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Numerical study on the effect of multiple scattering on upward
scattering coefficients and diffuse absorption coefficients of
medium in water
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Abstract: Upward scattering coefficients and diffuse absorption for the down- and up-welling streams are key factors for re-
mote sensing of waters, and the interaction between biology and optics. They are also important parameters of underwater light
fields. On the assumption that the radiance field has no internal light source, no inelastic scattering and the water surface was flat,
we studied the effects of the zenith of incident, albedo and scattering coefficient on upward scattering coefficient, diffuse ab-
sorption coefficient for the downwelling and upwelling streams on condition that a scattering phase function was selected. The
upward scattering coefficient showed an increase with the zenith of incident increasing, but the coefficient did not change along
with the albedo and scattering coefficient just below water surface. With depth increasing, the profile of upward scattering coef-
ficients gradually approached a constant, and the constant increased with albedo increasing. The profile of upward scattering co-
efficients strictly increased and then gradually approached a constant with depth increasing when the incidence was normal to
the water surface. With further enhancement of zenith angle, the profile gradually increased, then decreased, hereafter kept in-
variable; while the invariant value increased with albedo increasing, but did not change with zenith angle of incident. The pro-
files of diffuse absorption coefficients for downwelling streams gradually shifted from strictly increase and followed stability to
the new trend which took on first increase and next decrease, then to a constant state. Given that scattering coefficient and al-
bedo was the same, the diffuse absorption coefficients for downwelling streams of different incident zenith converged to stability
gradually. The less the albedo was, the more rapid convergent rate was, the shallower the depth of approaching to asymptotic
state was. The characteristics of diffuse absorption coefficient for upwelling streams were very similar to that of diffuse absorp-
tion coefficient for downwelling streams, the former was merely bigger than the latter, and the diffuse absorption coefficients for
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upwelling streams were the maximum among them.
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1 INTRODUCTION

The transmission and distribution of photosynthesis active
radiation (PAR) has an obvious interaction with the water envi-
ronment. On the one hand, the distribution of PAR not only
influences the water’s primary productivity, competition for
light between the phytoplankton and submerged plants, the
balance of carbon dioxide and the cyanobacteria bloom (sea
red tide) (Molen et al., 1994; Chami & Robilliard, 2002;
Woznika et al., 2002, 2003; Arst et al., 2008), but also changes
the growth of phytoplankton and submerged plant and commu-
nity structure (Elisabeth et al., 2001). On the other hand, light
field is the information carrier of water body after scattering
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and selectively absorbing (Ragni & D’alcala, 2004), The wa-
ter-leaving radiance signal composed of upward diffusion scat-
tering is the information source of remote sense for the water
body chlorophyll density, the suspension density and so on
(Kirk, 1989).

During the light transfers in the water, radiance will experi-
ence multiple scattering by particles and selective absorption of
the media. Although the scattering does not weaken the energy
of PAR in the water, it can actually change the direction of light
transmission, change the geometric structure of underwater
light field and enlarge the proportion of diffuse underwater light
field, and lengthen the light transmission path, so that the
probability of the absorbed energy of light increases (Kirk,
1989, 2007). Thus in the process of construction remote sensing
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model for waters and biological-optical model, the water’s in-
herent optical parameters (downward and upward absorption
coefficient, backscattering coefficient) can not truly represent
the capacity for absorbing light energy of water and the propor-

tion of upward transmission of light energy caused by scattering.

The estimation of the light energy absorbed by waters should
consider the diffuse condition of light fields, otherwise there
may be a larger error in the quantitative relationship between
the light and the water body’s primary productivity (Sathyen-
dranath & Platt, 1989; Kirk, 2007). About quantitative remote
sensing of waters, the geometric structure of light field simi-
larly influences the depth of remote sensing for waters (Gordon
& McGlunev, 1975). In order to solve the problems above,
many scholars devoted to analyzing geometric structure (aver-
age cosine) of light field in waters and compute the scalar
irradiance (Bannister, 1992; Liu, 2006). In brief, the change of
the upward scattering coefficients and the diffuse absorption of
waters is the fundamental question in water optics, the remote
sensing for waters and the algae photosynthesis.

In this paper, on the assumption that there are no internal
light source and no inelastic in waters scattering and the water
surface is flat, the effects of the zenith of incident, albedo and
scattering coefficients on upward scattering coefficients,
down-and upward diffuse absorption were studied on condition
that a scattering phase function was selected, to reveal the rule
of the effect of different factors on various parameters depth
profile, and so as to lay the foundation for further establishing
biological-optical models and quantitative model of remote
sensing for waters.

2 THEORY AND METHOD

2.1 Upward scattering coefficient

Suppose dF is the upward radiant flux that scattered by dif-
fuse downwelling flux (F) after transmitting dz distances, the
upward scattering coefficient (Sathyendranath & Platt, 1991)
can be expressed as follows: (for simplicity, we suppress the
explicit wavelength dependence of the follow quantities ).

B,(2) =dF(z) < u(z) >/ F(z)dz )
where, B, denotes the upward scattering coefficient, dz is the
vertical distances, and < (z)> is the average cosine at depth
z. Weighted by the radiance from zenith, <u(z)> can be ex-
pressed as:

2n =w
j j L(0,4,7)cosOsinOdOd e

 $=00=0
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j j L(0,¢,2)sin6dOd ¢
$=06=0
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where 0 is the zenith angle, ¢ is the azimuth, and L(6, ¢, z) is
the radiance at depth z. Therefore in order to quantitatively cal-
culate the upward scattering coefficient, we should first compute
the upward radiation flux dF(z) which is caused by scattering in
the vertical distance dz, the downwelling radiation flux at depth

z, as well as average cosine of underwater light field.

2.2 The redistribution of the incident radiation
caused by scattering

In order to calculate the upward scattering coefficient, we
should accurately know the scattered radiance distribution on
different zenith angles for the incidence angle 6.

According to the mode of Sathyendranath and Platt (1991),
we firstly define a cone taking the zenith angle & as the axis,

while 6 =(9f —%AHJ and 6, =[6’f +%A9j as the zenith

angles of two elements of the cone, respectively. & is the zenith
angle of the scattered radiation, @ is the zenith angle of incident
radiation. Suppose y is the scattering angle, ¢ and ¢ are the
azimuth angles of incident and scattering radiation, we have the
relation as follows:

cosf; =cos@cos y +sinfsin Xcosy 3)

From (3) we could obtain the range of the scattering angle y
and scattering azimuth y (yw =[n—(¢; —¢)] ) as follows

(Sathyendranath & Platt, 1991):

Xmin =61 = 0| )
Amax = 0,+0
cosy = cos 491.— co.sﬂcos;(
sin#sin y ®)
cos6, —cosfcos y
cosy, =—=———

sin#sin @

The scattering coefficient on zenith angle 6 of the incident
radiation by scattering into the direction of zenith angle & can
be expressed as R(6,6) (Sathyendranath & Platt, 1991):

5 Hmax
RO.00 = [ G1-v)psin rdy (6)
Zmin
where f(y) is the volume scattering function.

The upward scattering coefficient B,(6) caused by incident
radiation of zenith angle @ after scattering can be expressed as
follows:

B.(0) = [R(6,6)d6; (7)

2

2.3 The effect of multiple scattering on downward
irradiance and the computation of other corre-
lated parameters

For further calculating the variation of upward diffuse scat-
tering coefficient in traversing distance, we suppose a water
body with the following inherent optical properties: the absorp-
tion coefficient a(z), volume scattering function (), and an
incident irradiance &£(6,z) at depth z and zenith angle 6. After

the radiation transmitting dz distance, the irradiance

dé(6,z+dz) scattered out of the beam can be expressed as
(Sathyendranath & Platt, 1991):



ZHAO Qiao-hua et al.: Numerical study on the effect of multiple scattering on upward scattering coefficients and
diffuse absorption coefficients of medium in water 765

dé(0,z+dz) =&(0,z)exp[—a(z)dz/cos O] x
{1-exp[-b(z)dz/cos O]} ®)

where, b(z)= I P(y,2)dw is the scattering coefficient, and @
4n

is the solid angle. Let d2§(0,0f) be the portion of flux that is
scattered into zenith angle &

d%8(0,6;,2 + d2)d6; = dE(0,2 +d2)R (0,6;,2)d6;,  (9)
where R'(0,6;,2) = R(0,6,2)/b(z) . So irradiance at the zenith
angle 6; may be approximated as follows:

E(br,z+dz) =&(6r,z)exp{-{a(z) +b(z)]dz/cos b} +

/2 5 (10)
j d2£(6,6;,7 +dz)d6
0

Via transforming &6, z) into radiance L(6, z), we can obtain
(2) by (2). The result compared well with Monte Carlo’s result
(Sathyendranath & Platt, 1991).

For obtaining the upward scattering coefficient at different
depths, the total radiation flux F(z) and upward radiation flux
dF(2) at depth z are needed, and can be calculated by equations
(11) and (12).

F(2) :dAjg(e,z)de

an
0
n/2
dF(z) =dAdz I £(0,7)B,(0,2)/cos0d o (12)
0

4% Incident radiation ‘

‘ Different zenith angle (8,) |

I

Thus B(z) can be calculated by equation (1).

According to the distribution of the radiance L(6, z) at dif-
ferent depths, the average cosines 4(z), 4,(z) of downward and
upward light field as well as the diffuse absorption coefficients
ay4(z), a,(z) for the downward and upwelling streams can be
expressed as the following equations (Kirk, 1981),

w/2
'[ L(8,2)cosOsinOd O

a4(2)=a(2)/ gy(2)=a)/ (13)
j L(6,2)sin0d@
0
j L(0,2)cos Osin0do
a,(2)=a(2)/ u,()=a(z)) =2 (14)

j L(6,2)sin6do
/2

2.4 Simulation and calculation

In order to calculate the upward scattering coefficient, firstly,
R(0,6;) is determined by the volume scattering function; and
then the distribution of the scattered radiation is calculated.
With an condition that &, aj, by are given, firstly, we calcu-
late £(60,z) at depth z, then calculate the light field re-distr-
ibution through absorption and scattering on traversing dis-
tance dz/cos@, and finally calculate B,(z), a4(z), a,(2)

(Fig. 1). For simplicity, we assume the light properties of the
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water is homogeneous; the volume scattering function is the
result measured by Morel (Sathyendranath & Platt, 1991); the
scattering coefficients are 0.1, 0.3, 0.5, respectively; the albedos
are 0.9, 0.7, 0.5, 0.3, respectively; and the incident zenith an-
gles are 0°, 20°, 40°, 60° and 80°, respectively.

3 RESULTS AND ANALYSIS

3.1 Upward diffuse scattering coefficient

The profiles of upward diffusion scattering coefficients in
different situations showed the following characteristics:

(1) The upward scattering coefficients increase with the ze-
nith angle of incident just below water surface, but do not
change with albedos and scattering coefficients (Fig. 2). These
are mainly because the transmission direction of incident radia-
tion does not change just after entering the water. When the
incident zenith angle is 0°, the upward diffuse scattering is
mainly determined by the backscattering coefficient which is
inherent optical parameters; and therefore, the upward diffuse
scattering coefficient is very small. With the zenith angle of
incident radiation increasing, a part of back-scattering rays
replaces the forward scattering rays and the upward scattering
flux includes part of forward scattering flux, so the proportion
of upward scattering flux rises. Furthermore, the upward diffuse
radiation increases and the total irradiance reduces, so the up-
ward scattering increases with the incident zenith angle in-
creasing. The absorption and the scattering have not manifested
their effects on the incident radiation for it has just entered the
water, and the albedo and scattering coefficient have not shown
any influence on it.

(2) The profiles of upward scattering coefficients gradually
approach a constant with depth increasing, and the value of the
constant increases with albedo increasing (Fig. 2). It may be
because the underwater radiation gradually gets close to an
asymptotic state after entering the water by scattering and ab-
sorption, and then makes the incident zenith angle and other
environmental information disappear, showing a characteristic
of asymptotic light field (Piening & McCormick, 2003), so the
radiation which is close to an asymptotic state takes on the
characteristics of inherent optical property. And the effect of
scattering becomes more significant with the albedo increasing,
which results in the upward scattering coefficient increasing
close to an asymptotic state. On the contrary, the proportion of
diffuse light will be restrained with the absorption strengthen-
ing, thus its upward diffuse scattering coefficient becomes
small correspondingly.

(3) Upward diffuse scattering coefficients gradually increase
strictly with the depth at first, then levels off when the inci-
dence is normal. But with the incident zenith angle increasing,
Upward diffuse scattering coefficients first increases and then
decreases, finally approaches an asymptotic state; and the more
albedo, the bigger incident zenith angle which is needed to take

on this kind of phenomenon (Fig. 2). It is mainly because the
incident radiation will be affected by the scattering and the
absorption during the transmission in the water. When the inci-
dent radiation is normal to water surface, the radiation con-
tinuously undergoes the scattering effect, so that the diffuse
proportion in waters increases, and more radiation deviates
from the original transmission direction. More and more for-
ward scattering turns into upward scattering, and thus upward
scattering coefficient increases gradually. However, with the
proportion of diffuse increasing continuously, the distance of
photon transmitting extends, and the absorbed possibility would
grow. Absorption reduces the proportion of diffuse, and indi-
rectly reduces the upward scattering coefficient. Thus, with the
radiation transmitting downward, the upward diffuse scattering
coefficients begin to increase, then are restrained, and finally
reach an asymptotic state (Kirk, 1989, 1999, 2007). When the
incident zenith angle increases, in traversing the vertical
distance dz, even along the direction of incident, the light trav-
ersing distance extends on account of scattering, so that
the ratio of diffusion is similar to be added on a certain cardinal
number. When the surface’s upward diffuse scattering
coefficient is greater than that at the asymptotic state, the ab-
sorption will reduce this coefficient with depth increasing. It
can be seen that the profile of upward scattering coefficient can
present the non-monotonous phenomenon only with a large
zenith angle.

3.2 Diffuse absorption coefficient for the downward
and up welling streams

Fig.3 shows the profiles of diffuse absorption coefficient for
the downwelling streams in conditions of different scattering
coefficients, albedo and zenith angles.

The profiles take on three typical features:

(1) The profile gradually increases at first, and then decrease
with zenith angle increasing, which indicates that the
downward average cosine decreases with depth at small zenith
angles, then shifts to increase with depth when zenith angle
increasing (Fig. 3).

(2) When the scattering coefficient and albedo are the same,
the diffuse absorption coefficients for the downwelling streams
with different zenith angles gradually converge on a same sta-
ble state. The less the albedo is, the more rapid the convergent
rate is, and the shallower the depth of approaching to the as-
ymptotic state is. It shows that the absorption and scattering can
be easy to achieve equilibrium when the former is stronger and
the latter is weaker (Fig. 3).

(3) The diffuse absorption coefficient for the downwelling
streams is always bigger than the absorption coefficient which
is an inherent optical property (Fig. 3).

The characteristics of the diffuse absorption coefficient for
upwelling streams are very similar to the ones of diffuse ab-
sorption coefficient for downwelling streams (Fig. 4). The main
difference is that diffuse absorption coefficients for upwelling
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streams are always bigger than the ones for downwelling
streams in the same situation. The reason is that the upward
radiation raises from the downward radiation by scattering, so
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Fig. 2 The profiles of upward scattering coefficients in conditions of different scattering coefficients, albedo and zeniths
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Fig. 3 The profiles of downward absorption coefficients in conditions of different scattering coefficients, albedos and zeniths

ing streams results in diminution of the penetrating rate of up-

ward radiation. This also coincides with the fact that the wa-

ter-leaving radiation is small in the water body and the satellite

sensor receives very slightly signal from water.

4 DISCUSSION

When the radiation is traversing in the water, the absorption

action can not change the direction of radiant, but reduce the
radiation energy. The scattering is on the contrary. With the
traversing path extending and the number of scattering events

increasing, more and more radiation deviates from the original

direction, and the average cosine of light field reduces gradually.

For a pure scattering water, the light field average cosine (u)
can be denoted as follows (Kirk, 1989, 1999).

= poexp[-bd(1- )] (15)
where b is the scattering coefficient, d is photon’s total travers-
ing distance, g is the average cosine of scattering. From equa-
tion (15) we can see that for pure scattering medium, if the
photon’s traversing distance and the scattering coefficient are
large, the light field’s average cosine will be small, and then the
diffusion proportion will be high. According to Mie-scattering
theory, the bigger the zenith angle of downward radiation, the
more proportion of forward scattering becomes upward trans-
mission, and the bigger the upward diffuse scattering coeffi-

cient.
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Fig. 4 The profiles of upward absorption coefficients in conditions of different scattering coefficients, albedos and zeniths

Although the absorption does not change the direction of the
photon’s transmission, it may influence the geometric structure
of underwater light field. In the water body, the absorption can
be expressed as (Sathyendranath & Platt, 1991; Kirk, 1999):

N = Ny(1—exp(-aCt), (16)
where N is the photon number been absorbed, Ny is the initial
photon number, C,, is the speed of the photon transmitting in
the water, and t is the photon’s transmission time in the water.
We can see that with the photon’s transmission time extending,
the probability of the photons scattered increasing and the pho-
ton’s course lengthening, the probability of the photons

absorbed increases. That means the bigger the zenith angle, the
more photons will be absorbed. When the two actions achieve
balance, the upward scattering coefficients and diffuse absorp-
tion coefficients for the down- and upwelling streams also reach
a balanced state, which is named asymptotic state (Piening &
McCormick, 2003) (Fig. 2, 3, 4). Thus, we can explain that so
long as the incident zenith angle is the same, the upward diffuse
scattering coefficient is almost equivalent when the radiation
just entering/ has just entered the water (Fig. 2). Similarly we
can explain that the more the albedo and the less the absorption
effect relatively, the more upward diffuse scattering coefficient
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when underwater light field is approaching to an asymptotic
state (Fig. 2). Thus, the characteristic in Fig. 3 and 4 can also
get explanation completely.

During the process of photons traversing downward, the
proportion of the incident photons which can neither be ab-
sorbed nor be scattered reduces with extension of the traversing
distance, so that the photons turn less and less when traversing
along the initial direction of the radiation. When the photon
number becomes equal in all directions, that is the time of as-
ymptotic state of light field appearing, the apparent optical
properties are affected not by water roughness, atmospheric
conditions or incidence zenith angle, but by only the optical
properties of waters. Therefore, the apparent optical property
becomes the inherent optical property (Leathers & McCormick,
1997).

The upward traversing is caused by the scattering, and its
radiation spatial distribution totally depends on the volume
scattering function of medium. Therefore, the upward radiation
is easier absorbed, and the attenuation coefficient of upward
diffusion is big, so that the water leaving radiance is generally
rather small.

Because of the interactive actions of scattering and absorp-
tion, when estimating the primary productivity and photosyn-
thesis of water body, we can not simply calculate the inherent
optical parameters and downward irradiance. Geometric struc-
ture of the underwater light field should also be taken into con-
sideration.

5 CONCLUSION

The upward scattering coefficient showed an increase with
the incident zenith angle increasing, but the coefficient did not
change along with the albedo and scattering coefficient just
below water surface. With depth increasing, the profile of up-
ward scattering coefficients gradually approached a constant,
and the constant increased with albedo increasing. The profile
of upward scattering coefficients strictly increased and then
gradually approached a constant with depth increasing when the
incidence was normal to the water surface. With further en-
hancement of zenith angle, it happened that the profile gradu-
ally increased, then decreased, hereafter kept invariable. The
invariant value increased with albedo increasing, but did not
change with zenith angle of incident. The profiles of diffuse
absorption coefficients for downwelling streams gradually
shifted from strict increase and following stability to a new
trend that they first increased and next decreased and then to a
constant state.

When the scattering coefficient and albedo were the same,
the diffuse absorption coefficients for downwelling streams of
different incident zenith converge to stability gradually. The
less the albedo was, the more rapid convergent rate was, the
shallower the depth of approaching to asymptotic state was.
The characteristics of diffuse absorption coefficient for upwell-
ing streams were very similar to the ones of diffuse absorption

coefficient for downwelling streams; while the former was
merely bigger than the latter, and the diffuse absorption coeftfi-
cients for upwelling streams were the maximum among them.
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