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Abstract: The bulk backscattering ratio ( ˜bbp) is commonly used as a descriptor of the bulk real
refractive index of the particulate assemblage in natural waters. Based on numerical simulations,
we analyze the impact of heterogeneity of phytoplankton cells on ˜bbp. ˜bbp is modeled considering
viruses, heterotrophic bacteria, phytoplankton, detritus, and minerals. Three study cases are defined
according to the relative abundance of these different components. Two study cases represent typical
situations in open ocean, outside (No-B/No-M) and inside bloom (B/No-M). The third study case
is typical of coastal waters with the presence of minerals. Phytoplankton cells are modeled by a
two-layered spherical geometry representing a chloroplast surrounding the cytoplasm. The ˜bbp
values are higher when heterogeneity is considered because the contribution of coated spheres
to backscattering is higher than homogeneous spheres. The impact of heterogeneity is however
strongly conditioned by the hyperbolic slope ξ of the particle size distribution. Even if the relative
concentration of phytoplankton is small (<1%), ˜bbp increases by about 60% (for ξ = 4.3 and for
the No-B/No-M water body), when the heterogeneity is taken into account, in comparison with a
particulate population only composed by homogeneous spheres. As expected, heterogeneity has a
much smaller impact (about 5% for ξ = 4.3) on ˜bbp when minerals are added.

Keywords: Ocean optics; backscattering ratio; phytoplankton, coated-sphere model, bulk refractive
index, seawater component

1. Introduction

Seawater constituents (pure water molecules, suspended particles, dissolved substances, and
air bubbles) impact the propagation of light through absorption and scattering processes. In
natural waters, suspended particulate matter is mostly composed of phytoplankton, heterotrophic
organisms, viruses, biogenic detritus, and mineral particles. Absorbing and scattering characteristics
of water constituents are described by the Inherent Optical Properties (IOPs) [1] which do not depend
on the radiance distribution but on the concentration, chemical composition of dissolved organic
matter, and the concentration, size distribution and chemical composition of particulate matter. All
IOPs can be defined from the absorption coefficient, a, and the volume scattering function, β. For
instance, the scattering, b, and backscattering, bb, coefficients are obtained from the integration of β

over the whole direction, and only in the backward direction, respectively.
Thanks to the availability of commercial optical backscattering sensors and flow-through

attenuation and absorption meters, in situ measurements of bulk IOPs are now routinely performed
for more than two decades. While these measurements allow a better description and knowledge
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of the IOPs variability in natural waters to be achieved, they can also be used as pertinent
proxies of the bulk particulate matter. For instance, the slope of the particulate beam attenuation
coefficient, cp, is tightly linked to the slope of the particulate size distribution (PSD), ξ, assuming a
Junge-type distribution [2–4]. This latter coefficient, combined with the particulate backscattering
to scattering ratio, bbp/bp, where bbp and bp are respectively the particulate backscattering and
scattering coefficients, are the two required input parameters to assess the bulk real refractive index
of marine particles, ñr, from theoretical simulations. Based on the Lorentz-Mie theory calculations
that assumes marine particles as homogeneous spheres, an analytical relationship between bbp/bp,
ξ and nr was generated [5]. This later equation is widely used to describe, from in situ bbp, bp, and
cp measurements, the variability of the chemical nature (i.e. refractive index) of the bulk particulate
matter in oceanic and coastal environments [6–10].

For the past few years, many theoretical or experimental studies, mainly dedicated to
phytoplankton, showed that while the absorption, attenuation and total scattering of algal cells are
correctly described using the homogeneous sphere model, this latter is less appropriate to simulate
the backscattering. Indeed, the phytoplankton heterogeneity and inner complexity (gas vacuoles,
chloroplast, silica wall, etc.) explain why the measured backscattering signal is higher than predicted
by the Lorentz-Mie theory [11–18]. The underestimation of bbp by homogeneous spheres may explain
partly the backscattering enigma that lies in the fact that in situ observations of backscattering are
significantly higher than theoretical simulations [19,20].

In this paper, we will study the impact of particle heterogeneity on the bulk backscattering ratio
for realistic combinations of optically significant constituents of three different natural water bodies.
Typical phytoplankton bloom and no blooms conditions, as defined in Stramski and Kiefer [21], will
first be examined. Then, the last study case will account for the presence of mineral particles which
have a great effect on the scattering properties. For that purpose, and because the bulk scattering (b)
and backscattering (bb) coefficients of a water body result from additive contributions of all individual
constituents that scatter light, we will consider different sub-populations of marine particles and
a more realistic model (compared to an homogeneous sphere) for phytoplankton cells. Bernard et
al. [22] highlighted that the real refractive index of the chloroplast and the relative volume of the
chloroplast are key parameters impacting the backward efficiency. This was recently confirmed by
two recent studies where in situ measurements of the scattering on phytoplankton cultures were well
reproduced by the two-sphere model [13,14]. For these reasons, phytoplankton optical properties
will be simulated considering a two-layered sphere model. The size range of the different considered
particles (virus, bacteria, phytoplankton, and detritus), as well as their real and imaginary refractive
index values are defined from literature [19,23].

In order to establish the foundations of the present study, the different theoretical considerations,
as well as the two different numerical codes used for the calculations, are first presented. Then,
we will detail the different sub-populations of particles and their associated size distribution,
refractive indices, and internal structures used to simulate their optical properties. The impact of
the heterogeneity will then be discussed for the three realistic water bodies as mentioned previously.

2. Theoretical considerations

2.1. Polydisperse backscattering cross section

Light scattering is produced by the presence of an object (such as a particle) with a refractive
index different from that of the surrounding medium. The refractive index is expressed in complex
form as n(λ) = nr(λ) + i ni(λ), where λ is the wavelength of the radiation in the vacuum in units
of nm. The real part determines the phase velocity of the propagating wave and the imaginary part
accounts for the absorption. The single scattering process by a particle is described by the scattering
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Table 1. Summary of the seawater constituents

Component Sphere model Dmin-Dmax (µm) nr ni
Viruses homogeneous 0.03-0.2 1.05 0

Heterotrophic bacteria homogeneous 0.2-2 1.05 1.0.10−4

Phytoplankton cells two-layered 0.2-40 1.044∗ 1.5×10−3∗

Organic detritus homogeneous 0.05-500 1.04 2.3.10−5

Minerals homogeneous 0.05-500 1.18 1.0.10−4

∗ the values represent the equivalent refractive indices (Equation 11). The refractive indices of the chloroplast and cytoplast
are described in Table 2. λ = 532 nm.

cross section Csca(D, λ) (units m2) and the normalized phase function F(D, θ, λ) [24] as defined by
Equation (1). ∫ π

0
F(D, λ, θ) sinθ dθ = 2 (1)

As particles are here assumed to be spherical, the scattering function only depends on the particle
diameter D, the zenithal angle θ, and the wavelength λ. In the following, λ is omitted for clarity.
To account for polydisperse assemblages, the Particulate Size Distribution (PSD) (units, number of
particles per unit volume) is defined. For the present study, we adopt a power-law PSD (also named
the Junge-like PSD) which is commonly used to represent the size distribution of marine particles in
natural waters [5], [25,26]. The ensemble-average phase function is:

F(θ) =
∫ Dmax

Dmin

F(D, θ)× A D−ξ dD (2)

where Dmin and Dmax define the diameter range, AD−ξ is the number of particles per unit volume
(part/m3) in the size range dD, and ξ is the hyperbolic slope. As in many theoretical studies, the
PSD is normalized such that the integral over the size range is unity. It results that F(θ) represents
the average phase function per particle. Equation (2) can be written for the scattering cross section
replacing F(D, θ) by Csca(D) and F(θ) by Csca. The backscattering cross section of the polydisperse
assemblage is defined as:

Cbb
sca =

Csca

2

∫ π

π/2
F(θ) sinθ dθ (3)

It can be easily seen from Eqs. (1-3) that the integration of F(θ) between 0 and π gives Csca, the
scattering cross section of the polydisperse population.

2.2. The bulk backscattering ratio

Marine particles are lumped into five different compartments: viruses (VIR), heterotrophic
bacteria (BAC), phytoplankton (PHY), detritus (DET) and minerals (MIN). Table 1 displays the size
ranges and the refractive indices of the different components as defined by previous studies [19],
[23], [21]. The ensemble-average Fj(θ), Cj

sca, and Cbb, j
sca are computed from Equations (1-3) for each

component j.
The total normalized phase function and total scattering cross section of the water body are

obtained as follows:

Ftot(θ) =

5
∑

j=1
N jCj

scaFj(θ)

5
∑

j=1
N jCj

sca

(4)
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Cbb, tot
sca =

5

∑
j=1

N jCbb, j
sca . (5)

where N j is the relative concentration of the considered component. Ctot
sca is defined by replacing Cbb, j

sca

by Cj
sca in Equation (5).
The total (i.e., bulk) backscattering coefficient (bbp) (units m−1) of the water body is the sum of

the relevant bj
bp associated with the jth group. bj

bp is equal to the polydisperse Cbb, j
Sca weighted by the

particle concentration into the jth group:

bbp =
5

∑
j=1

bj
bp = NTOT × Cbb, tot

sca (6)

with NTOT the total concentration (part/m3) in the water body. Equally, bp is defined from Equation
(6) by replacing bbp by bp and Cbb, tot

sca by Ctot
sca. The bulk backscattering ratio ˜bbp is the dimensionless

ratio:
˜bbp =

bbp

bp
, (7)

In this study, we will use the bulk real particulate refractive index (ñr), which reproduces the bulk
scattering properties of a water body. It represents the mean refractive index weighted by the
scattering cross sections of all the particles:

ñr =

5
∑

j=1
nj

r × N j C j
sca

5
∑

j=1
N j C j

sca

(8)

Equivalently, the bulk imaginary refractive index (ñi) is defined as follows:

ñi =

5
∑

j=1
nj

i × N j C j
abs

5
∑

j=1
N j C j

abs

(9)

with Cj
abs the absorption cross section of particles.

2.3. The scattering coefficient as measured by in situ transmissiometers

In field measurements, bp is derived from the total absorption and attenuation coefficients (a
and c, respectively) as measured by transmissiometers such as, for example, WETLabs C-Star or ac9
and its later variants. Any detector has a finite field of view (FOV). It results that transmissiometers
are defined by their acceptance angle θacceptance, which differs from 0o. If we want to compare, in
a future study, our theoretical results to available in-situ measurements, bp must be derived from
Csca, rebuilt from the phase function integrated between θacceptance and π instead of 0 and π [27]. To
make a distinction, when Csca is calculated by integrating the scattering function between θacceptance

and π, the terminology Cθa
sca, bθa

p and b̃θa
bp (= bbp/bθa

p ) will be used. As in Twardowski et al. [5], we
set the acceptance angle to 1o, which is consistent with acceptance angles of commercially-available
instruments as the WETLabs C-Star (1.2o) or WETLabs ac9 (0.93o) ([27] and references therein).
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Table 2. Refractive index (nr(chl) + i ni(chl)) of the chloroplast for two morphological models. The
refractive index of the cytoplast is constant (1.02+i 1.3357×10−4). The equivalent refractive index of
the cell is 1.044+i 1.5×10−3.

Model∗ 80%-20% 70%-30%
(%cyt-%chl)

nr 1.14 1.10
ni 6.9657×10−3 4.6883×10−3

∗ The percentages represent the relative proportions of the cytoplasm and chloroplast in volume

3. Numerical modeling of the marine particle scattering

The Meerhoff Mie program, version 3.0 [28] and the Scattnlay code [29,30] are used to simulate
the scattering and absorbing properties of homogeneous and multi-layered spheres, respectively.
Radiative transfer computations were carried out, given the wavelength of the incident radiation
equal to 532 nm and the refractive index of water equal to 1.34. The Meerhoff Mie program allows
simulations of a polydisperse ensemble of spheres with a large choice of PSD. The ouputs are the
ensemble-average quantities per particle F(θ), Csca and Cbb

sca (Equations (2-3)). The ScattnLay code
performs only computations for monosdispere particles. To obtain the phase matrix and cross sections
for a polydisperse population, a numerical integration over the size range has to be done off-line
(Figure 1, NoS2). A particular attention must be paid to the integration-step size to guarantee the
accuracy of the numerical integration.

The Meerhoff Mie program is used to generate a first dataset named DS1 gathering computations
of homogeneous spheres for the same study cases as in Twardowski et al. [5]. nr ranges from 1.02 to
1.2 (with a 0.2 increment), ni is set to 0.005, Dmin = 0.012 µm, Dmax = 152 µm, and ξ is between 2.5 and
5. Note that Twardwoski et al. [5] did not mix different particle components with different refractive

indices, as they studied b̃θa
bp for a polydisperse population of particles having the same refractive

index. In this case, Eqs (4)-(6) are not useful as b̃θa
bp is directly related to Cbb

sca/Cθa
sca.

In the second dataset (DS2), a distinction is made between VIR, BAC, PHY, DET and MIN
in terms of internal structure, refractive index and size range. The scattering properties of
phytoplankton cells are modeled using the two-layered sphere model. An exhaustive review of the
internal structure of phytoplankton cells was performed by Bernard et al. [22]. They showed that
a chloroplast layer (chl) surrounding the cytoplasm (cyt) was an optimal morphology to simulate
optical properties of algal cells. Based on their study, the value of the real part of the refractive index
for the cytoplasm is fixed to 1.02, and the value of the imaginary part at 532 nm is 1.3357×10−4 as
calculated from [22]:

ni(cyt, 532 nm) = ni(cyt, 400 nm)× exp[−0.01 × (532 − 400)] (10)

with ni(cyt, 400 nm) = 0.0005. Concerning the chloroplast, n(chl) is calculated according to the
Gladstone and Dale formula [31]:

∑
k

nk × ϑk = nequ, (11)

where nk and ϑk are the complex refractive index and the relative volume of the k-th layer, and nequ

is the complex equivalent refractive index of the whole particle. The knowledge of the complex
equivalent refractive index is useful to compare the simulations of heterogeneous spheres among
themselves, regardless the number of layers and the relative proportion of each layer. The complex
equivalent refractive index is kept constant (nequ=1.044+i 1.5×10−3). The refractive index of the
chloroplast is described in Table 2 according to the relative volume of the chloroplast (20% or 30%). In
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Table 3. Relative abundance of virus (VIR), bacteria (BAC), phytoplakton (PHY), and detritus (DET)
with the corresponding bulk refractive index (Equations. 8-9) for the no bloom and no mineral water
body (No-B/No-M).

Relative abundance Nj (%)

ξ ñr ñi VIR BAC PHY DET
2.5 1.040 4.067 × 10−4 78.85 5.374 0.3809 15.39
3 1.041 6.613 × 10−3 84.74 2.131 8.995× 10−2 13.04
4 1.045 8.141 × 10−3 91.15 0.3193 6.930× 10−3 8.528

4.9 1.047 4.759 × 10−3 94.35 56.74× 10−3 7.789× 10−4 5.588

DS2, multi-layered sphere models are not implemented for viruses, heterotrophic bacteria, detritus,
and minerals because of the paucity of relevant information about their optical and morphometrical
properties. As we cannot gather enough accurate information about the internal structure of such
particles, the homogeneous sphere model is adopted. The suitable nr and ni values for viruses,
heterotrophic bacteria, detritus, and minerals are obtained from [23] (Table 1).

4. Abundance of the various particulate components

The relative concentrations Nj associated with each particle group are chosen to realistically
represent the mix of marine components and to constrain that the overall size distribution matches
with the Junge power law (Tables 3-5 and Figure 2). To compare with typical particulate abundances
estimated in natural waters, a total abundance (NTOT) of 1.1262 ×1014 part/m−3 is considered as in
Stramski et al. [23]. Three study cases are defined. Firstly, a case with no phytoplankton bloom and
no mineral particle named No-B/No-M: the phytoplankton abundance (NPHY) spans from 8.8×108

(for ξ = 4.9) to 4.3×1011 part/m−3 (for ξ = 2.5) (7.8×10−4% - 0.38% of NTOT). Secondly, a case with a
phytoplankton bloom and no mineral (B/No-M), where NPHY is higher as compared to No-B/No-M:
NPHY ranges between 6.4×109 and 2.0×1012 part/m−3 (5.7×10−3% - 1.8% of NTOT). Thirdly, a case
with minerals and no bloom condition (No-B/M): minerals are added proportionally to obtain a
bulk real refractive index ñr around 1.1. The mineral abundance (NMIN) spans from 4.8×1012 to
1.3×1013 part/m−3 (4.2%-11.7% of NTOT). The abundances of the different particle components can
be directly compared to the abundances provided in Stramski et al. [23] as NTOT is identical. In
Stramski et al. [23], ξ = 4, so comparisons are realized only for this value (Table 6). We note that
NPHY is in the same order of magnitude. Stramski et al. [23] selected higher concentrations of DET
and MIN and so lower concentrations of VIR and BAC. In their paper, the authors explained that the
concentrations of DET and MIN were chosen to obtain a realistic contributions of detrital and mineral
absorption. However, to quote one of their sentence, they cautioned against attaching particular
significance to their selected DET and MIN concentrations in the context of how well these values
can represent realistic concentrations in the ocean. The abundances of viruses and bacteria (NVIR
and NBAC), used in this study, are in agreement with Stramki and Kiefer ’s values [21]. Stramski
and Kiefer [21] (Table 1 in their paper) referenced NVIR between 3.0×109 to 4.6×1014 part/m−3,
NBAC between 3.0×1011 to 1.5×1012 part/m−3. For phytoplankton, they made a distinction between
prochlorophytes, cynobacteria, ultrananoplankton, larger nanoplankton and microplankton. Over
this different phytoplankton groups, NPHY ranges between 1.0×1011 for picoplankton to 3.0×105

for microplankton. They referenced NPHY≥ 5×1011 part/m−3 when there is bloom of phototrophic
picoplankters.
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Table 4. Same as Table 3 but for the water body with phytoplankton bloom conditions and no mineral
(B/No-M).

Relative abundance Nj (%)

ξ ñr ñi VIR BAC PHY DET
2.5 1.040 5.820 × 10−4 51.96 3.939 1.8120 42.29
3 1.041 9.545 × 10−4 61.91 1.673 0.5407 35.88
4 1.043 1.279 × 10−3 76.18 0.2757 4.916× 10−2 23.49

4.9 1.044 1.017 × 10−3 84.55 0.0516 5.682 × 10−3 15.40

Table 5. Same as Table 3 but for waters with minerals and no bloom condition (No-B/M)

Relative abundance Nj (%)

ξ ñr ñi VIR BAC PHY DET MIN
2.5 1.104 7.297 × 10−4 70.96 5.311 3.650× 10−1 11.68 11.68
3 1.110 8.927 × 10−4 78.04 2.105 8.801× 10−2 9.882 9.882
4 1.132 1.048 × 10−4 86.75 0.3155 6.902× 10−3 6.462 6.462

4.9 1.145 7.403 × 10−6 91.47 5.607× 10−2 7.782× 10−4 4.23 4.23

5. Results

5.1. Accuracy of numerical computations

A numerical integration over θ is required to derive bθa
p and bbp from the phase function (section

2-2.3). Due to the sharp increase of the phase function in the forward direction, the selection of the
relevant step size for the numerical integration is crucial. For that purpose, the impact of step size (∆θ)

on the calculation of b̃θa
p is studied using Lorentz-Mie simulations in DS1 (Figure 1, NoM2, M3). The

scattering function of polydisperse particles exhibits a peak around θ=0o [24]. For small ξ value, that
is when the proportion of large-sized particles compared to smaller particles increases, the forward
peak is sharper. Indeed, for particles with a large diameter as compared to the wavelength, F(D, θ)

displays a sharp forward peak [24] due the concentration of light near θ=0o caused by diffraction.
The presence of this peak requires a number of integration points large enough to provide the desired
numerical accuracy. The numerical integration over θ (Figure 1 NoM2) is performed using the "trapz"
function from the Numpy package with Python. The "Trapz" function performs an integration along
the given axis using the composite trapezoidal rule. To test the accuracy of the integration and to find
the correct integration step, ∆θ, we compare the result of the numerical integration of F(θ) between 0
and π to its theoretical value (= 2) (Figure 1, NoM3). When ∆θ = 0.05, corresponding to a total number
of integration steps (NΘ) of 3600, the numerical integration value of F(θ) is between [1.999-2.000]
for small χ. For larger ξ, it is between [1.800-1.999[. When the value of the numerical integration
is between [1.800-1.999[, a renormalization factor is applied to F(θ) to constraint the value of the
numerical integration to be strictly equal to 2. We could also increase the number of integration
points but it will increase the computation time. Using a renormalization factor at large ξ is a good
compromise to guarantee the accuracy and save computation time.

For two-layered spheres (i.e., phytoplankton cells), the ScattnLay code provides only
monodisperse phase functions (Figure 1, NoS1), so the numerical integration over the diameter
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Table 6. Comparisons between abundances defined in the present study and abundances defined by
Stramski et al. [23]. The hyperbolic slope ξ is 4 and NTOT is 1.1262× 1014 part/m−3.

Abundance (part/m−3)

Study case VIR BAC PHY DET MIN
No-B/No-M 1.0265×1014 3.5962×1011 7.805×109 9.6×1012 0

B/No-M 8.5799×1013 3.1047×1011 5.5372×1010 2.6455×1013 0
No-B/M 9.7702×1013 3.5536×1011 7.7733×109 7.2774×1012 7.2774×109

Stramski et al. [23] 2.5000×1012 1.0000×1011 2.4759×1010 8.2500×1013 2.7500×1013

(Equation 2) is realized off-line with the python "trapz" function (Figure 1 NoS2). For monodisperse
particles, the phase function displays a forward peak as explained above but can also displays a
sequence of maxima and minima due to interference and resonance features [24]. The frequency of
the maxima and minima over θ increases with both increasing nr and size parameter (=π D/λ). To test
the accuracy of the numerical integration over the diameter (Figure 1, NoS3), we run the ScattnLay
code for DS1 study cases and compare F(θ) and Csca rebuilt from Equation (2) with Lorentz-Mie
computations as the Lorentz-Mie code provides the polydisperse phase functions and cross section as
outputs (Figure 1, NoM1). Note that even a narrow polydispersion washes out the resonance features,
explaining why most natural particulate assemblages do not exhibit the resonance patterns [24]. A
perfect match is obtained between the ScattnLay-rebuilt-polydisperse and Lorentz-Mie-polydispere
F(θ) and Csca values when the step size (∆D) is set to 0.01 for D, between [0.03,2[; 0.1 for D between
[2,20[; 2.0 for D between [20,200[; 10.0 for D between [200,500].

The impact of the integration on the backscattering ratio b̃θa
bp is examined from the DS1 data set

as a function of the hyperbolic slope ξ for different values of the real refractive index and two number
of total integration steps (i.e. 750 and 3600) (Figure 3).The impact of the integration is only noticeable
for ξ values lower than about 3 and relatively high nr values. When the number of integration
steps increases, the curves become flatter at low ξ values. Differences in curve shape are reduced
if we increase the angle-step size. For ∆θ = 0.24 (NΘ=750), the present results of the Lorentz-Mie
calculations (solid lines in Figure 3) perfectly match those previously obtained by Twardowski et al.
[5] (not shown). However, in this case (NΘ=750), the numerical integration is not accurate enough as
the integration of Equation (1) gives values between 1.999 (ξ=4.9) and 1.04 (ξ = 2.5). In the following,
∆θ is set to 0.05 (Nθ=3600), and Figure 3 (dashed lines) will be the reference figure for homogeneous
spheres.

5.2. Impact of the heterogeneity of phytoplankton cells on the bulk particulate backscattering ratio

The impact of phytoplankton heterogeneity on b̃θa
bp is examined as a function of ξ for the

three previously described water bodies (No-B/No-M, B-No-M, No-B/M) considering the 80%-20%
phytoplankton morphological model (Figure 4a). This impact is evaluated by comparison with
Lorentz-Mie calculations (homogeneous spheres) performed for low (phytoplankton-dominated,
Case 1 water), and high (mineral-dominated, Case 2 water) refractive index. The real and imaginary
part values of the refractive index are 1.0458 and 0.0007, for the "Ref. Case 1" study case, and 1.138
and 3.85×10−5 for the "Ref. Case 2" study case, respectively (Figure 4b,c). In contrast to these two
reference water bodies, the real and imaginary bulk refractive index for No-B/No-M, B-No-M and
No-B/M, vary with ξ as the relative proportions of the different particle components, having different
nr and ni, vary with ξ (Tables 1-2 and Tables 3-5). For the no-mineral water bodies (No-B/No-M and
B/No-M), ñr stays around 1.04±0.007 (Figure 4b). In contrast, ñi shows large variation with ξ for both
No-B/No-M and B/No-M water bodies (Figure 4c). In bloom conditions, ñi increases as the relative
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proportion of phytoplankton increases as compared to the no bloom conditions. In agreement with
the typical oceanic bulk ni values [32], the ñi values for the particulate populations considered here
are always lower than 0.002. In presence of mineral particles (No-B/M), ñr increases as MIN have
a higher nr than VIR, BAC, PHY and DET. Its values are between 1.10 (ξ = 2.5) and 1.14 (ξ = 4.9).
Values of ñi vary between 7.4×10−6 and 8.9×10−4.

The impact of heterogeneity on the particulate backscattering ratio can only be discussed when
the ñi and ñr values are equal to those fixed for the homogeneous models. Because of the strong
variation of ñi with ξ for the three considered water bodies (No-B/No-M, B/No-M, and No-B/M), this
condition is satisfied only for ξ = 4.3 (i) between No-B/No-M and Ref. Case 1 (ii) between No-B/M

and Ref. Case 2. The variation of b̃θa
bp due to heterogeneity of phytoplankton cells is evaluated using

the relative difference (in absolute value) calculated between the homogeneous and heterogeneous
cases.

Even if the relative proportion of phytoplankton is very small for the No-B/No-M water

body(=3.329×10−3%), the heterogeneity increases the b̃θa
bp value by 60% compared to the

homogeneous case (Ref. Case 1) with the same value of refractive index. This is coherent with
previous studies showing the great contribution of coated spheres to the backscattering signal [13,14],
[16,17], [20], [33]. The value of the relative difference calculated between the No-B/No-M and
B/No-M water bodies is smaller (=27%) even if ñi is different (0.0007 for No-B/No-M against 0.0012
for B-No-M). This latter pattern evidences that the heterogeneity (coated-sphere model) has a greater
impact on the particulate backscattering ratio than an increase in the bulk imaginary refractive index.

The impact of the relative volume of the cytoplasm on b̃θa
bp is now evaluated by comparing the

evolution of b̃θa
bp as a function of ξ for the 80%-20% and 70%-30% models for the No-B/No-M and

B/No-M water bodies (Figure 5). The mean relative difference on b̃θa
bp is about 4% with a maximum

value of 8.5 % for No-B/No-M. In bloom conditions, the mean relative difference reaches 10% with a

maximum value of 20%. This relatively weak impact of the morphological model on b̃θa
bp is explained

by the relatively constant values of ñr and ñi for the two models (the differences are less than 1×10−5

for ñr and 3.5×10−5 for ñi). These latter small differences of the refractive index between the two
models are due to the fact that the real and imaginary part of the phytoplankton equivalent refractive
index are identical for the 80%-20% and 70%-30% models and differences on CPHY

sca between 80%-20%
and 70%-30% are not important enough to impact significantly ñr and ñi as they are weighted by a
weak phytoplankton relative abundance.

When mineral particles are taken into account, the impact of heterogeneity can be examined
for a ξ value of 4.3, where the real and imaginary parts of the refractive index are similar
between the homogeneous case (Ref. Case 2) and the heterogeneous case (No-B/M), (ñr=1.137 and

ñi=3.85×10−5). For this specific case, the b̃θa
bp value increases only by 6% between the homogeneous

and heterogeneous cases, both in presence of mineral particles. This weak difference is due to the fact
that phytoplankton has a smaller impact on the bulk scattering when highly scattering particles like
minerals are added.

6. Concluding remarks

We show in the present study that a special care should be taken in the integration step size when
the particulate scattering coefficients are calculated from the particulate scattering function, especially
for relatively low PSD slope. We show that an integration step size of 0.05 (NΘ=3600) is required to
obtain the required accuracy considering the inputs (refractive indices and size range) used in this
study.

Modeling phytoplankton cells as two-layered spheres tends to increase the bulk backscattering
ratio because heterogeneous spheres are more efficient backscatterers. Even if the phytoplankton

component has the weakest relative abundance, its impact on b̃θa
bp can be important depending on the
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hyperbolic slope of the Junge distribution. For ξ = 4.3, the relative difference (in absolute value),

(∆E), can reach about 60% between b̃θa
bp for No-B/No-M and the reference case, having the same bulk

refractive index but composed exclusively of homogeneous spheres. When minerals are added, the
impact of phytoplankton decreases as the scattering by minerals dominates.

Considering different sub-populations of particles with different refractive indices involves that
the bulk refractive index varies with the value of the hyperbolic slope. It results that the development

of semi-analytical relationships to derive ñr from b̃θa
bp and ξ, is not straightforward. Semi-analytical

relationships, such as the one developed by Twardowski et al. [5], may be replaced by an approach
using look-up tables.

In this study, a large set of numerical simulations, as well as a proper methodology have been
developed to rebuild the particulate scattering properties of a water body in its complexity. This
method is adapted to be used repeatedly to model a very large variety of particulate assemblages.
While, the present study has been limited to three study cases, additional calculations should be
carrying out to be able to better represent the variability encountered in oceanic environments
in terms of particulate community and its complexity in terms of mixing, morphology, size, and
chemical nature.

Further work is required, mainly from experimental studies, to better characterize the internal
structure and chemical composition of viruses, heterotrophic bacteria, biogenic detritus, and
aggregates. This will allow, as Bernard et al. [22] did for phytoplankton, suitable models to be
developed, to describe properly, in numerical code, the morphological properties of such particles
in order to provide more realistic simulations of their optical properties.
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Figure 1. Flow chart of the integration procedure applied to the MIE and ScattnLay outputs.
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Figure 2. Composite PSD as derived from individual PSD of the five considered particle groups for
(a) the no bloom and no mineral particle water body (No-B/No-M) and (b) bloom situation with no
mineral particle (B/No-M). NTOT = 1.1262 ×1014 par/m−3 and ξ = 4.
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Figure 3. Results of Lorentz-Mie calculation (DS1) of the particulate backscattering ratio b̃θa
bp as a

function of the hyperbolic slope, ξ, and different values of nr and NΘ. The imaginary part of the
refractive index = 0.005 as in Twardowski et al. [5]. This figure can be compared to Figure 1 in
Twardowski et al. [5].
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Figure 4. (a) Particulate backscattering ratio b̃θa
bp as a function of the hyperbolic slope for the

No-B/no-M (red dashed line), B/No-M (green dashed line), and No-B/M (brown dashed line) water
bodies as referenced in section 4. Black and gray lines are for homogeneous spheres with nr = 1.0458, ni

= 0.0007 and nr = 1.138, ni = 3.85×10−5, respectively. Phytoplankton cells are modeled as two-layered
spheres with a relative volume of the cytoplasm of 20 % (%cyt-%chl)=80-20). (b) as in panel (a) but for
the real refractive index. (c) as in panel (a) but for the imaginary part of the refractive index.
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