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ABSTRACT

The article describes the estimation of measure-
ment error of seawater beam attenuation coefficient
using the Monte Carlo method. Measurements of
the beam attenuation coefficient and its vertical dis-
tribution are the most common type of hydro-op-
tical investigations since it is widely used for the
research of light distribution in sea medium. More-
over, the beam attenuation coefficient is closely re-
lated to the concentration of the suspended sub-
stance and may be used for its estimation. Usually,
the measurements of beam attenuation coefficient
are conducted with small instrument base in rather
transparent waters. In this case, the method errors
of the beam attenuation coefficient measurement
are low. However, in practice, cases of very tur-
bid waters (near-bottom nepheloid layers), where
measurement errors of beam attenuation coeffi-
cient significantly increase due to multiple scatter-
ing within the instrument base, are often encoun-
tered. The estimation of such errors is reviewed
in this work. The effect of scattering phase func-
tion on the considered errors is described to the
greatest extent. Moreover, the effect of the instru-
ment base length and angle of view of the receiving
system on measurement errors of beam attenua-
tion coefficient is studied. Corresponding estima-
tions are provided.

Keywords: beam attenuation coefficient, neph-
eloid layers, Monte Carlo method, measurement er-
ror, Bouguer law, multiple scattering

1. INTRODUCTION

Nowadays, the measurements of the beam atten-
uation coefficient ¢ and its vertical distribution are
the most widely used type of hydro-optical investi-
gations. The value of the beam attenuation coeffi-
cient (alongside with other hydro-optical indicators)
significantly affects the solar radiation (and radia-
tion of artificial light sources) distribution in a wa-
ter medium.

Numerous investigations have shown that the
value of the beam attenuation coefficient is closely
related to the concentration of the suspended sub-
stance and may be used for its estimation [1, 2]. It
needs to be noted here that hydro-optical measure-
ments have a particular advantage since they are
conducted continuously in space and time, whereas
geological methods are very time-consuming.

It should be noted that recently the measure-
ments of beam attenuation coefficient are being
widely used for the research of different biogeo-
chemical processes in the ocean (among the recent
publications, see, e.g. [3-5]).

The measurement method of beam attenu-
ation coefficient is based on the Bouguer law
P = Pye<L, where Pj and P are the values of radiant
flux before and after the light passes the distance L
in the water, c¢ is the value of beam attenuation co-
efficient. For correct determination of ¢, it is nec-
essary that the light beam coming out of the instru-
ment had a low divergence and the receiving system
had a low angle of view. In the rather transparent
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waters, the value of 7 = cL is relatively low, but
there are situations when it is essentially higher than
one (e.g. in turbid waters in areas of river runoffs
or in near-bottom nepheloid layers), and the multi-
ple scattering of light along the beam axis is neces-
sary to be taken into account in this case. This goal
is the main subject of this work. It should be noted
that the Monte Carlo method is applied for estima-
tion of measurement error of beam attenuation coef-
ficient for the first time.

2. PUM TRANSPARENCY METER.
OPTICAL SCHEMATIC AND
ADVANTAGES OF THE INSTRUMENT

Fig. 1 shows the optical schematic of the PUM
transparency meter (universal small-size trans-
parency meter) which is being used for field experi-
ments of the Shirshov Institute of Oceanology, Rus-
sian Academy of Sciences recently [6].

The instrument is based on the classical two-
channel optical arrangement with one light source
and one photodetector, the reference channel is lo-
cated inside the body. The main advantage of the
two-channel arrangement is the elimination of non-
stabilities of the light source and the photodetector
in the course of measurement signal level setting
on the basis of the reference one (which is required
for calculation of beam attenuation coefficient).

In the measurement channel, the light source
1, which is a high-output LED, sends a light beam
to the studied medium (seawater) through semi-
transparent mirror 10, collimator 6, and illumina-
tor 7. The beam reflected by cube-corner reflector 8
gets inside the instrument again through the illumi-
nator 7, passes the lens 6 and, being reflected by the
semi-transparent mirror 10, gets into the photode-
tector 2. In the reference channel, the light beam
gets on the spherical mirror 3 through the semi-
transparent mirror 10 and, being reflected by the

former, through the same semi-transparent mirror, it
gets to the photodetector, at output of which there is
the interference filter 11 passing the radiation with
light source wavelength (532 nm) and half-width of
20 nm.

For calculation of beam attenuation coefficient,
two additional channels are used. The dark signal
channel is required for calculation of background
signal with the light source switched off and is used
for compensation of the temperature drift of the
photodetector (the background signal is subtracted
from the reference signal). The reference channel is
used for calculation of the background signal (the
reference signal) from the light scattered by the wa-
ter which gets into the measurement channel. The
reference signal is measured with the light source
switched off and is subtracted from the signal of the
measurement channel. For additional reduction of
external light, the narrow-band interference filter
11 with the same spectral characteristics as those of
the light source is used. Formation and sequence of
light fluxes to the input of the photodetector 2 are
provided by the optical modulator 4 installed along
the axis of the electric drive 5. Apart from closing
the optical fluxes, the modulator forms synchro-
nised impulses controlling switching on of the light
source 1 and allowing to separate the components
corresponding with light fluxes of each of the four
channels out of the impulse signal in the photode-
tector output.

In the course of operation, the PUM transparency
meter has undergone numerous retrofits. In particu-
lar, apart from the standard installation place of the
cube-corner reflector at a distance of L/2 = 30 cm
from the illuminator, installation of the cube-corner
reflector is provided at a distance of L/2 = 5 cm for
measurements in very turbid waters.

Main optical parameters of the PUM trans-
parency meter are shown in Table 1.

Table 1. PUM Transparency Meter Parameters

Parameter Value
Beam divergence 2:0y =12’ (in water)
Receiver view angle 2:0=20'
Beam width 2w=20 mm
Short base L=10cm
Long base L=60 cm
Collimator diameter 2:R =35 mm
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Fig. 1 Optical schematic of PUM transparency meter: 1 — light source;
2 — photodetector; 3 — spherical mirror; 4 — optical modulator; 5 — electric drive;
6 — collimator; 7 — illuminator; 8 — cube-corner reflector; 9 — sealed case of the instrument; 10 — semi-transparent mir-
ror; 11 — interference filter

3. VERTICAL PROFILES
MEASUREMENTS EXAMPLES OF
BEAM ATTENUATION COEFFICIENT
IN HIGH-TURBID WATERS

The measurements described below were con-
ducted during the 69th expedition of the Research
Vessel “Akademik Mstislav Keldysh” in 2017. The
area of research was a wide one: from the Barents
Sea to the East Siberian Sea.

The distribution of beam attenuation coefficient
in the researched waters has high spatial-temporal
variability. In this area, both waters with the value
of ¢ close to that of transparent ocean waters and
high-turbid waters with the value of 7= ¢ XL essen-
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tially exceeding one are encountered. The locations
of stations where anomalously high values of ¢ (¢ >
10 m!) are shown in Fig. 2.

Usually, such waters are encountered in near-
bottom layers (the so-called near-bottom nepheloid
layers caused by spreading of bottom sediments).
In the Khatanga river mouth, the water is anoma-
lously turbid (¢ > 40 m™!) from the surface to the
bottom. The examples of the results of measure-
ments conducted in such waters are shown in Fig. 3.

Fig. 3 shows that all the graphs have near-bot-
tom nepheloid layers, where the values of beam
attenuation coefficient ¢ exceed 20 m™! (in some
cases, the value of ¢ exceeded 50 m™). It is obvi-
ous that multiple scattering of light along the base
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Fig. 2. Stations of the 69 expedition of the R/V “Akademik Mstislav Keldysh”
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Fig. 3. Examples of Measurements of vertical profiles of beam attenuation coefficient in high-turbid waters. Station
numbers are given in the graphs. a — st. 5627 and 5628 — Khatanga river mouth, st. 5588 and 5639 — Kara Sea;
b — st. 5602 — East Siberian Sea in the area of the Indigirka river mouth. Diamonds indicate the suspended substance
concentration. Thick near bottom nepheloid layer is well seen

length L should be taken into consideration for such
layers. In all cases when the value of 7 exceeded 9,
the sensitivity of an instrument with long base was
not sufficient, whereas the measurements with short
base gave satisfactory results (Fig. 3).

The measurements of the vertical distribution of
beam attenuation coefficient in near-bottom layers
are well-confirmed by direct measurements of sus-
pended substance concentration. The corresponding
example is shown in Fig. 3b.

4. APPLICATION OF THE MONTE
CARLO METHOD FOR ESTIMATION
OF MEASUREMENT ERROR OF BEAM
ATTENUATION COEFFICIENT

As a parameter of error estimation, the value
0C = C — Cmeas» Where Cpeas = In(Py/P)/L was se-
lected. In [7], the problem of spreading of a narrow
light beam, which essentially resolves itself into cal-
culation of the value of P depending the parameters
R, L, and optical properties of medium was consid-
ered. However, it is worth noting the difference be-
tween the setup of the problem and our case: the
distribution of irradiance was studied at some dis-
tance from the source, i.e. the view angle of the re-
ceiver 6 was equal to 90°, whereas in our case, 6 =
10’ and, as it will be explained below, this difference
is quite essential.

The beam attenuation coefficient ¢ measure-
ment error caused by scattered light detection by
the detector was calculated using the Monte Carlo
method. The simplest variant of this method was
used: direct modelling of photon trajectories [8, 9].
For each photon, the processes of absorption and
scattering in medium, reflection from the cube-
corner reflector, and return to the illuminator were
modelled. Only those photons, for which the in-
cidence angle did not exceed the value of 6, were
taken into account.

First, let us consider the dependence of the cal-
culation parameters on scattering phase function.
Unlike the problems of remote sensing, in which
the results are mostly defined by the behaviour of
the phase function in the backward hemisphere,
here the scattering at low angles of about 1° is the
most essential factor which defines entry of the scat-
tered light to the photodetector. Dependence of the
results of calculations on scattering phase function,
unlike other parameters considered below, which
are known in advance or set a priori, is the most
uncertain one. It is possible to use only reference
data here.

The experimental data regarding scattering phase
functions measured in the Indian Ocean at depths
lower than 100 m and exceeding 100 m is contained
in the Ocean Optics monograph, volume 1, part I,
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Fig. 4. Dependencies dc-L on optical thickness for differ-
ent indicatrices: 1 — indl,2 — ind2;3 — K[,4 — Ks,5 —
Petzold. Continuous lines — short base (0.1 m), dashed
lines — long base (0.6 m)

chapter 7 [10]. Below we will indicate these phase
functions as ind1 and ind2 respectively.

Table 8.6 of the same monograph contains phase
functions for pure water and for fine and coarse sus-
pended substances. For coarse size (biogenic sub-
stance), the range of particle sizes was taken in the
form of Junge distribution », where v =3. Refrac-
tive index of particles is equal to 1.03. For fine sub-
stance (terrigenous substance), complex distribu-
tion within the range of particle sizes from 0.01
to 1.3 mm was taken. In this case, the refractive in-
dex of particles is equal to 1.15. We will indicate
scattering phase functions for coarse and fine frac-
tions as K/ and Ks respectively.

In [11], the results of measurement of scattering
phase function in coastal waters (San Diego bay)
and in the waters of the open ocean within the range
of angles from 0.1 to 175° are listed. This data is
reproduced in [12] and at http://www.oceanoptics-
book.info/view/references/publications.

If we presume that the only essential parameter
with length dimension in this problem is the base-
line length L, for the given phase function, the non-
dimensional value dc-L depends only on the non-
dimensional parameter ¢ = ¢-L. The graph of such
dependence is shown in Fig. 4. It can be seen that,
with relatively high values of the parameter 7, for

ao

Fig. 5. Dependencies of ¢ on the receiver angle of view 0

for different indicatrices: 1 — indl,2 — ind2;3 — KI, 4 —

Ks, 5 — Petzold. Vertical dashed line indicates the value of
the @ parameter for PUM

some phase functions, for instance, for K/, this pre-
sumption is not met: with the same value of the pa-
rameter 7, the value of dc-L for long base is less than
for the short one. It is caused by the fact that, apart
from L, there are other parameters with length di-
mension in the problem, in particular, the radius of
the collimator R. Dependence of dc on R is essential
with R < L- tan y, where y is the divergence angle
of the photon beam with incidence angle less than
the view angle of the receiver 6. The value of angle
v essentially depends on the scattering phase func-
tion: the more the phase function is elongated for-
ward, the less this angle is. With a short base, the
condition R > L- tan y is met for all phase functions,
whereas with long base, it is not always so.

Dependencies of dc on the view angle of the
receiver for different phase functions are shown
in Fig. 5. For PUM, this angle equals to 0.167°. This
dependence itself is rather obvious: the more the re-
ceiver view angle is as compared to the beam diver-
gence, the higher is the effect of scattered light and
the higher is the beam attenuation coefficient mea-
surement error.

The conducted calculations show that changes
in the value of beam divergence slightly affect the
value of ¢ measurement error (naturally if the beam
divergence is significantly less than the receiver
view angle). Moreover, the calculations show that
changing the beam width slightly affects the results
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Fig. 6. Relation between the parameters of absorption and
extinction in the Barents Sea (1998)

(if it is significantly less than the diameter of the
illuminator).

It should be noted that the value of absorp-
tion, naturally, does not affect deviation from the
Bouguer law. Its increase causes only a decrease of
the relative measurement error of the beam attenu-
ation coefficient.

5. ESTIMATION OF MEASUREMENT
ERRORS OF THE BEAM ATTENUATION
COEFFICIENT IN THE SURFACE
LAYERS OF ARCTIC SEAS

Above, rather essential effect of scattering phase
function in the low angles range on the beam atten-
uation coefficient was demonstrated. Below, we will
consider the possibility of determination of the error
of beam attenuation coefficient in the surface layer
with scattering phase function taken into account.
This possibility is based on the close relation be-
tween the backscattering coefficient

/2

[ ptrisinyay b =27 [ B()sin(dy

where B(y) is the volume scattering function of sea
water, and sub-surface radiance reflectance

p =7 Lu/Ed’

where L, is the sub-surface upwelling radiance,
Ej is the sub-surface downwelling irradiance. The

radiance reflectance p can be measured both by
contact and remote (using satellite colour scanners)
methods.

A simple and, at the same time, rather exact ex-
pression describing the dependence of the radiance
reflectance on inherent optical properties is given
in [13]: p = 0.0922-7-by/a, where a is the absorp-
tion coefficient of sea water, from which:

b, =3.45pa . (1)

The relation between the absorption coefficient
a and extinction coefficient ¢ is acquired based
on the results of measurements conducted in the
Barents Sea in 1998 (the measurements were con-
ducted both in turbid waters of Pechora Sea and
in relatively transparent waters of the Western
part of Barents Sea). At that time, diffuse attenua-
tion coefficient K, at a wavelength of 530 nm and
the beam attenuation coefficient ¢ were measured
at the same time. According to [14], the relation be-
tween a and K is written as Ky = Do(0): k- (a +by).
Given that the measurements were conducted with
the Sun zenith angle of about 60°, for approximate
calculations, Dy(6)- k; =1.3 may be taken (see [14,
table 4]). From here the value of a(530) is deter-
mined (the value of b, may be estimated based
on the approximate formula b, = 0.018- ¢/b, where
b is the seawater scattering coefficient [15]). The
graph of dependence of the absorption coefficient
on the extinction coefficient based on the measure-
ments conducted in the Barents Sea in 1998 is given
in Fig. 6. It can be seen that there is a rather close
correlation between the considered parameters (de-
termination coefficient 72 = 0.9). The corresponding
regression equation is written as a (530) = 0.0983-
¢ (530) + 0.05, from which, with consideration of
(1), we obtain:

b=0.902¢-0.05,5, = p(0.335¢+0.252). (2)

For estimation of the scattering phase function,
the two-parameter model of light-scattering prop-
erties of sea water [16] was used; in accordance
with it, volume scattering function $(y) may be pre-
sented as the sum of contributions by pure sea water
Bw(y) and fine and coarse suspended substances (v

B/(y) and v, B.(y) respectively):

B) = Bu@) Vi) + v (). 3)
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where v, and v, are volume concentrations of fine
and coarse suspended substances respectively;
the tables of functions B,(y), B(y), and B, (y) for
a wavelength of 550 nm are given in [10]. For re-
calculation to the operating wavelength of the trans-
parency meter, we use the spectral dependence for-
mulas: B, ~ A3, Be~ A7V, B~ 2703,

To define the parameters of the model v¢ and v,,
first, we integrate (3) over the whole sphere, then
over the backward hemisphere. As a result, we ob-
tain a pair of linear equations in two variables:

b=b,,vbtvb. by="2b, vy tveby,  (4)
where b,, is the scattering coefficient of pure
sea water,

b= 27f£ By ()sin(y)dy .

by, =2 [ Bs.(y)sin(y)dy.
/e /2

Solving the equations (4) with consideration of
(1) and (2), applying the parameters v, and v, to (3),
and multiplying the result by the normalization fac-
tor 1/b, we obtain the scattering phase function, and
therefore, all parameters required for calculation us-
ing the Monte Carlo method.

In Fig. 7, the estimation results of the depen-
dence of the extinction coefficient measurement er-
ror caused by multiple scattering on radiance re-
flectance for different values of L and ¢ are shown.
Like in Fig. 4, the difference of the values of the
non-dimensional value dc'L for similar values of z
but different values of L is caused by the fact that,
with long base, the value L- tany (y is the angle
of light beam divergence) exceeds the collimator
radius.

Estimation of the measurement error of the ex-
tinction coefficient ¢ using the parameter p is pos-
sible only for surface layers. Possible values of
the parameter p for this region may be evaluated
based on satellite data or data of contact measure-
ments, e.g. by means of a floating spectroradiometer
[17]. During the 69t cruise of the R/V “Akademik
Mstislav Keldysh”, the highly turbid surface layers
we were interested in were found at stations 5627
and 5628 in the Khatanga river mouth (Fig. 2, 3).
Shipboard measurements of p were not conducted
at these stations. The estimation capability of this

0.04 :
p(530}

0.06 0.08 0.

Fig. 7. Dependence of measurement error of the luminous
extinction coefficient caused by multiple scattering on
luminance factor of water medium: 1 — t=3;2 — 7= 6;
3 — ¢ =28. Continuous lines — L = 0.1 m, dashed lines —
L=0.6m

parameter by means of satellite data is considered
below.

The data files of the MODIS Aqua and MODIS
Terra satellite ocean colour scanners contain the
parameter R, (A) = L,"/E;* (L, is the water-leav-
ing radiance, E4" is the downward irradiance above
the surface) for a wavelength of A = 531 nm. The
value p can be with a good accuracy calculated us-
ing the formula p(4) = R,(1)/(0.495'R,(A) + 0.165)
[18]. There are no data exactly referenced to co-
ordinates and measurement time of stations 5627
and 5628, however, it can be proposed that the re-
quired value of p lies within the interval between
the minimal and the maximum values of it for
this region within a month. Based on the MODIS
Aqua data, average values of p for each day of Au-
gust, 2017 were calculated within the inner part of
the contour bounding the Khatanga river mouth
(in September, the data for this region was not
available due to overcast conditions). Average value
was equal to 0.044, maximum value was equal
to 0.069, and minimal one was equal to 0.017. From
the data shown in Fig. 7 follows that, in case of us-
ing a short base L=0.1 m with minimal value of
p, the relative measurement error of the extinc-
tion coefficient is 4 % for ¢ = 80 m™! and 2 % for
c=20m™.
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CONCLUSION

The value of scattering phase function rather
essentially affects the measurement error of the
extinction coefficient (the more the phase func-
tion is prolonged, the higher is the error). Note that
it relates to scattering at angles of about 1°. Dur-
ing measurements in surface layers, for estima-
tion of the scattering phase function, the value of
radiance reflectance at a wavelength of 530 nm
p (530) may be used. In this case, the measurement
error of ¢ is low when the contribution of the coarse
suspended substance in scattering at small angles is
insignificant (the values of p (530) are rather high).
In case, when the coarse suspended substance pre-
vails in small-angle scattering, the considered error
significantly rises (the values of p (530) are rather
low). During measurement of the extinction coeffi-
cient in deep layers (in particular, in the near-bottom
nepheloid layer), naturally, there are no phase func-
tion data, and the data given in [10] should be used
for estimation of the measurement error of the ex-
tinction coefficient.

The instrument base length significantly affects
the measurement error of ¢ with high optical thick-
nesses of 7 =c¢- L (up to a few tens of a percent).
Therefore, for measurement of the extinction coef-
ficient in turbid waters, it is necessary to use short
base for which the measurement errors of ¢ caused
by multiple scattering along the base length are sig-
nificantly lowered.

The conducted calculations show that the re-
ceiver view angle significantly affects the measure-
ment error of c. Therefore, it is necessary to use in-
struments with beam divergence significantly lower
than the view angle of the receiver. Moreover, the
calculations show that changing of the beam width
slightly affects the results (naturally, if the beam ra-
dius is significantly less than the radius of the input
hole of the receiver).

The results of measurements described
herein and the conducted calculations confirm that
the PUM transparency meter with short base may be
recommended for measurement of the beam attenu-
ation coefficient in highly turbid waters.
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