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Abstract: The integrated cavity absorption meter is designed to measure the seawater absorption
coefficient spectra which are necessary for studying ocean productivity and heat balance. The per-
formed numerical simulations of a light field structure made it possible to improve the measurement
technique. Its results showed that the use of the Lambertian model allows to reduce the calculation
time by two orders of magnitude with an acceptable loss of accuracy for these calculations. It is
shown that in the case of an integrating sphere made of fluorilon, the use of different volume scat-
tering functions does not affect the calculation result, which is not true in the case of using a sphere
with a mirror coating. The effect of an air layer between quartz and fluorilon is considered, and
the applicability of the diffusion approximation is verified. Examples of field measurements of the
seawater absorption coefficient and its components performed in different water areas of the World
Ocean in 2020–2022 are presented.

Keywords: absorption coefficient of seawater; integrated cavity absorption meter; numerical simula-
tion of light field via the Monte Carlo method; transport scattering coefficient; seawater absorption
field measurements

1. Introduction

Information on the absorption of light by seawater makes it possible to determine
the composition of seawater and the presence of optically active impurities in the form
of solutions and suspensions [1–3]. The energy of absorbed light can be directed to a
number of processes, from which we specify two of the most important: heating seawater
and photosynthesis. The first process is important in the analysis of climate variability,
which is especially important in the Arctic in connection with the manifestations of global
warming [4,5]. It is important to note that the negative feedback mechanism between the
ice cover area and the influx of solar radiation into the seawater column in the Arctic [6,7]
makes the study of the parameters that determine the absorption of light by seawater even
more relevant. Data on light absorption are also necessary for marine biology, in particular,
to assess the available photosynthetically active radiation at different depths [8–11], calcu-
lation of ocean primary production [12], and assessment of the taxonomic composition of
phytoplankton with the combination of its pigment [13–15], especially to detect massive
toxic blooms [16,17].

The most accurate source of data on the spectral light absorption coefficient by sea-
water a(λ) are the results of direct determinations made during ship expeditions. Field
measurements of a(λ) are possible with the help of integrating spheres [18–21], in which
an isotropic light field is created due to multiple scattering from highly reflective walls,
thereby eliminating the influence of scattering for absorbance measurement. Typically, such
spheres are made of fluorilon (polytetrafluoroethylene), a porous material with an albedo
above 0.99 in the wavelength range of 400–800 nm [22]. In the case of spherical symmetry
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(the light source is located in the center of the sphere, or its surface is uniformly illuminated
from the outside), it is possible to obtain relatively simple analytical expressions for describ-
ing the parameters of the light field inside the integrating sphere [18,23]. Otherwise, it is
necessary to use numerical methods, for instance, Monte Carlo [2]. Monte Carlo integrating
sphere modeling is widely used not only in ocean optics but also in other areas, such as
photometry [24], biomedicine [25], and even the food and agricultural domain [26].

In our work, the simulation was carried out for the existing ICAM (Integrated Cavity
Absorption Meter) device [21], taking into account its following configuration: a quartz
flask with a diameter of 86 mm (340 mL volume) filled with a seawater sample; fluorilon
cavity with a wall thickness of more than 1 cm (Fluorilon 99-W™, Avian Technologies New
London, CT, USA); the light source is located outside the sphere in the horizontal plane; the
light guide is at an angle of 110 degrees to the source (Figure 1). This configuration does
not allow obtaining an analytical dependence for the radiance inside the sphere depending
on the optical characteristics of the water sample filling it. The purpose of our work is to
analyze the structure of the light field in the ICAM via the Monte Carlo method. In addition,
to justify the use of fluorilon in the manufacture of integrating spheres, we performed
calculations for a sphere with mirror walls.
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2. Materials and Methods
2.1. Integrated Cavity Absorption Meter

For several years, a portable spectrophotometer in the ICAM (Integrated Cavity
Absorption Meter) configuration [21] has been used for field measurements of the light
absorption spectra of seawater [27–32] at the Laboratory of Ocean Optics of the Shirshov
Institute of Oceanology of the Russian Academy of Sciences (SIO RAS). The spectropho-
tometer contains an integrating quartz sphere with a radius R = 43 mm and a quartz wall
thickness of 0.75 mm, placed in a sphere made of Fluorilon 99-W™. The scheme of the
device is shown in Figure 1. The light source in the device is a current-stabilized halogen
lamp installed outside the sphere in a horizontal plane. From the sphere, radiation is output
via a light guide to the Ocean Optics USB4000 spectrometer (Ocean Insight, Orlando, FL,
USA) through a side hole located at an angle of 110 degrees to the axis of the input light
beam. Thus, the spectrometer registers only photons that have experienced scattering in
the solution and reflections from the sphere surface. The isotropy of multiple scattering
makes it possible to exclude its influence on absorption measurements.

During the processing of each sample, three measurements of the intensity of the
light flux coming out of the sphere filled with seawater I(λ), seawater passed through
the nuclear filter I f (λ), and distilled water Id(λ) are made. In addition, before and after
each measurement, the spectra of the source (empty sphere) Is(λ) are recorded. Time
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interpolation makes it possible to take into account even the slightest changes in the
radiance of the incandescent lamp that occur during the measurements.

An empirical formula for the relationship between the ratios of intensities and the
extinction coefficient is presented in [20]. In the articles [2,33], a Monte Carlo model was
developed based on the existing integrating sphere [21]. It is shown that model calculations
via the Monte Carlo method are well approximated using the ratio of the signals of an empty
sphere Is(λ) and one filled with seawater I(λ) with coefficients k0(λ), u(λ), and v(λ) by
the following formula:

a(λ) =
1
u

[(
k0

Is(λ)

I(λ)

) 1
v
− 1

]
. (1)

Alternatively, u(λ) and v(λ) when using spheres filled with reference solution Id(λ) and
seawater may also be expressed as follows:

a(λ) =
1
u

[(
Id(λ)

I(λ)

) 1
v
·(1 + u·ad(λ))− 1

]
, (2)

where k0(λ) is the ratio of the signal of a sphere filled with a non-absorbing liquid with
the refractive index of water to the signal of an empty sphere, and ad(λ) is the absorption
coefficient of the reference solution.

Absorption coefficient by suspended particles ap(λ) is calculated as the difference
between the absorption coefficient of seawater and filtered through nuclear filters (0.2 µm
pore size) water, and the absorption coefficient of colored dissolved organic matter (CDOM)
ag(λ) is calculated as the difference between the absorption of the filtrate and pure water.
Measurement errors can be estimated as 0.005 m−1 for ap(λ) measurements and 0.01 m−1

for ag(λ) measurements.

2.2. Numerical Simulation, Icammc Program

A new icammc program has been developed, which considers the photon survival
in the ICAM sphere: absorption (a) and scattering (b) in media (seawater, quartz, and
fluorilon), as well as refraction and reflection at the boundaries of quartz—the interior of
the sphere (air or seawater) and quartz–fluorilon, with exit from the sphere into the light
guide. An empty or filled seawater quartz sphere is in a fluorilon shell (Figure 1).

In contrast to [2], the icammc program simulates the propagation of light in the bulk
of fluorilon. Previously, however, it was assumed that when a photon enters the fluorilon
layer, it is reflected with a probability ρ according to the Lambert law, or it is absorbed
with a probability (1 − ρ). Along with setting the albedo of fluorilon, the icammc program
provides the possibility of simulating the propagation of radiation in a layer of fluorilon by
setting the absorption and scattering coefficients of this material. This approach allows us
to investigate the possible deviation of the angular dependence of the reflection coefficient
from the Lambert law. However, the use of this possibility requires significantly more
computational resources due to several orders of larger magnitude number of photon-
scattering events in the fluorilon layer.

The program contains three separate modules: seawater, quartz, and fluorilon; each of
them simulates events that occur with a photon in the corresponding environment. The
term ‘events’ here means collision of a photon with the boundary of the medium, scattering
in water or fluorilon, absorption in any of the three media, exit outside the fluorilon shell,
and hitting the recorder. The position of the current event in space is given by the vector
r1, and the direction of movement after the event is determined by the unit vector x.
The transition to the next event is modeled as follows: the mean free path is calculated
l = − ln(rnd)/c, where rnd is a random variable uniformly distributed over the interval
[0, 1], and c = a + b is the light attenuation coefficient in the given medium. If the straight
line connecting the points r1 and r2 = r1 + l does not cross the boundary of any two media,
then the value r2 is assigned to the vector r1, the next random number rnd is calculated, and
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if rnd > ω0, where ω0 = b/c is the single-scattering albedo, the photon is considered to be
absorbed at the point r2. If rnd < ω0 the new value of the vector x is calculated in accordance
with the phase function in the given medium (quartz is considered to be a non-scattering
medium). If the segment [r1, r2] crosses the quartz/seawater or quartz/fluorilon boundary,
the photon is reflected or refracted into a medium with a different refractive index in
accordance with the Fresnel formulas. The polarization effect is not taken into account
in the icammc program due to a large number of reflections. The input parameters of the
calculation program are as follows: the number of photons (optimal 106–107); indicators of
absorption and dispersion of seawater; refractive indices of seawater (1.34), quartz (1.45),
and fluorilon (1.35); radii of the spheres and sizes of their outlet. For seawater and fluorilon,
the phase functions of Petzold [34], Kopelevitch [35], or Henyey–Greenstein [36] were
specified.

If a photon enters a hole with a size (d = 600 µm) located at an angle of 110◦ to the
light beam, then it is considered that the photon left the sphere and was registered by the
spectrometer. The result of the program operation is I/I0 emerging out of the light flux as
a function of the absorption coefficient, as well as the number of photons absorbed in each
of the media, the average photon path traveled, the albedo and the average irradiance on
the sphere wall Enorm.

In addition, two more cases are implemented in the icammc program.
(1) The existence of an air layer between quartz and fluorilon due to the fact that

fluorilon is not a smooth material and is obtained via pressing and grinding. The thickness
of the air layer can be estimated as 10–100 µm, which is much larger than the wavelength,
so the geometrical optics approximation is applicable to our calculations.

(2) The possibility of replacing the Lambertian law with a silver mirror. Silver absorbs
light more intensely than fluorilon. The reflection coefficient is calculated via the Fresnel
formula, taking into account that the refractive index of the metal is a complex number
(ns = ns − I·χ). For silver, ns =0.18, χ =3.64 [37].

3. Results

The production of integrating spheres is associated with a number of difficulties.
It is technologically easier (and cheaper) to manufacture spheres with a mirror coating
than those embedded in fluorilon. Section 3.1 is devoted to the study of the applicability
of mirror spheres for absorption studies of seawater based on numerical Monte Carlo
simulations, and Sections 3.2–3.6, are devoted to various aspects of modeling a fluorilon
sphere and the results of direct measurements performed with its help.

3.1. Mirror Integrated Sphere

A mirror sphere differs from a sphere with diffusely scattering walls as the isotropiza-
tion of the angular distribution of photons due to multiple reflections occurs much slower
in the first one. Moreover, it does not occur at all in the case of low values of the sample
scattering coefficient. In addition, the reflection coefficient (albedo) of silver is significantly
less than the albedo of fluorilon. Thus, there is a reason to believe that the intensity of the
recorded signal will be largely determined not only using the absorption coefficient but
also the scattering one. This hypothesis is confirmed by the calculation results. Figure 2
shows plots of the dependence of the signal on the absorption coefficient for various values
of the scattering coefficient and two Henyey–Greenstein phase functions [36] with different
average cosines g = 0.6 and g = 0.9.

For each absorption coefficient value, the intensity of the recorded signal grows with
an increase in the scattering coefficient, reaching the limiting value, which depends on the
absorption coefficient. The speed of reaching the limit value also depends on the phase
functions: it is higher for the phase function, which is less extended forward (g = 0.6).
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Figure 2. Dependence of the intensity of the output signal on the values of the absorption coefficient
at different values of the scattering coefficient of the water sample for the case of a mirror sphere with
different parameters of Henyey–Greenstein phase functions (a) g = 0.6, (b) g = 0.9.

The effect of using two Henyey–Greenstein phase functions with parameters g = 0.6
and g = 0.9 while calculating the light field inside the mirror sphere for the absorption
coefficient in pure waters a = 0.02 is shown in Figure 3; the number of photons is 109. The
standard error Re, % for some values is presented in Table 1. The calculation results show
that the choice of the phase function, and, consequently, the influence of scattering, cease
to determine the parameters of the light field inside the sphere at values of the scattering
coefficient exceeding 15 m−1. Such values are an order of magnitude higher than the ones
characteristic of the most turbid natural waters of the World Ocean [3,38].

Photonics 2023, 10, x FOR PEER REVIEW 5 of 17 
 

 

 

Figure 2. Dependence of the intensity of the output signal on the values of the absorption coefficient 

at different values of the scattering coefficient of the water sample for the case of a mirror sphere 

with different parameters of Henyey–Greenstein phase functions (a) 𝑔 = 0.6, (b) 𝑔 = 0.9. 

For each absorption coefficient value, the intensity of the recorded signal grows with 

an increase in the scattering coefficient, reaching the limiting value, which depends on the 

absorption coefficient. The speed of reaching the limit value also depends on the phase 

functions: it is higher for the phase function, which is less extended forward (𝑔 = 0.6). 

The effect of using two Henyey–Greenstein phase functions with parameters 𝑔 = 0.6 

and 𝑔 = 0.9 while calculating the light field inside the mirror sphere for the absorption 

coefficient in pure waters 𝑎 = 0.02 is shown in Figure 3; the number of photons is 109. 

The standard error Re, % for some values is presented in Table 1. The calculation results 

show that the choice of the phase function, and, consequently, the influence of scatter-

ing, cease to determine the parameters of the light field inside the sphere at values of the 

scattering coefficient exceeding 15 m−1. Such values are an order of magnitude higher 

than the ones characteristic of the most turbid natural waters of the World Ocean [3,38].

 

Figure 3. Dependence of the output signal intensity on the scattering coefficient for various phase 

functions for the case of a mirror sphere for the absorption coefficient 𝑎 = 0.02. 

  

Figure 3. Dependence of the output signal intensity on the scattering coefficient for various phase
functions for the case of a mirror sphere for the absorption coefficient a = 0.02.

Table 1. Standard error Re, % depending on the values of the light scattering coefficient of seawater.

b, m−1 0.1 0.2 0.3 0.4 0.5 0.7 1 5 10 15 20 30 40

Re, % 10.8 15.6 17 16.4 16.1 17.3 16 6.4 1.5 0.7 0.4 0.8 0.7
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3.2. Fluorilon Sphere. Applicability of Various Phase Functions

To assess the influence of various scattering phase functions on the results of calcu-
lations of the absorption coefficient, the phase functions of Petzold [34], Kopelevich [35],
and Henyey–Greenstein [36] were used. In the case of the latter one, the calculations
were carried out with different average cosines at g = 0.95 (the phase function is strongly
extended forward, which corresponds to seawater) and g = 0.6.

The results obtained show (Figure 4) that the choice of the model of light scattering in
seawater does not affect the dependence of the intensity of the outgoing flux on the values
of the absorption coefficient. This result, along with the conclusions of [2], confirms the
exclusion of the influence of light scattering in the integrating sphere. The mean standard
deviation was 1%.
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3.3. Applicability of the Lambert Approximation

Previously, in [2], it was assumed that a photon colliding with fluorilon is either
reflected according to the Lambertian law or absorbed depending on the albedo value. The
new program icammc simulates the propagation of light radiation throughout the thickness
of fluorilon. Absorption in fluorilon is negligible and is not taken into account; instead, with
some small probability, a photon can ‘jump’ out of it. This approach allows us to investigate
the possible deviation of the angular dependence of the reflection coefficient from the
Lambert law. However, the use of this feature requires large computational resources due
to the huge number of scattering events on the path of a photon in the fluorilon layer:
for example, with an absorption coefficient value of 0.1 m−1 (which corresponds to the
absorption of pure seawater in the region of 500 nm) the average path of a photon in
fluorilon with a scattering coefficient of 15 × 103 m−1 was 11 m.

The result of testing the hypothesis of the applicability of the Lambertian approxima-
tion for speeding up the calculations is shown in Figure 5. They performed calculations
without taking into account the air interlayer (Section 3.4) for fluorilon with the value of the
attenuation coefficient equal to 15,000 m−1 and the parameter of the Henyey–Greenstein
phase function with g = 0.6 and for the Lambertian surface with albedo A = 0.992 are
comparable. The use of the Lambertian model makes it possible to reduce the calculation
time via two orders of magnitude with a relative error Re less than 1%.

3.4. Air Layer between Quartz and Fluorilon

Fluorilon (polytetrafluoroethylene) is a porous substance, a polymer that is obtained
via pressing and grinding. Since the parts manufactured in this way have a rough surface,
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there is an air layer between it and quartz in the ICAM-integrating sphere, which affects
both the parameters of the light field inside the sphere and the intensity of the output
radiation recorded during measurements. In our earlier works [2], this feature was not
taken into account. In this work, the reflection coefficient is calculated considering the air
layer effect as the sum of the probabilities of events according to the geometric progression
formula [37]. Total internal reflection in the case of an air layer occurs at an angle of
incidence of a photon above 44◦, without it—at 69◦.
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For the same conditions presented in Section 3.3, the intensity of the output signal is
simulated depending on the absorption coefficient, taking into account the air interlayer.
Figure 6 shows a comparison of the intensities in the case of fluorilon and corresponds to
them in the case of a Lambertian surface. As can be seen, the signal intensity in the fluorilon
sphere in the presence of an air layer is somewhat higher than in its absence. This can be
explained by the fact that the effective reflection coefficient at the quartz–fluorilon interface
is significantly higher in the presence of an air layer, which increases the probability for a
photon to enter the exit hole after multiple reflections inside the quartz shell. Additionally,
accordingly, in the case of the existence of an interlayer, it is necessary to use a smaller
albedo of the wall surface of the sphere in the calculations.

Thus, the air interlayer between the quartz bulb and fluorilon increases the number of
photons scattering as well as the isotropy of the light field inside the sphere due to multiple
reflections, which is important to take into account in numerical calculations. However, in
practice, the influence of this effect is reduced by the fact that the absorption calculation is
performed, taking into account calibration according to reference measurements performed
on a SPECORD M400 double-beam spectrophotometer and the selection of the appropriate
coefficients [2].

3.5. Diffusion Approximation

In the diffusion approximation, a light field is considered in isotropic or anisotropic
media with a high albedo A ≈ 1. For optically thick layers, where this regime occurs, all
light quantities are determined using a single parameter, the transport scattering coefficient
σtr, which is expressed as follows:

σtr = b × (1 − g), (3)
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where b is the coefficient of light scattering, respectively, and g is the mean cosine of the
scattering phase function. The absorption of light in fluorilon is far less than scattering,
which makes it possible to neglect its effect. The factor (1 − g) is a correction to the
scattering coefficient used in the diffusion approximation [39].
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For this part of the work, the intensities of the flux leaving the integrating sphere were
calculated for various values of the transport scattering coefficients σtr in fluorilon. The
corresponding albedos were matched to them in the case of the Lambertian approximation.
Figure 7 shows the dependence of the transport scattering coefficient on albedo in the
case of air interlayer between quartz and fluorilon and without it. A strong discrepancy
is observed at low values of the transport scattering coefficient, which decreases as the
scattering coefficient in fluorilon increases.
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These curves are well approximated by a power law as follows:

A = 1 − k1 × σ−k2
tr . (4)

The coefficients of the correlation equation, as well as the Pearson correlation coeffi-
cient and the standard deviation for both cases, are presented in Table 2.

Table 2. Coefficients of the correlation equation and regression parameters. R2—Pearson’s correlation
coefficient, RMSE—standard deviation.

k1 k2 R2 RMSE

air layer 56.9 0.93 0.99 3.27 × 10−4

no air layer 41.8 0.99 0.99 3.18 × 10−4

Table 3 presents the numerical results of calculations in the case of a fluorilon sphere
and the appropriate albedo for a Lambertian surface. For the value of σtr obtained in
different ways (by changing the attenuation coefficient or the parameter of the Henyey–
Greenstein phase function), the appropriate albedo is the same. Thus, the albedo values
can be described using one parameter, taking into account the empirical dependence (4).
An increase in the error for an albedo below 0.9 is due to the inapplicability of the transport
approximation under these conditions.

Table 3. The transport scattering coefficient σtr of the diffusion approximation in fluorilon and
the appropriate albedo A in the case of the Lambertian approximation: c, m−1 is the attenuation
coefficient, g is the mean cosine of the scattering phase function, and ε is the discrepancy associated
with the inapplicability of the Lambertian approximation; the index ‘air’ means the presence of
air layer.

σtr, m−1 c, m−1 g A ε, % Aair εair, %

450 1125 60 0.900 1.3 0.820 4.9
450 3000 85 0.900 1.9 0.820 5.0

1000 2500 60 0.955 2.1 0.910 1.8
2250 5625 60 0.979 1.2 0.958 1.4
2250 15,000 85 0.979 1.8 0.958 1.8
4000 10,000 60 0.988 1.5 0.976 1.6
5000 12,500 60 0.991 1.8 0.980 1.8
6000 15,000 60 0.992 1.0 0.984 1.0
6000 40,000 85 0.992 1.2 0.984 1.3
8000 20,000 60 0.994 1.5 0.988 1.4

10,000 25,000 60 0.995 1.3 0.990 1.4
13,000 32,500 60 0.996 2.0 0.992 2.2
16,000 40,000 60 0.997 1.2 0.994 1.0

3.6. Oceanological Results Example

This part of our article presents the results of measurements of the seawater absorption
coefficient performed on a fluorilon integrating sphere, taking into account the above-
mentioned results. Shipborne measurement data were obtained in the surface layer of
various regions of the World Ocean (Figure 8) on cruises of the Shirshov Institute of
Oceanology in 2020–2022:

- Atlantic sector of the Southern Ocean, Weddell-Scotia Confluence zone, 28 January 2020,
cruise 79 of the R/V «Akademik Mstislav Keldysh» [40];

- Kara Sea, 4 October 2022, cruise 89 of the R/V «Akademik Mstislav Keldysh» [41];
- Black Sea, 3 June 2022, the vessel «Ashamba» [41].
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Figure 8. Location maps of stations (red points) where seawater absorption measurements were
made: the Atlantic sector of the Southern Ocean, the Black, and the Kara seas.

The main optically active components of seawater are suspended particles and colored
dissolved organic matter (CDOM). Particles’ uptake (Figure 9a) is calculated as the differ-
ence between the uptake of a seawater sample and its filtrate; CDOM uptake (Figure 9b) is
calculated as the difference between the filtrate and clear water [42].
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Figure 9. Examples of absorption spectra of suspended particles (a) and CDOM (b) in the Atlantic
sector of the Southern Ocean, the Black, and the Kara seas.

Figure 9a shows the spectra of the particulate absorption coefficient ap(λ) remain-
ing on the filter. Suspended particles are of terrigenous (mineral) and biological origin.
Terrigenous suspension is observed in large quantities in the Kara Sea [28,43,44]. The cor-
responding spectral behavior of the absorption coefficient using suspended particles (red
color in Figure 9a) is approximated with sufficient accuracy via the exponential law [45].
In the Southern Ocean (blue color in Figure 9a), suspended particles are of biological
origin [46]; absorption peaks correspond to various pigments: carotenoids absorb in the
480–520 nm band, intense peaks in the 435 and 675 nm region—absorption by chlorophyll-a,
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and at 550 nm is the absorption peak of phycoerythrin pigment [47], which is typical for
cyanobacteria as well as red algae [48]. Significantly lower values of the particulate absorp-
tion coefficient were recorded in the Black Sea, where during the expedition in June 2022,
intensive blooms of coccolithophorids (Emiliania huxleyi) were observed [49]. Despite the
fact that these algae significantly increase light scattering [17,50], the use of an integrating
sphere makes it possible to carry out absorption measurements even under conditions of
intense coccolithophore blooms [51].

These areas also differ significantly in terms of the spectral absorption coefficient of
CDOM. The Kara Sea is characterized by abundant river runoff from the Ob and Yenisei
rivers, which carries out the CDOM [52–54]. A regional algorithm [45] was developed
to estimate the CDOM absorption coefficient in the Kara Sea using satellite ocean color
scanner data, the application of which gives an opportunity to study the dynamics of the
spread of the surface desalinated layer formed by river runoff [45,55].

A separate scale has been added for this sea (in red on the right) since the values are
several times higher than the measurement data obtained in other regions; the work in
the Black Sea was carried out far from large rivers, the flow of small rivers brings much
less CDOM into the sea than the waters of the Ob and Yenisei rivers to the Kara Sea; in the
Southern Ocean, the CDOM content is significantly lower than in other areas of the World
Ocean [56,57].

The spectral slopes of the CDOM absorption coefficient were 0.02, 0.016, and 0.011 for
the Kara Sea, Black Sea, and Southern Ocean, respectively. These values are consistent with
the literature data [1,3]; their differences are caused by the different origins of CDOM in the
selected water areas, which makes it possible to use this parameter to analyze the origin
of CDOM.

Particulate absorption spectra allow estimating chlorophyll-a (the principal pigment in
phytoplankton) concentration in seawater, which has long been used as an index of phyto-
plankton biomass in bio-optical models and remote sensing algorithms [58]. Chlorophyll-a
concentration calculated via the method [59] was 0.2 and 3.07 mg/m3, according to direct
determinations of 0.3 and 2.7 for the Black Sea and the Southern Ocean, respectively. For
the Kara Sea, calculations are impossible due to the significant amount of terrigenous
suspension, and direct determinations have not been made there.

4. Discussion

Despite the fact that the calculations of the light field parameters via the Monte Carlo
method in the integrating sphere developed for the determination of the seawater absorp-
tion coefficient were carried out several decades ago [23], the ICAM instrument [21], which
we use regularly during ship expeditions, possesses unique characteristics. The results
obtained for other devices cannot be applied to our integrating sphere. In our calculations,
we evaluated the applicability of the Lambertian and diffusion approximations, considered
the influence of the air layer between quartz and fluorilon, and also demonstrated the
restricted applicability of mirror-coated integrating spheres for measuring seawater light
absorption coefficients.

The manufacture of integrating spheres with mirror walls is simpler and cheaper
than the manufacture of spheres made of fluorilon. However, the use of mirror spheres is
associated with methodological difficulties. In order to determine the absorption coefficient
using such spheres, it is necessary to know the exact value of the scattering coefficient, the
measurement of which in itself is a rather difficult task in itself. An error in determining
the absorption coefficient without taking into account scattering parameters can lead to
an error of hundreds of percent. As a recommendation for the use of such a measurement
scheme, we can suggest a method of adding a light-scattering additive (suspension) with a
known scattering coefficient and low absorption to a seawater sample. Examples of the use
of the Maalox suspension in hydro-optical measurements can be found in references [60,61].

Section 3.2 demonstrates that in the case of an integrating sphere made of fluorilon, the
use of different scattering phase functions does not affect the result of the calculation. The
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phase function of Petzold [34], Kopelevich [35], or Henyey–Greenstein [36] with different
mean cosines was used for the analysis. At the same time, for other configurations of the
integrating sphere, for example, used in studying the optical properties of blood [62], the
choice of the scattering phase function in the Monte Carlo simulation had a significant
impact on the derived values.

The results of numerical simulations In Section 3.3 showed that the use of the Lam-
bertian approximation for the instrument configuration used by us makes it possible to
reduce the calculation time by two orders of magnitude. The relative error was less than 1%.
Hanssen, in 1996 [63], showed that the effects of non-Lambertian surfaces on integrating
sphere measurements could bring significant measurement error.

The existence of an interlayer between quartz and fluorilon, due to the non-ideal
surface of fluorilon, increases the intensity of the output signal (Section 3.4). This can be
explained by the fact that the effective reflection coefficient at the quartz–fluorilon interface
is significantly higher in the presence of an air layer, which increases the probability for
a photon to enter the exit hole after multiple reflections inside the quartz shell. These
processes are not taken into account in configurations without a quartz shell [64–68].

In Section 3.5, the applicability of the diffusion approximation in the Monte Carlo
calculations of the light field in the ICAM is shown, and a power-law dependence be-
tween the albedo and the transport scattering coefficient σtr is obtained. This relation-
ship is necessary for further research: calibration of the integrating sphere concerning
a single parameter—albedo. At the moment, the calibration implies three coefficients,
k0(λ), u(λ), and v(λ), to calculate the light absorption coefficient of seawater in the in-
tegrating sphere through the ratio of the signals of the filled and empty sphere [2]. A
similar approach has been used previously in [20]. Note that in the case of our device,
the calibration coefficients depend on the selected absorption interval, which complicates
the calibration.

The performed calculations of the dependences of the signal on the seawater absorp-
tion coefficient can become the basis for calibrating the integrating sphere. The results of
Monte Carlo calculations show that the dependence of the value P = I/I0, where I and I0
are the power of the measured and input light fluxes, respectively, on the absorption coeffi-
cient a is determined using a single parameter, for example, the albedo of the Lambertian
surface A. This means that it is possible to build a lookup table P(a,A) for all values of the
parameters a and A that are of interest to us. At the same time, it should be noted that
the value of I0 and its dependence on the wavelength λ is not known; therefore, reference
measurements with the empty sphere or reference solution should be provided. Namely,
while data processing, we use not P(a,A), but F(a,A) = P(a,A)/Pes(A), where Pes(A) is I/I0
for an empty sphere. Assuming that albedo spectral dependence A(λ) is known, for each
wavelength, we can solve the equation as follows:

f (a(λ), A(λ)) =
I(λ)

Ies(λ)
(5)

for the parameter a(λ). Here, I(λ) and Ies(λ) are intensities of the output radiation flux for
seawater-filled and empty spheres, respectively.

To find the spectral dependence of A(λ), a special experiment with ICAM should be
performed. With a result of measurements for a solution with known spectral dependence
of absorption coefficient, one can solve Equation (5) for A(λ).

5. Conclusions

Performed numerical simulation of a light field structure in an integrating sphere via
the Monte Carlo method showed the possibility of using our ICAM instrument to estimate
seawater absorption parameters. This device differs from many other integrating spheres
by the absence of spherical symmetry and the presence of a quartz shell. This article shows
that these design features do not affect the accuracy of absorption measurements since
scattering in a seawater sample does not affect the measured signal. All calculations were
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performed for the dimensionless parameter aR (R is the radius of the sphere), which makes
the results obtained universal. This can be used in the design of integrating spheres for
liquids with different absorption coefficients and corresponding sphere radii, which may
be of interest to the optics and photonics world.

Our ICAM sphere is regularly used on SIO RAS cruises. Their results are used to assess
bioproductivity and heat balance [2] of different water areas as well as for the development
and modification of regional satellite algorithms [28,32,69]. The results can be used to study
various oceanographic processes: inter-annual variability of the seawater light absorption
in the surface layer of the northeastern Black Sea [52], CDOM distribution in the White
Sea [70], seasonal variation of the satellite-derived phytoplankton primary production in
the Kara Sea [71], suspended matter distribution in the south-eastern Baltic [72], and White
seas [73,74], among other examples.
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