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Numerical Radiative Transfer Simulations to Examine
Influence of Shape of Scattering Phase Function of
Suspended Particles on the Ocean Colour Reflectance

Takafumi HIRATA “* and Gerald F. MOORE**

Abstract: Effects of shape of particle scattering phase function on the ocean colour reflectance
are examined by means of radiative transfer simulations. The simulations suggest that differ-
ent shape of particle phase function may cause 19% of discrepancy in the reflectance for oceanic
waters, even if the backscattering probability of suspended particles does not change. The dis-
crepancy can be even larger for absorbing waters in coastal zone.
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1. Introduction

Numerical simulation of radiative transfer is
a useful method to understand and predict
variability of the ocean color reflectance from
which biogeochemical properties of seawater
may be exploited. When opticaliy shallow wa-
ters and inelastic scattering (including Raman
scattering and fluorescence) are not consid-
ered, the time-independent simulations for 1D
space (depth) are equivalent to solving the
Equation of Radiative Transfer (ERT):

[cos9%+ I}L (@0 =w [4xL(@D P(¥D a2

eV,
where L and dQ’represent the radiance and in-
finitesimal solid angle, respectively. w is the
single scattering albedo and P (¥, 7) is the
scattering phase function of seawater. If w and
P are given, the ERT can be solved with respect
to L, provided initial and boundary conditions
are given. From the solution of the ERT, the
ocean colour reflectance can be obtained by R,.=
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L./ | Leos0, d? = L. / Ed” where 0,, L, and
E, are the viewing zenith angle, the upward ra-
diance (i.e. L (6,<90°) and the downward
irradiance, respectively. Due to difficulties in
measuring P, the classic measurements of P
taken by PETZOLD (1972) have been assumed in
the radiative transfer simulations for analysis
of R,,. Effects of this assumption should be
evaluated prior to drawing final conclusions.

Only a few evaluations of the assumption ex-
ist. PLASS et al. (1985) showed that shape of
phase function can significantly affect L,. More
recently however, MOBLEY et al. (2002) con-
cluded that the exact shape of the phase func-
tion in backscattering directions is not critical
if the backscattering probability is correct and
a 10% of error is acceptable. Thus, results from
the two groups do not agree well with each
other, and re-examination is required. The ob-
jective of this paper is to re-evaluate the influ-
ence of the shape of P on R., by means of
numerical simulations and to see whether the
use of the single shape of P (i.e. PETZOLD P) is
valid for different water types.

2. Simulations
The numerical radiative transfer simulations
are made by Hydrolight (MOBLEY, 1995) for R,
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Fig. 1 Phase functions by Lorentz-Mie theory: (a)
£=30 (b) £=4.0 and (¢) £=5.0. Real and
imaginary parts of the refractive index are rep-
resented by n and k, respectively.

using different shapes of P. The simulated R, is
then compared. In the following, the justifica-
tion for the phase functions used for the com-
parison is described.

2.1. Phase function, P
The phase function of seawater P is ex-
pressed by a weighted sum of that of pure
seawater P, and suspended particles P,:
P=(1-W) P,+ WP, 2

The weighting function W (= b,/ (b.+b,)) ex-
plains a contribution of the particle scattering
to the total scattering. Variations in P are
caused by variations of P., P, and W. Since
variations in P, are relatively much less than
these in P, and W, variations in P are deter-
mined by these in P, and W in practice.

Due to the lack of sufficient measurements of
P,, Lorentz-Mie computations were performed
just to obtain an idea of variability in P,. In the
Lorentz-Mie computations, particle size distri-
bution N (D) was varied according to Junge
distribution N (D) ~ D ¥ where N and D rep-
resent number of particles and sphere-
equivalent diameter of particles, respectively.
Junge slope £ was varied from 3.0 to 5.0. The
complex refractive index (n) was varied from
1.05 to 1.22 for the real part to consider algal
particles and mineral particles, and 0.0 to 0.001
for the imaginary part (k) to consider absorb-
ing particles. The computations show that the
shape of P, is remarkably variable at small and
large angles (Fig. 1). According to GORDON
(1993) however, the scattering at the small
scattering angles has little effect on the light
field. Hence we focus on P, at large angles, or
backscattering angles. The P, at backscattering
angles predicted by Lorentz-Mie theory may be
classified into three classes: (I) P, with a peak
at around 180° of scattering angle (Fig. la),
(ID P, with no such peak (Fig. 1c) and (III)
the intermediate case (Fig. 1b). In order to ex-
amine possible maximum effects of phase func-
tion on the ocean colour reflectance, two
boundary shapes of P, (i.e. backward-peaked
and non-backward-peaked phase functions) are
considered.

2.2.1 Backward-peaked phase function of sus-

pended particles

The backward-peaked P, obtained from
Lorenz-Mie computations (Fig. 1a) has a simi-
lar shape to that of PETZOLD phase function
(shown as a bold curve in Fig. 2) which has a
remarkable peak at backward direction. Be-
cause the aim of this paper is to examine effects
of use of the PETZOLD P, in ocean colour analy-
sis, the PETZOLD P, is used here as a reference
phase function that represents the backward-
peaked P, at the same time.
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Fig. 2 Total phase function calculated with particle phase function represented by Heyney-Greenstein phase
function Pue (dash-dot curves) and PETZoLD phase function Peer (solid curves). From the top to the bottom,
W (=b,/b.) varies from 0.90 to 1.00. Thick curves represent Pruc and Puc for W=1.0, or P,uc and P,rzr respec-
tively. Subplot is drawn to emphasize the phase functions at the backscattering angle (i.e. 90< ¢ <180).

2.2.2 Non-backward-peaked phase function

The other characteristic shape of P, predicted
from Lorentz-Mie theory has a relatively flat
shape in backward scattering angles (i.e. Non-
backward-peaked phase function, Fig. 1c).
Henyey-Greenstein phase function P,uc repre-
sents such a shape:

1 1—g*
Az [1+g*—2gul**

P = (3
where g and ¢ represent the asymmetry factor
and cosine of scattering angle. Fig. 2 shows
that P, (shown as Py for W=1.0) is similar to
the non-backward-peaked P, predicted by
Lorenz-Mie theory shown in Fig. lc. We use
P, here to represent the non-backward-
peaked P,, rather than those determined by
Lorentz-Mie theory, because P,uc is expressed
in an analytical form so that P, can readily be
assigned the same backscattering fraction

by,/b, as that of PETZOLD P,. Resultant g used
here is 0.9185.

2.2.3 The phase functions of total water
Variations of P calculated with P,rer and Poue
are shown in Fig. 2 for W varying from 0.9 to
1.0. For W=1.0 (bold curves), P is simply either
Prer (solid) or P,ue (dash-dot): see Eq. 2, too. It
is seen that shape of backward P calculated
from P,per or Pouc are different only when Wex-
ceeds 0.9 due to the large contribution of P, at
W<0.9. Py has been used to represent P for to-
tal (water + particle) seawater, and such ap-
proximation is not adequate for oceanic waters
(HALTRIN, 2002). However, Py is used here for
an approximation to P,, not to P. In addition,
Puc used as P, still preserves a physical phe-
nomenon that total P obtained from P,u¢ has
the least variability at the scattering angle of
120 deg. (O1sHI, 1990) (see inset of Fig. 2).
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Thus, Pre would still be useful for oceanic ap-
plication as long as it is used as one of the
boundary shape of P,.

2.3. Other input parameters

The radiative transfer simulations require
not only P but also the single scattering albedo
@ = bt / (Qr+bir) as well as initial and bound-
ary conditions. w is calculated from a.. and b
which are determined as follows. The absorp-
tion coefficient is decomposed into that by pure
water (a,) and by any other substances (a,,) so
that a...=a.+a,,. Subscript py means particle
plus yellow substance. Due to lack of sufficient
measurements to define natural variability of
a,y in the world oceans, a,, is numerically varied
from 0 to 1.59 m™'; this range of values covers
the maximal a,, observed in coastal waters by
BABIN et al. (2003a). Effects of the upper limit
chosen will be discussed in Section 3.2. Values
of a. are taken from a measurement made by
PorE and Fry (1997). The scattering coeffi-
cient may also be decomposed into b:..;=b.+b,
where subscript p means particles. Due to the
same reason as a,, above, b, is numerically var-
ied from 0 to 7.37 m™; such a value of scatter-
ing corresponds to a sediment load of 7 to 15 g/
m * (BABIN et al, 2003b) and the maximum
CHL considered here Selection of the upper

limit of b, will also be discussed in Section 3.2.
Values of b, are taken from MoREL (1974). Ta-
ble 1 summarizes values of a,, and b, used in the
present simulations.

The initial condition to the ERT is deter-
mined from HARRISON and CooMBES (1988) and
GREGG and CARDER (1990) with variable solar
zenith angle (0,) from 0 to 75 deg. as shown in
Table 1 (Results are shown only up to 58.3 deg.
within the geometry for remote sensing, which
does not affect a conclusion drawn in this pa-
per). The boundary condition to the ERT is de-
termined from Cox-Munk wave distribution
with the wind speed of 7.2 m/s. The ocean is as-
sumed to be optically deep. Actual simulations
are performed for 15 discrete optical depths
from 7 =0 down to 7 =7 with 0.5 interval, al-
though we only focus on 7 =0 which is relevant
remote sensing applications. Wavelength 1 is
selected based on SeaWiF'S bands (Table 1) but
restricted to shorter wavelengths to minimise
effects of inelastic scattering, including Raman
scattering and fluorescence. The simulations
are performed for all possible combinations of
input parameters above (including any combi-
nation between a.. and b..). Radiance to derive
R, is obtained from 0 to 49° of the viewing ze-
nith angle and from 0 to 180° of the viewing
azimuth angles (Table 1).

Table 1 Parameter values used for the simulations. All combinations of the parameters are considered in the
simulations. Wavelengths larger than 555 nm are not considered to minimise possible effects of inelastic

scattering.
a b, Solar zenith Yiewing .Viewing Wavelength
[m"] [m] angle zenith angle azimuth angle [nm]
[deg.] [deg.] [deg.]

0.000 0.000 0.0 2.0 0 412.5
0.017 0.019 8.3 7.0 15 442.5
0.028 0.038 16.7 13.0 30 490.0
0.046 0.073 25.0 19.0 45 510.0
0.076 0.140 33.0 25.0 60 555.0
0.126 0.271 41.7 31.0 75
0.209 0.525 50.0 37.0 90
0.347 1.017 58.3 44.0 105
0.576 1.967 66.7 49.0 120
0.956 3.807 75.0 55.0 135
1.587 7.368 61.0 150

67.0 165

73.0 180

79.0
85.0
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Fig. 3. Maximum and minimum values of r.. (=R, / Rerer): (a) as a function of only 2. All of range of other

parameters is considered; (b) as a function of only a..

but A is fixed at 555 nm; (c) as a function of b..

at A=555 nm and at a.. =1.65 m'; (d) as a function of 6. at A=555 nm, a., =1.65 m ', and b.. =1.01
m Y (e) as a function of 6, at A =555 nm, @ =1.65 m !, b =1.01 m 'and 0.=8.30°; (f) as a function of ¢
vat A=555nm, aw =1.65 m ', b =1.01 m ', 6,=8.30° and 6,=7.00°.

3. Results and discussions

The influence of P may be described by the
ratio between R, simulated with P,z (denoted
by R.rer hereafter) and R, simulated with P
(R.ne): 1.e. 1 = R/ Ryper. The influence of P,
is shown by the deviation of r. from unity, and
the largest influence can be evaluated by either
of the maximum or minimum value of 7.

3.1 Estimation of the largest influence

Fig. 3a depicts r,, as a function of only A. All
other variables, such as inherent optical prop-
erties (i.e. @ and b.:, or w) and viewing and
illumination angles, were varied. The maxi-
mum value of r,, (=1.16) is almost independent
of A.The minimum values of r, decreases from
0.70 to 0.65 as 4 increases. Since deviation of
the minimum r,, from unity is larger than de-
viation of maximum r,, from unity at all A, the

maximum discrepancy between R,.uc and R,.per
is represented by the minimum r,. The largest
influence of P, is found at A =555 nm.

Fig. 3b shows r,; as a function of only a.. but
wavelength is now fixed at 555 nm. All other
variables except A are allowed to vary. The
maximum values of r, are almost constant
while the minimum values of r,., decrease with
Qoe. Since the greatest deviation of the mini-
mum r,, from unity is larger than that of maxi-
mum 7, the largest influence of P, is found by
the minimum 7, at @.,=1.65 m "

Fig. 3c shows r, as a function of only b, but
now A and a.. are fixed at 555 nm and 1.65
m ', respectively. Variation of the minimum 7,
is not monotonic. It firstly decreases and then
increases, as b, increases. Since the greatest
deviation of the minimum r. from unity is
larger than that of maximum r.,, the largest
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Fig.4 Contour plot of r, as a function of upper limits of a.. and b... Chlorophyll a concentrations are specified
by: [] =0.03, x=0.10, €=0.22, 0=1.00, A=10.0, *=40.0mg/m *. Dotted line shows a boundary for W>0.9.

Dashed curve is drawn especially for r,, =0.81.
influence of P, occurs at b= 1.01 m™".

rs at A =555 nm, a.,=1.65 m~' and b,,.=1.01
m ' is shown in Fig. 3d as a function of solar
zenith angle 6,. The largest influence of P, is
found when 6,=8.30 deg. Fig. 3e shows r,, at
A =555 nm, Qw:=1.60 m ", biw=1.01 m ' and 6,
=8.30 deg. as a function of the viewing zenith
angle 6,, in which the largest influence is found
at 0,=7.00 deg. Finally ¢, at which the largest
influence of phase function is found is 0 deg, in
which case r..=0.65. (Fig. 3f).

The largest influence of particle phase func-
tion is found at A =555 nm, @.:=1.65 m™ ", b
=1.01 m ", 6,=8.30 deg., 6.=7.00 deg., and ¢.=0
deg. with r,, =0.65, indicating that the influence
of P, can be significant to cause 35%=100 (1-
0.65) of maximum discrepancy in R, according
to the present simulations.

3.2 Effects of choice in upper limit of a,. and
btol

In the results shown above, the largest

influence of P, was found at a..=1.65 m~' which
is the upper limit of a.. set in our simulations.
Also the largest influence of phase function as
a function of b.: did not show a constant effect
over b... These mean that our results obtained
earlier depend on the choise of the upper limit
of a.. and b, or equivalently a,, and b, since a.
and b, are regarded as constants. for each
waveleugth In order to see effects of this
choice, simulations are repeated by changing
the upper limit of a.. and b.. (denoted hereafter
by Max a:.. and Max b, respectively). Fig. 4
shows the largest influence of P, in terms of
s, as functions of Max a.. and Max b... If Max
aw: assumed in simulations is larger / smaller
than “real” upper limit of a.., the largest influ-
ence of phase function is over/under-estimated
when Max b, is relatively large. When Max b
is relatively small however, the over/under es-
timation is less severe or even negligible, even if
Max a... is incorrectly selected. This is consis-
tent with Section 2.2.3 that the phase function
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effects are remarkable only when W>0.9.

If Max b.,. assumed is relatively larger/
smaller than actual upper limit of b.. the larg-
est influence of P, simulated is over/under-
estimated, when the magnitude of actual b, is
small. When the magnitude of actual b, itself
is large however, the largest influence of P,
simulated will be under/over-estimated if Max
bio. assumed is relatively larger/smaller than
actual upper limit of b... The above results in-
dicate that precise determination of the upper
limit of aw: and b is required for quantitative
prediction of the influence of P,.

MOREL and MARITORENA (2001) proposed
statistical relationships between a.. (or bi,.)
and Chlorophyll a concentration (CHL) for
oceanic water based on numerous in situ obser-
vations, from which natural Max a.. and Max
b..: may be determined in terms of an upper
limit of CHL since the statistical relationship is
non-linear but monotonic. Their data showed
nearly 40 mg m * of the maximum CHL in oce-
anic waters: see their Fig.3 in MOREL and
MARITORENA (2001). Thus, realistic Max a...
and Max b.. can be calculated for oceanic water
by using CHL=40 mg m *. The largest influence
of P, estimated using Max a.. and Max b, de-
rived in this way are shown in Fig. 4 as a star
symbol. The largest influence of P, for
CHL=0.03, 0.1, 1.0 and 10.0 mgm * are also su-
perimposed for comparison as well as for
CHL=0.22 mg m * which is a global annual av-
erage of CHL derived from SeaWiFS. When
CHL is 0.22 mg m *, r.is 0.81 showing that 100
(1.00-0.81) =19 % of largest influence of P,. The
influence is relatively less for lower and higher
CHL. The present result suggests that the in-
fluence of P, on R,, (or equivalently L.) can be
significant for oceanic waters.

For coastal waters, a significant number of
observations for a.. and b, are required to de-
fine their maximum variability. Therefore
quantitative prediction of the phase function
effects cannot be made for coastal waters at the
present stage. However, general tendency of
the effects for coastal waters can be found at
least qualitatively (Fig. 4). For absorbing wa-
ters (e.g. Baltic sea) where Max a., is much
larger than that for oceanic waters, the possi-
ble largest influence of P, on R, will be larger

than that for oceanic waters, unless Max b...
(or b ) is also much larger than b, for oce-
anic waters. For scattering waters (e.g. Black
sea) where Max b.. is much larger, the largest
influence of P, on R,, will be reduced unless
Max a.. is also much larger.

It is clear that a balance between the absorp-
tion and scattering play a significant role in
the phase function effects, and the absorbing
water or scattering waters may be defined
based on w. However, it should be emphasized
that absolute magnitude of b,,, (or alterna-
tively b,) must also be considered together with
® when the phase function effects are esti-
mated, since (1) we saw in Section 2.2.3 that
significant difference in P is found only at W
>0.9 and (2) a value of w cannot specify a
unique value of W.

Phase function effects for the absorbing wa-
ters implies that, even for oceanic waters, the
effects can be significant at near-infrared
wavelengths where the absorption by pure
seawater itself is much larger than that at visi-
ble wavelengths. The near-infrared has a par-
ticular importance for atmospheric correction
scheme of the ocean colour imagery, especially
when the waters have a significant reflectance
in the NIR; the bright pixel assumption
(MOORE et al, 1999). Thus, the present work
implies that the phase function effects need to
be considered in remote sensing application.

5. Conclusion

The largest influence of P, is estimated to be
19% for oceanic waters. For coastal waters, the
influence can even be larger in absorbing wa-
ters, whereas it can be smaller in scattering
waters. The influence of shape of phase func-
tion of suspended particles can be significant,
especially when intensity of scattering of parti-
cle is large enough compared to that of pure
seawater (0.9<W). The present results suggest
that the shape of P has to be taken into account
in the ocean colour analysis, especially in
highly absorbing waters.
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