

  applsci-08-02689




applsci-08-02689







Appl. Sci. 2018, 8(12), 2689; doi:10.3390/app8122689




Article



Assessing the Impact of a Two-Layered Spherical Geometry of Phytoplankton Cells on the Bulk Backscattering Ratio of Marine Particulate Matter



Lucile Duforêt-Gaurier 1,*[image: Orcid], David Dessailly 1, William Moutier 2[image: Orcid] and Hubert Loisel 1





1



Univ. Littoral Cote d’Opale, Univ. Lille, CNRS, UMR 8187, LOG, Laboratoire d’Océanologie et de Géosciences, F 62930 Wimereux, France






2



Royal Meteorological Institute of Belgium, 1180 Brussels, Belgium









*



Correspondence: lucile.duforet@univ-littoral.fr; Tel.: +33-321-99-64-21







Received: 2 August 2018 / Accepted: 21 November 2018 / Published: 19 December 2018



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 modeled structural heterogeneity of phytoplankton cells on bbp˜. bbp˜ is modeled considering viruses, heterotrophic bacteria, phytoplankton, organic detritus, and minerals. Three case studies are defined according to the relative abundance of the components. Two case studies represent typical situations in open ocean, oligotrophic waters, and phytoplankton bloom. The third case study 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 structural heterogeneity is considered because the contribution of coated spheres to light 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 abundance of phytoplankton is small (<1%), bbp˜ increases by about 58% (for ξ=4 and for oligotrophic waters), when the heterogeneity is taken into account, in comparison with a particulate population composed only of homogeneous spheres. As expected, heterogeneity has a much smaller impact (about 12% for ξ=4) on bbp˜ in the presence of suspended minerals, whose increased light scattering overwhelms that of phytoplankton.
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1. Introduction


Seawater constituents (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 (IOP) [1] which do not depend on the radiance distribution but solely on the concentration and 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 all scattering angles, and only backward scattering angles, respectively.



Owing to the availability of commercial optical backscattering sensors and flow-through attenuation and absorption meters, in situ measurements of bulk IOP have now been routinely performed for more than two decades. While these measurements allow a better description of the IOP variability in natural waters, they can also be used as proxies for the estimation of the bulk particulate matter. For instance, the spectral slope of the particulate beam attenuation coefficient, cp, is tightly linked to the slope of the particle size distribution (PSD), ξ, assuming a Junge-type distribution of PSD [2,3,4]. The particulate backscattering ratio bbp/bp is used to obtain information about the particle composition. Indeed, based on the Lorentz-Mie scattering calculations that assume marine particles as homogeneous spheres, an analytical relationship between bbp/bp, ξ and nr˜ was generated [5]. This latter equation is used in conjunction with in situ measurements of bbp, bp, and cp to describe the variability of the physical nature (i.e., refractive index) of the bulk particulate matter in oceanic and coastal environments [6,7,8,9,10].



In the past, many theoretical and 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, such model is less appropriate for simulating backscatter. Indeed, the structural heterogeneity and inner complexity of phytoplankton cells (gas vacuoles, chloroplast, silica wall, etc.) explain why the measured backscattering signal is higher than predicted by the Lorentz-Mie theory for homogeneous spheres [11,12,13,14,15,16,17,18,19,20]. The underestimation of bbp by homogeneous spheres may explain the fact that in situ observations of backscattering are significantly higher than theoretical simulations [21,22,23].



In this paper, we examine the impact of particle structural heterogeneity on the bulk backscattering ratio for realistic combinations of optically significant constituents. The purpose of our study is not to provide a new analytical relationship for bbp/bp as a function of nr˜ and ξ but rather to assess the sensitivity of bbp/bp to the modeled structural heterogeneity of phytoplankton cells for some realistic water bodies. Typical phytoplankton bloom and no bloom conditions, as defined in Stramski and Kiefer [24], will first be examined. Then, the last case study will account for the presence of mineral particles, which have a great effect on the scattering properties.



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 various sub-populations of marine particles, namely organic detritus, minerals, heterotrophic bacteria, viruses, and phytoplankton. Robertson Lain et al. [23] showed that the two-layered sphere model is appropriate for modeling of remote-sensing reflectance and IOPs in high biomass Case 1 waters. The real refractive index of the chloroplast and the relative volume of the chloroplast are key parameters impacting the backscattering efficiency of phytoplankton cells. This was recently confirmed by two studies where measurements of light scattering by phytoplankton cultures were well reproduced by the two-sphere model [15,16]. For these reasons, in this study, phytoplankton optical properties have been simulated considering a two-layered sphere model. The size range of the different considered particles (viruses, bacteria, phytoplankton, and organic detritus), as well as their real and imaginary refractive index values are defined from literature [21,25].



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 describe the different sub-populations of particles and their associated size distribution, refractive index, and internal structure used to simulate their optical properties. The impact of the modeled structural heterogeneity of phytoplankton cells is then discussed for the three realistic water bodies as mentioned previously.




2. Theoretical Considerations


2.1. Backscattering Cross Section for Polydisperse Particle Assemblages


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)+ini(λ), where λ is the wavelength of the radiation in vacuum in units of nm. The real part determines the phase velocity of the propagating wave and the imaginary part accounts for the absorption. Please note that the refractive index is a relative value dependent upon the surrounding medium, i.e., relative to the refractive index of the medium. The single scattering process by a particle is described by the scattering cross section Csca(D,λ) (units m2) and the scattering phase function F˜(D,θ,λ) (dimensionless) as defined by Mishchenko et al. [26] (Equations (4.51)–(4.53), pp. 100–101):


12∫0πF˜(D,λ,θ)sinθdθ=1



(1)




As particles are here assumed to be spherical, F˜ depends only on the particle diameter D, the scattering angle θ within the arbitrary azimuthal plane of scattering, and the wavelength λ. In the following, λ is omitted for brevity. To account for polydisperse particulate assemblages, the particle size distribution (PSD) 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 [5,24,27,28]. The ensemble-average normalized phase function is:


F˜(θ)=∫DminDmaxF˜(D,θ)×AD−ξdD



(2)




where Dmin and Dmax define the particle diameter range, ξ is the hyperbolic slope of PSD, and AD−ξ (units, μm−1) is the relative differential particle size distribution. As in many theoretical studies, the relative PSD is normalized such that the integral over the entire size range is unity. It follows that F˜(θ) represents the average normalized phase function per particle. Equation (2) can be written for the scattering cross section replacing F˜(D,θ) with Csca(D) and F˜(θ) with Csca. The backscattering cross section of the polydisperse assemblage is defined as:


Cscabb=Csca2∫π/2πF˜(θ)sinθdθ



(3)




It can be easily seen from Equations (1)–(3) that the integration of F˜(θ) between 0 and π gives Csca, the scattering cross section of the polydisperse population. Many numerical codes (including those described in Section 3) use the normalized phase function F˜(θ) to describe the angular distribution of the scattered radiation. However, in hydrologic optics, the volume scattering function (VSF), β˜(θ) (m−1 sr−1), is more commonly used instead of F˜(θ) [29]. The relationship between β˜(θ) and F˜(θ) is:


β˜(θ)=NCsca4πF˜(θ)



(4)




with N the number of particles per cubic meter.




2.2. The Bulk Backscattering Ratio


Marine particles are divided into five different categories: viruses (VIR), heterotrophic bacteria (BAC), phytoplankton (PHY), organic detritus (DET), and minerals (MIN). Table 1 displays the size ranges and the refractive indices of the different components as defined by previous studies [21,24,25]. The ensemble-average values of F˜j(θ), Csca,j, and Csca,jbb are computed from Equations (1)–(3) for each particulate component j.



The total normalized phase function and total scattering cross section of the water body are obtained as in Mishchenko et al., 2002 (Equations (4.74) p. 102 and (3.13) p. 71 ):


F˜tot(θ)=∑j=15NjCsca,jFj˜(θ)∑j=15NjCsca,j



(5)






Cscabb,tot=∑j=15NjCsca,jbb



(6)




where Nj is the relative concentration (i.e., the relative number of particles per unit volume of water) of the considered component. Cscatot is defined by replacing Csca,jbb with Csca,j in Equation (6).



The total (i.e., bulk) backscattering coefficient (bbp) (units m−1) of the water body is the sum of the relevant bbp,j associated with each jth group. bbp,j is equal to the polydisperse Csca,jbb weighted by the particle concentration of the jth group:


bbp=∑j=15bbp,j=NTOT×Cscabb,tot



(7)




with NTOT the total particle concentration (particles per m3) in the water body. Similarly, bp is defined from Equation (7) by replacing bbp with bp and Cscabb,tot with Cscatot. The bulk backscattering ratio bbp˜ is the dimensionless ratio:


bbp˜=bbpbp



(8)




In this study, we will use the bulk particulate real refractive index (nr˜), 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:


nr˜=∑j=15nr,j×NjCsca,j∑j=15NjCsca,j



(9)




Similarly, the bulk imaginary refractive index (ni˜) is defined as follows:


ni˜=∑j=15ni,j×NjCabs,j∑j=15NjCabs,j



(10)




where Cabs,j is the absorption cross section of particles.




2.3. The Scattering Coefficient as Measured by In Situ Transmissometers


In field measurements, bp is derived from the total absorption and beam attenuation coefficients (a and c, respectively) as measured by instruments such as WETLabs ac9 and its later variants. Any detector has a finite field of view (FOV), therefore beam transmissometers 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 the scattering cross section, rebuilt from the normalized phase function integrated between θacceptance and π instead of 0 and π [30]. To make a distinction, when Csca is calculated by integrating the scattering function between θacceptance and π, the symbols Cscaθa, bpθa and bbpθa˜ (= bbp/bpθa) 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 beam transmissometers such as the WETLabs C-Star (1.2o) or WETLabs ac9 (0.93o) ([30] and references therein).





3. Numerical Modeling of the Marine Particle Scattering


The Meerhoff Mie program version 3.0 [31] and the ScattnLay code [32,33] are used to simulate the scattering and absorbing properties of homogeneous and multilayered spheres, respectively. Radiative transfer computations are carried out given the wavelength of the incident radiation equal to 532 nm and the refractive index of sea water equal to 1.34. The Meerhoff Mie program allows simulations of a polydisperse ensemble of spheres with a large choice of PSD. The outputs are the ensemble-average quantities per particle F˜(θ), Csca and Cscabb (Equations (2) and (3)). The ScattnLay code performs computations only for monodisperse particles. To obtain the normalized phase function and cross sections for a polydisperse population, a numerical integration over the size range must be done separately (Figure 1, NoS2). Particular attention must be paid to the integration step to guarantee the accuracy of the numerical integration.



The Meerhoff Mie program is used to generate a first dataset named DS1 based on computations for homogeneous spheres for the same case studies 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. Please note that Twardowski et al. [5] did not mix different particle components with different refractive indices, as they studied bbpθa˜ for a polydisperse population of particles having the same refractive index. In this case, Equations (5)–(7) are not useful as bbpθa˜ is directly related to Cscabb/Cscaθa.



In the second dataset (named 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 as in Robertson Lain et al. [23]. These investigators showed that a chloroplast layer (chlp) surrounding the cytoplasm (cyt) is an optimal morphology to simulate optical properties of algal cells. Based on their study, the value of the real part of the refractive index of the sphere representing the cytoplasm is fixed to 1.02, and the value of the imaginary part at 532 nm is 1.336 × 10−4 [23]:


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



(11)




with ni(cyt, 400 nm) = 0.0005. Concerning the sphere representing the chloroplast, n(chlp) is calculated according to the Gladstone and Dale formula [34]:


∑knk×ϑk=nequ,



(12)




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 of 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 sphere representing the chloroplast is described in Table 2 according to the relative volume of the modeled chloroplast (20% or 30%). We also tested a three-layered sphere model. The outer layer represents the cell membrane. We assumed that the cell membrane is non-absorbing and have a nr = 1.09 [13]. The second layer represents the chloroplast and the third layer the cytoplasm. The values of nr and ni for the cytoplasm are identical to nr and ni for the two-layered sphere. The values of nr and ni for the chloroplast are adjusted according to Equation (12) to keep the complex equivalent refractive index of the cell constant (Table 2). The relative volumes are 1.5%, 18.5% and 80% for the modeled cell membrane, chloroplast, and cytoplasm, respectively.



In DS2, multilayered sphere models are not implemented for viruses, heterotrophic bacteria, organic 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 used. The suitable nr and ni values for viruses, heterotrophic bacteria, organic detritus, and minerals are obtained from [25] (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 ensure that the overall size distribution matches the Junge power law (Table 3, Table 4 and Table 5 and Figure 2).



In situ laser diffraction measurements of the PSD in different oceanic regions showed that the size distribution of marine particles can be approximated by the Junge-like power law [35,36,37]. As discussed by Reynolds et al. [36], the power law with a single slope is a convenient empirical descriptor of the PSD, but we have to keep in mind that, in some cases (e.g., in nearshore waters and in the presence of specific populations of phytoplankton) the particle size distribution deviates from the Junge-like power law [36,37,38]. Relatively steep hyperbolic slopes (around 4) are encountered in open ocean waters, whereas less steep slopes (around 3.3) are characteristic of phytoplankton bloom and/or production of particle aggregates. In the present study, results are discussed for ξ = 3, 3.5, and 4 as the vast majority of hyperbolic slopes are in this range (Figure 11 in [36,37]). Results are shown also for ξ = 2.5 and 5 but hyperbolic slopes greater than 4 are much less likely to occur. Likewise, ξ < 3 are rare excepted when there is biological growth in the relatively large size classes and/or aggregation. To compare with typical particulate abundances estimated in natural waters, a total abundance (NTOT) of 1.1262 ×1014 particles per m3 is considered to be in Stramski et al. [25]. Three case studies are defined. The first one represents oligotrophic-like waters with no phytoplankton bloom and no-mineral particles: the phytoplankton abundance (NPHY) spans from 1.1 × 109 (for ξ = 4.9) to 4.6 × 1011 (for ξ = 2.5) particles per m3 (0.001%–0.41% of NTOT). The second one represents waters with a phytoplankton bloom and no minerals, where NPHY is higher as compared to the oligotrophic-like case: NPHY ranges between 8.3 × 109 (for ξ = 4.9) and 2.3 × 1012 (for ξ = 2.5) particles per m3 (0.007%–2% of NTOT). The third one represents coastal-like waters with minerals and no bloom conditions: minerals are added proportionally to obtain a bulk real refractive index nr˜ around 1.1. The mineral abundance (NMIN) spans from 4.8 × 1012 (for ξ = 4.9) to 1.3 × 1013 (for ξ = 2.5) particles per m3 (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. [25] as NTOT is identical. In Stramski et al. [25], ξ = 4, so comparisons are possible only for this value (Table 6). We note that NPHY is of the same order of magnitude. Stramski et al. [25] have higher concentrations of DET and MIN and lower concentrations of VIR and BAC. In their paper, the authors explained that the concentrations of DET and MIN were chosen to obtain realistic contributions of detrital and mineral absorption. However, 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 specific oceanic water bodies. The abundances of viruses and bacteria (NVIR and NBAC), used in this study, agree with the Stramski and Kiefer values [24]. Stramski and Kiefer [24] (Table 1 in their paper) used NVIR between 3.0 × 109 and 4.6 × 1014 particles per m3, NBAC between 3.0 × 1011 and 1.5 × 1012 particles per m3. Middleboe and Brussard, 2017 [39] confirmed that viral abundance can reach up to 1014 particles per m3. For phytoplankton, Stramski and Kiefer made a distinction between prochlorophytes, cyanobacteria, ultrananoplankton, larger nanoplankton, and microplankton. Over these different phytoplankton groups, NPHY ranges between 1.0 × 1011 for picoplankton to 3.0 × 105 for microplankton. They used NPHY ≥ 5 × 1011 particles per m3 when there is a bloom of phototrophic picoplankton.



An indication of the total chlorophyll-a concentration is given for the oligotrophic-like, phytoplankton bloom, and coastal-like case studies. For that purpose, we considered the median intracellular chlorophyll-a values given in Brotas et al. [40]. These authors used Brewin et al. model [41] to calculate the fractional contributions of pico, nano, and microplankton to total phytoplankton chlorophyll biomass. Then, they derived the intracellular chlorophyll-a per cell for each size class from the results of cell enumeration (microscope counts and flow cytometry) and the chlorophyll-a concentration for that size class given by the Brewin et al. model. The computed median intracellular chlorophyll-a values were 0.004, 0.224, and 26.78 pg Chla cell−1 for pico, nano, and microplankton, respectively. In our study, we multiplied the corresponding intracellular chlorophyll-a content by the numerical abundance of pico-, nano-, and micro-plankton as derived from the PSD and we summed the chlorophyll-a concentration per class to obtain the total chlorophyll-a concentration ([Chla], units mg m−3) (Table 7).



We emphasize that total chlorophyll-a concentrations are given as an indication as they depend on the abundance of phytoplankton, which in turn depends on NTOT and ξ. For the oligotrophic-like case study, [Chla] ranges from 0.10 for ξ = 4 to 8.4 mg m−3 for ξ = 3. However, in oligotrophic waters, in situ measurements of PSD showed that ξ values are around 4. For ξ between 3.5 and 4, [Chla] is less than 1 mg m−3, which is typical [Chla] in oligotrophic waters. In bloom conditions, the hyperbolic slope can be less than 4. For example, Buonassissi and Dierssen [35] found ξ around 3.3 in bloom conditions. For ξ = 3.3, we found [Chla] of 1.92 mg m−3. For the coastal case study, [Chla] is low as compared to in situ [Chla] values in coastal areas. This is because we considered a high load of minerals as compared to phytoplankton abundance.




5. Results


5.1. Accuracy of Numerical Computations


A numerical integration over θ is required to derive bpθa and bbp from the normalized phase function (Section 2). Due to the sharp increase of the normalized phase function in the forward scattering directions (Figure 3), the selection of the relevant angular step for the numerical integration is crucial. For that purpose, the impact of angular step (Δθ) on the calculation of bpθa˜ is studied using Lorentz-Mie simulations in DS1 (Figure 1, NoM2, M3). The normalized phase function of polydisperse particles F˜(θ) exhibits a maximum around θ = 0o [26]. 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 [26] due the concentration of light near θ = 0o caused by diffraction. The presence of the peak in F˜(θ) requires several 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, Δθ, we compare the result of the numerical integration of F˜(θ) between 0 and π to its theoretical value (=2) (Figure 1, NoM3). When Δθ = 0.05o, corresponding to a total number of integration steps (Nθ) of 3600, the numerical integration value of F˜(θ) is in the range [1.999–2.000] for small ξ. For larger ξ, it is in the range [1.800–1.999]. When the value of the numerical integration is in the range [1.800–1.999], a renormalization factor is applied to F˜(θ) to ensure that the result of the numerical integration is exactly 2. We could also increase the number of integration points, but it would increase the computation time. Using a renormalization factor for 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 normalized phase functions for monodisperse particles (Figure 1, NoS1), so the numerical integration over the particle diameter range (Equation (2)) is realized as a separate calculation with the Python “Trapz” function (Figure 1, NoS2). For monodisperse particles, the normalized phase function displays a forward peak as explained above but can also display a sequence of maxima and minima due to interference and resonance features [26,42]. The frequency of the maxima and minima over the range of θ increases with both increasing nr and size parameter (=πD/λ). To test the accuracy of the numerical integration over the particle diameter range (Figure 1, NoS3), we ran the ScattnLay code for DS1 case studies and compared 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 interference and resonance features, which explains why most natural particulate assemblages do not exhibit such patterns [26,42] (Figure 3). A perfect match is obtained between the ScattnLay-rebuilt-polydisperse and Lorentz-Mie-polydisperse F˜(θ) and Csca values when the integration step (ΔD) is set to 0.01 μm for D in the range [0.03, 2 μm]; 0.1 μm for D in the range [2, 20 μm]; 2.0 μm for D in the range [20, 200 μm]; and 10.0 μm for D in the range [200, 500 μm].



Using the DS1 data set, the impact of the angular integration on the backscattering ratio bbpθa˜ is examined as a function of the hyperbolic slope ξ for different values of the real refractive index and two values of total angular steps (i.e., Nθ = 750 and 3600) (Figure 4). The impact of the integration is noticeable only for ξ values lower than about 3 and relatively high nr values. When the number of angular steps increases, the curves become flatter at low ξ values. Differences in the curve shape are reduced if we increase the angular step. For Δθ = 0.24o (Nθ = 750), the present results of the Lorentz-Mie calculations (solid lines in Figure 4) 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, Δθ is set to 0.05o (Nθ = 3600) and Figure 4 (dashed lines) will be the reference figure for homogeneous spheres.




5.2. Impact of the Structural Heterogeneity of Phytoplankton Cells on the Bulk Particulate Backscattering Ratio


The impact of phytoplankton cell structural heterogeneity on bbpθa˜ is examined as a function of ξ for the three previously described water bodies (oligotrophic-like, phytoplankton bloom, coastal-like) considering the 80%–20% phytoplankton morphological model (Figure 5a). The real and imaginary bulk refractive indices for oligotrophic-like, phytoplankton bloom, and coastal-like case studies, vary with ξ as the relative proportions of the different particle components, having different nr and ni, vary with ξ (Table 1, Table 2, Table 3, Table 4 and Table 5 and Figure 5b,c). For the no-mineral water bodies (oligotrophic-like and phytoplankton bloom), nr˜ stays around 1.04 ± 0.007 (Figure 5b). In contrast, ni˜ shows large variation with ξ for both oligotrophic-like and phytoplankton bloom water bodies (Figure 5c). In bloom conditions, ni˜ increases as the relative proportion of phytoplankton increases as compared to the no bloom conditions. In agreement with typical values of the oceanic bulk imaginary refractive index [43], the ni˜ values for the particulate populations considered here are always lower than 0.002. In the presence of mineral particles (coastal-like), nr˜ increases as MIN have a higher nr than VIR, BAC, PHY and DET. Its values are between 1.103 (ξ=2.5) and 1.145 (ξ=4.9). Values of ni˜ vary between 9.79 × 10−6 and 9.44 × 10−4.



The impact of the structural heterogeneity of phytoplankton cells is evaluated by comparison with Lorentz-Mie calculations (particulate assemblages composed of homogeneous spheres only, regardless of the particle group) performed for low and high bulk refractive index. These case studies with homogeneous spheres only are named “Homogeneous reference cases”. The real and imaginary values of the bulk refractive indices are 1.045 and 9.93 × 10−4 for the “Homogeneous reference case 1”, 1.043 and 1.36 × 10−3 for the “Homogeneous reference case 2”, and 1.131 and 1.37 × 10−4 for the “Homogeneous reference case 3”, respectively (Figure 5b,c). These values of nr˜ and ni˜ were chosen to be equal to values of nr˜ and ni˜ obtained for the oligotrophic-like, phytoplankton bloom, and the coastal-like case study when ξ = 4. “Homogeneous reference cases 1 and 2” with low nr˜ represent phytoplankton-dominated Case 1 waters and are compared with the oligotrophic-like and phytoplankton bloom water body, respectively. “Homogeneous reference case 3” with high nr˜ represents mineral-dominated Case 2 waters and is compared with the coastal-like water body. The variation of bbpθa˜ due to structural heterogeneity of phytoplankton cells is evaluated using the relative absolute difference calculated between the homogeneous reference cases (named x in Equation (13)) and oligotrophic, phytoplankton bloom or coastal-like water bodies (named y in Equation (13)):


Δϵ=|x−y|(x+y)×200(%)



(13)







Even if the numerical relative abundance of phytoplankton is very small for the oligotrophic-like water body (=8.4 × 10−3%), the structural heterogeneity increases the bbpθa˜ value by 58% compared to the homogeneous case (“Homogeneous reference case 1”). This is consistent with previous studies showing the large contribution of coated spheres to the backscattering signal [15,16,18,19,22,44]. The value of Δϵ calculated between the oligotrophic-like and phytoplankton bloom water bodies is smaller (=22% at ξ = 4) even if ni˜ is different (9.93 × 10−4 for oligotrophic-like against 1.36 × 10−3 for phytoplankton bloom). This latter pattern provides evidence that the structural heterogeneity (coated-sphere model) has a greater impact on the particulate backscattering ratio than the tested increase in the bulk imaginary refractive index. The relative absolute differences between the phytoplankton bloom and “Homogeneous reference case 2” is 41%. When mineral particles are taken into account, Δϵ is 12% between the “Homogeneous reference case 3” and the coastal-like water body. This smaller difference is because phytoplankton have a smaller impact on the bulk scattering when highly scattering particles such as minerals are added.



The impact of the relative volume of the cytoplasm on bbpθa˜ is now evaluated by comparing the change of bbpθa˜ as a function of ξ for the 80%–20% and 70%–30% models for the oligotrophic-like and phytoplankton bloom water bodies (Figure 6). The mean relative difference in bbpθa˜ is about 5.41% with a maximum value of 11.5 % (ξ = 3) for oligotrophic-like case study. In bloom conditions, the mean relative difference reaches 13.0% with a maximum value of 23.5% (ξ = 3.2). Figure 7 compares simulated bbpθa˜ when phytoplankton cells are modeled as two-layered spheres (80%–20%) or three-layered spheres (80%–18.5%–1.5%). For the oligotrophic-like waters, relative absolute differences are small. They range between 0.0174% and 1.81% with a mean value of 0.444%. For phytoplankton bloom case study, they are between 9.84 × 10−3 and 2.86% with a mean value of 0.894%.



Regardless of the morphological model used to optically simulate phytoplankton cells, the bbpθa˜ reaches an asymptote when ξ decreases for phytoplankton bloom water bodies (bbpθa˜ = 0.005 for ξ = 3.5 and 0.004 for ξ = 2.5). The value of the asymptote is consistent with previous observations [5], which showed the lowest backscattering ratio (about 0.005) in waters with high chlorophyll-a concentration.



The contribution of the different particle groups to the backscattering ratio is presented in Figure 8 for the 80%–20% model and ξ = 4. For coastal-like waters, the minerals contribute more than 80% of the total bbpθa˜, whereas they contribute only 6.5% to the total particulate abundance. This percentage agrees with the results of Stramski et al. [25] (Figure 12 in their paper). Such high contribution to backscattering is due to the high real refractive index of minerals. As in Stramski et al. [25], these results show the important role of minerals even when they are less abundant than organic living and non-living particles. In oligotrophic-like waters, the contribution of heterotrophic bacteria ranges from a few to about 30% with a maximum for ξ between 3.5 and 4, which agrees with Stramski and Kiefer [24]. The contribution of viruses is quite high, about 40–60% for ξ between 4 and 5. This high contribution is explained by the extreme value of viral abundance (around 1 × 1014 particles per cubic meter) used in this study [24]. As for bacteria, the contribution of phytoplankton ranges between a few and 30% with a maximum around ξ = 3. For a ξ value of 4, typical of oligotrophic waters, the contribution is around 10%. For the phytoplankton bloom study case, the contribution of phytoplankton cells is between 10% and 60%; maximum values are reached for a PSD slope between 3 and 3.5. Such high percentages are due to the higher backscattering cross section of phytoplankton as compared to the other particles (Figure 9). The low phytoplankton abundance is offset by the high Csca,PHYbb so that the backscattering coefficient of phytoplankton represents a significant contribution to the total backscattering.





6. Concluding Remarks


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 smallest relative abundance, its impact on bbpθa˜ can be important depending on the hyperbolic slope of the Junge distribution. This is because phytoplankton cells have the highest backscattering cross section. For ξ = 4, the relative difference (in absolute value), (Δϵ), between bbpθa˜ for the oligotrophic-like and the reference case, having the same bulk refractive index but composed exclusively of homogeneous spheres, can reach about 58%. When minerals are added, the impact of phytoplankton decreases as the scattering by minerals dominates.



Considering different sub-populations of particles with different refractive index implies that the bulk refractive index varies with the value of the hyperbolic slope of the PSD, as the contribution of each scattering component varies. Consequently, the development of models, similar to the one proposed by Twardowski et al. [5] to derive nr˜ from bbpθa˜ and ξ, but accounting for phytoplankton heterogeneity, is not straightforward. Other aspects of the problem and other parameters such as the adoption of a 2D or 3D model, the proportion between cytoplasm and chloroplast, or the variation of phytoplankton refractive index according to the considered species, would have to be taken into account. One option would be to develop a look-up table approach based on the main parameters driving the bbpθa˜ variability. For that purpose, other simulations would have to be performed to be able to identify the pertinent parameters.



In this study, a large set of numerical simulations, as well as a proper methodology have been developed to simulate the particulate scattering properties of a water body in its complexity. We show 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 small values of the PSD slope. We show that an integration angular step of 0.05o (Nθ = 3600) is required to obtain the required accuracy considering the inputs (refractive indices and size range) used in this study.



The 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 case studies, additional calculations can be conducted 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.



For example, in waters with significant presence of specific populations of phytoplankton or under bloom conditions, the Junge-like approximation of PSD is usually unsatisfactory [36,37,38,45]. We also showed that the relative volume of the model chloroplast to the cytoplasm or the presence of third layer to model the cell wall can all affect the backscattering ratio (about 5–25%). It means that changes in the phytoplankton structural heterogeneity can explain partly the natural variability of the backscattering ratio, particularly in bloom conditions.



Further work is required, mainly experimental studies, to better characterize the internal structure and chemical composition of viruses, heterotrophic bacteria, biogenic detritus, and particle aggregates. This will allow, as Robertson Lain et al. [23] did for phytoplankton, suitable models to be developed to describe properly, in numerical code, the morphological properties of various types of particles 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 PSDs of the five considered particle groups for (a) the oligotrophic-like water body and (b) the phytoplankton bloom water body. NTOT = 1.1262 × 1014 particles per m3 and ξ = 4. 
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Figure 3. Interference and resonance features observed for the scattering phase function of monodisperse particles (light green). The major low-frequency maxima and minima are called the “interference structure”. The high-frequency ripples are resonance features. The interference and resonance feature are washed out for a polydisperse assemblage of particles (dark green). 
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Figure 4. Results of Lorentz-Mie calculations (DS1) of the particulate backscattering ratio bbpθa˜ 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 5. (a) Particulate backscattering ratio bbpθa˜ as a function of the hyperbolic slope for the oligotrophic-like (red dashed line), phytoplankton bloom (green dashed line), and coastal-like (brown dashed line) water bodies as described in Section 4. Black and gray lines are for homogeneous reference cases. The gray solid line corresponds to nr = 1.045, ni = 9.93 × 10−4, the black dashed line to nr = 1.1043, ni = 1.36 × 10−3, and the black solid line to nr = 1.131, ni = 1.37 × 10−4, 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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Figure 6. Particulate backscattering ratio as a function of the hyperbolic slope for oligotrophic-like and phytoplankton bloom water bodies. Phytoplankton cells are modeled as two-layered spheres with a relative volume of the chloroplast of 20 % and 30 %, as indicated. 
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Figure 7. Particulate backscattering ratio as a function of the hyperbolic slope for oligotrophic-like and phytoplankton bloom water bodies. Phytoplankton cells are modeled as two-layered spheres (80%–20%) or three-layered spheres (80%–18.5%–1.5%), as indicated. 






Figure 7. Particulate backscattering ratio as a function of the hyperbolic slope for oligotrophic-like and phytoplankton bloom water bodies. Phytoplankton cells are modeled as two-layered spheres (80%–20%) or three-layered spheres (80%–18.5%–1.5%), as indicated.



[image: Applsci 08 02689 g007]







[image: Applsci 08 02689 g008 550]





Figure 8. Contribution of the different particle groups the total bulk backscattering ratio for (a) oligotrophic-like, (b) phytoplankton bloom, and (c) coastal-like water bodies. The phytoplankton cells are modeled as a two-layered sphere (80%–20%). 
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Figure 9. Backscattering cross sections, Cscabb, of the different particle groups. The phytoplankton cells are modeled as a two-layered sphere (80%–20%). 
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Table 1. Summary of the seawater constituents.
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	Component (j)
	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 or three-layered
	0.3–40
	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 (12)). The refractive indices of the spheres representing the chloroplast and cytoplast are described in Table 2. λ = 532 nm.
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