not infrequently T(I decreases with A in the short wavelength part of 
the visible; 
coefficients of correlation between Tn (1000nm) and 'Fa (350 nm) can vary between 0.6 and 0.9 and 
most frequently they are at the level of 0.7-0.8; 
coefficients of correlation between T(l (2000nm) and T(1 (350 nm) are generally significantly lower 

than between T(1 (l000nrn) and Tu (350 nm); not infrequently, they are as low as 0.35, which is an 

indication of a drastic change in the value of the Angstrom exponent for A > 1000 nm. 

These findings imply that the 8 ratio approach (see part I of this article) is inapplicable for atmospherically 
correcting images of case II waters. Rather, look-up tables incorporating purely scattering as well as 
absorbing aerosol modes seem to be better candidates for this purpose. Moreover, multiple scattering ef- 
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fects have to be considered for typically high optical thicknesses in the atmospheres over continents when 
assessing the path radiance signal (see part I of this article). 

The uncertainty in the spectral variations of the foam forming on the water surface, the issue also discussed 
in part I of this article, appears to be another argument against shifting too far in the near infrared to satisfy 
the condition of the black water surface. Indeed, the error in determining the foam reflectance in the blue 
will only increase with shifting the wavelength lb (at which the water surface is believed to be black and 

'Eu is to be determined from a satellite image) beyond 1000 nm. 

In addition, ,Tb should be placed between the numerous water vapour absorption bands in the spectral 
region from 1000 to 2000 nm, otherwise the sensor will only capture the signal arising from the upper 
troposphere or even the stratosphere (see part I of this article). Obviously, there are mutually contradicting 
requirements as to the location of b .  To meet the condition of a black water surface confidently it is 

preferable to locate b well above 1000 nm. On the other hand, to minimize the error of extrapolating 

Tu ( As) to Tu (~ 400 nm), lb should be located as close as possible to the visible. 

WATER QUALITY RETRIEVAL AND ACCURACY REQUIREMENTS WHEN STUDYING 
CASE II WATERS. 

The major objective of remote sensing of the world ocean is to determine phytoplankton concentration 
dynamics along with the magnitude and variability of primary production on a global scale in relation to 
climate change. In other words: to quantify the ocean's role in the global carbon cycle and other biogeo- 
chemical cycles (Hooker et al., 1993). 

Since the average concentration of phytoplankton (measured as the phytoplankton chlorophyll concentration 
- CHL) in the ocean is about 0.19 kg/l (O'Reilly et al., 1998), it imposes especially stringent requirements 
on the accuracy of CHL retrievals. According to Gordon (1997), the CHL retrieval accuracy should be no 
worse than 30%. Hence, the normalized water reflectance [,Ow]N should be recovered with an error less 
than 5% which is obtainable only if atmospheric correction is accurate to i 0.001 in reflectance. 

Theoretical and experimental investigations indicate that this can be achieved mainly due to the high 
atmospheric transparency over oceans (see part I of this article) and the aforementioned optical simplicity of 
mid-oceanic waters. It is recalled that such waters are practically devoid of any extraneous substances 
optically active in the visible spectrum except for phytoplankton and its degradation products. Therefore the 
optical impact of phytoplankton on water-leaving radiances can be determined rather accurately. 

Remote sensing of case II waters has, however somewhat different aims. One of the major objectives is 
ecological monitoring (Kondratyev et al., 1999), for example assessing eutrophication and suspended 
mineral load. Users of ecological monitoring data are more interested in spatial/temporal variations in water 
quality parameters (and CHL is only one of them), whereas the retrieval accuracy has second priority 
(Fischer et al., 1991). 

However, this is not always the case. When assessing carbon flux exchange rates between estuaries and 
coastal zones, or else attempting to remotely quantify the rates of primary production (Gabric et al., 1993, 
Pozdnyakov et al., 1998)), the retrieval accuracy retains its top significance. Given reliable bio-optical 
algorithms, the required accuracy (~ 35-40 %) can, in principle, be obtained more readily due to generally 
high concentrations of the desired water constituents (CHL, SM, and DOC - dissolved organic carbon) in 
meso- or eutrophic waters. 
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Dedicated investigations (see e.g. Bukata et al., 1995, Pozdnyakov and Lyaskovsky, 1999a) have shown 
that unlike the option of case I waters discussed above, the blue part of the spectrum is generally inappro- 
priate for building radiance-ratio bio-optical algorithms (Gordon and Morel, 1983) to retrieve case II water 
constituents. Indeed, in mesa/eutrophic waters, there is a dramatic drop in water-leaving radiance in the 
blue which is due to a combined effect of absorption by CHL and DOC. Since these two components co- 
exist in case II waters generally in mutually independent amounts, distinguishing between the CHL and 
DOC optical impacts is impossible if only based on simple radiance ratio analysis. Rather, some much more 
sophisticated retrieval approaches should be employed here. For instance, multivariate optimization (MO) 
and neural network (NN) techniques seem to be good candidates to face the case II water challenge 
(Pozdnyakov and Lyaskovsky, 1998). 

Unlike the radiance ratio algorithms, MO and NN techniques are more flexible in the sense that they can 
tolerate loosing some spectral channels for analysis (without compromising retrieval accuracy to an un- 
manageable extent) if the signals at those wavelengths (the blue ones in our case) happen to be too low, and 
hence, unreliable. Clearly, it has a direct relevance to the atmospheric correction problem: the extrapolation 
of the ratio G in the near infrared to the green instead of the blue wavelengths is, as seen from above, a less 
formidable task, since the major departures of the logarithmic dependence of T(1 (Qt) frequently occur in the 
short wavelength region of the visible spectrum. Moreover, it is in the blue portion of the spectrum where 
corrections for multiple scattering are generally most important. Consequently, the use of "non radiance 
ratio" algorithms promises a higher accuracy in the path radiance/reflectance assessment for atmospheric 
correction. 

ATMOSPHERIC CORRECTION APPROACHES AND OPERATIONAL SCHEMES FOR CASE 
II WATERS 

Initial Approaches 

Historically the first attempts (see e.g. Tassan, 1989, Sturm, 1993a,b, Tassan and d'Alcala, 1993) to 
atmospherically correct space imageries of case II waters followed the Gordon paradigm of "clear-water 
pixels" suggested for case I waters and the approach developed by Bricaud and More] (1987) and later 
revisited by Andre and More] (1991). 

However, the deficiency of such an approach discussed above prompted a search for a new concept which 
would be free of the limitation residing in the clear-water pixel assumption. Following the approach de- 
scribed by Jain and Miller (1994), Doerffer and Fischer (1994) suggested using inverse modeling methods 
for simultaneous retrieval not only of water quality parameters but also of the atmospheric aerosol optical 
thickness Ta Of) from multi-spectral images. In order to take into account the major optically active com- 
ponents (OAC) and the atmospheric aerosol which conjointly modify the radiance backscattered into the 
field of view (FOV) of a remote sensor, an inverse modeling technique based on a two-flow radiative 
transfer approximation and a simplex optimization procedure was exploited. In a sense, it was a further 
development of the idea initially put forward by Bricaud and Morel (1987): utilization of bio-optical algo- 
rithms in the atmospheric correction procedure. However, a new element of the Doerffer and Fischer (1987) 
approach is (using either the matrix-operator model or the simplex optimization technique to render this 
method more operational) to determine such an optimal combination of these parameters by simultaneously 
varying CHI., SM, DOC and Ta . This combination would correspond to the best possible fit (a minimal 

value of the squared residual Q(2) between the modeled and Rayleigh-corrected radiance captured by the 
satellite sensor. Ignoring multiple scattering effects, and using a rather eclectic hydro-optical model based 
on the results of Prieur and Sathyendranath (1981), Doerffer (1979), and Fischer and Grassl (1984), 
together with two radiative transfer methods for obtaining the Rayleigh-corrected radiances (the matrix- 

. . . . . » 2. operator theory and a two-flow approximation), Doerffer and Fischer (I994) minimized Q( through the 
following steps (Fig.4) : 
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Calculate the "Rayleigh-corrected radiance" from the satellite data; 
Calibrate a two-flow approximation against a full radiative transfer model (matrix-operator model); 
Model the Rayleigh-corrected radiance with a simple ocean-atmosphere radiative transfer model (i.e., a 
two-flow approximation) , 
Minimize the squared residual Q(2 between the modeled and measured Rayleigh-corrected radiances 
with an optimization algorithm by varying the concentrations of chlorophyll, suspended matter, dis- 
solved organic matter, and Ta (K). 

This algorithm was applied to process a number of CZCS images of the North Sea. The Angstrom exponent 
was assumed to be constant over the entire CZCS scene (although ship-borne measurements conducted 
concurrently with the satellite overpass indicated that it varied between 1.1 and 1.81 E). 

Further Developments 

Modyications of the Doer fer and Fischer approach 

Later Land and Haigh (1996) modified the Doerffer and Fischer (1994) atmospheric correction algorithm 
for processing SeaWiFS images. Based on the research reported by Baker and Smith (1982), Gordon and 
Morel (1983), and Gordon et al. (1988), they compiled a hydro-optical model which was complemented 
with a default atmosphere allowing for variations in the type and optical thickness of tropospheric aerosol. 
'Ea (K) was assumed to follow Angstrom's law, and the aerosol consisted of a mixture of three types - 
maritime, continental, and urban. Thus atmospheres appropriate solely for marine/oceanic coastal zones 
were considered. Look-up tables were used to correct multiple-scattering effects. 

• 

The algorithm is iterative and modular in that the atmosphere and water are modeled separately (Fig.5). The 
sequential order is as follows: 

the parameters of the two (atmosphere/water) models must first be initialized at least for one pixel; the 
importance of this step depends on the robustness of convergence of the algorithm, which will itself 
depend on the choice of models, and must be tested, 
calculation of P[OI (A) (Eq. 2, part I of this article) corrected for molecular scattering and absorption 
by O3, H2O, 02. 

• 
At this stage an iterative process begins. At each iteration 

,Ow (A) (Eq. 2, part I of this article) is estimated using the adopted water model; 

Raleigh/gas absorption corrected Plor (/1) from the new PW (1) and the atmospheric parameters are 
recalculated using the adopted atmospheric model; 
the squared residual QUO2 is minimized between the modeled and measured Ptot (,1) by varying the 
water and atmospheric parameters until a convergence criterion is met. 

. , . 0 2 2 u . . . . The iterative procedure terrmnates if Q( S Xn , 20 iterations elapsed, or ten iterations elapsed with no 
. . . . 0 . 2 further improvement of fit. A plxel IS considered not to have converged properly if the best-f1t Q( S 10 

. , 2 . - Q(2 , occurrence of degeneracy IS manifest in small Q( corresponding to unreasonable model parameters. 

One or more pixels should be initialized independently. A suitable composition of the atmospheric aerosol 
(95% maritime, 4 % continental, and 1% urban) is to be chosen for the first step. The initially assessed 
'Fu (L) implies a fallacious assumption that pW I I  = 0 (note that this is not the Gordon clear-pixel as- 
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sumption). In reality, the T(7 Of) values thus obtained are for pW (,1) = 0 and negligible aerosol load. Note 
that at surface albedos 2 0.15 this approach may become invalid because, if the surface reflectance is larger 
than the path radiance of an optically thick atmosphere, the aerosol component P(I (X) (Eq. 2, part I of this 
article) is negative. It indicates that scenes incorporating dense phytoplankton blooms and strongly 
sediment-laden rivers/estuaries cannot be processed with this algorithm. It is assumed that an aerosol optical 
thickness T(1 should be found with an Angstrom law wavelength dependence that accounts for as much of 

the apparent Ta as possible, by starting with two channels in which I(1 is close to its apparent value. K = 
0.865 nm (SeaWiFS band 8, see table 1, part I of this article) is suggested as one of the two bands. The 
choice of the second band should follow from considerations of the likely composition of targeted waters. 
The Angstrom exponent U found from those two bands is thought to represent the upper limit for Ta 00 
with a plausible smooth wavelength variation. Converting pW(}l) into [ Pw()l.)]V (Eq.l5, part I of this 
article), Land and Haigh (1996) applied the CHL, SM, and DOC retrieval algorithm suggested by Gordon et 
al. (1988), although this is certainly not the best choice for case II waters. However, the use of the Gordon 
et al. bio-optical algorithm is optional, and in view of the modular nature of the Land and Haigh 
atmospheric correction procedure, the Gordon et al. algorithm can be replaced by any other which might be 
believed more appropriate. 

This initiation and subsequent minimization are performed for the first pixel, then one can initialize sub- 
sequent pixels by the best-fit parameters of their neighbors. This makes use of any continuity of conditions 
that may exist from one pixel to the next. If convergence is poor, the pixel is reinitialized independently as 
was done for the first pixel. 

While the two (atmosphere/water) models have five variables CHL, SM, DOC, Ta (K), and U ,  SeaWiFS is 
equipped with 8 bands, so there may be some redundancy of input information. Since U can be affected by 
RH (see above), this quantity can be included as an atmospheric variable in the minimization scheme to 
reduce the redundancy (Land and Haigh, 1997). 

Validation of the above atmospheric correction procedure was performed on simulated SeaWiFS data. The 
geometry was held invariant with a solar zenith angle of 59.40 and nadir viewing angle corresponding to the 
relative air mass of about 3. Concentration ranges were set 0.1 - 12.8 kg/I for CHL, 0.1 - 12.8 mg/I for SM 
and 0.01 - 1.28 m-l for DOC absorption coefficient. Various combinations of the concentration vector were 
tested. 

It turned out that the easiest water variable to retrieve is SM, followed by CHL and DOC, i.e., the algorithm 
is capable of retrieving Pw (2) accurately in sediment-laden waters with low CHL. It does not perform as 

well in the presence of DOC. Trz (K) and U can be fairly well retrieved although the aerosol types 
(maritime/urban) cannot be adequately distinguished. 

Recently, Land and Haigh (1997) have undertaken an attempt at further improving their atmospheric cor- 
rection algorithm. Atmospheric aerosol composition was extended to include sea salt, dust, water-soluble 
and soot particulates. RH was included as model parameter (see above) in the place of Angstrom exponent 
'U . These innovations proved to be conducive to some improvement of CHL extraction results in simulated 
case I waters, but little if any improvement was achieved in retrieving optically active components (OAK) 
in modeled case II waters containing significant amounts of DOC, CHL, and SM. Aerosol optical thickness 
Ta was retrieved typically to within 5% for unpolluted atmospheres, and to within 10% for polluted 

atmospheres. With the polluted atmosphere Tn was underestimated by an average of 10%, increasing with 
relative humidity. 
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Obviously, the above algorithm was designed for and tested against optical conditions appropriate for rather 
clear coastal waters. Perhaps, utilization of hydro-optical models developed for lakes (see e.g. Bukata et al., 
1995, Pozdnyakov and Lyaskovsky, 1999b) can render it applicable to "truly" case II waters containing 
insignificant (and uncorrelated) amounts phytoplankton, dissolved organics and suspended minerals. In 
addition, a wider selection of atmospheric aerosol models and a search for better minimization techniques 
are highly warranted for meeting the challenges arising from the complexity of optical conditions typical of 
the atmosphere-inland water body systems. 

The iterative atmospheric correction algorithm suggested by Land and Haigh can hardly be used efficiently 
when monitoring highly turbid waters. Indeed, in conformity with the above discussion, reflectance of water 
columns rich in sediments is enhanced not only throughout the entire visible spectrum but also in the near 
infrared. Therefore, given the SeaWiFS spectral channels, it presents a real challenge at the stage of the 
algorithm initialization to find such two wavelengths at which Pw would be about zero. At the same time, 
failure to meet this condition threatens the success of convergence of iterative steps. 

Multivariate optimization techniques are presently used for retrieving water quality parameters from remote 
sensing data (see e.g., Bukata et al.,l995, Pozdnyakov and Lyskovsky, 1999 a,b). The procedure proves to 
be very efficient for retrievals in the case of optically complex waters (i.e., case II waters). Very much like 
the Fischer and Doerffer approach, it can be extended for retrieving the aerosol optical thickness along with 
the water quality parameters. However, practical application of this procedure requires development of 
much faster codes allowing satellite co lor  images to be processed in near real time. 

Neural network approach 

The idea of a simultaneous retrieval of water and atmospheric properties from satellite visible/near infrared 
images was recently transformed into the use of neural network techniques. It is known that a neural 
network is an efficient tool for handling highly nonlinear correlations between a multitude of variables 
(Rojas, 1993). Heinemann and Fischer (1997) reported an algorithm based on a neural network trained on 
more than 1000 different combinations of water and atmospheric conditions, upward nadir radiances at the 
top of atmosphere simulated for 8 SeaWiFS channels. The simulations were performed with the radiative 
transfer model MOMO (Fell et al., 1995). MOMO is a coupled ocean-atmosphere radiation transfer model 
based on the matrix operator theory. Aerosol size distributions and complex refractive indices were taken 
from WCP-112 (Anonymous, 1986) with 90 % of the aerosol placed below 2500 m. Aerosol types varied 
between 100 % maritime and 100 % continental. Case I waters were considered (the CHL range was 0.01 to 
1.5l,Lg/1). A radiance ratio regression algorithm was applied. The aerosol optical thickness was derived from 
the radiances in SeaWiFS channels 7 and 8 (see Table l in part I of this article) by a linear regression 
scheme. 

Although this procedure was originally applied to a simplified case of clear waters, the idea of using neural 
networks can equally be employed when processing visible images of case II waters: it only requires 
inclusion of appropriate hydro-optical and atmospheric aerosol models. Since a neural network is efficient 
in handling highly correlated data, it allows use of all channels of ocean color sensors in one and the same 
retrieval scheme. The first applications of neural networks to case II water images for joint retrieval of 
water and aerosol parameters are underway (Schiller and Doerffer, 1999) . 

Filter vector technique 

Recently Bowles et al. (1998) reported a successful application of the filter vectors technique in hyper- 
spectral imager data analysis. This technique is used to develop an algorithm for subpixel demixing of 
hyperspectral data, i.e., recognizing signatures of different species in order to eventually determine their 
partial concentrations. Allegedly, the filter vector algorithm (FVA) developed by Bowles et al. can estimate 
the concentration of any material in a scene based on its reflectance variations. A complete analysis would 
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require determination of all "endmembers" (i.e., a set of spectral patterns describing individual constituents) 
in the scene. The endmembers are not generally known a priori, but it is assumed that the most important 
ones can often be constructed from measurements performed in situ. 

The spectrum of each individual pixel may be represented as a linear mixture of m patterns and may be 
written in the form: 

D cmsm + N  5 (1) 
m 

where D stands for the observed spectral wavelength vector, Cm are the coefficients, So represents the 

pattern vector for the different species in, and N is the noise vector. Importantly, the changes to a reflec- 
tance pattern produced by atmospheric absorption, scattering, etc. are multiplicative and lead to additional 
patterns (species) in the set of fundamental patterns Sm . which is equivalent to an increase in the dimen- 
sionality of the pattern space. 

From general considerations it is clear that the problem is manageable if the dimension of the pattern space 
is less than ND - the number of wavelengths measured by a remote sensor. Understandably, all the 
coefficients Crn should be positive or zero. Therefore, the task is reduced to finding Cm for all the species 
in each pixel. 

To meet this goal, a set of filter vectors (FV) should be constructed utilizing linear vector spaces and or- 
thogonal projections, much as a Fourier transformation uses sinusoidal signals. A filter vector F1n must 
satisfy the following conditions: 

Fn - so: am (i.e. a VF is to be orthogonal to all pattern vectors in the scene except the one for which it 
was trained) (2) 

Fn-U = 0 (i.e. the mean of the elements of Fn is zero ) 

where U = (l,1,1,....1) i ; the unit vector with a dimension ND 9 

(3) 

A F - F  n a minimum, (i.e. minimization of the residual value of Fn N ) (4) 

The above conditions ensure that 

2 FHDEF CmSmJ,.N=Cn n 
m 

(5) 

Equations 2 to 4 present a minimization problem which Bowles et al. (1998) suggest solving by calculus of 
variations. To minimize the noise impact on the system, the FV should be approximately orthogonal to the 
noise vectors. The more number of spectral channels, the easier this condition can be met since it is known 
that the average angle between an FV and a randomly selected noise vector tends to 90 o with increasing 
input data dimension. 

The method was successfully tested against synthetic spectra for 100 random species containing a mixture 
of narrow and wide Gaussian features. These spectra were constructed with 500 wavelengths (bands) to 
create 100 mixture pattern vectors. 
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However, many water constituents as well as Ta exhibit very smooth spectral variations (see above), and it 
appears debatable if FVA is actually efficient when processing hyperspectral data collected over natural 
waters. Perhaps more research is required to disperse the above doubts. 

As seen, the FVA implies availability of a library of spectral signatures of endmembers. In our case these 
are water constituents and atmospheric parameters. From this point of view, the FVA has no advantage over 
the atmospheric correction procedures discussed above. Bowles et al. (1998) claim that one of the assets of 
the FVA is its fastness. However, if the selection of spectral signatures is necessarily large, then the PVA 
fastness can fall down. At least it requires a quantitative assessment and efficiency comparison with other 
atmospheric correction algorithms. 

CONCLUDING REMARKS 

The era of simplified approaches to atmospherically correct water colour data, obviously, is in the past. The 
present developments in the area of atmospheric correction of visible/near infrared images of case I and 
especially case II waters are indicative of a tendency to explore such techniques which would provide a 
simultaneous retrieval of water quality parameters and atmospheric aerosol optical thickness. Various 
minimization techniques are used to this goal. 

Clearly, in constructing models of the atmospheric optical properties, it is mandatory to provide a wide 
variety of options of aerosol modes including those that exhibit absorption in the visible spectral region. 

A number of unsolved problems remain in this area. One of them relates to a poorly known spectral dis- 
tribution of the foaMwhite caps reflectance. The other problem, which is especially severe for case II wa- 
ters, is a deficit in reliable hydro-optical models. So far, only a limited number of them are suggested in the 
literature for coastal and inland waters. Atlases of absorption and scattering/backscattering cross sections 
are required for a wide variety of case II waters, as well as for different vegetation seasons and climatic 
conditions. The accomplishment of this task is perhaps one of the key elements of contemporary research on 
atmospheric correction. 

As seen, the majority of studies carried out in atmospheric correction are based on simulated data. Much 
more research is required to verify theoretical results against reliably performed field measurements. There 
are such plans for case I waters but yet not for case II waters which present the most serious challenge due 
to their exceptional optical complexity and high variability of the atmospheric aerosol properties over land. 
National/international workshops at which different approaches can be tested concurrently against one and 
the same field measurements of water constituents and Ta (K) are mandatory to further the progress in this 
area. 
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Fig. 1: Spectral variations of radiance in dependence on increasing levels of inorganic sediments (in mg/1) 
(Curran and Novo, 1988). 
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Fig. 4: Scheme of the Doerffer and Fischer (1994) atmospheric correction procedure. 
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Fig. 5: Flow chart of the atmospheric correction iterative algorithm suggested by Land and Haigh (1996). 
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