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ABSTRACT

The upward and downward radiance is calculated for a realistic model of the atmosphere—ocean system
by a Monte Carlo method. All known processes are taken into account which affect the solar photons, includ-
ing scattering and absorption by atmospheric and oceanic molecules, and by aerosols and hydrosols, as well
as reflection and refraction at the ocean surface. The scattering angles are chosen from distributions cal-
culated from Mie theory for the aerosols and hydrosols and thus take account of the strong forward-scatter-
ing peak. Typical radiance values are presented at six wavelengths from 0.40 to 0.63 g, for three different
solar angles, and for three different models of the ocean with various amounts of turbidity. The minimum
value of the upward radiance just above the ocean surface as a function of the nadir angle of observation in-
creases 6409, from the turbid to the clear ocean model. Even at the top of the atmosphere the increase is
40%. Thus, detectors in either airplanes or satellites should be able to obtain important information about
the turbidity of the ocean. Other features shown in the results include the development with depth of the
downward radiance both within and without the allowed cone into which radiation may enter the ocean
from the sun and sky, the development of the asymptotic form for the downward radiance with depth, and
the dependence of the radiance at various dep*hs upon the turbidity of the ocean as well as the wavelength
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of the radiation.

1. Introduction

In the first part of this paper Plass and Kattawar
(1972) (referred to hereafter as I) presented a method
for the calculation of the radiation field in the earth’s
atmosphere-ocean system. The solar photons are fol-
lowed through the atmosphere and ocean by a Monte
Carlo method which includes all orders of multiple
scattering that make any noticeable contribution to the
detectors. In the atmosphere, both Rayleigh scattering
by the molecules and Mie scattering by the aerosols as
well as molecular and aerosol absorption are included
in the model. The variation of aerosol amount with
height is taken into account. Similarly, in the ocean,
both Rayleigh scattering by the water molecules and
Mie scattering by the hydrosols as well as absorption
by the water molecules and hydrosols are considered.
Separate single-scattering functions are calculated
from Mie theory for the aerosols and the hydrosols
with an appropriate and different size distribution in
each case. The scattering angles are determined from
the appropriate scattering function including the
strong forward-scattering peak when there is aerosol or
hydrosol scattering. Both the reflected and refracted
rays, as well as the rays that undergo total internal
reflection, are followed at the ocean surface, which is
assumed smooth. The ocean is assumed to have an
optical depth of 10. The results presented here also
assume that the ocean floor has zero albedo.

The upward and downward flux together with their
ratio are presented in I for a number of different detec-
tor locations in the atmosphere and ocean. Calculations
of the flux were made at various wavelengths from
0.40 to 0.65u and for three ocean models: clear,
medium turbid, and turbid. The results are also given
in I for six different values of the albedo 4 of the ocean
floor.

In this second part the upward and downward radi-
ance is presented as a function of the nadir or zenith
angle for a number of different detector locations in
the atmosphere and ocean. Once again the results are
given for the three different ocean models of varyving
turbidity. The radiance is also given at six different
wavelengths from 0.40 to 0.65 u, which are representa-
tive of varying degrees of scattering and absorption

-by the various components in the ocean.

2. Upward radiance

All of the details of the calculation are discussed in
I and are not repeated here. The various cross-section
ratios used for the three models at each wavelength
are given in Table 1 of I. The statistics are better for
a flux calculation by the Monte Carlo method than
for a radiance calculation, since the flux can be obtained
as an integral of the radiance values. However, a check
of the Monte Carlo method in cases where the result is
known exactly leads us to believe that the radiance
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F16. 1. Upward radiance as a function of the cosine of the nadir angle u, at A=0.46 n and the cosine of
the solar zenith angle uo=1. Curves are given for the radiance at the top of the atmosphere, just above
the ocean surface, and for various optical depths 7 within the ocean. The legend on this curve applies to
all figures in this paper. All curves in this paper are normalized to unit incident solar flux at each wave-
length, and all curves assume that the ocean has an optical depth of 10 and that the ocean floor has an
albedo of zero. The curves on the left are for the clear ocean model (a) and those on the right are for

the medium turbid ocean model (b).

values given here have a probable error of the order
3% in a typical situation. One exception is when the
radiance value itself becomes very small compared to
unity; in this case the number of photons counted in
each angular interval is very small and the proballe
error is correspondingly larger. It should be emphasized
that the only averaging in the Monte Carlo method is
done when the photons are counted at the detectors;
all photons are counted in various fixed intervals of
solid angle according to the direction of their trajectory.
A true average value is obtained for the radiance over
each of the chosen intervals.

The upward radiance at A=0.46 u is given in Fig. la
as a function of the cosine of the nadir angle ¢ for the
clear ocean model and for the cosine of the solar zenith
angle uo=1. The symbols for the position of the detec-
tors is given on this figure; these are the same for all
figures. In all cases the curves have been normalized by
the choice of unit incident solar flux. The open circles
give the upward radiance at the top of the atmosphere,
while the triangle and plus sign give the radiance values
just above and just below the ocean surface, respec-
tively. The radiance just above the ocean surface has
a minimum at an intermediate value of u. The large
increase at the nadir is due to the reflected solar beam
from the ocean surface which is included in the result.
In all of the figures in this paper, both the direct and
diffuse flux are included in the plotted values. The
direct solar flux in the zenith direction is converted into
radiance by the assumption that it is recorded by a
detector with an acceptance half-angle of 6.4°; this

corresponds to the assumed half-angle of the detector
recording the nadir radiance. The incident flux is
converted for other solar angles by a similar assump-
tion; it is recorded by a detector with a half-angle equal
to that of the detector recording photons in that
direction. The radiance just below the ocean surface is
nearly constant, independent of u; it is greater at
intermediate angles than the radiance just above the
ocean surface. The upward radiance at great oceanic
depths also does not show any pronounced variation
with u.

In order to study the variation of the upward radi-
ance with the turbidity of the ocean water, the upward
radiance is given in Figs. 1b and 2a for the medium
turbid and turbid ocean models at A=0.46 u. As dis-
cussed in I, the upward flux at the top of the atmo-
sphere decreases as the turbidity increases. There is
little change in the radiance at either the nadir or
zenith with turbidity, but a substantial deepening of
the minimum of the radiance curve occurs at inter-
mediate values of u. The minimum value of the upward
radiance at the top of the atmosphere is 5.07X1072,
3.95X% 1072 and 3.61X1072 for the clear, medium turbid,
and turbid ocean models, respectively. The correspond-
ing minimum values just above the ocean surface are:
1.85X1072, 3.21X107% and 2.50X107%. A measurement
of the radiance near the minimum value is a much more
sensitive indicator of the turbidity of the ocean than
a measurement of the hemispherical flux. For example,
the flux measured just above the ocean surface increases
1609, from the turbid to the clear ocean model, while
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F16. 2. Upward radiance for ug=1, A=0.46 u, and the turbid ocean model (a); and for pe=1,
A=0.55 u, and the turbid ocean model (b). See legend to Fig. 1.

the radiance at the minimum increases 640%,. Similarly,
the hemispherical flux at the top of the atmosphere
increases 309, while the radiance at the minimum
increases 40%,.

As an example of the upward radiance at another
wavelength, Fig. 2b gives the curves for A=0.55pu
and we=1 for a turbid ocean. There is still a deep
minimum in the radiance curve just above the ocean
surface. At this wavelength the minimum value as
measured just above the surface only increases 10%
from the turbid to the clear ocean model.

Figs. 3-5 show examples of the upward radiance at
an intermediate solar angle, po=0.55, with A=0.46 p.
When the sun is not at the zenith, the radiance values
are averaged over a 30° range in the azimuthal angle
measured from the incident plane (defined to contain
the incident solar beam and the local vertical). For
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F1c. 3. Upward radiance for po=0.55, A=0.46 u, 0° <¢ <30°
and 150° <¢ <180°, for the clear ocean model.

example, in Fig. 3 the left-hand portion of the figure is
for 0°<¢<30° and the right-hand portion for 130°
<¢<180°. As one traces a particular curve from left
to right, the radiance is obtained from the solar horizon
through the point of specular reflection to the nadir
(at the center of the figure) through the anti-solar point
to the anti-solar horizon. The radiance at the top of
the atmosphere shows a maximum at both horizons
and a minimum near the nadir; the solar photons
reflected from the ocean surface at the specular angle
create the maximum for 0.3<x<0.6 on the left side of
the figure. The upward radiance just above the ocean
surface shows almost an order-of-magnitude decrease
for the clear ocean model from the anti-solar horizon
to the nadir, with a prominent peak for the reflected
photons from the ocean surface. The fluctuations in the
radiance deep within the ocean result from the small
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Fr6. 4. Upward radiance for po=0.55, A=0.46 », 0° <4 <30°
and 150° <¢ <180°, for the turbid ocean model.
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F16. 5. Upward radiance for po=0.55, A =0.46 12, 30° <¢ <60°
and 120°<¢ <150°, for the turbid ocean model.

number of photon counts in the detectors there. The
minimum in the radiance curve near the nadir as
measured just above the ocean surface is very much
more pronounced for the turbid ocean model (Fig. 4).

As an example of the radiance of another azimuth,
the upward radiance is shown in Fig. 5 averaged over
the range 30°<¢<60° on the left side and over

120°<¢<150° on the right side of the figure. The

other parameters are the same as for Fig. 4. The most
obvious difference between these figures is the absence
of the reflected beam at the specular angle when the
angle of observation is not in the incident plane. The
radiance curves for 60°<¢<120° (not shown here)
are almost identical to these. 3

Examples of the radiance curves for a low solar
elevation upo=0.15 are shown in Figs. 6~9 when
A=0.46 u. The radiance for the clear ocean model and
for two different azimuthal ranges is shown in Figs. 6
and 7. Similar curves for the medium turbid ocean
models are shown in Figs. 8 and 9. The radiance just
above the ocean surface shows a pronounced minimum
near the nadir in all cases; even at this low solar eleva-
tion the minimum value is significantly lower for the
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F16. 6. Upward radiance for u=0.15, A=0.46 g, 0°<¢ <30°
and 150°<¢ <180°, for the clear ocean model.
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F1c. 7. Upward radiance for po=0.15, A=0.46 x, 30° <¢ <60°
and 120° <¢ <150°, for the clear ocean model.

medium turbid ocean than for the clear ocean. Note also
that the upward radiance just below the ocean surface
is appreciably less for the medium turbid than for the
clear ocean model.

Examples are shown in four further figures of the
upward radiance at a wavelength where water is
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Fic. 8. Upward radiance for pe=0.15, A=0.46 u, 0°<¢ <30°
and 150° <¢ <180°, for the medium turbid ocean model.
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Fi1G. 9. Upward radiance for uo=0.15, A=0.46 u, 60°<¢$<90°
and 90°<¢ <120°, for the medium turbid ocean model.



150
=-0.58 G=0.0 0<0+30 1S0<0~:80 —
10 4
L e
Ly ' . . ]
L_j o ";,J*J —
S b k\..rf’J : B
= i |
2 i
g | ]
g rdr_l
EID” ’—‘ A
col A el —
S
. s
r‘-—1_.__.ﬂ__1____.J‘”r‘-
e e
.Q a.2 a.4

Q 0.6 0.8 1.0 0.8 0.6 0.4 0.2 0.0

F16. 10. Upward radiance for po=0.55, A =0.63 , 0° <¢ <30°
and 150° <¢ <180°, for the clear ocean model.

strongly absorbing, A=0.63 . The upward radiance is
shown averaged over two different azimuthal ranges
when u=0.55 in Figs. 10 and 11. The clear ocean
model is assumed. A comparison with the curves for
A=0.46 u shows that the upward radiance in the
atmosphere has a deeper minimum near the nadir and
lower values at a given optical depth in the water at
A=0.65 u than at 0.45 u.

Similar curves for uo=0.15 are given in Figs. 12 and
13. The upward radiance in the incident plane decreases
almost three orders of magnitude from its maximum
value near the solar horizon to its minimum near the
nadir. Other curves not given here show almost no
variation between the clear, medium turbid and turbid
ocean models at this wavelength. Furthermore, there
seems to be little variation of the radiance with azi-
muthal angle outside of the incident plane, except that
the radiance near the solar horizon for a detector in
the atmosphere decreases as ¢ increases from 0° to 90°.

3. Downward radiance

The calculated values of the downward radiance at
various levels in the atmosphere and ocean are given in
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Fi1c. 11. Upward radiance for uy=0.55, A =0.65 1, 60° <¢ <90°
and 90°<¢ <120°, for the clear ocean model.
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F1G. 12. Upward radiance for po=0.15, A=0.65 g, 0° <¢ <30°
and 150° <¢ <180°, for the clear ocean model.

this section. The downward radiance when =1,
A=0.40 g, and the clear ocean model is given in Fig. 14a.
The direct solar beam as well as the diffuse radiance is
shown in all of these figures. Thus, the sharp maximum
at g=1is caused by the contribution from the direct
solar beam in the atmosphere and ocean. The down-
ward radiance just above the ocean surface is nearly
independent of u except ne. r the zenith. A downward
ray in the atmosphere inclined just slightly to the
horizontal has a zenith angle of 48.36° (u=0.6644)
after refraction into the water. Thus, all of the direct
solar radiation plus the diffuse sky radiation is within a
cone of 48.36° around the vertical direction within the
water. The downward radiance just below the ocean
surface in Fig. 14a shows a large increase within this
allowed cone. Outside of this cone the downward radi-
ance just below the ocean surface is entirely derived
from upward photons that are totally internally re-
flected at the underside of the ocean surface. At greater
depths in the ocean the sharp boundary of the allowed
cone gradually disappears as the photons undergo
scattering until a radiance distribution developes at a
considerable depth with a maximum at the zenith.
e
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F16. 13. Upward radiance for ug=0.15,A=0.65 g, 60° <¢ <90°
and 90° <¢ <120° for the clear ocean model.
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Fi16. 14. Downward radiance as a function of the cosine of the zenith angle u, for go=1, A=0.40 p, for
the clear ocean model (a); and for uo=1, A=0.46 u, for the clear ocean model (b).

The downward radiance at A=0.46 4 for pe=1 is
shown in Figs. 14b, 15a and 15b for the clear, medium
turbid, and turbid ocean models, respectively. The
downward radiance just below the ocean surface in-
creases by an order of magnitude when passing into the
allowed cone. The radiance values for a given 7 value
decrease as the turbidity increases. The development of
an asymptotic rrdiance distribution at large depths is
shown in these ngures as predicted by Preisendorfer
(1959).

The downward radiance at A=0.40 x is shown in-

Fig. 16a for the turbid ocean model. When compared
to Fig. 14a it is seen that the increase in the downward
radiance just below the ocean surface as the allowed
cone is entered is much greater for the turbid than for
the clear ocean model.

The downward radiance at A=0.48 » is shown in
Fig. 16b for the clear ocean model. A comparison
of Figs. 14a, 14b and 16b shows the variation with
wavelength,

The downward radiance at A=0.50 ¢ is shown in
Figs. 17a and 17b for the clear and turbid ocean models,
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F1c. 15. Downward radiance for po=1, A=0.46 y, and the medium turbid ocean model (a) ;
and for uo=1, A=0.46 u, for the turbid ocean model (b).
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FiG. 16. Downward radiance for up=1, A=0.40 y, for the turbid ocean model (a);
and for po=1, A=0.48 4, for the clear ocean model (b).

respectively. A comparison of the clear ocean model
with the similar curves at other wavelengths shows the
decrease in radiance within the ocean as the absorption
by the water molecules increases. A comparison of the
curves for the clear and turbid ocean models also shows
in most cases a decrease in the radiance within the
ocean due both to the increased absorption and the
greater probability of small-angle forward scattering as
the turbidity increases.

The study of the wavelength dependence in the visi-
ble of the downward radiance for uo=1 is completed in

Figs. 18a and 18b for A=0.55 p and in Figs. 192 and
19b for A=0.65 p. At these wavelengths th~ Rayleigh
scattering becomes much more probable as the wave-
length increases, but the absorption by water molecules
also become much stronger. The radiance levels within
the ocean at A=0.63 u are considerably lower in most
cases than at the other wavelengths considered here.

The next four figures give representative examples
of the radiance curves for an intermediate solar angle,
pe=0.55 at A\=0.46 p. The downward radiance is given
in Figs. 20 and 21 for two azimuthal ranges of the
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F1c. 17. Downward radiance for po=1, A=0.50 , for the clear ocean model (a);
and for go=1, X=0.50 p, for the turbid ocean model (b).
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clear ocean model and in Figs. 22 and 23 for two
azimuthal ranges of the medium turbid ocean model.
The peak in the left-hand part of Fig. 20 in the curve
for the radiance just above the ocean surface represents
the contribution of the direct solar beam at pg=0.55.
The corresponding peak in the curve for the radiance
just below the ocean surface represents the direct
solar bea:r;, but at the refracted angle of 38.62° (u
=0.7813). The radiance just below the ocean surface
is much greater within the allowed cone for direct
radiation from the sun and sky (x>0.6644) than in

the region outside the cone. The radiance outside the
allowed cone actually increases with depth up to r=3
as the multiple-scattered photons enter this region.
The radiance in an azimuthal plane away from the
scattering plane is shown in Fig. 21. Whereas the re-
fracted direct solar beam can be observed down to
an optical depth of 7=8 in the incident plane, there is,
of course, no trace of the direct solar beam in a different
azimuthal plane. Another interesting difference be-
tween Figs. 20 and 21 is that an asymptotic radiance
distribution develops rapidly with depth in Fig. 21,
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Fr6. 19. Downward radiance for gg=1, A=0.65 u, for the clear ocean model (a);
and for po=1,2=0.65 p, for the turbid ocean model (b).
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F1c. 22. Downward radiance for uo=0.35, A=0.46 p, 0°<¢ <30°
and 130° <¢ <180°, for the medium turbid ocean model.

whereas the maximum in the radiance curve only
moves away from the position of the refracted direct
solar beam very slowly with depth in Fig. 20.

Similar curves are given in Figs. 22 and 23 for the
medium turbid ocean model. The radiance values at a
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given depth within the ocean are always less in this
case than for the clear ocean model. The downward
radiance just above the ocean surface depends very
little on the turbidity because of the relatively small
effect of backscattering.

The following four figures show examples of the
radiance curves for a low solar elevation, po=0.15 at
A=0.46 u. The downward radiance for two azimuthal
ranges is given in Figs. 24 and 25 for the clear ocean
model and in Figs. 26 and 27 for the turbid ocean model.
The incident solar beam at po=0.13 causes the peak in
the radiance just above the ocean surface at this angle
as shown in Fig. 24, The direct solar beam appears
within the ocean at the refracted angle of 47.64°
(u=0.6738) and increases the value of the radiance
recorded just below the ocean surface in the range
0.6<u<0.7. The radiance at a particular zenith angle
outside the allowed cone (u<0.6644) increases with
optical depth down to 7= 23 in most cases. The radiance
curve for uo=0.13 approaches an asymptotic form with
a maximum at the zenith more quickly than those for
#o=0.55. A comparison of the curves for the turbid
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¥16. 23. Downward radiance for po=0.33, A=0.46 u, 60° <¢ <90°
and 90° <¢ <120°, for the medium turbid ocean model.
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F1c. 24. Downward radiance for up=0.15, A=0.46 g, 0° <¢ <30°
and 150°<¢ <180°, for the clear ocean model.
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ocean model (Figs. 26 and 27) with those for the clear
ocean model (Figs. 24 and 25) shows a considerably
reduced radiance for the same 7 value in the turbid
ocean.

As an example of the radiance at other wavelengths,
the downward radiance is shown in Figs. 28 and 29
for two azimuthal ranges for uy=0.55, the turbid ocean
model, and A=0.65 u. The difference in the develop-
ment of the asymptotic radiance distribution with depth
within the incident plane compared to an azimuth de-
fining a plane of observation well away from the incident
plane is well shown in these figures.

The radiance at A=0.63 p, uy=0.15, and the medium
turbid ocean model is shown in Figs. 30 and 31. The
development with depth in the ocean of the radiance
both within and without the allowed cone for radiance
from the sky and sun is clearly shown.

4. Conclusions

The upward and downward radiance has been cal-
culated at a number of levels in the atmosphere and
ocean at various wavelengths from 0.40 to 0.65 g, for
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F16. 25. Downward radiance for po=0.15, A=0.46 », 60° <¢ <90°
and 90°<¢ <120°, for the clear ocean model.
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F16. 26. Downward radiance for py=0.15, A=0.46 u, 0° <¢ <30°
and 150° <¢ <180°, for the turbid ocean model,

KATTAWAR AND GILBERT N.

PLASS

90<0<120

o7 5015 8:0.0 60<ex90

102

=3
4

BOWNWARD RADIANCE

o
£

0.0

Fi1c. 27. Downward radiance for po=0.15, A =0.46 1, 60° <¢ <90°
and 90° <¢ <120°, for the turbid ocean model.
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Fic. 28. Downward radiance for ue=0.55, A\=0.65 p, 0°<¢ <30°
and 150° <¢ < 180°, for the turbid ocean model.
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F16. 29. Downward radiance for pe=0.55, A=0.65 g, 60° <¢ <90°
and 90° <¢ <120°, for the turbid ocean model.

three different solar angles, and for three different
turbidity amounts in the ocean. The upward radiance
just above the ocean surface at wavelengths near 0.46 p
is very sensitive to the turbidity of the ocean. For
example, with the sun at the zenith the minimum value
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FiG. 30. Downward radiance for po=0.15, A=0.65 u, 0° < <30°
and 150° <¢ <180°, for the medium turbid model.

of the upward radiance (at 4=0.8) increases 6409, from
the turbid to the clear ocean model. Even at the top
of the atmosphere, after the radiation has filtered
through the aerosols and atmospheric molecules, the
increase is 409,. Thus, detectors in either airplanes or
satellites should be able to obtain important informa-
tion about the turbidity of the ocean.

Many other featu :s are shown in the results pre-
sented here, including the development with depth of
the downward radiance both within and without the
allowed cone into which radiation may enter the ocean
from the sun and sky. The development of the asymp-
totic form for the downward radiance occurs much more
rapidly in a plane of observation that does not include
the incident plane than it does in the incident plane.
The radiance within the ocean is usually much less at
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F1c. 31. Downward radiance for go=0.15, A =0.63 u, 60° <¢ <90°
and 90°<¢ <120°, for the medium turbid model.

the same optical depth for the turbid than for the clear
ocean model.
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