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ARTICLE INFO ABSTRACT
Keywords: The seasonal and spatial variability of optical and phytoplankton-related properties was investigated in Ria de
Water-colour radiometry Arousa and Ria de Vigo, two large embayments within the northwestern Iberian upwelling system. Over one

Optical water types
Water-colour inversion
Optically active constituents

year, quasi-monthly in-situ sampling was conducted to measure remote sensing reflectance (R,s) alongside
biophysical variables. Apparent and inherent optical properties (AOPs and IOPs, respectively), including ab-
Phytoplankton composition sorption by phytoplankton, detritus, and coloured dissolved organic matter (CDOM), were analysed. Phyto-
Rias baixas plankton group composition (cyanobacteria, dinoflagellates, diatoms, cryptophytes, and green algae) and IOPs
Iberian upwelling system were retrieved using the Water Colour Simulator (WASI), applied to the R, dataset (380, 395, 412, 443, 465, 490,
510, 555, 670, 694, 710 nm). Model outputs were evaluated against in-situ chlorophyll-a concentrations (Chl-a),
demonstrating satisfactory agreement. Rys(A) spectra exhibited low reflectance in blue bands (<490 nm) asso-
ciated with strong absorption by water constituents, and elevated reflectance in green-red bands (>490 nm),
consistent with optically complex coastal waters. Phytoplankton was identified as the dominant optical con-
stituent, followed by CDOM, whereas detritus showed the lowest absorption at 443 nm. Ria de Vigo was char-
acterised by greater variability in R, and Chl-a, likely reflecting its more confined hydrodynamics and enhanced
local retention processes. Seasonal shifts were observed with increased microplankton contribution during
summer in Ria de Arousa and higher variability in phytoplankton size structure in Ria de Vigo. These findings
highlight the capability of WASI to resolve bio-optical variability and community dynamics in estuarine waters,
supporting its application for aquaculture management and ecosystem monitoring in optically complex coastal

systems.
1. Introduction biogeochemical applications and water quality monitoring (Xi et al.,
2017; Bi et al., 2023). Central to these advancements are physically
Water colour radiometry has produced vast datasets that drive the based models, which enable, through inverse modelling, quantitative
development of high-quality water colour products for a range of retrieval of inherent optical properties (IOPs) that describe the
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absorption and scattering characteristics of seawater constituents and
have provided significant advances in this field (IOCCG, 2006; Werdell
et al., 2014). Nonetheless, despite its potential, the accuracy of inverse
modelling is often challenged by spectral ambiguities of the reflectance
spectrum of water and the limitations of the satellite data, such as the
limited spatial and spectral resolution, uncertainties in atmospheric
correction, and sensor noise (IOCCG, 2006; Sun et al., 2025). Conse-
quently, validation against in-situ measurements is critical to ensure
their accuracy and applicability across varying aquatic environments (Xi
et al., 2017). Concurrently, in-situ radiometry has evolved as an alter-
native tool to assess and monitor water quality, particularly for coastal
and inland systems (Niroumand-Jadidi et al., 2021; Bi et al., 2023; Maire
et al., 2025). Besides enabling the inversion of IOPs and biogeochemical
constituents, the reflectance spectrum can be used to classify aquatic
environments into Optical Water Types (OWT), which share similarities
in their IOPs and dominant constituents. This approach is also emerging
as a robust tool to monitor these systems, characterizing their optical
properties and the associated uncertainties of each class for optical and
biogeochemical inversion. Ultimately, OWT classification schemes have
been used to select more appropriate optical models and/or parame-
trization to improve water colour inversion for each type (Wei et al.,
2022).

Ria de Vigo and Ria de Arousa are two important shellfish aquacul-
ture areas of the Rias Baixas, which comprises four elongated coastal
embayments in Galicia, northwestern (NW) Spain, near the northern
border of the Iberian upwelling ecosystem (Fig. 1A and B). In southern
Rias Baixas, a long-term monitoring time series (1994-2020) indicated
that potentially toxic blooms of the dinoflagellate Alexandrium minutum
are recurrent and may be increasing in extent and intensity, as well as
exhibiting regional expansion (Nogueira et al., 2022; Rodriguez et al.,
2024). These recurrent Harmful Algal Blooms (HABs) represent a
growing concern due to their negative impacts on the aquaculture
sector, including prolonged shellfish harvesting closures (Detoni et al.,
2024). In this context, changing climate conditions have been sug-
gested to contribute to the observed increase in HAB occurrences,
especially in the NW Iberian Peninsula shelf over recent decades
(Alvarez-Salgado et al., 2008; Rodriguez et al., 2024), highlighting the
need for sustained monitoring efforts.

Ocean-colour remote sensing in coastal waters enables the optical
characterization of seawater and the retrieval of key constituents,
including chlorophyll-a concentration (Chl-a), a proxy for phyto-
plankton biomass, as well as the light absorption of coloured dissolved
organic matter (CDOM) and detrital material (non-algal suspended
matter) (Werdell et al., 2014). Additionally, it offers the potential to
identify dominant phytoplankton groups from multi- and hyperspectral
ocean colour data. The Water Colour Simulator - WASI is a radiative
transfer inversion tool designed for the modelling and analysis of optical
in-situ remote sensing reflectance (Ry) spectra (Gege, 2004). It enables
the simulation and retrieval of bio-optical properties in aquatic envi-
ronments using several well-established analytical models. Here, the
remote sensing reflectance model of Albert (Albert and Mobley, 2003;
Albert, 2004) is used. The variability of the R,s spectrum is controlled by
up to 25 parameters, depending on the spectrum type and environ-
mental characteristics of the water body (Albert and Mobley, 2003). The
model estimates the absorption spectra of the optically active constitu-
ents (OACs), i.e., phytoplankton, detritus, and CDOM, allowing them to
vary independently. Additionally, WASI enables the differentiation of
phytoplankton functional groups (cyanobacteria, dinoflagellates, di-
atoms, cryptophytes, and green algae) through the application of
analytical models that assign distinct specific absorption spectra and
corresponding fractionated Chl-a to distinct optical classes. This capa-
bility makes WASI a valuable tool for investigating the optical properties
of optically complex aquatic systems and assessing phytoplankton
community composition.

With the increasing availability of operational ocean-colour satellite
sensors and advancements in sensor resolutions and atmospheric
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correction algorithms, more accurate satellite estimates of water-leaving
radiance and R,s are becoming more achievable. However, the reliable
inversion of these signals to derive IOPs and OAC concentrations re-
mains a challenge, particularly in optically complex coastal waters. The
Rias Baixas present additional challenges due to their narrow geometry
and complex coastal configuration. Current satellite sensors remain
constrained either by spatial, temporal, or spectral resolution, limiting
their capacity to resolve these systems. Therefore, in-situ radiometry
remains an essential approach to characterize and monitor these systems
and validate satellite observations.

Based on the first radiometric campaigns collected across Ria de
Arousa and Ria de Vigo on the NW Iberian coast, the present study aims
to characterize the optical water types and variability of the IOPs and
phytoplankton community structure of these systems, using in-situ
radiometry and the WASI inversion framework. This study provides
new insights into the spatiotemporal variation of ocean-colour proper-
ties in these estuaries, which are of significant socioeconomic and
ecological importance and are increasingly affected by climate change
(Rodriguez et al., 2024).

2. Materials and methods
2.1. Study area and in-situ sampling

The Rias Baixas are a system of V-shaped coastal embayments
located along the southern coast of Galicia (NW Spain). This study fo-
cuses on two estuaries (Arousa and Vigo, Fig. 1B), which are connected
to the North Atlantic Ocean and receive freshwater inputs from rivers
discharging into their inner sectors. The Ria de Vigo is influenced by
freshwater input from the River Verdugo, which exhibits marked sea-
sonal variability, with higher discharge during winter and reduced flow
in summer. It has a maximum depth of approximately 53 m at the outer
southern entrance, a surface area of about 176 km?, and a length of
~21 km (Barton et al., 2015). The Ria de Arousa, the largest of the Rias
Baixas, is primarily fed by the River Ulla, characterised by a comparable
seasonal discharge regime, reaching peak flows in winter. It has a
maximum depth of 69 m at its mouth, a total surface area of 239 km?,
and spans a length of 33 km (Pardo et al., 2022).

Sampling was conducted at approximately monthly frequency over
one year (September 2023-October 2024), yielding a total of 72 col-
lections of biogeochemical, physical, and radiometric parameters,
within the surface layer and at depths with vertical radiometric and CTD
profiles. Of these, 33 collections were obtained at five stations in Ria de
Arousa, and 39 at three regular stations in Ria de Vigo, with an addi-
tional opportunistic collection obtained once at a fourth station (V6).
This sampling design ensured good spatial and temporal coverage
within each estuary, allowing the characterisation of the variability in
environmental, optical, and biological parameters.

2.2. In-situ radiometry

Spectral in-water downwelling irradiance (E4(A)) and upwelling
radiance (L(\)) were measured at 11 wavebands (380, 395, 412, 443,
465, 490, 510, 555, 670, 694, and 710 nm; bandwidth of 10 nm) using a
profiling reflectance radiometer (PRR-800; Biospherical Instruments®),
following protocol recommendations of the International Ocean Colour
Coordinating Group (Zibordi et al., 2019). After applying standard
calibration and pre-processing routines (including dark spectrum and
lamp calibration), the PRR-800 was deployed at the downwind side of
the starboard, letting the instrument drift away enough to avoid shadow
from the vessel before profiling (Zibordi et al., 2019). The instrument
was deployed twice at each station, for duplicate measurements.

The diffuse attenuation coefficients for Eq(A) (kq(2)) and L,(A) (k,(\))
were determined following Smith and Baker (1986), as the local slope of
In [Eq(z, M)] and In [Ly(z, M)] using a linear regression fit, assuming
constant values along the water column within a selected depth interval



A.M.S. Detoni et al.

42°N|
40"N|

38°N|

36°N I_A_

10°W

42.4°N
42.3°N
42.2°N

42.1°N

V4@

Cies Islands

9.2°W 9°wW

0.01

0.008

in-situ

0.006 |

0.004

Rrs(0*,sr™ )

0.002 |

Rié de Ardusa,

0.01

0.008

in-situ

0.006

0.004

Rrs(0*,sr™ )

0.002

L L
t t t

Ria de Vigo

0
300

500 600 700
Wavelength (nm)

Estuarine, Coastal and Shelf Science 340 (2026) 109976

I 7
Ria
Pontevedra

Ria Vigo

Ocean Data View

8.6°W
Class 12

Chl-a = 2.25 mg m3
aph443 = 0.09 m™

500

600
Wavelength (nm)
Class 15
Chl-a = 3.92 mg m=3

aph443 = 0.16 m™

500 600
Wavelength (nm)
Class 18

Chl-a = 5.13 mg m®
aph443 = 0.21 m™

700

500 600
Wavelength (nm)

Fig. 1. (A) The Iberian Peninsula, with the red rectangle indicating the sampling embayments shown in panel (B). (B) Study area with the in-situ collection stations.
“A” stands for Ria de Arousa and “V” for Ria de Vigo, the sequential numbers correspond their relative positioning from the open ocean, and the colour-codes
correspond to the annual mean (Rys(07,1)) measured at each station and shown in (C) and (D). (E) Normalized in-situ Rys(A) (nRys())) spectra classified according
to Wei et al. (2022), showing for each water type the median in-situ Chl-a (measured by fluorimetry) and median phytoplankton absorption coefficient estimated by
WASI (aph443). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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(~11 m). This interval was chosen according to a visual inspection of
each E4()) and Ly()) profile, selecting the interval closest to the surface
and with the least noise.

The above water-leaving radiance (L, 0") was then determined
using the extrapolated L, (z) to just below the surface (L, 0", Eq. (1)) and
the water-air transmittance factor (Eq. (2)), as follows:

Ly(07, 1) =Lu(2,1)-exp (kq Z) (€))

Ly(07,4) =L,(0",1)-0.543 2

The water downwelling irradiance (Eq(0",A) was determined using
the extrapolated Ed(z) to just below the surface (E4(0~,)) (Eq. (3)) ac-
counting for the loss due to the upward air-water interface reflection
and gain of the downward reflected flux (Eq. (4)):

E4(07,\) =Eq4(z,))-exp (kq - 2) 3)

(1 _r. (LH(O’.X) . 3,14))
Ea(0 )
E4(0", 1) =Ea(0",2) a7 C))

where r is the mean water-air Fresnel reflectance factor for the diffuse
upward flux (r = 0.48) and p is the bulk air-water Fresnel reflectance
factor for the downward irradiance of the Sun and sky reflected on the
surface (p = 0.32) (Morel and Antoine, 1994).

The remote sensing reflectance just above the water surface ((Rys(0™,
A)), defined as the ratio between L, (0",A) and E4(0*, A), was finally
obtained at each spectral band of the PRR-800 (Eq. (5)).

Ly, (0T, })

R(07,0) = m 5)

2.3. Physical and biogeochemical properties

Temperature, salinity, and pressure were obtained from downcast
profiles collected using a conductivity-temperature-depth (CTD) sensor
(Sea-Bird SBE 25plus), and were used to compute the potential density
of seawater and the mixed-layer depth (MLD) using the finite difference
criteria method (modified from Glover and Brewer (1988) and Kara
et al. (2000)). Seawater samples were collected with Niskin bottles
mounted on the CTD frame at approximately 2 m and at the depth of the
phytoplankton fluorescence maximum for Chl-a determination using the
fluorometric method (Neveux and Panouse, 1987). The reported Chl-a
values correspond to the average concentration between surface and
fluorescence maximum depths (ranging from 10 to 25 m).

Additionally, surface water samples for High-Performance Liquid
Chromatography (HPLC) pigments analysis (Zapata et al., 2000) were
collected at station V7 (inner region of the Ria de Vigo) during separate
cruises within +2 days of the radiometric sampling, with the same fre-
quency (quasi-monthly) over the year-round period. Although this
temporal offset may introduce variability in phytoplankton composi-
tion, meteorological and hydrographic conditions remained comparable
during both sampling days, allowing these measurements to provide
complementary characterization of the dominant phytoplankton groups
at this station. Pigment composition was obtained using the Pigmentum
software (Bilbao and Seoane, 2024), which classifies phytoplankton
groups based on diagnostic pigments and their relative contribution to
total Chl-a, covering picoplankton (cell size: 0.2-2 pm), nanoplankton
(cell size: 2-20 pm), and microplankton (cell size: 20-200 pm).

Microscopic optical identification and cell count of micro-
phytoplankton (cell size: 20-200 pm), including dinoflagellates and
diatoms, were also analysed at each station, within surface water sam-
ples. The samples were preserved with Lugol's iodine in 100 mL Pyrex
bottles and stored in the dark until analysis. Cell enumeration was
conducted using an inverted microscope at 100x magnification,
following the Utermohl (1958) sedimentation method with 10-50 mL
settling chambers, depending on the Chl-a previously measured for
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coincident collections. Cell counts were converted to cellular carbon
biomass (ugGC-L™1) using Menden-Deuer and Lessard (2000), based on
biovolumes calculated according to Hillebrand et al. (1999). Subse-
quently, carbon-to-chlorophyll-a (C:Chl-a) ratios were applied to the
microscopy-based carbon estimates for dinoflagellates and diatoms,
using conversion factors of 60 mgC-mg *Chl-a and 40 mgC-mg~'Chl-a,
respectively, as proposed by Sathyendranath et al. (2009).

2.4. Inversion of the optical water constituents and phytoplankton groups

The absorption coefficients of phytoplankton (ayny), detritus (ager),
and CDOM (acpon) Were retrieved through inverse modelling of R;s(0",
A) measurements using WASI (Gege, 2004). The inversion scheme relies
on a non-linear optimization using the Downhill Simplex algorithm
(Nelder and Mead, 1965; Gege and Albert, 2006). Within the WASI
inversion framework, apy,(1) is represented as a combination of up to six
predefined phytoplankton groups: cyanobacteria, dinoflagellates, di-
atoms, cryptophytes, green algae, and a mixed phytoplankton compo-
nent (hereafter referred to as non-identified phytoplankton, NI) (Eq. (6);
Gege, 2004). As no species-specific phytoplankton absorption spectra for
the study area were available, specific absorption spectra a;*(\) from the
WASI database were taken. Cyanobacteria (phycoerythrin-dominant)
a;*(A) was obtained from field measurements in the Baltic Sea during
cyanobacterial blooms, likely dominated by Nodularia sp. (Xi et al.,
2017). Cryptophyte a;*(A) was derived from field measurements of
cryptophyte-dominant assemblages, characterised by a pronounced
absorption peak at 550 nm and a strong correlation with alloxanthin
concentration. a;*(\) representing dinoflagellates, diatoms, and green
algae were obtained from laboratory-grown reference cultures (Gym-
nodinium breve, Asterionella formosa, and Chlorella vulgaris, respectively)
included in the WASI database. a;*(\) of the NI class was derived from
hundreds of field measurements representing an average mixture of
different phytoplankton species, mainly cryptophytes, diatoms, and di-
noflagellates. With the known a;*()), inverse modelling retrieves the
group-specific Chl-a (C;). When phytoplankton can be represented by a
single a;*()), the remaining C; terms are constrained to zero, following
the standard WASI configuration (Gege, 2004).

6
Gy (M) =) " Ci-ai" (3) (6)
i=1
Total Chl-a was calculated as the sum of the retrieved Cj's (Eq. (7)):
6
Chl-a=) G @)
i=1

To validate the group-specific C;, only dinoflagellates and diatoms
were quantified by microscopy analysis for all stations. Alternatively,
HPLC measurements available only for station V7 were used to analyse
the inversion retrievals of the other groups. Given that the WASI
inversion relies on predefined a,, classes, the retrieved phytoplankton
groups were interpreted within a size-based ecological framework. In
this interpretation, cyanobacteria and chlorophyll-b-containing phyto-
plankton (green algae optical class) were associated with the pico-
plankton fraction, cryptophytes with nanoplankton, and dinoflagellates
and diatoms with microplankton, and an additional category for NI taxa.
This size-based classification is a widely used ecological framework that
links phytoplankton community structure to physiology, nutrient up-
take, trophic interactions, and carbon cycling (Maranon, 2015; Uitz
et al., 2006).

In addition, for comparison, we estimated total Chl-a from in-situ
Ry(0", ) using the empirical global 3-band Ocean Colour algorithm
(0C3, O'Reilly and Werdell, 2019), and the Quasi-Analytic Algorithm
(QAA, Lee et al., 2002, Lee, 2014). The OC3 algorithm is based on three
spectral bands at 443, 490, and 560 nm (Eq. (8)), and it was developed
for Case-1 waters, i.e., where CDOM and phytoplankton concentrations
co-vary. The polynomial coefficients (O'Reilly and Werdell, 2019) are
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given for the PRR-800 sensor bands based on the OC3 maximum band

ratio (F222), i.e., Ris(443 > 490)/Rys(555). ap = 0.3308; a; = —2.6684;

az = 1.5990; a3z = 0.5525; a4 = —1.4876.

log,,(Chl—a)=ap + ;1 X + X% + asX® +a X X = logwM 8)
Ris(48)

The IOP inversion-based QAA algorithm (Lee et al., 2002, Lee, 2014)
is commonly adopted for ocean and coastal water applications. The al-
gorithm separates the total absorption coefficient into contributions
from pure water absorption (a,/())), apry (1), and combined CDOM plus
detritus absorption (agg(1)). To estimate Chl-a from ayy,(A) (Eq. (9)) we
used a global average value for a*;p(443) = 0.0448 m?mg?
(Maritorena et al., 2002).

Apry (443)

Chl-a=-=%
aphy (443)

9

2.5. Data analysis

For the optical characterization of the estuaries, we used the Optical
Water Types (OWT) approach following Wei et al. (2022). First, the
R;s(0+, M) spectra were normalized and then classified into 23 possible
OWTs using the endmembers provided by Wei et al. (2022) and a cosine
distance (d) criterion (Eq. (10)), whereby the assigned OWT corre-
sponded to the smallest d to the reference.

_1_ XlalRs(k) X Rs(4)]
VSR () % 32, [Resd?

d (10)

where \1-As corresponds to the five Visible Infrared Imaging Radiometer
Suite (VIIRS) spectral bands (410, 443, 486, 551, and 671 nm), while for
the PRR-800 sensor, the corresponding 412, 443, 490, 555, and 670 nm
bands were used. These classifications were used, along with the
measured Chl-a and physical properties, to assess water quality and
analyse the spatio-temporal variability of the estuaries.

Chl-a retrieved by WASI, OC3, and QAA was compared to the
measured Chl-a using standard statistical metrics, i.e., Coefficient of
Determination (R2), p-value, Root Mean Square Error (RMSE), Median
Absolute Error (MedAE), bias (BIAS), and Unbiased Absolute Percentage
Difference (UAPD). After the model evaluation, the spatio-temporal
variability of the modelled IOPs and phytoplankton groups (C;) was
analysed, complementing the analysis of the measured properties of
Rys(M), Chl-a, sea surface temperature (SST), and MLD.

3. Results

3.1. Spatio-temporal variability of the measured optical, biogeochemical,
and physical properties

The mean spectral magnitude and shape of the R(0", A) of both
estuaries are characteristic of optically complex coastal waters with a
strong contribution from absorbing particulate and dissolved coloured
substances. This is indicated by the lower R5(0", ) at the “blue” bands
(<490 nm) associated with increased absorption, and higher R(0", 1)
at the green bands (510 — 555 nm), indicative of enhanced backscat-
tering of algal and detritus suspended particles. The higher R;s peak at
the Chl-a fluorescence band (694 nm) also indicated the presence of high
phytoplankton biomass within these systems. The normalized R.5(0*, A)
spectra in both rias were assigned to three optical classes: 12 (n = 27), 15
(n =19), and 18 (n = 10) (Fig. 1E). These OWTs are characterized by
“moderate (12) to turbid (15 and 18)” coastal waters with mixed con-
tributions of phytoplankton, detritus and CDOM, influenced by conti-
nental sources. The measured Chl-a and estimated (WASI) absorption
coefficient had approximate median values compared to those obtained
by Wei et al. (2022) for each class (Table S1). These parameters will be
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briefly described to characterize the OWTs and discussed in more detail
in the following sections.

The waters classified as OWT 12, are those defined as “moderately
turbid coastal waters”, with low R at the shorter bands (<490 nm) and
maximum peaks at the green bands (510 — 555 nm) (Fig. 1E). The me-
dian Chl-a was 2.25 mg m° (ranging from 0.84 to 5.04 mg m™>) and
acpom(443) was 0.07 m'. Phytoplankton contributed 45% to the
biogenic absorption (at 443 nm) and CDOM 35% (on average). The
waters classified as OWT 15 represented “turbid coastal waters” with a
sharper decrease of R at the blue bands (<490 nm) and a more pro-
nounced Ry peak at the longer green band (555 nm). The median Chl-a
was somewhat higher, with 3.92 mg m~> (ranging from 1.18 to
6.71 mg m’s), as well as acpom(443) with 0.13 m. Phytoplankton
contributed 50% of the biogenic absorption (at 443 nm) and CDOM
41%. Finally, the waters classified as OWT 18 corresponded to “turbid
coastal waters”, with increased phytoplankton biomass. This class
showed significantly lower R at the shorter blue bands (<510 nm) and
at the red Chl-a absorption band (670 nm), alongside a more pro-
nounced Ry, peak at the longer green band (555 nm) and Chl-a fluo-
rescence band (694 nm), indicative of higher phytoplankton
concentration. This OWT had the highest median Chl-a (5.13 mg m~3,
ranging from 2.74 to 14.68 mg m~>) and acpom(443) (0.18 m) (Fig. 1E
and Table S1). The contributions of phytoplankton and CDOM to the
biogenic absorption were similar to OWT 12 (with 49% and 42%,
respectively). For the three OWTs, phytoplankton and CDOM were the
primary contributors shaping the Ry spectra and defining the water
types. age(443), on the other hand, had approximately the same median
for the three OWTs (0.03 — 0.04 m'l), with a relatively low contribution
to the bulk biogenic absorption, especially for OWTs 15 and 18 (9%
compared to 20% for OWT 12) (Fig. 1 and Table S1).

No clear spatial or temporal patterns were observed in the classifi-
cation of the OWTs across both Ria de Arousa and Ria de Vigo, but some
finer variability observed for the Ry is described as follows.

The annual mean R;4(\) in Ria de Arousa exhibited relatively low
spectral variability within the estuary, compared to Ria de Vigo, with
overall higher magnitudes observed at stations located from the mid-
estuary towards the outer region, particularly through the deep south-
ern mouth (~70 m) (Fig. 1D). Lower R;s(\) magnitudes were recorded at
the innermost station (A9) and at station A2, located near Salvora Island
at the northern mouth, where a shallow channel (~10 m depth) con-
nects the estuary to the open ocean. Ryi(A) at 490 — 555 nm, also
exhibited a relatively high annual standard deviation, especially for the
mid-outer stations, denoting a significant variability throughout the
year in these more dynamic areas.

In Ria de Vigo, greater variability in both the magnitude and spectral
shape of R5(A) was observed across stations compared to Ria de Arousa
(Fig. 1E). Over the annual sampling period, a gradient from higher to
lower Ry(A) magnitudes was observed from the inner estuary towards
open ocean waters. Only two radiometric profiles were collected at the
northern mouth of the estuary (station V6; August 7 and September 5,
2024). They showed a distinct spectral signature, with lower R5(A) at
shorter wavelengths (<490 nm) and a pronounced peak at the Chl-a
fluorescence band (694 nm), indicating higher phytoplankton concen-
trations typical of late-summer conditions. Rs(A) at 490 — 555 nm also
exhibited high standard deviation, especially for the inner (V7) and
southern mouth (V5) stations, suggesting seasonal or sporadic episodes
of increased contributions of absorbing and scattering constituents
(Fig. 1E).

In summary, both estuaries showed Ry s(A) primarily shaped by a
higher presence of blue-band absorbing constituents, especially phyto-
plankton and CDOM, compared to more open ocean waters (V4), with
lower Rys(\) at the blue bands, and higher R;s(\) at the green (e.g,
555 nm) and red Chl-a fluorescence (694 nm) bands. Regardless of
spatial location or sampling period, the rias were thus classified as Case-
2 waters belonging to OWTs 12, 15, and 18 according to Wei et al.
(2022). The main differences between the two estuaries were that, in
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addition to the lower Ry 4(A) spectral variability observed in Ria de
Arousa, the station with the highest R;s(A) values in the green-red bands
was located at the southern deep mouth (A1). In contrast, in the Ria de
Vigo, the highest green-red Ry5(\) values were observed in the innermost
area (V7), located in the mid estuary. These differences likely reflect
contrasting coastal dynamics between the two systems (Figueiras and
Pazos, 1991; Alvarez—Salgado et al., 2008). The outer region of the Ria
de Arousa, characterized by a wider and more open configuration, is
strongly influenced by coastal upwelling and oceanic water intrusions,
which enhance phytoplankton productivity and optical variability near
the mouth of the estuary. In contrast, the Ria de Vigo, which is narrower
and more elongated, is more influenced by inner estuarine processes. Its
geomorphological configuration favours stronger stratification and a
well-defined two-layer estuarine circulation, with seaward transport in
the surface layer and landward intrusion of saline water at depth. In
addition, river discharge, particle resuspension in shallow areas, and
longer water residence times (Alvarez-Salgado et al., 2008) may
enhance suspended matter and phytoplankton biomass toward the inner
sector. Together, these processes contribute to the observed spatial
differences in Ry5(A) and highlight the role of contrasting coastal dy-
namics in shaping the optical properties of both systems.

During winter, spring, and autumn, the sea surface temperature
(SST) and MLD exhibited similar ranges in both estuaries, with SST
between approximately 14 and 16 °C and MLD between about 10 and
15 m. The largest seasonal differences were observed during summer. In
the Ria de Arousa, SST exhibited a horizontal gradient, with lower
values (~15 °C) in the outer sector, which is more influenced by coastal
upwelling, and higher values (~17 °C) in the inner and shallower sector.
During the same period, the MLD in the Ria de Arousa was generally
shallower (<15m). In contrast, SST in Ria de Vigo was more homoge-
neous along the embayment (~16 °C), and MLD was deeper (>15 m)
during summer (Fig. 2).

Mean in-situ Chl-a over the sampling period was very similar in Ria
de Arousa (4.00 mg m~>) and Ria de Vigo (4.12 mg m~3). However,
greater spatio-temporal variability was observed in Ria de Vigo (stan-
dard deviation of 3.23 mg m™®) compared to Ria de Arousa
(+£1.52 mg m™>), consistent with the higher variability observed in
R;s(M). Seasonal and spatial variability of the Chl-a is further analysed in
the following section, along with the retrieved IOPs and phytoplankton
groups.

3.2. Modelled optical and biogeochemical properties

Among the three tested methods to retrieve Chl-a from Rys(A), the
results derived from WASI exhibited the best overall performance, with
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R2 of 0.49 and the lowest MedAE (0.74 mg rn’s), systematic bias
(0.41 mg m_3), and UAPD (25.5%) (Fig. 3). These results indicate good
agreement between WASI retrievals and in-situ Chl-a measurements,
supporting its applicability in optically complex coastal waters. In
contrast, the OC3 algorithm showed the lowest performance, with the
lowest R? (0.36) and the highest RMSE (17.29 mg m™°), MedAE
(1.7 mg m’3), and UAPD (53%) (Fig. 3), indicating greater deviations
from observed Chl-a values and limited suitability for this study area.
The QAA algorithm, which is suitable for complex coastal waters,
showed performance comparable to that of WASI and improved over
0C3. However, it underestimated Chl-a by 1.02 mg m™>, and its overall
performance remained slightly inferior to that of WASI (R* = 0.49,
RMSE = 2.42 mg m >, MedAE = 1.62 mg m >, and UAPD = 53.3%). The
application of the WASI inversion to in-situ R;s(A) measurements pro-
vided consistent estimates of Chl-a in both estuaries. Performance
metrics were higher in Ria de Arousa, where optical conditions were
more homogeneous (R2 0.65, RMSE = 1.13 mg m_3,
MedAE = 0.74 mg m ™3, BIAS = 0.48 mg m~°, and UAPD = 20%). In
comparison, lower performance was obtained for Ria de Vigo
(R?2 = 0.47, RMSE = 3.28 mg m >, MedAE = 0.77 mg m >,
BIAS = 0.34 mg m ™3, and UAPD = 34.7%).

For the retrieved absorption coefficients, a higher mean a,n,(443)
was found in both estuaries (Fig. 4A, 0.171 + 0.004 m’! for Ria de
Arousa and 0.172 + 0.025 m™ for Ria de Vigo; Table 1), suggesting
dominance of phytoplankton over other OACs. Phytoplankton was the
main contributor to the bulk biogenic absorption at 443 nm (ap;,(443),
defined by the sum of phytoplankton, CDOM and detritus absorption
coefficients) at stations with elevated Chl-a, except for one offshore
station (V4), where despite relatively high Chl-a (~1.0 mg m’s), ab-
sorption was dominated by CDOM (~80%), likely indicating a senescent
bloom stage (Fig. 4B). CDOM was the second most dominant OAC in
both estuaries with intermediate mean acpop(443) (0.12 + 0.03 m! for
Ria de Arousa and 0.14 + 0.02 m™* for Ria de Vigo; Table 1). At most
stations, ap;jo(443) was dominated by either phytoplankton or CDOM
(Fig. 4B). Detritus consistently showed the lowest annual average ab-
sorption coefficients in both the Vigo and Arousa rias (0.04 + 0.004 m™
and 0.03 + 0.02 m'l, respectively) (Fig. 4A). Its contribution to the bulk
apip(443) exceeded 40% in only four cases: Al-late summer (outer
southern station; Sep 12, 2023), V5-spring (outer southern station; Apr
18, 2024), and V7-winter and spring (mid-estuarine station; Jan 12 and
Apr 19, 2024) (Fig. 4B). In-situ Chl-a measurements (obtained at A1, V5,
and V7-winter) were relatively low in these cases (<1.6 mg~m’3). For
the case of station V7-spring, measured Chl-a was not available, but the
retrieved (WASI) Chl-a was also relatively low (0.32 mg~m’3).

The Chl-a associated with microplankton (Cy,) (i.e., the combined
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Fig. 2. The average surface distribution of (A) the sea surface temperature and (B) mixed layer depth (MLD). of the Ria de Arousa and Ria de Vigo.
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contribution of dinoflagellates and diatoms) estimated by WASI showed
a significant positive correlation with HPLC diagnostic pigment mea-
surements (Fig. 5A) (R2 = 0.38, p = 0.019). The regression slope of 0.74
indicates a slight underestimation relative to in-situ values, although the
relationship remained linear across the observed range. Conversely, no
significant correlation was found between WASI-derived and HPLC-
based Chl-a for picoplankton (Cp) (i.e., cyanobacteria and green algae)
(R? = 0.01; p = 0.77), indicating limited skill in resolving this size class
under the observed conditions (Fig. 5B). A significant positive correla-
tion was also found between WASI-derived and microscopy-based C,,
across both rias (R2 =0.34, p=0.001). The slope of 0.50 and intercept of
0.14 suggest that WASI tended to underestimate higher in-situ values
(Fig. 5C). Overall, these results indicate that WASI provides a reasonable
estimate of microplankton biomass, while its performance for pico-
plankton, including cyanobacteria and green algae, remains limited
under the prevailing optical conditions.

Both observed and inversion-derived Chl-a in Ria de Arousa (Fig. 6)
and Ria de Vigo (Fig. 7) followed a clear seasonal pattern, with mini-
mum levels recorded during winter (December 2023 to February 2024)
and maxima between June and September 2024. These seasonal maxima
coincide with the regional upwelling season (April to September), dur-
ing which nutrient-rich water input typically triggers significant peaks
in phytoplankton biomass (Detoni et al., 2024). While the seasonal
variability of Chl-a was slightly lower in Ria de Arousa, in both estuaries
phytoplankton community composition showed shifts during high-Chl-a
events, such as the bloom observed in early June 2024 (Fig. 6). In this
study, picoplankton refers to the combined contribution of cyanobac-
teria and green algae, whereas microplankton encompasses di-
noflagellates and diatoms. These groups were the most frequently
co-occurring assemblages throughout the study period. However,
microplankton contributed most significantly during spring and early
summer blooms, consistent with the typical successional sequence in the
rias where diatoms and dinoflagellates dominate high-biomass events or

“red-tides”. In contrast, autumn and winter (November 2023 to
February 2024) were characterized by lower phytoplankton diversity
with a relative dominance of nano- and picoplankton (Fig. 6A-D and 7A,
B, and D).

In Ria de Vigo (stations V4-V7), both in-situ and modelled Chl-a
presented higher seasonal variability. Picoplankton and microplankton
followed a similar pattern, with increased contributions during Chl-a
peaks, particularly during late summer (August-October 2024). How-
ever, the relative contributions of NI, cryptophytes, pico- and micro-
phytoplankton were more variable, indicating potential differences in
nutrient availability or hydrodynamic conditions compared to Ria de
Arousa. The differences in phytoplankton community structure between
the two estuaries suggest distinct seasonal dynamics and might illustrate
the different timing of the transition from microplankton-dominated
upwelling phases to smaller-sized assemblages typically associated
with more stable or downwelling-influenced conditions during winter in
the Galician rias.

4. Discussion

The remote sensing of aquatic systems relies on a comprehensive
understanding of IOPs, their variability, and their influence on water-
colour radiometry. In this study, both AOPs and IOPs were used to
characterize the optical properties and their spatio-temporal variability
in the rias de Arousa and Vigo (NW Iberian coast), along with the suc-
cession of phytoplankton assemblages derived from ocean-colour
inversion. Previous studies have demonstrated that R.(\) data,
through inverse modelling of a physically based model, can effectively
differentiate phytoplankton taxonomic groups (Gege, 1998; Werdell
et al., 2014; Xi et al., 2017; Maire et al., 2025). Building on this
framework, the WASI inversion was applied to in-situ R;s(A) measure-
ments to retrieve optical water constituents and phytoplankton com-
munity structure in the Ria de Arousa and Ria de Vigo, offering new
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insights into their ecological dynamics. Results of the WASI inversion
model exhibited good agreement with in-situ measurements despite the
high optical complexity and variability within the study area (Fig. 1C, D,
1E, and 3). In addition, performance was improved relative to both the
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empirical OC3 and QAA algorithms (Fig. 3), consistent with previous
studies in optically complex waters that demonstrated higher accuracy
of the WASI inversion scheme over two other methods, including the
OC3 and Case-2 Regional/Coast Colour (C2RCC) (Niroumand-Jadidi
et al.,, 2021). A key advantage of WASI lies in its flexible inversion
parametrization, which allows adaptation to diverse optical conditions
and improves the retrieval of IOPs in dynamic aquatic environments.
However, it should be noted that no region-specific IOPs were available,
hence the inversion made use of predefined optical classes and specific
absorption spectra, which may not fully capture the local phytoplankton
composition and variability. In particular, the specific absorption
spectra of cyanobacteria are highly variable due to substantial variation
in intracellular pigment concentrations. Therefore, cyanobacteria spec-
trum used may not represent well the actual conditions at all stations,
which may be a major reason for the low correlation of the picoplankton
group (cyanobacteria + green algae) in Fig. 5B.

Following the classification scheme proposed by Wei et al. (2022),
optical conditions in both the rias de Arousa and Vigo were predomi-
nantly assigned to three OWTs (Classes 12, 15, and 18). These classes
span a gradient from moderately turbid coastal waters (Class 12) to
increasingly turbid, more productive and optically complex environ-
ments (Classes 15 and 18). The ranges of in-situ Chl-a and
inversion-derived IOPs observed in this study are consistent with global
ranges reported by Wei et al. (2022) for these classes, supporting the
representativeness of these classes for the Rias Baixas. However, their
occurrence showed no consistent spatial or temporal pattern, instead
reflecting local environmental variability. This variability is likely
driven by seasonal forcing, including PAR availability, coastal upwell-
ing, and river discharge, all of which have been shown to modulate the
biophysical conditions and phytoplankton dynamics in these systems
(Detoni et al., 2024). WASI inversion results indicate that phytoplankton
and CDOM dominate absorption in both estuaries, whereas detritus
remained mostly with a low contribution. These systems are influenced
by several hydrodynamics and biophysical conditions including intense
coastal upwelling events in the period from April to September (Pardo
et al., 2011) driven by northerly winds, tidal cycles, prevailing winds,
sea-atmosphere interactions, river discharge and sediment resuspension
(Roson et al., 1995, 1997). Besides the natural coastal dynamics influ-
encing the optical properties of these estuaries, there is also a large
number of mussel rafts contributing to CDOM and detritus accumulation
in both rias. Nonetheless, there is a relatively high hydrodynamic con-
nectivity of these systems with the open ocean, and the constant ex-
change seems to prevent massive accumulation of detrital matter,
comprising non-living organic materials, within the estuarine systems
(at least in the surface layer). Hence, phytoplankton was identified as
the dominant optical constituent in both rias, with CDOM as the sec-
ondary contributor, also highlighting a major role of primary production
and covarying organic matter release defining the optical characteristics
of these coastal environments (Fig. 4A).

Table 1
Minimum, maximum, average, and standard deviation values at Ria de Arousa and Ria de Vigo of WASI parameters, microscopy, and in-situ Chl-a.
Ria de Arousa Ria de Vigo
Min Max Mean Sd Min Max Mean Sd
Dino + Diato + Crypto (MICROSCOPY) (mg * m-3 Chl-a) 0.51 7.24 3.49 3.65 0.06 16.68 1.76 0.60
Dino + Diato + Crypto (WASI) (mg * m-3 Chl-a) 0.00 6.04 2.04 2.52 0.00 4.72 1.03 0.22
Cyano + Greeen (WASI) (mg * m-3 Chl-a) 0.00 21.13 2.97 5.68 0.00 13.87 2.28 0.51
Rrs(443) (sr-1) 0.001 0.009 0.003 0.000 0.001 0.014 0.003 0.000
Rrs(555) (sr-1) 0.003 0.017 0.006 0.000 0.002 0.028 0.007 0.000
Temp (°C) 13.78 18.24 15.37 0.76 13.44 18.48 15.21 0.24
MLD (m) 3.40 26.00 11.55 0.26 3.50 35.63 13.55 1.18
Chl-a situ (mg * m-3) 1.23 7.15 4.00 0.00 0.84 14.68 4.12 0.52
Chl-a wasi (mg * m-3) 1.35 7.71 4.60 0.56 0.32 21.13 4.46 0.70
aphy(443) (m-1) 0.048 0.312 0.171 0.004 0.012 0.758 0.172 0.025
acdom(443) (m-1) 0.006 0.558 0.122 0.027 0.000 0.617 0.144 0.023
adet(443) (m-1) 0.011 0.087 0.033 0.025 0.011 0.124 0.039 0.004
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In terms of the spatio-temporal variability of the optical properties
and Chl-a, these exhibited comparatively lower variability in the Ria de
Arousa (mean: 4 + 1.52 mg m™>), partly reflecting the smaller sampling
effort (8 campaigns versus 14 in Ria de Vigo). Despite this limitation,
differences between the optical and biogeochemical properties of these
two estuaries are consistent with their contrasting hydrodynamic re-
gimes. The optical variability within Ria de Arousa was lower, with
small flagellates dominating throughout the year and sharing domi-
nance with microplankton in summer and picoplankton in winter. This
is likely linked to this estuary's wider and more open morphology,
together with the larger freshwater input from the Ulla River, which
enhances water exchange and promotes more homogeneous hydro-
graphic conditions. In contrast, the spatial and temporal variability of
optical and biogeochemical properties within Ria de Vigo was greater,
and the phytoplankton community composition was more heteroge-
neous, with contributions from micro-, nano-, and picoplankton. This
pattern is consistent with its narrower, more elongated morphology,
deeper MLD (particularly in summer under the influence of coastal up-
welling), stronger two-layer estuarine circulation, and enhanced sedi-
ment resuspension.

The physical differences between the estuaries are reflected in the
phytoplankton assemblages and succession. In the Ria de Vigo, a greater
dominance of larger phytoplankton cells was generally observed,
particularly during summer months marked by intense coastal upwell-
ing (Roson et al., 1995; Barton et al., 2015) and coincident with the peak
of phytoplankton bloom activity. In the Ria de Arousa, where the MLD
remained shallower, small flagellates tended to dominate throughout
the year. These patterns are consistent with previous studies in the Rias
Baixas, which highlighted the strong influence of hydrography on
phytoplankton structure. Figueiras and Pazos (1991) reported that
microplankton assemblages in Ria de Vigo were associated with

subsurface Chl-a maxima and deeper MLD, whereas smaller flagellates
dominated in Ria de Arousa under shallower MLD and regenerated
nutrient conditions. Tilstone et al. (1994) described the role of
upwelling-downwelling sequences in driving blooms of larger phyto-
plankton in Ria de Vigo. More recently, Figueiras et al. (2020) empha-
sized how nutrient traps in semi-enclosed bays control seasonal
variability in microbial plankton communities.

Anthropogenic influences, particularly mussel aquaculture, may
further modulate these dynamics. Frojan et al. (2014) demonstrated that
mussel farming in Ria de Vigo exerts top-down control by grazing on
micro- and nanoplankton, reducing Chl-a and shifting the size structure
of the microbial plankton, while picoplankton is largely unaffected. At
the same time, regenerated nutrients from mussel excretion can stimu-
late phytoplankton growth in areas escaping grazing. In Ria de Vigo, this
effect is linked to its 474 rafts (Organizacion de Productores de Mejillon
de Galicia (OPMEGA), https://www.opmega.com), suggesting an even
stronger influence in Ria de Arousa, where its 2319 rafts are present
(Organizacién de Productores de Mejillon de Galicia (OPMEGA), htt
ps://www.opmega.com), further contributing to the observed differ-
ences in the phytoplankton assemblages and size structure. The Ria de
Arousa, the largest of the Galician rias, has a wide and open configu-
ration, with multiple islands (e.g., Arousa Island and Salvora Island)
influencing internal circulation and a greater horizontal gradient of SST.
Besides the top-down control of its extensive mussel production, the
geomorphology of the Arousa estuary facilitates the exchange with
oceanic waters and enhances water renewal and circulation, preventing
excessive retention of detrital matter and promoting a more stable
phytoplankton community. In contrast, the Ria de Vigo, with its nar-
rower morphology, elongated shape, and partially protected entrance
due to the Cies Islands, may favour the distribution and retention of
nutrients within the estuary, although synoptic comparisons of water
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Fig. 6. Seasonal variability of phytoplankton composition with the corresponding Chl-a (C;) derived by WASI (Non-identified phytoplankton (NI), Cryptophytes
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(mg-m~), respectively, at each sampling date. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

renewal times with Ria de Arousa have not been performed (Prego and
Fraga, 1992; Alvarez—Salgado et al., 2000).

The application of WASI inversion (2D module; Gege, 2014) to sat-
ellite data illustrates its potential for extending this study to synoptic
scales (Fig. S1). Spatial patterns retrieved from Sentinel-2 imagery ac-
quired during an in-situ survey in Ria de Vigo suggest that the northern
sections of the estuaries are predominantly influenced by di-
noflagellates, whereas the southern areas have higher concentrations of
non-algal particles (NAP), associated with inorganic sediments and
detritus. However, the validation of these satellite-derived estimates
against in-situ measurements was not possible due to the limited
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availability of cloud-free imagery coinciding with sampling dates and
the small number of concurrent in-situ stations (n = 3). Moreover,
CDOM contributions were more pronounced in the Arousa and Vigo
estuaries, with the lowest levels observed in Ria de Pontevedra. Once the
dominant optical constituent is identified as microplankton, it becomes
possible to apply species-specific detection indices, such as the empirical
reflectance-based method (AMI) (McGlinchey et al., 2025) and hyper-
spectral pigment-specific line height algorithms using hyperspectral
satellite missions (Zoffoli et al., 2026), targeted at harmful taxa. Inte-
grating this complementary technique could help to reduce mis-
interpretations, such as false positives, and enable the tracking of
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Fig. 7. Seasonal variability of phytoplankton composition with the corresponding Chl-a (C;) derived by WASI (Non-identified phytoplankton (NI), Cryptophytes
(Crypto), Cyanobacteria plus Green algae (Cyano + Green), Dinoflagellates plus Diatoms (Dino + Diato)), and total Chl-a estimated by WASI (Chla wasi) and
measured by fluorimetry (Chla situ) in Ria de Vigo in stations V4 (A), V5 (B), V6 (C), and V7 (D). Stacked bars represent the log;o(x+1)-transformed contribution of
different phytoplankton groups. The dashed and solid lines indicate the log;o(x+1)-transformed total Chl-a in-situ and Chl-a WASI (mg-m~>), respectively, at each
sampling date. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

high-concentration blooms, which can inform mitigation strategies
aimed at minimizing impacts on the shellfish industry in the Rias Baixas.
Thereby, these findings highlight the potential of WASI as a promising
tool for assessing the spatial and temporal distribution of in-water op-
tical constituents, including the discrimination of phytoplankton groups,
particularly for larger phytoplankton cells (>20 pm), while providing a
cost-effective and time-efficient alternative to traditional methods.
Many of the toxin-producing phytoplankton species that occur in the
Rias Baixas are from microplankton groups, for which WASI may pro-
vide synoptic information at near-real time, when applied to satellite
imagery. However, further validation using in-situ datasets is required
to assess the uncertainties associated with satellite-based application of
the WASI inversion for different sensors (Gege, 1998; Albert and
Mobley, 2003). Future developments could enable WASI to discrimi-
nate between phytoplankton types, enhancing its capacity for more
specific ecological monitoring.

In summary, our findings suggest that during summer, Ria de Vigo
exhibited homogeneous surface SST and deeper MLD (at least at the
stations and dates sampled in this study; Fig. 2), creating conditions
favourable for phytoplankton blooms especially of larger groups, and
potentially increasing the risk of HABs. In contrast, Ria de Arousa dis-
played greater variability in SST and shallower MLDs, reflecting a more
dynamic environment that supports water circulation and renewal,
preventing the dominance of single phytoplankton groups. The differ-
ences in optical and ecological properties between Ria de Arousa and Ria
de Vigo have significant implications for aquaculture and ecosystem
management. Ria de Arousa, which hosts approximately 68.5% of all
mussel rafts in Galicia, benefits from its extensive open waters and
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optimal environmental conditions for aquaculture production. On the
other hand, Ria de Vigo remains an important aquaculture area but is
more susceptible to nutrient retention and associated risks, such as HAB
events (Detoni et al., 2024). Understanding these dynamics is therefore
critical for the sustainable management of these estuaries and the
mitigation of ecological risks. In the present study, the WASI inversion
approach applied to in-situ Rys(A) demonstrated its potential as a valu-
able tool for monitoring estuarine systems. By accurately estimating
Chl-a and characterizing the seasonal and spatial variability of a com-
plete suite of ocean-colour properties, this approach provides a
cost-effective and efficient method for tracking ecological processes,
including phytoplankton diversity and bloom dynamics, in these highly
productive systems. Further studies should, however, evaluate the un-
certainty of the IOPs and of all phytoplankton groups, which were not
addressed herein.

Overall, the WASI inversion approach provides a useful framework
for linking bio-optical properties with phytoplankton dynamics in
optically complex coastal environments. However, while the method
shows good performance in estimating Chl-a and resolving broad
phytoplankton groups, its reliance on predefined optical classes and
absorption spectra that do not fully represent the local phytoplankton
assemblages introduces uncertainties that should be considered. Despite
these limitations, the approach provides valuable insights into spatio-
temporal variability and represents a useful tool for environmental
monitoring in coastal systems. Furthermore, the integration of WASI-
derived products with satellite ocean-colour observations offers prom-
ising potential for scaling these analyses to broader spatial and temporal
domains, supporting improved monitoring of coastal ecosystems.
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The contrasting ecological features of the Ria de Arousa and Ria de
Vigo highlight the importance of accounting for estuary-specific hy-
drodynamic and anthropogenic conditions when interpreting phyto-
plankton dynamics. Ria de Arousa, despite hosting the largest number of
mussel rafts, tends to sustain year-round dominance of small flagellates
under persistently shallower mixed layers. In contrast, Ria de Vigo, with
fewer mussel rafts but deeper summer mixed layers and stronger up-
welling influence, favours the development of larger phytoplankton
blooms and appears more vulnerable to nutrient retention and HAB
events. These differences emphasize the need for tailored monitoring
and management strategies across the Rias Baixas. Future research
should focus on improving local parameterisation, expanding validation
datasets and integrating inversion of satellite observations and biogeo-
chemical modelling to improve the understanding of estuarine dynamics
and to support the sustainable development of aquaculture in these
highly productive coastal ecosystems.

5. Conclusions

This study represents the first attempt to demonstrate the potential
and utility of WASI for analysing phytoplankton diversity and the
variability of optical constituents in two large embayments of the NW
Iberian upwelling system, Ria de Arousa and Ria de Vigo. Despite some
limitations, including the absence of in-situ IOP measurements and full
taxonomic phytoplankton data coverage across all size classes for vali-
dation, the results contribute to advancing the understanding of bio-
optical variability and phytoplankton dynamics in these optically com-
plex estuarine waters.

One of the most relevant contributions of this study is the ability of
WASI to differentiate phytoplankton from other dominant optical con-
stituents, such as CDOM and detritus. However, the limited taxonomic
resolution of the method constrains its capacity to resolve the full
structure of the phytoplankton community, particularly for pico- and
nanoplankton. This limitation is particularly important in the Rias
Baixas, where smaller phytoplankton groups play a key role in microbial
plankton dynamics and respond rapidly to short-term hydrographic
variability (Frojan et al., 2014, 2025; Hernandez-Ruiz et al., 2018).
These groups can alternate in dominance with microplankton depending
on upwelling-downwelling cycles, nutrient availability, and biological
interactions, processes that are only partially captured in the present
analysis.

Our findings suggest that phytoplankton represents the dominant
OAC in both estuaries throughout the year, despite the influence of
continental drainage and aquaculture activities, which may enhance
detritus accumulation (at least in the deeper layers). Distinct differences
were observed between the two systems: Ria de Arousa exhibited higher
phytoplankton diversity with co-dominance of small flagellates along-
side other groups (micro-in summer and pico-in winter), likely linked to
stronger exchange with oceanic waters and shallower MLDs, whereas
Ria de Vigo showed conditions more favourable for blooms of larger
cells, associated with deeper summer MLDs and more homogeneous
surface conditions, potentially increasing the risk of HABs.

This study also highlights the potential of inversion-based ap-
proaches for supporting the development of satellite applications in
optically complex coastal environments. Future improvements should
focus on expanding in-situ datasets, refining optical parameterisation,
and enhancing taxonomic resolution. The integration of hyperspectral
radiometry with current and future hyperspectral satellite missions (e.g,
PRISMA, EnMAP, or CHIME) will provide improved spectral capabilities
for detecting pigment-specific signals and resolving phytoplankton di-
versity. Ultimately, these advances will strengthen the capacity to
monitor phytoplankton dynamics across size classes, from micro-to
picoplankton, and to better support the management of productive
and vulnerable coastal ecosystems such as the Rias Baixas.
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