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Abstract: Rising environmental stressors, including climate change, nutrient loading, pollution, and anthropogenic impacts, have made
the continuous monitoring of lake water quality increasingly essential. While in situ methods offer high precision, satellite-based remote
sensing is essential for capturing large-scale, long-term changes and accessing remote or extreme environments. To complement these
approaches, we developed a cost-effective in situ optical measurement system specifically designed for optically complex inland waters.
The instrument enables detailed optical characterization across scattering angles from 0° to 160° and wavelengths between 423 and
728 nm, covering both visible and near-infrared regions. Initial validation was performed using monocultures of Chlorella vulgaris, a
well-established model organism for chlorophyll-a optical studies. As a result of laboratory measurements of C. vulgaris monocultures
using a spectral goniometer, forward and backward scattering profiles, polarization characteristics, three-dimensional patterns, volume
scattering functions, and radiant intensities at 90° across Sentinel-3 OLCI bands toward density changes were modeled. The results
confirmed Mie scattering dominance in line with the theoretical expectations. Overall, the developed full-spectrum goniometer can
serve as a reliable and practical tool for in situ optical monitoring.
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1. Introduction

Increasing environmental pressures such as climate
change, nutrient enrichment, various pollutants, and
human activities make the monitoring of lake water
quality increasingly critical (Dornhofer et al, 2016).
Ecosystem services are dependent on sustaining healthy
lake ecosystems, and as lakes are subjected to more
environmental stresses, it is particularly critical to evaluate
their ecological conditions (Wei et al., 2025; Woolway et al.,
2025). The continuous monitoring of ecological conditions
has become essential for effective management strategies.
Satellite-based remote sensing offers significant benefits
for viewing remote areas and extreme conditions, as well as
for carrying out large-scale and long-term environmental
assessments, while in situ methods offer high accuracy
and detailed data. Inland waters, which are optically more
complex than oceans, require solutions that are more
elaborate than current methods, and these solutions must
integrate empirical, physical, and technological approaches
to effectively address the challenges (Schiller and Doerffer,
1999; Werther et al., 2025).
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In aquatic environments, the apparent color and the
inherent optical properties (IOPs) of the water column are
determined by the combined effect of colored dissolved
organic matter (CDOM), phytoplankton pigmentation,
and suspended sediments (Brezonik et al., 2005; Adjovu
et al., 2023). Among these factors, phytoplankton are of
particular importance because they constitute the primary
food source for many organisms in aquatic ecosystems.
They also play a pivotal role in carbon sequestration
and exert strong controls on biogeochemical cycles in
inland and marine waters (Robinson, 2017). Chlorella
vulgaris has become a model for microalgae for both
fundamental research and industrial uses because of its
rapid growth, broad environmental tolerance, and rich
biochemical contents, including lipids, proteins, and
pigments (Safi et al., 2014). The well-characterized cellular
ultrastructure and optical responses of Chlorella vulgaris
give it a privileged position in the literature on optical
measurement and remote sensing (Witkowski et al., 1994;
Barankovi et al., 2020).
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As light traverses the water column and encounters
an interface, it may be reflected, transmitted, scattered,
or absorbed. In the interaction of light with suspended
particles, photons can be partially absorbed by pigments
(e.g., chlorophyll-a or carotenoids) or redirected by
intracellular structures such as grana, thylakoids, and
chloroplast membranes, thereby producing scattering
(Kirk, 1983; Witkowski et al., 1994). Scattering efficiencies
are related to the particle radius r by Mie theory, which
is also known as the scattering function of the size
parameter x = 27t/ (r: particle radius, A: wavelength), and
the particle’s refractive index. In practice, Mie scattering
dominates according to particle sizes with size parameters
of 0.1 £ x <50, which corresponds to particle radii in the
visible range of approximately 0.05-5 um. Other scattering
behaviors include Rayleigh scattering and geometrical
optics scattering, and their limits are x <0.1 and x >50,
respectively.

In recent decades, the remote sensing of inland
waters has advanced considerably. Biooptical models
originally designed for Case-1 oceans (optically simple
open-ocean waters where variability is mainly driven by
phytoplankton) fail to represent optically complex lakes
where CDOM, suspended sediments, and phytoplankton
collectively influence spectral reflectance (Giardino et
al., 2014; Spyrakos et al., 2018). Numerous algorithms
have since been proposed to estimate chlorophyll-a in

optically complex inland waters from Earth observation
data (Neil et al., 2019; Werther et al., 2025). Backscattering
and absorption jointly explain over 90% of remote
sensing reflectance variability, highlighting the need
for in situ optical validation (Shi et al., 2014; Dérnhéfer
et al,, 2016). In spite of these advances, however, there
is still a need for multiangle and hyperspectral in situ
scattering observations in freshwaters for better modeling
of absorption and scattering in optically diverse inland
waters. To address the need for low-cost and robust field-
deployable instruments for establishing dense in situ
observation networks, a prototype goniometer with high
spectral resolution was built and tested using C. vulgaris.
In this study, we describe the instrument and the data
processing algorithm and we present the results.

1.1. Background and research motivation

Experimental evidence consistently shows that scattering
by algal cells is controlled by both their external
morphology and internal structure. Early measurements
(Table) highlighted the contribution of the cell wall to
total scattering, while later work demonstrated that the
internal structure plays a dominant role with scattering
characteristics varying across the cell cycle (Quinby-Hunt
et al. 1989; Witkowski et al., 1994; Bardnkova et al., 2020).
Later studies extended this understanding by investigating
angular dependencies. Laboratory measurements of

Table. Summary of the literature on scattering properties of particles and planktonic organisms.

Reference Wavelengths (nm) | Angles Organisms Environment
Witkowski et al. (1994) |633 30°-120° Chlorella vulgaris Laboratory
15 phytopl ies, il
Volten etal. (1998) | 633 20°-160° > phytoplankton species, twosilt |y b0 oo
types
Witkowski et al. (1998) |488, 514, 633 8°-155° Chiorella vulgaris, Chlorella kessleri, Laboratory
Chroococcus minor
Vaillancourt et al. (2004)| 440, 470, 510, 620 | 141°, 35°~144° 29 phytoplankton species + one Laboratory
heterotrophic bacterium
Chami et al. (2005) 443, 490, 555 0.6°-177.3° Mineral particles, phytoplankton In situ
, o o Natural water samples (Gippsland L
O’Bree (2007) 633 5°-165 Lakes, Great Barrier Reef) Laboratory and in situ
Basedow et al. (2019) 443, 486, 551 141° Calanus finmarchicus (zooplankton) | In situ and satellite
Barankova et al. (2020) |400-750 0° + integrating sphere| Chlorella vulgaris IPPAS-C1 Laboratory

Davies et al. (2021) 443, 488, 547, 670 | 0°-180°

Zooplankton (Calanus spp., krill),

fish eggs, detritus In situ and laboratory

Lomas et al. (2024) 375-730

104°, 130°, 141°, 151°

50+ phytoplankton strains (diatoms,

Laborat
dinoflagellates, cyanobacteria, etc.) aboratory

This study 423-728 0°-160°

Chlorella vulgaris Laboratory
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different phytoplankton species revealed strongly forward-
direction phase functions and polarization maxima
around 90°, confirming that both the scattering angle
and the internal structure shape the observed patterns
(Volten et al., 1998; Barankova et al., 2020). In contrast,
backscattering efficiency was shown to depend on
taxonomic composition and refractive index variability
(Vaillancourt et al., 2004; O’Bree, 2007). These findings
emphasize that the accuracy of scattering measurements
depends on the geometry of the observation and the
internal structural complexity of the particle.

Understanding the optic properties of microalgae is
essential for accurately modeling the light distribution
inside photobioreactors. These parameters determine
how photons are redistributed within dense cultures and
directly influence both photosynthetic efficiency and
biomass productivity (Wheaton and Krishnamoorthy,
2012; Fuente et al., 2017). On the cellular scale, optical
processes such as pigment absorption, refractive-index
contrasts, and intracellular light redistribution shape the
overall photic efficiency of microalgae (Lehmuskero et
al., 2018). However, applications or devices capable of
performing in situ measurements for spectral-angular
behavior characterization of inland waters are needed.
Such applications can be extended using the capabilities
of instruments such as Sentinel-3 OLCI and PACE satellite
sensors and unmanned aerial vehicles.

Polarizor

To address this gap, we developed a cost-effective in
situ optical measurement system specifically designed for
inland waters. The instrument measures detailed optical
characterization across scattering angles of 0° to 160° and
wavelengths of 423 to 728 nm, covering both visible and
near-infrared regions. The system was first tested using
monocultures of C. vulgaris, a well-studied model species
for chlorophyll-a optical analysis. This system can provide
high-resolution angular data aligned with the Sentinel-3
OLCI and NASA PACE spectral bands. Its use will support
the establishment of a transferable framework for the
ground truth and calibration of remote-sensing reflectance
models and the characterization of optically diverse inland
waters.

2. Materials and methods

A device was developed as a prototype of a relatively simple
field-deployable sensor for the measurement of various
constituents of inland waters. In the following subsections,
the device set-up, the samples of C. vulgaris used to test
the performance of the device, and the algorithms used in
processing the raw data are described, respectively.

2.1. Set-up

We developed a spectral goniometer in house to measure
transmittance/scattering at any angle with high spectral
resolution. The set-up is shown in Figure 1. The system
is installed in light-tight housing to block ambient light
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Spectrometer

Figure 1. Schematic diagram of the spectral goniometer showing
the illumination arm, sample chamber, and scattering geometry.
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interference and ensure temperature stability. Spectral
acquisition is performed using an ST-VIS-100 OEM
spectrometer coupled via a QP400-2-VIS fiber-optic cable
(Ocean Optics, Orlando, FL, USA) with core diameter of
400 um and numerical aperture of 0.22. Light collection
at the detector is achieved with an Ocean Optics 74-VIS
collimating lens, while illumination is provided by a
12.7-mm EFL plano-convex lens (KPX513-C, Newport
Corp., Irvine, CA, USA) coupled to a white LED light
for a uniform visible spectrum. The spectrometer covers
350-810 nm with nominal spectral resolution of 6.3 nm
and sampling interval of 0.3 nm; however, due to reduced
signal-to-noise-ratios at both spectral ends, a usable range
of 423-728 nm was selected for data processing.

The optical chamber, made of third-hydrolytic class
soda-lime glass, has an inner diameter and path length
of 71 mm, providing a balance between sufficient optical
travel for clear water measurements and the avoidance
of multiple scattering in dense samples. Both the
LED current and the spectrometer exposure time are
dynamically controlled to handle signal intensities within
large dynamic ranges.

The basic design principle entails keeping the system
simple and robust to allow dense monitoring networks
in the future. The rotating light source can span an angle
range of 0° to 160°. Although the servo can rotate in steps
smaller than 1°, we use steps of 5° because, unlike typical
Mie ripples observed with synthetic beads of a single size,
the phase functions for real particles such as phytoplankton
or silt with varying sizes, complex shapes, and nonuniform
dielectric constants are relatively smooth and 5° sampling
is better than the Nyquist rate. To avoid backlash, scans
are always performed in the same rotational direction. A
vertical or horizontal polarizing filter is optionally inserted
in front of the collimator assuming the third and fourth
parameters of the Stokes vector are zero (Li et al., 2020).
For each measurement, a dark spectrum is recorded and
subtracted automatically, and blank spectra (pure water)
are obtained before each experimental series. Multiple
repetitions are averaged to reduce noise and the entire
process is fully automated through a custom controlled
interface. The library of OceanDirect 3.1.0 (Ocean Optics,
Orlando, FL, USA) is used for the automated acquisition of
spectra from the spectrometer.

2.2. Chlorella vulgaris cultures

Chlorella vulgaris samples were obtained for this study from
monoculture studies conducted in the Aquatic Research
Laboratory of Hacettepe University’s Faculty of Science,
Department of Biology (Ankara, Tiirkiye). Cultures were
grown in WC medium (Guillard and Lorenzen, 1972) at
an initial cell density of 1295 cells mL™" under cool-white
LED illumination following a 12/12-h photoperiod. The
temperature was maintained at 26 °C and cultures were

continuously mixed by magnetic stirring in 250-mL
Erlenmeyer flasks to ensure homogeneity and prevent cell
sedimentation.

For morphological characterization and enumeration,
fixed samples were sonicated for 3 min, followed
by vortexing for another 3 min to ensure complete
homogenization. The samples were then transferred to a
Sedgewick—Rafter counting cell and allowed to settle for
10 min before imaging using a Leica 5000b microscope
equipped with a C5 Flexacam (Leica Camera, Wetzlar,
Germany). Due to inconsistencies in the automated cell-
counting process, manual enumeration was performed
using the multipoint tool in open-source Image] software.
The total number of cells was counted from five randomly
selected chambers (5 uL each) on the Sedgewick—Rafter
slide. Based on microscopic measurements, the C. vulgaris
cells exhibited nearly spherical shapes with diameters
ranging between 4.0 and 8.75 um (Figure 2). At 423 nm,
the size parameter ranged from 29.7 to 65.0, whereas at
728 nm—the upper extreme of the measurement range—it
ranged from 17.3 to 37.8. This means that scattering from
the cell membrane was mostly within the Mie range, with
the exception of large cells in shorter wavelengths slipping
into the transition from Mie to geometric scattering. On
the other hand, scattering from smaller structures inside
the cell was well within the Mie range.

2.3. Data analysis

The data analysis workflow of this device is based on
a physics-informed framework. The raw radiant flux
measurements are corrected, normalized, and interpreted
using radiative transfer principles and parametric
scattering models such as the Henyey-Greenstein
and Fournier-Forand models. This provides physical
consistency with optical theory for all derived phase
functions and polarization ratios.

For this reason, first, the raw radiant flux measurements
are normalized because they are performed with different
current levels and exposure durations. After subtracting
dark spectra, blank spectra are used to calculate the
correction coefficients for changes in light intensity and
spectrum, and correction is applied. All measurements are
then normalized to 1 ms assuming the linear response of
the spectrometer.

Second, the phase function is estimated from the
radiant flux measurements after subtraction of the dark
spectra. In other words, it is necessary to solve for 8(6) in
the following equation:

P, = Dege HB(8) = Pege Ha%eTHI(0)
where @, is the incoming radiant flux, @, is the radiant
flux, Ha is an absorption coefficient, Hs is the scattering

coefficient, U = pu, + ls is the attenuation coefficient,
and z is the path length of the sample. Incoming radiant
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Figure 2. Chlorella vulgaris samples.

flux is estimated with blank water at a zero scattering angle.
U is solved at the same angle with the sample assuming
a narrow reception angle so that only nonscattered light
is measured at 0°. For other angles, f(8) is solved after
correcting for the volume of the parallelogram-shaped
intersection shown in Figure 1 under the assumption that
the average path length does not change with the angle.

Once the phase function is estimated at the relevant
measurement angles, it is necessary to achieve a
parametric fit to the phase function, or the volume
scattering function (VSF), to interpolate between
measurements and extrapolate toward 0° and 180°.
The literature is rich in various parametric forms of
such functions (Sharma, 2014). We tested the Henyey-
Greenstein (Henyey and Greenstein, 1941) and double
Henyey—Greenstein, Cornette-Shanks (Cornette and
Shanks, 1992), Fournier-Forand (Fournier and Forand,
1994), and two-term Reynolds-McCormick (Harmel et
al., 2021) functions. However, most of these functions
performed poorly in representing the backscattering
region. Therefore, a triple Henyey-Greenstein model was
adopted, combining a double Henyey-Greenstein term
with an additional Gaussian component to improve the fit
for the backscattering lobe as follows:

B(6) = A(fi HG(6;91) + (1 — f,) HG(6; g5) + f> G(8;02)),

0</<1,0</,0°<6< 180,

where
HG(8; g) = 1-g°

6:9) = (1+ g2 —2g cos (0))3/2
and L _(6-180)2
G(0;0%) = e 207

V2mo?

In total, we have six parameters (4, f1, f2, g1, g2, and 0?).
It is possible to achieve a slightly better fit by increasing the
number of parameters, but that may result in overfitting to
unmodeled deviations.
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For polarization, linear polarization is calculated as
follows:

_ LN
r IJ_+I",

as suggested by Zubko and Chornaya (2019), where /1 and
Iy represent S-polarized and P-polarized measurements,
respectively.

3. Results

To investigate the scattering geometry of C. vulgaris across
different wavelengths and cell densities, a series of optical
analyses were conducted. The measurements focused on
quantifying angular and spectral variations that define the
distribution and directionality of scattered light. Together,
these analyses establish the foundation for interpreting the
geometric and spectral characteristics of light scattering in
C. vulgaris suspensions.

Angular linear polarization measurements at a
wavelength of 450 nm were performed to determine
the cell morphology of C. vulgaris. Linear polarization
curves for different densities are shown in Figure 3. The
polarization curves exhibited distinct angular dependence,
with a maximum between 80° and 100° for all densities.

The logarithms of radiant flux measurements were
obtained in three dimensions as a function of the
wavelength and the scattering angle (Figure 4). The
angular-spectral scattering surfaces of C. vulgaris revealed
consistent forward-scattering dominance across all cell
concentrations, characteristic of particles scattering
within the Mie range. Scattering intensities peaked at
small angles (0° to 30°, forward direction) and diminished
with backward direction. As cell concentration increased
from D_/8 to D_, the overall scattering magnitude rose
and the angular pattern broadened. Spectrally, decreases
in scattering were observed near the absorption bands
of chlorophyll-a, around 440 nm and 670 nm, where
pigment absorption was maximum, while intensities were
elevated in the near infrared region where absorption was



GURBUZER and LELOGLU / Turk ] Zool

S o < e g
(N w EN & o
T T T T 1

Linear polarization at 450 nm wavelength
o

. DCV/8

—x—D_ /4
D /2
cv

D cv

! L L 1 |

03 . . .
0 20 40 60

80 100 120 140 160

Scattering angle (degree)

Figure 3. Linear polarization as a function of scattering angle at
wavelength of 450 nm under increasing cell densities (D_/8 = 162 cells
mL, D_/4=324 cellsmL™, D_/2=648 cellsmL™, D_=1295 cellsmL™).
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Figure 4. Three-dimensional views of angular-spectral measurements of Chlorella vulgaris cultures at four
cell concentrations (a: D_/8, b: D_/4,c¢:D_J/2, and d: DCV). Z-axes illustrate the logarithm of the radiant flux.

minimum. This behavior shows that C. vulgaris exhibited
wavelength-specific optical behavior characteristics of
algal concentration and pigment absorption.

In the logarithmic polar plots of radiant flux in
the wavelength band of 714-718 nm (Figure 5), the
absorption of chlorophyll-a is seen to be negligible and the
curve shape is similar to that of the corresponding phase
function. The VSF curves of C. vulgaris showed a distinct

forward-direction peak distribution characteristic of Mie
scattering in algal cells. The scattering intensity increased
monotonically with increasing cell density, while the
angular pattern maintained its overall shape at all density
levels.

The VSF angular profiles exhibited a clear forward-
direction distribution for all wavelengths, with intensity
and angular breadth increasing with C. vulgaris density.
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VSF-logarithmic, 714-718 nm
270°

0.02

240° 300°

0.015
210° 330°

180° %;3 o

150° 30°
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90°

VSF-logarithmic, 714-718 nm

Figure 5. Volume scattering functions (VSFs) of Chlorella vulgaris measured in the 714-718 nm
band for four cell densities of Chlorella vulgaris (D _: density of C. vulgaris). Left: Complete angular
distribution from 0° to 160° on a logarithmic scale. Right: Close-up view of the backscattering region.

Spectrally, longer wavelengths (665-708 nm) showed
wider scattering amplitudes, while shorter wavelengths
(442-560 nm) maintained similar angular shapes but had
lower overall magnitudes. At the lowest density (Figure
6a), the curves were narrowly confined near 0°, while with
increased density (Figures 6b-6d) the magnitude and
angular extent of the forward lobe expanded, particularly
at longer wavelengths of 2665 nm. At the highest density
(Figure 6d), a distinct wavelength-dependent pattern
emerged; 442 nm remained the most confined, whereas
708 nm formed the widest and most intense lobe.

Figure 7 illustrates how radiant flux changed with
increasing C. vulgaris density. In low absorption bands
such as those at 681 or 709 nm, the function was strictly
monotonically increasing. Hence, estimating the density
from the measurements was possible. At up to 324 cells
mL, they are almost linear. However, for high absorption
bands such as 510-620 nm, the derivative becomes
negative somewhere around 648 cells mL".

4. Discussion

Optical methods that are used in the exploration of
marine environments have also been employed for
inland water ecosystems. However, it has become clear
that, due to the different optical properties of marine
and freshwater bodies, differentiated methods need to
be used. Most estimations are performed using large
databases thanks to the free and open data policy of the
U.S. Geological Survey. Nevertheless, it has been noted
that most prediction methods are statistical. Therefore, the
accuracies are not yet at the desired level. Consequently,
deriving IOPs from in situ measurements is considered
a promising approach to address many of these issues,
and recent efforts have increasingly focused on physics-
informed techniques (Raissi et al., 2019; Topp et al., 2020).
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Considering all these factors together, especially in cases
of remote sensing with large amounts of data, estimations
might approach the accuracy rate of laboratory conditions
with the use of physics-informed models. In this context,
the present study has provided laboratory measurements
of the optical properties of C. vulgaris. It was selected as
a well-characterized, nearly spherical optical reference to
validate the angular, spectral, and polarimetric responses
of the proposed measurement system before applying the
system to mixed and morphologically diverse particle
assemblages.

The linear polarization curves peaked around a
scattering angle of 90° (Figure 3). This plot is compatible
with the spherical cell morphology of C. vulgaris with
simulated and measured scattering (Quinby-Hunt et al.,
1989) and that of other phytoplankton (Volten et al., 1998;
Witkowski et al., 1998). For the least dense sample, we
observed negative values at very small scattering angles.
This may have been caused by unwanted reflections from
the wall of the chamber, the magnitude of which could
have been comparable to that of the actual signal.

Particle density and spectral absorption features
significantly influence scattering behavior in C. vulgaris
as shown in Figure 4. Across all four density levels, the
scattering showed a clear angular trend; values were
maximum at small scattering angles and decreased toward
larger angles. As the density of C. vulgaris increased, the
overall scattering level rose and the angular gradient
became less steep. Thus, at high concentrations, the
differences between the forward and larger angles
decreased. These findings are consistent with those of
previous studies that specifically focused on microalgal
absorption and scattering behavior (Witkowski et al., 1994;
Volten et al., 1998; Barankova et al., 2020), supporting the
optical behavior observed across varying concentrations
in the present study.
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Figure 6. Volume scattering function (VSF) of Chlorella vulgaris at different cell densities
froma) D_/8, b) D_/4, c) D_/2, and d) D_ across the Sentinel-3 OLCI spectral band. Each
polar plot shows the angular VSF (0° to 180°) on a logarithmic scale. The backscattering
lobe becomes broader and more intense with increasing density while backscattering
gradually rises, reflecting enhanced multiple scattering and increased optical density.
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Figure 7. Radiant intensity at 90° scattering angle as a function of
Chlorella vulgaris relative density at chosen Sentinel-3 band centers.

According to Mie theory, as particle size increases, the
scattering intensity becomes increasingly concentrated in
the forward direction. C. vulgaris typically exhibits cell
diameters of 2-10 pm (4-8.75 um in this study), and these
dimensions place the cells within the Mie range for visible
wavelength, where a forward scattering peak is expected
(Figure 5). Our findings corroborate this behavior as the
forward lobe became broader with increasing density,
while the magnitude rose with the cell density. In the
backscattering region, differences between densities
became more pronounced, as shown in the right panel of
Figure 5. While low-density samples exhibited weak and
narrow lobes, high-density samples generated broader
lobes with higher amplitudes, indicating a shift from single
to multiple scattering conditions (Quinby-Hunt et al., 1989;
Mobley, 1994). Complete VSF angular profiles across the
near-infrared band primarily reflected scattering patterns
rather than absorption, making them particularly suitable
for inverse modeling based on Mie theory. Across all cell
densities, the VSF profiles of C. vulgaris were strongly
in the forward direction, consistent with Mie scattering
behavior for particles whose radii of approximately 2-7
pum are comparable to visible wavelengths (Svensen et
al., 2007; Gaigalas et al., 2009). At the lowest density
(D_/8), scattering was narrowly confined to the range of
0° to 20° indicating the dominance of single scattering
by individual cells. Shorter wavelengths produced steeper
angular decays, while longer wavelengths exhibited
smoother transitions and higher relative magnitude. These
findings indicate reduced pigment absorption and longer
effective photon path lengths. The spectral asymmetry
agrees with theoretical and empirical descriptions of

102

phytoplankton optical behavior (Kirk, 1983; Barankova
et al,, 2020). At the highest density (D_), the 708-nm
curve extends farthest outward, confirming that near-
infrared scattering dominates where pigment absorption
is minimal at high optical thickness (optical depth). Such
sensitivity of angular scattering to both particle density
and wavelength suggests that VSF-based inversion models
or dynamic sensor systems could effectively distinguish
optical regimes across inland waters with different trophic
and turbidity conditions.

In Figure 7, 90° flux variations indicate that the
scattered light first increases and then decreases as C.
vulgaris density increases. At low densities, the scattered
light increases linearly with the density. At higher
densities, multiple scattering breaks the linear rule (Myers
et al., 2013). At even higher densities, absorptions start
to dominate and the derivative of the curve enters the
negative zone. In Figure 7, we observe this phenomenon
in high absorption bands. Since the dynamic range of
optically complex inland waters (e.g., from eutrophic to
ultraoligotrophic turbid waters with high organic content
to very clear blue water) is typically very large (Spyrakos
et al., 2018; Kerrisk et al., 2023), instruments with fixed
path lengths may be insufficient. This highlights the need
for adaptive sensor systems and algorithms capable of
adjusting their dynamic ranges to effectively capture the
variability in optically complex inland waters.

Given that the 718-nm VSF measurements were
performed under conditions free of CDOM or other
colored particulates, the resulting dataset provides a
reference baseline for future spectral unmixing and optical
modeling studies. Based on these data, future work will
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focus on particle-size estimation from scattering geometry,
concentration measurements, and model validation using
Mie-based inversion techniques.

Our experiments with C. vulgaris reveal some
limitations of the current device prototype. The first
limitation is due to fixed path lengths that cannot handle
the large dynamic range of optical densities in inland
waters. Second, the maximum scattering angle of 160°
limits the accuracy of the fit to the backscattering lobe.
Similarly, the smallest angle used for estimating the
forward lobe could be even smaller with better collimation
of the light source. However, the forward lobe fit is good
and that may not be necessary.

Another point that should be considered in future
work is the effect of the shape of scattering particles.
The present study was intentionally limited to C.
vulgaris, a nearly spherical species, whereas natural
phytoplankton communities exhibit a wide range
of nonspherical morphologies. Several studies have
modeled phytoplankton using nonspherical shapes such
as spheroids, cylinders, or concentric spheres, for which
exact analytical solutions are available (Gibson et al. 2007;
Nousiainen et al., 2012; Zhou et al,, 2012). Approximate
scattering solutions have also been developed for more
complex and irregular particle shapes (Martin, 1993;
Mishchenko, 2000; Nousiainen et al., 2012; Sanchez and
Piera, 2016; Zhang et al., 2025). While studies are being
conducted on realistic models of phytoplankton (Sun et
al., 2024), it is expected that more accurate simulations
will be possible in the near future as model development
progresses. Previous studies suggest that particle shape has
a limited influence on the spectral distribution of scattered
light, whereas angular and polarimetric characteristics,
particularly at larger scattering angles, are more sensitive
to morphological differences (Zugger et al., 2008; Zhou et
al., 2012). Considering the literature, it can be concluded
that the developed device can be used for discriminating
nonspherical particles, but a large number of experiments
with various plankton species and nonorganic particles are
necessary.

Calibration  experiments using  monodisperse
microspheres, further design simplifications for field-

robust operation, and trials with diverse particle types
including phytoplankton, zooplankton, silt, and mixed
suspensions are needed. Extending the angular range
beyond 160° and improving the collimation and modeling
of the intersection volume will further enhance retrieval
accuracy. As a result of the laboratory measurements of
C. vulgaris monocultures using the spectral goniometer,
forward and backward scattering profiles were modeled.
In particular, the polarization characteristics at 90°, three-
dimensional patterns, VSFs, and radiant intensities at 90°
across Sentinel-3 OLCI bands toward density changes were
validated using physics-informed optical methods. The
results confirmed Mie scattering dominance in line with
the theoretical expectations. This modeling of the optical
properties of C. vulgaris can be used for spectral unmixing
studies and the optimization of sensors that use spectral-
angular scattering profiles for in situ measurements.
While the results of this study are promising, it is clear that
other inland water components such as silt and detritus
should also be modeled with cost-effective devices. With
a broad range of scattering models, cost-effective devices
with dynamic pathlengths can be used for the optic
characterization of specific inland waters.
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