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Abstract. The conditions for a linear relation between satellite and sea radiance is outlined. 
The slope of the relation is influenced by the submarine radiance distribution, with a 
variation of perhaps 10% . Estimates of the different contributions to the satellite radiance are 
presented, based on quantities derived from a quasi-single scattering model. The estimated 
adjacency effect is reduced to 1/e of its maximum value at a distance of 1 km from the coast. 
An expression for the relative variation of the sea radiance with solar altitude is deduced. 
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1. Introduction 

The problem of estimating an optical property of the upper layer of the sea by passive remote 
sensing can be divided in two: - an atmospheric part which is to establish the relationship 
between the remotely sensed radiance Lsat and the transmitted radiance Lsea from the sea, 
- and a marine part which is to estimate the radiance which emerges from the sea as a 
function of the wanted property. 

In practical work the inverse functions will be needed: The optical property as a function of 
Lsea• and Lsea as a function of Lsat· These functions will also depend on such factors as 
wavelength, solar altitude, atmospheric transmittance, and sea surface reflectance. 

It is also possible to make a shortcut and search for direct statistical relationships . Different 
algorithms which estimate the particle content and the vertical attenuation coefficient in clear 
ocean waters have been constructed (Gower, 1980, 1981, Gordon and Morel, 1983, Gordon 
et al., 1985). The particle content in these algorithms is usually expressed by the mass or 
pigment concentration. Unfortunately they can not always be applied to coastal waters where 
the presence of suspended inorganic particles and dissolved yellow substance makes the 
optical conditions more complex. 

This paper deals with the atmospheric part of the problem presented above. The aim has been 
to aide the analysis of satellite observations in the outer Oslofjord (Aas and S0rensen, 1995). 

The relation between the satellite and sea radiance is usually written on the linear form 

(1) 

The first term on the right side is assumed to be constant, and is here denoted Latm• since 
several authors call it the 11 atmospheric correction 11 

, although it also includes photons which 
have been reflected from the sea surface. Lsea is the transmitted sea radiance just above the 
sea surface. B is the slope of the relation, and may also be regarded as a virtual atmospheric 
transmittance of Lsea· 

The influence of Latm and Bon the value of Lsea can be seen from the inverse form of (1): 

(2) 

This expression shows that if B is estimated with an error of 10%, all values of Lsea will have 
the same relative error. However, as it has been pointed out by Gordon (1978), an error in 
Latm of 10% may produce errors larger than 50% inLsea• since the difference betweenLsat and 
Latm varies typically from 5 to 50% of Latm in coastal waters. Thus the error in the estimate 
of Latm should preferably be reduced to less than 1%. 

In the text below it is first shown which conditions that must be met if the remotely sensed 
radiance shall be a linear function of the radiance from the sea (Section 2). Expressions for 
the different contributions to the satellite radiance are deduced from the equation of radiative 



2 

transfer (Section 3), but before the expressions can be applied, some coefficients have to be 
determined. In order to do so, a simple atmospheric model is described in Section 4, and 
approximate values of the coefficients are obtained by a quasi-single scattering method in 
Sections 5-7. The different radiance contributions are then estimated (Section 8). Finally an 
approximate expression, which describes the variation of the sea radiance with solar altitude, 
is deduced (Section 9). 

2. Conditions for a linear relation between satellite and sea radiance 

The direction of the radiance in the atmosphere may be defined by the zenith angle 0 and the 
azimuth angle cp, with cp = 0 towards the sun, and the vertical z axis may be defined positive 
upwards, with z=O at the sea surface and z=H at the top of the atmosphere. The distance 
from the coast may be x, andy the coordinate normal to this direction. The equation of 
radiative transfer for the nadir radiance then sounds 

dL(x,y,z, 1t) ( )L( ) L ( ) = - c x,y,z x,y,z, 1t + * x,y,z, 1t 
dz 

(3) 

where L(x,y, z, 1r) is the radiance and c(x,y,z) the attenuation coefficient. The path function 
L * (x,y,z, 1r) represents the contribution to the nadir radiance per unit path length, due to light 
scattered from all other directions. It is defined by 

L *(x,y,Z,1t) = Jp(x,y,Z,1t -8) L(x,y,z,B,<p) dQ (4) 
47t 

where (3 (x,y,z, 1r-O) is the scattering function of unpolarized light, 1r-O is the angle between 
the direction (O,cp) and the vertical, L(x,y,z,O, cp) is the radiance from the direction (O,cp) at 
the position (x,y,z), and dfl is the infinitesimal solid angle which contains the radiance. 

The nadir radiance Lsm received by the satellite can be obtained by integrating (3) between 
the sea surface and the top of the atmosphere. The general form of the solution is 

L = L(x y H 1t) = e- 't(x, y,H) L(x y 0 1t) + L *(x y) 
sat ' ' ' ' ' ' ' 

(5) 

where T(x,y,z) is the optical thickness of the atmosphere between the surface and z. It is 
defined as 

z 

t(x,y,z) = J c(x,y,z') dz' 
0 

The term L*(x,y) in (5) is the path radiance, given by 

(6) 
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L * (x,y) = e -~cx,y,H) J e ~cx,y,z) L. (x,y,z; n:) dz 
0 
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(7) 

At the sea surface the nadir radiance L(x,y, 0, 1r) consists of only reflected and transmitted 
light, and the radiance in the first term on the right side of (5) may be written 

L(x,y;O, n:) = Lrfl(x,y,O, n:) + Lsea(x,y,O, n:) (8) 

where Lrfl(x,y, 0, 1r) is reflected radiance from the sea surface, and Lseix,y, 0, 1r) transmitted 
radiance from the sea. The directly transmitted radiance from the sea surface in (5) can thus 
be written 

e -~(x,y,H) L(x,y,O, n:) 

= e- ~cx,y,H) [Lrfl(x,y,O, n:) + Lsea(x,y,O, n:)] (9) 

where Lrfl(H, 1r) and Lsea(H, 1r) are the values of the direct radiances at the top of the 
atmosphere. 

The photons which are coQ.tained within the path radiance L*(x,y) may be divided into four 
hierarchic groups, according to their prehistory. The different groups are: 

- those which have at least once been in contact with the sea water beneath the 
surface CL;earx,y )), 

- those which have not been in contact with the sea water, but which have at least 
once been reflected from the sea surface (L;fl(x,y)), 

-those which have neither been in contact with the sea water nor the sea surface, but 
which have at least once been in contact with the land (L;anix,y)), 

-and those which have neither been in contact with the sea water, nor the sea surface, 
nor the land, but which necessarily must have had at least one contact with the air molecules 
or the aerosols (L;i,(x,y)). 

The path radiance of (5) may thus be written 

(10) 

By means of (9) and (10), (5) can now be rewritten as 

(11) 
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In order to simplify the notation, the coordinates (x,y) will be omitted in the text below, 
unless needed. 

Over an infinitely wide ocean (x= oo) where L;and=O, the sum of the terms L:;n L;fl, and Lrfl 
will be constant when the sea surface reflectance and the atmospheric conditions within the 
investigated area are constant. If a correlation analysis is performed between Lsat and 
Lsea(O, 1r), the sum of the three mentioned terms will act as the constant of the relation. Since 
there will be a strong positive correlation between L ;ea and Lsea (0, 1r), the path radiance L ;ea 
is likely to make a significant influence on the slope of the relation, as can be seen from the 
equation (13) below. A more convenient form of (11) for practical analysis will in this case 
be the already introduced equation (1), where the corresponding terms are 

(12) 

and 

B = (13) 

The first fraction on the right side of (13) is only a function of the optical thickness of the 
atmosphere, and if the atmospheric conditions do not vary with x or y within the investigated 
area, this fraction will remain constant. The second fraction depends on the upward radiance 
distribution in the sea, and if the shape of this distribution is constant, the slope B will also 
become a constant. Lsat will then become a linear function of Lsea(O, 1r) and vice versa. 

From a theoretical point of view it is perhaps more likely that when Lsea(O, 1r) changes due 
to a change in the optical properties, the shape of the underwater radiance distribution will · 
change as well, so that the ratio L;ea I LseiO, 1r) in (13) obtains a new value . . 

The range of()= 90°-180° in air corresponds to 132°-180° in water, but between 132° and 
140 o the transmittance through the water -air interface increases from 0 to 94% . In the range 
140 o -180 o the transmittance is fairly constant. Observations of underwater radiance 
distributions (Table 1) indicates that the ratio Lw(l40°)/Lw(l80°) at 535 nm may vary from 
about 1.1 to 2.0. The factor Q, defined as E11w1LA180°), where E1M is the upward irradiance 
in water, has a similar variation from 3. 6 to 7. 9. This means that the assumed linearity is 
not self-evident a priori. 

Over an infinite expansion of land (x =- oo) the satellite will receive the radiance 

(14) 

If, on the other hand, the satellite observes the ocean at a small positive distance x from the 
coast, the contribution from the term L;anix,y,H, 1r) will certainly be less than in (14), but 
at the same distance the values of the path radiances L;ea and L;fl will be reduced, due to the 
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reduction in the sea surface areas which contribute to these terms. The possible variation of 
Lsar with the distance from the coast when LseaCO, n') is constant will be estimated later in 
Section 8. 

3. Expressions for the contributions to Lsat 

Above the sea, at some distance from the coast where the term L;and may be neglected, the 
contributions to the satellite radiance Lsar,sea will be 

(15) 

Let us assume that by correlation analysis of (1) the value of Larm above the sea has been 
found. According to (12) this term consists of 

(16) 

Above land, where Lsea(H, 1r) and L;ea may be neglected, the contributions to the satellite 
radiance Lsar,tand become 

(17) 

It will be convenient to introduce the quantities 

0 sea = a land = 
(18a,b,c) 

Finally the ratio between the radiance contributions from land and sea surface will be denoted 
by the symbol K: 

(19) 

Solution of the equations (15)-(19) gives the different contributions to the satellite radiance: 

L -L sat,sea atm (20) 
1 + a sea 

1 Lsat,land - Latm (21) 
K - 1 1 + arfl 
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lC 
Lland(H,rc) = -

lC - 1 
Lsat,land - Latm 

1 + a land 

= KLatln - Lsat,land 

lC - 1 

The remaining contributions L;ea• L;fl, and L;and are then obtained from (18). 

4. Optical properties of the atmosphere 

(22) 

(23) 

McClatchey et al. (1978) have presented vertical distributions of the scattering and absorption 
coefficients up to 100 km for five standard atmospheres. Figure 1 shows the scattering 
coefficients of air molecules (b111) and aerosols (ba) at 488 nm for the clear subarctic 
atmosphere in summer, between sea level and an altitude of 20 km. The absorption 
coefficient of the aerosols, which at all altitudes amounts to 6% of the corresponding value 
of b a• contributes only 3. 6% to the total optical thickness at this wavelength. 

It is seen in Figure 1 that most of the optical activity takes part in the lower part of the 
atmosphere. In order to simplify our equations further, we want to replace the vertical 
profiles with a homogeneous atmosphere of constant scattering coefficient. The question then 
becomes which geometric thickness H that should be designed to such an atmosphere. For 
a ray which passes vertically, only the optical thickness matters. For an oblique ray, 
however, the curvature of the atmosphere, and thus the thickness H, will influence the optica1 
path through the atmosphere. A wanted property of the homogeneous atmosphere will 
therefore be that the optical path for all directions should be as close as possible to the 
corresponding path in the real atmosphere. 

The ratio between the optical path at the angle e and the optical thickness is termed the 
relative optical mass m(O): 

r 

m(8) = •(r) = -
1- J c(r') dr' 

•(H) •(H) 0 

(24) 

where r' is a distance along the oblique ray. 

The total distance r through the homogeneous atmosphere can be obtained from the geometric 
relation (see Figure 2) 

(R + H)2 = (r sin8)2 + (r cose + R? (25) 

where R=6371 km is the radius of the earth. The relative optical mass in this atmosphere 
becomes 
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m(e) = .!.__ = ~[2_R_H __ + _H_
2
_+_R_

2_c_o_s_28-=];_1'_2 _-_R_c_o_s _e 
H H 

(26) 

Refraction of the rays, which should be taken into account when e is larger than 87°, has 
been neglected in this expression. 

By comparing calculated values of m based on (24) with the expression (26), the best choice 
of H can be found. In a clean molecular atmosphere the scattering coefficient bm will 
decrease slowly with height (Figure 1), and H becomes about 10.5 km. Since the optical 
thickness of this atmosphere at 488 nm is Tm(H) =bmH=0.160 (Table 2), the corresponding 
homogeneous model could be given a height H = 11 km and a scattering coefficient 
bm=0.0145 km-1, as shown in Figure 1. 

The aerosol profile is quite different from the molecular one, with large concentrations and 
strong vertical gradients close to the ground, as illustrated by the curve for b a in Figure 1. 
In the corresponding homogeneous atmosphere the height would only become 2.7 km. The 
optical thickness due to the aerosols (neglecting absorption) is Ta(H) =baH=0.264. 

If we combine the effects of scattering from both air molecules and aerosols, the aerosols 
will still be dominating, and the resulting model height will become H=4.1 km. The optical 
thickness is now T(H)=bH=0.424, and if the height is rounded off to 
H=4 km, the mean scattering coefficient becomes b=0.106 km-1 (Figure 1). 

In the last case the geometric expression for m may be written 

m(8) = 1550 [(cos28 + 0.00129)1'2 - cos8] (27) 

For values of 0 less than 86 o, however, this relation may be substituted by sec 0. If the 
definition of e gives it values between 90° and 180°' cos e should be replaced by -cos e in 
the expressions (26) and (27). Vice versa, whenever 0 in the following text lies in the range 
86°-90° (or 90°-94°) , quantities likezsece in expressions describing the atmosphere should 
be replaced by zm(O) (or -zm(O)). 

The Mie scattering function for the aerosols (McClatchey et al. , 1978) and the Rayleigh 
scattering function for the air molecules have been added, and the resulting scattering 
function is presented in Figure 3. The ratios between the forward scattering coefficient b1 and 
the total scattering coefficient b, as well as other scattering properties which will be needed 
later, are presented in Table 2. 

5. Value of arn 

The general assumption in the applied single scattering model is that the photons which reach 
the satellite, and which belong to the four different groups listed earlier in Section 2, have 
not been scattered more than once during their last passage through the atmosphere. This 
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means that the photons which are reflected upwards from the level z=O (sea surface or land), 
or scattered upwards from beneath the sea surface, may have been scattered several times 
before this event. Consequently this should be termed a quasi-single scattering model. 

The downward radiance from the direction (O,cp) will be reflected as a radiance from (1r-8, cp), 
provided the sea is flat. The path function L*rfl(z, 1r) is generally defined by (4), but due to 
the single scattering assumption above, the integral will now be confined to the lower 
hemisphere 27r11 , which contains the reflected radiance from the sea. Since the influence of 
the path function on the radiances which contribute to L *rfl(z, 1r) is neglected, the vertical 
variation of these reflected radiances is approximated by 

Lrfl(z,rt -8,<p) ~ Lrfl(O,rt -8,<p) ebzsec(7t-e) 
(28) 

= p(8) L(O, e, <p) e bzsec(1t -e) 

where p(8) is the Fresnels reflectance of the sea surface, and L(O, 8, cp) is the solar and diffuse 
sky radiance at the sea surface. 

The directly reflected radiance Lrfl(H, 1r) becomes, by means of (9) and (28), 

Lrfl(H, rt) = e -bH Lrfl(O, rt) = e -bH p(O) L(O,O) 

The path function L *rfl is given by ( 4) and (28) as 

L *rfl(z,rt)= f j3(8) Lrfl(Z,rt -8,<p) dQ. 
21tu 

= J ~(8) p(8) L(0,8,<p) ebzsec(7t-B) dQ. 

21tu 

(29) 

(30) 

The ratio arfl between the path radiance and the direct radiance of reflected light, defined by 
(18a), may by means of (7) and (9) be written 

L~(H, rt) JH b L*rfl(z, rt) 
a= = ez dz 

rfl Lrfl(H,rt) 0 Lrfl(O,rt) 
(31) 

In order to estimate the magnitude of arfl, the integral in (31) may be calculated numerically. 
Another possibility is to apply an approximate analytic procedure, as presented below. This 
will perhaps be more instructive. It will then be practical to rewrite (30) as 
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L*rfl(z,rc) = J ~(n -e) Lrfl(O,e,q>) ebzsece dQ (32) 
2nu 

where e has been changed to mean the zenith distance of the radiance after the reflection. It 
may be noted that sec() now is a negative number, since ()lies in the range 1r/2 - 1r. 

The last expression may be written, by means of the mean value theorem, 

1t 

L*rfl(z,n) = Lrfl(O) 2n J~(n-e) ebzsece sine de 
n/2 

where Lrfl(O), according to (32) and (33), is defined by 

2n 1t 

J J ~(n -e) Lrfl(O,e,q>) ebz sece sine de dq> 
= 0 n/2 

1t 

2n J~(7t-e) ebzsece sine de 
n/2 

(33) 

(34) 

The overbar of L denotes a mean value with regard to cp in the range 0 - 21r, which is an 
arithmetic mean, and a mean value with regard to () in the range 1rl2 - 1r, which is weighted 
by the scattering function, the exponential function, and the sine function of the integral. The 
scattering and exponential functions will obtain their largest values at e = 1r, while the 
maximum of the sine occurs at 0=1rl2. The combined effect, however, will be that the 
strongest weighting occurs close to e = 1r. 

By applying the mean value theorem once more, (33) becomes 

1t 

L*rfl(Z,1t) ~ Lrfl(O) ebzsece21t J~(7t-e) sine de 
n/2 

where bf is the forward scattering coefficient, and e is defined from (33) and (35) as 

e = arccos _______ b_z _____ _ 

1n (27t f ~(rc -e) ebz sece sine de l 
bf n/2 

(35) 

(36) 

The value of 0 above depends both on the value of bz and on the shape of the scattering 
function. A closer study reveals that the shape of {3 is the dominant factor. As a consequence 
it becomes possible, as a crude approximation, to apply a constant value of e for all values 
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of z between 0 and H. For instance, in the described model atmosphere (Table 2) with the 
{3 function presented in Figure 3, the mean value of() becomes about 129° . 

By using (35), the ratio arfl, given by (31), becomes 

H I (0) ebz sece b 
a rfl = J e bz rfl f dz = 

o Lrfl(O, n) 
(37) 

Lrfl(O) bf ebH(l+secB)- 1 

Lrfl(O, n) b 1 + sec8 

In the model atmosphere (Table 2), the expression above gives 

(38) 

It remains to estimate the fraction on the right side of (38). Unfortunately no observed 
distributions of atmospheric radiance at 488 nm seem to have been published. On the other 
hand, several observations of diffuse sky luminance exist (Kimball, 1921 , Peyre, 1927, 
Dogniaux, 1954). Most probably the relative angular distribution of the sky luminance will 
roughly resemble the corresponding radiance distribution at 555 nm, and it has been assumed 
that the radiance distribution at 488 nm may resemble the former. 

·If the observed sky luminances presented in Table 3 are applied, together with the corres
ponding Fresnel reflectance, properly weighted with the {3 function, the exponential function 
and the sine function of (33), for a solar zenith angle of 30° and with a sky to solar 
irradiance ratio of 0.30 (Figure 4), the estimated values of the ratio Lrfl(O) I Lrfl(O, 1r) and of 
arfl will become about 6.9 and 2.0, respectively. When the solar zenith angle increases to 
50°, the radiance distributions from Table 3 and a sky to solar irradiance ratio of 0.35 
(Figure 4), will increase the value of arfl to about 3.0 (Table 3) . Later the value of arfl at the 
solar angle 45 o shall be needed. The same procedure then gives arfl ~ 2. 7. 

6. value of usea and slope of the linear relation 

In the single scattering model the integral of the path function L *sea (z, 1r) is confined to the 
lower hemisphere 27r

11
, which contains the directly transmitted radiance from the sea. The 

vertical variation of the radiances which contribute to L*seaCZ, 1r) is approximated by 

(39) 

so that the path function L*seaCz, 1r) becomes 
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L*sea(z,rr.) ~ Jp(rr.-8) Lsea(0,8,<p) ebzsece dQ (40) 
21111 

The further development of this expression is identic with the development of L*rfl(z, 1r) in 
(29), and it is not necessary to repeat it. By using (37) and (38), the ratio asea• given by 
(18b), becomes 

0 sea = 
Lsea (0) bf e bH(l+secB) - 1 

Lsea(O, rr.) b 1 + seeS 
(41) 

Lsea(O) 
0.29 

The definition of the slope B, given by (13), may now be written 

B = Lsea(H,rr.) + Ls:a = e-bH Lsea(H,rr.) + L:ea 

Lsea(O, rr.) Lsea(H, rr.) 
(42) 

Lsea(O) 
~ TL(7t) [ 1 + 0.29 ] 

Lsea(O, rr.) 

where TL(7r) is the vertical transmittance of radiance through the atmosphere. 

A closer numerical study of two of the underwater radiance distributions which was referred 
to in Table 1, reveals that at 535 nm asea will probably become 0.29 above the Gullmam 
fjord (the ratio Lsea(O) I Lsea(O, 1f) comes close to 1), and 0.44 above the Baltic (the ratio LseiO) I 
Lsea(O, 1r) will be about 1.5). It can be found from (42) that a 50% increase in asea will 
produce a 12% increase in B, and thus a 12% decrease in Lsea(O, 1r) if Lsea(O, 1r) is calculated 
from (2). The last case may perhaps represent an extreme radiance distribution, but the result 
indicates that the slope of the linear relation may vary up to 10% , due to the marine 
influence. 

A possibility which has not been taken into account, is that the radiance observations in Table 
1 are influenced by the self-shading of the instrument, as discussed by Gordon and Ding 
(1992). If so, the correct values of L(l40°) 1£(180°) may perhaps be closer to 1 than those 
presented in Table 1. 

The quantity B, as it is defined in this text, is the virtual vertical transmittance of the nadir 
radiance from the sea. Some authors have suggested that it is equal to the true vertical 
radiance transmittance , while again others define B as the 11 atmospheric transmittance 11

, 

without giving any further details. However, it can be seen from (42) that B is larger than 
TL(7r)" 



12 

Gordon et al. (1983) assigne a "diffuse transmittance" t to the photons which the satellite 
receives from the sea. Their expression for t becomes in our notation for nadir radiance in 
an atmosphere without absorption 

t -(bmb + bab)H -bbH 
= e = e (43) 

where bmb and bab are the backscattering coefficients of air molecules and aerosols, 
respectively, and bb is the sum of these coefficients. 

In a multiscattering atmosphere where the scattering coefficient b is unevenly distributed, the 
functional relationship between B and the different optical properties may differ from the one 
predicted by ( 42). Since the applied single scattering model, however, underestimates the 
path function and consequently B, it is possible that (43) comes closer to the true value, but 
field tests seem to be lacking. The two important points that remain are that B is significantly 
larger than the vertical radiance transmittance, and that B (perhaps) may vary up to 10% due 
to variations in the marine radiance distribution. 

7. Value of u1and and K 

The radiances which contribute to L*tand will be of the same form as (28) and (39), and the 
corresponding path function will consequently be similar to (29) and ( 40). The ratio a1and 

between the path radiance and the direct radiance from land becomes, in the same way as for 
urj/ and (Jsea• 

0.29 (44) 

It has been observed that reflected radiance from the ground varies significantly with the 
direction, with maximum radiance from ('Tr-08 , 0) (Deering, 1989, Irons et al., 1989). It is 
not known, however, how the reflectance varies in the coastal area around the Oslofjord, and 
in order to simplify our estimates, the ground has been assumed to act as a Lambert diffusor 
with constant radiance. The value of atand then becomes 0.29. 

The quantity K, defined by (19), may also be written 

K 
Lland(H, n) + L~nd 

Lrfl(H, n) + L;z 

Lland(H, n) [ 1 + a land] 

Lrfl(H,n) [1 + arfl] 
(45) 

In this expression the ratio Ltand(O, 1r) I L rf/(0, 1r) remains to be determined. In order to do so 
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it may be used that the irradiance reflectance P1and of the ground, acting as a Lambert 
diffusor, can be expressed as 

(46) 

where ElO) is the downward irradiance just above the ground. Another useful relation is 
(28), which gives the reflected radiance from nadir at the sea surface as 

Lrfl(O, n) = p(O) L(O,O) (47) 

where p (0) is the Fresnel reflectance for radiance of normal incidence at the air-water 
interface. By means of (46) and (47), (45) becomes 

EiO) 1 1 + aland 

K = P1and L(O,O) 1t p(O) 1 + arfl 
(48) 

8. Estimates of the contributions to Lsat 

On the 13th of May, 1988, at a solar altitude of 45 o and above the land inside the coastal 
line of the outer Oslofjord, the TM1 sensor (485 nm) of the satellite Landsat-5 recorded the 
maximum value of the radiance from nadir to be (S0rensen et al., 1993) 

L 70 W -2 -1 -1 
sat, land :::> m J.Lm sr (49) 

Above the waters of the Oslofjord it was typically observed that 

(50) 

From the graphic representation of (1) it was found (Aas and S0rensen, 1995) ,that 

L :::> 40 Wm-2 "m-1sr-1 atm r-
(51) 

The values of arfl, asea• and a/and have earlier been estimated to 2.7, 0.29, and 0.29, 
respectively, when the solar altitude is 45 o. From the luminance distributions of Dogniaux 
(1954) and the ratio between diffuse and solar irradiance (Figur 4) the fraction EiO) I L(O, 0) 
at 488 run can be obtained as 20.6, at the same solar altitude. The Fresnel reflectance of sea 
water at normal incidence is 0.021. The maximum value of Lsar, land was obtained above dry 
and bare fields. It has been guessed that the corresponding soil reflectance in the blue part 
of the spectrum may have been about 3.7% (Kondratyev, 1969), which according to (48) 
makes K equal to 4. 

The different contributions to the satellite radiance may then be calculated from the equations 
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(20)-(23) and (18), and with the estimated values of CJ and K. The results are presented in 
Table 4. 

It is seen that the term L:ir constitutes almost 70% of the total signal when the satellite is over 
the sea. While the contribution from the sea is only about 10% of the total satellite signal, 
the contribution from the reflected light is twice as large. 

However, the single scattering method underestimates the path radiances, which means that 
the applied CJ values are somewhat underestimated. The calculations have shown that while 
the most important contributions to L:ir come from the air molecules, the important contribut
ions to L;fl, Lrfl, andL;and are due to the aerosols. According to Gordon and Wang (1994) and 
Wang and Gordon (1994) the single scattering model will underestimate the contribution from 
the aerosols at 443 nm by up to 10-30%, for a tropospheric and marine atmosphere, 
respectively. Since the obtained value of CJrfl was not based on a strict single scattering model, 
but used reflected multiscattered radiance as the input, the resulting error in CJrfl may perhaps 
be less than 30%. Still, in order to see which effects a change in the coefficients will 
produce, other estimates have been made with the CJ's increased by 30%. It is also possible 
that the observed maximum radiance above land corresponds to a higher ground reflectance 
than the chosen one, so new estimates have been made with Piand increased from 3.7% to 
7.4%. 

Table 4 shows that the increase in CJ changes the magnitude of the contributions to the 
satellite radiance less than 30%. The doubling of the assumed ground reflectance, however, 
reduces the sum of Lrfl(H, 1r) + L;fl to half of its former value. From this it may be concluded 
that in the present case above the Oslofjord the contribution Lrfl(H, 1r) + L;fl from surface
reflected photons most probably is equal to or larger than the contribution Lsea(H, 1r) + L;ea 
from photons scattered upwards by the sea water. 

If the area of observation is close to the coast, the contributions to the satellite radiance will 
be 

(52) 

By assuming that the sun is on the sea side of the satellite, numerical estimates of the satellite 
radiance at increasing coastal distances x have been made with the single scattering model. 
The term L:ir is integrated over all directions 47r as before, and will be independent of x. The 
other path radiances are integrated over solid angles Osea and Oland which in the applied model 
are functions of X and Z, and related by nseix,z) + 0/and(x,z) = 21ru· The height of the model 
atmosphere (4 km) then becomes crucial, since it determines the size of the solid angles. The 
term L;fl, however, has been assumed approximately unchanged, since its solid angle of 
integration nsea(x,z) contains the reflection of the direct solar rays, which in this model 
constitutes the major part of L;fl. 

The results are presented in Figure 5. The effect of the coast is seen to decrease rapidly as 
the distance increases. At 0.6 km away from the coast the effect has been reduced to 50% 



15 

of its maximum value, and at 1 km to 1/e. These values depend strongly on the reflectance 
of the land and the height of the model atmosphere. 

Such effects have earlier been termed adjacency effects (Otterman and Fraser, 1979, Tanre 
et al., 1981, 1987, Kaufman, 1989). They will appear at the border between areas of high 
contrast, and will tend to reduce the contrast between the areas. In an aircraft experiment 
described by Kaufman (1989), the effect was reduced to lie at 0.27 km from the coast, 
which is about 114 of the corresponding distance in our estimate. 

It may finally be added that also ice on lakes and in bays, and shadows cast by clouds, may 
produce areas of high contrast, where adjacency effects are likely to occur. 

9. The variation of Lsea(0,1t") with solar altitude · 

While the recording of the satellite scenes in the outer Oslofjord takes about 5 seconds, the 
field measurements require 7-9 hours. It then becomes necessary to correct for the variation 
of the solar altitude. A first approximation of the correction, based on the single scattering 
method, is presented below. 

In order to simplify the expressions, the surface layer of the sea shall be assumed to be 
. optically homogeneous. When the equation of radiative transfer, (3), is integrated from the 
depth 0 just beneath the surface to the depth Z, the expression for the radiance from nadir 
becomes similar to (5): 

z 
-c z -c Z J c z d Lw(Z, n) = e w · Lw(O, n) + e w e w L*w(z, n) z (53) 

0 

Here Lw(Z, 1r) is the nadir radiance in the water, and cw the attenuation coefficient. It may be 
noted that z and Z are negative quantities. L *w (z, 1r) is the nadir path function of the water. 
(53) may be written more conveniently as 

z 
Lw ( 0, 1t) = e cwz Lw ( Z, 1t) - J e CwZ L * w ( Z, 1t) dz 

0 

When the limit Z goes to - oo, the expression simplifies to 

0 

Lw(O, n) = J e cwz L*w(z, n) dz 

(54) 

(55) 

The main contributions to the path function L*w comes from the downward solar and diffuse 
radiances that are transmitted through the sea surface, in the range e = 0 - 48 o, and from the 
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upward scattered radiances in the sea, in the range 0=90°-180°. The radiances of the first 
group will be scattered in angles ranging from about 132° to 180°, where the volume 
scattering function is rather small. The radiances of the second group are of order 1% of the 
former, but since they are scattered in forward angles where the scattering function is more 
than 100 and 1000 times larger than for the first group, the overall effect will probably be 
that the last group gives the largest contribution to the path function. We shall assume, 
however, that although the shape of the upward radiance distribution will vary with the solar 
altitude, its integrated contribution to the path function for nadir radiance will be roughly 
proportional with the nadir radiance, that is independent of the solar altitude. The estimate 
of the radiance from nadir will then be based solely on the contribution from the downward 
radiances. It is hoped that this simplification will still produce a fairly correct picture of the 
relative variation. 

(It may be noted that the range that has been left out, 0=48°- 90°, just beneath the surface 
will consist of reflected upward radiance). 

We will first find the contribution from the solar radiance. In this case the path function can 
be approximated by an expression corresponding to (32): 

L ( ) ~ ~ ( e ) Q L (O) c,. z sece.w * ws Z, 7t ~ P w 7t - sw sw sw e 
(56) 

f3w is the volume scattering function of the sea water, nsw is the solid angle to the sun as 
observed from beneath the surface, Lsw(O) is the solar radiance just beneath the surface, and 
esw is the solar zenith angle in the sea, related to OS by Snell's law: 

(57) 

where n ::::::: 1. 34 is the refractive index of sea water. From this law follows that the solar solid 
angle in water, nsw• is related to the corresponding angle in air, ns, by 

Qsw = (58) 

Lsw(O) is related to Ls(O) by 

(59) 

where T(O) is the transmittance through the air-water interface when the angle of incidence 
is es-

When (56) is inserted in (55), the integral can be solved, and the contribution to Lw(O, n) 
from the solar radiance becomes 

(60) 

This relation was probably first derived for water by Lauscher (1947), and later by Jerlov 
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and Fukuda (196a). 

When the radiance in (6a) is transmitted through the sea surface into the air, it obtains a new 
value, .b.sLsea(O, 1f'), which is related to its earlier value by 

(61) 

By means of (S8)-(6a) the solar contribution (61) to the sea radiance can be written 

The contributions from the diffuse sky were calculated from the luminances at the solar 
zenith angles 3ao, sao, and 7ao, presented by Dogniaux (19S4). At other angles the values 
have been interpolated. It has been assumed that the radiances at 44S and S14 nm are 
proportional with this luminance. The luminance values at the zenith angles 3ao and sao are 
shown in Table 3, where the atmospheric hemisphere has been divided into 9 different 
sectors with a mean azimuthal radiance. The contribution to the sea radiance from one of 
these sectors with zenith angle ()i, will obtain the same form as (62) 

The total sea radiance now becomes 

10 

Lsea(a,1t,8s) = L LliLsea(a,1t) 
i=l 

where the solar contribution has been given the number 1a. 

(63) 

(64) 

It has been found by Gordon (1973) that for a medium like the sea, where forward scattering 
dominates, the single scattering approximation will reproduce the results of Monte Carlo 
simulations far better if the attenuation coefficient cw in (64) is substituted by aw + bwb> where 
aw and bwb are the absorption and backward scattering coefficients of the sea water, 
respectively. However, as Gordon also points out (1989), as long as only the relative 
variation of Lsea is calculated, the choice of coefficients does not matter, since all the 
constants in the last fraction of (64) will be canceled. 

The term within the brackets of ( 64) is the contribution to the downward irradiance in air 
from the i'th component. If Dis the diffuse part of the downward irradiance in air and Sis 
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the solar part, the ratio DIS is given by 

9 

D 
L Li(0,8) Qi cose; 
i=1 

(65) 
= 

Assumed values of DIS at 445 and 514 nm are shown as functions of the solar altitude in 
Figure 4. 

In order to estimate the variation of the downward radiances from one solar zenith angle to 
another, a result of H0jerslev (1982) has been applied. He found that the downward quanta 
irradiance (PAR) just below the sea surface on an average is proportional with (cosesyiA. It 
has been assumed that the irradiance at 450 and 520 nm will follow this relation approxi
mately. All radiances can then be· related to a common point of reference, which we have 
chosen to be the solar zenith angle during the satellite passages, 45°. This can be expressed 
as 

10 

L L;(O,ei,es) Qi cosei Tw(8;) 
i=1 

( 
e 

)
1.4 

cos s 

= cos45° 
(66) 

10 

L Li(0,8i,45°) Qi cosei Tw(8) 
i=1 

In order to estimate the relative variation of LseiO, 1r) from (64), only the relative variation 
of the different factors have to be taken into account. For the volume scattering function we 
have applied a smoothed curve in relative values, mainly based on observations from the 
Baltic (Kullenberg, 1969), but for the scattering range 165°-180° also on theoretical 
computations (Kullenberg and Olsen, 1972). The resulting function is shown in Figure 6. It 
has been assumed that the optical properties of the particles in the outer Oslofjord, influenced 
by the particle rich waters of the nearby river Glomma, may resemble those of the Baltic. 

The obtained values of Lseio,7r,O), normalized against the value at 45°, are presented in 
Figure 7, as a function of the solar altitude. An interesting point is that the results at 445 and 
514 nm are almost identical, although the ratio DIS has quite different values at the two 
wavelengths. The relative variation of Lsea(O, 1r, OsJ may be approximated by 

L co n e ) 
sea ' ' s = 3.02 - 2.85 sines 

Lsea(O, n,45o) 
(67) 

The normalized ratio Lsea(0,1f,0s)/Ed in Figure 7, where Ed=S+D is the total downward 
irradiance in air, is seen to vary less than 10% for solar altitudes between 30° and 60°. 
When the altitude is above 50°, the ratio will increase with increasing solar altitude, . This 
is due to the influence of the solar radiance which now is scattered in increasing angles, and 
with an increasing scattering function (Figure 6). If a flatter scattering function had been 
chosen, the effect had become less. 
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10. Summary and conclusions 

The relation between satellite and sea radiance becomes linear if the atmospheric conditions, 
the sea surface reflectance, and the relative angular distribution of underwater radiance 
remain constant within the investigated area. It seems as if variations in the underwater 
radiance distribution may produce variations in the slope of up to 10%. 

The contribution to the satellite radiance from reflected light at the sea surface is 1-2 times 
the contribution from the upward scattered light beneath the surface. This means that 
variations in the surface reflectance may produce variations in the upward radiance of the 
same order of magnitude as the radiance from the sea. 

If the reflectance of the ground is high, it may increase the satellite radiance significantly 
(order of magnitude 10%) close to the coast. In our estimates the adjacency effect was 
reduced to 1/e of its maximum value at a distance of 1 km from the coast. This means that 
the effect may be detected by the Landsat TM sensors with a pixel area of 30m x 30m, but 
not by sensors with a resolution of 1 km. 

An expression for the variation of Lsea(O, 1r) with solar altitude has been derived from the 
single scattering model. The ratio between the sea radiance and the downward irradiance 
seems to vary ±5% for solar altitudes between 30° and 60°. The expression remains to be 
tested by field measurements. 
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Table 1. Ratios in coastal and lake waters between the azimuthal means of Lw (140°) 
and Lw (180°) (/..: wavelength, Q = Eu wiLw (180°), R = Eu wiEdw). 
----------------------------------------------------------------------------------------------------------------
Location f... (}s Depth Lw (140°) Q R 

/Lw (180°) 
[nm] [0] [m] [%] 

----------------------------------------------------------------------------------------------------------------
Gullmarn 435 35 0 1.58 5.9 2.4 
(Jerlov, 1976) 5 1.56 5.8 2.5 

Lake Pend Oreille 480 33 4 1.26 5.0 2.1 
(Tyler, 1960) 10 1.28 5.0 1.8 

Lake Pend Oreille 480 over- 6 1.32 5.3 2.2 
(Tyler, 1960) cast 18 1.36 5.5 2.5 

Gullmarn 535 40 0 1.06 3.6 4.4 
(Jerlov and Fukuda, 1960) 5 1.10 3.6 4.5 

Baltic Sea 535 40 5 2.00 7.9 2.3 
(J erlov and Fukuda, 1960) 15 1.81 6.8 1.9 

Table 2. Optical properties and quantities of the model atmosphere (/..=488 nm) 

Constants 

H 4.1 km 

7(H)=bH 0.424 

bf/b 0.77 
7f 129° 

p(O) 0.021 

Variables 

(3(08)/b 0.20 0.11 0.092 

(J( 7r-0
8
)/b 0.050 0.041 0.038 

p(O s) 0.022 0.029 0.035 

O"rfl 2.0 2.7 3.0 
Lrn(H, 1r)/L8(H) 08 

0.65 ·10-3 0.33 ·10-3 0.29·10-3 

L;n/L8(H) 08 
1.29·10-3 0.99·10-3 0.86 ·10-3 
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Table 3. Azimuthal means of diffuse sky luminance, normalized against the luminance 
from zenith. (1: Kimball (1921), 2: Peyre (1927), 3: Dogniaux (1954)). 

Range of 8 

1 2 3 1 2 3 

------------------------------------------------------------------------------
0-10 1.06 1.04 1.10 1.03 1.03 1.07 

10-20 1.18 1.08 1.09 1.10 1.06 1.12 
20-30 1.41 1.13 1.30 1.18 1.09 1.21 

30-40 1.15 1.06 1.28 1.41 1.23 1.40 
40-50 0.93 0.93 1.01 1.83 1.50 1.76 
50-60 0.92 0.92 0.89 2.13 1.64 2.09 

60-70 0.98 1.00 0.92 2.32 1.80 2.24 
70-80 1.11 1.13 1.04 2.52 2.17 2.49 
80-90 1.27 1.31 1.19 2.87 2.48 2.84 

2.1 2.0 2.0 3.2 2.7 3.0 

Table 4. Estimates of contributions to the satellite radiance for different values of useaJ 

d (I'll -450 d' . w -2 -1 -1) u,fl' (Jiami' PiamP an K. vs- ' ra zances m m p.,m sr . 

(Jsea 0.29 0.38 0.38 

(J rfl . 2.7 3.5 3.5 

(Jland 0.29 0.38 0.38 

Pi and 0.037 0.037 0.074 

K 4.0 3.5 7.1 
-------------------------------------------------------------------------
Lsea(H,n) 3.9 3.6 3.6 

• Lsea 1.1 1.4 1.4 

Lrfl(H,n) 2.7 2.7 1.1 

L;n 7.3 9.3 3.8 

L,anlH,n) 31.0 30.4 25.3 

L~and 9.0 11.6 9.6 

L:ir 30.0 28.0 35.1 
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Figure 1. Vertical profiles of the scattering coefficients bm (air molecules, dotted line), 
ba (arerosols, dashed line)", and b (total, solid line), at 488 nm in a subarctic summer 
atmosphere, according to McClatchey et al. (1978) . 

Figure 2. The geometrical path r of an 
oblique ray through a curved atmosphere 
of thickness H. R is the radius of the earth. 
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Figure 3. The normalized total scattering function {3 (0) lb at 488 nm in the homogeneous 
atmosphere, and the normalized scattering function f3m(O)/bm for the air molecules. 

Figure 4. The ratio between diffuse (D) and 
solar (S) downward irradiance in air, as a 
function of the solar altitude, at the wave
lengths 445, 485 and 514 nm. Interpolated 
from data presented by Sauberer and Ruttner 
(1941). 
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Figure 5 (left). The satellite radiance as a function of the distance x to the coast, 
normalized against the radiance at infinite distance. 

Figure 6 (right). The volume scattering function of the sea water given in relative units 
for the backward scattering sectors which correspond to the different sectors of the 
atmospheric hemisphere. Based on results from the Baltic Sea by Kullenberg (1969) and 
Kullenberg and Olsen (1972). 

Figure 7. The variation of Lsea(O, 1r, Os) and 
the ratio Lsea(O, 7r,Os)!EiO,Os) with the solar 
altitude, relative to the value at 45 o. Black 
circles are values at 445 nm, open circles at 
514 nm. 
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