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Highlights

Pushing and pulling an algal bloom: physical controls of diel vari-

ability in nearshore phytoplankton communities

Medea Zanoli, Gotzon Basterretxea, Idan Tuval

Nearshore phytoplankton assemblages can undergo fast short-term vari-

ations not exclusively imputable to population growth.

e These diel changes in microalgal cell abundance are the source of water

discoloration and other harmful effects.

e Wind and buoyancy-driven flows were identified as key drivers of the

observed fluctuations in Palma Beach (NW Mediterranean).

e A 1D advection-diffusion model successfully diagnoses the mechanisms

underlying the daily dynamics of the proliferation of coastal microalgae.
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Abstract

High-biomass microalgal blooms frequently occur in littoral environments
worldwide, often causing noxious effects on aquatic ecosystems and coastal
communities. Here, we combine field observations and a simple retention-
dispersion model to disentangle the short-term (~ hours) environmental
drivers shaping the nearshore dynamics of such outbreaks. Temperature,
salinity, fluorescence, current velocities, and meteorological variables were
measured in the nearshore waters of a coastal location in Mallorca (Balearic
Islands) during the summer of 2018. Daily averages from field data were
used to adjust wind and buoyancy flow variations into a one-dimensional
advection-diffusion model. Results reveal that the interplay between wind
forcing and cross-shore density gradients drives an alternating retention dis-
persion mechanism, effectively explaining the observed diel chlorophyll vari-

ability within the nearshore boundary. This simplified model captures the
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primary dynamics of the bloom, isolating key factors that influence its be-
havior and offering practical insights for coastal water quality monitoring

and management.

Keywords: Phytoplankton, Chlorophyll, Wind stress, Thermo-haline flow,

Advection - diffusion model, Ground water, Littoral dynamics




1. Introduction

Phytoplankton are key unicellular organisms that thrive in fresh and ocean
waters, playing a vital role in the production of organic matter and oxygen,
while also contributing to the regulation of global CO levels and the Earth’s
climate. However, under favorable environmental conditions, phytoplank-
ton can multiply and accumulate, causing negative effects on the ecological
balance of aquatic ecosystems. These high biomass Harmful Algal Blooms
(HABs) cause significant socio-economic impacts on local communities and,

in some cases, toxicity effects may arise [2] [3].

Phytoplankton and, particularly some species of microalgae, often find suit-
able environments to proliferate in coastal waters, where enclosed areas like
estuaries and bays offer suitable conditions for calm waters with high nutri-
ent availability from terrestrial inputs [4]. In more exposed locations, coastal
HABs may occur as massive cell accumulations extending along a nearshore

stripe producing a perceivable cross-shore gradient in water discoloration

[5]-

Phytoplankton growth in the coastal boundary is favored by terrestrial nu-
trient sources delivered to nearshore waters by rivers, urban outlets, or sub-
marine groundwater discharges (SGD), which introduce an abundance of nu-
trients that are otherwise scarce in seawater[6] [7]. The prime force driving
circulation in the coastal boundary zone is the wind; however, the effects of

stratification produced by terrestrial seeps and warming during the summer



period can become very important [§ [9]. The diurnal sea breeze, which
on many coasts is seasonal and locally predictable in its occurrence, rep-
resents a recurrent force affecting the cross-shore distribution of material
and organisms suspended in the water column [10]. Also, fresh and brack-
ish water discharges in the nearshore and diurnal warming generate vertical
stratification and convective horizontal exchange flows driven by destabiliz-
ing buoyancy fluxes that play an important role in the transport of nutri-
ents, pollutants, and chemical substances between the littoral and pelagic
regions also modulating nearshore plankton communities [T1]. The convec-
tively driven horizontal flows are the result of a density difference in the
horizontal direction. Solar radiation during the day leads to warmer water
in the shallows than in the adjacent deeper regions, and this developing con-
trast in temperature between shallow and deep waters produces variations
in water density that generate convective water exchange [12] [13]. Likewise,
SGD seeps along the shoreline produce density contrast due to freshwater
influx. These density-driven buoyant plumes modify nearshore circulation

patterns influencing phytoplankton distribution [14].

Despite their important environmental and social consequences, the mech-
anisms driving phytoplankton variability in nearshore waters and the even-
tual occurrence and evolution of HABs are difficult to fully understand due
to their short timescales of variation (hours) and intrinsic multifactorial na-

ture in which physical, biological, and geochemical processes intervene. High



biomass outbreaks may occur that are too rapid and intense to be explained
by reported microalgal cell growth rates [15], suggesting that physical accu-
mulation mechanisms may be major drivers of these events. For example,
coastal blooms in the Mediterranean Sea are typically dominated by dinoflag-
ellates showing individual growth rates in the range of 0.4 - 0.8 day~!. How-
ever, it is not uncommon for daily cell abundance to vary by more than

threefold [16].

Circulation in the nearshore can either favor or hamper high-biomass HAB
development by either accumulating or dispersing algal populations. For ex-
ample, wind-driven circulation has been observed to maintain and generate
algal blooms both in the sea and in lakes by downwind transport and ac-
cumulation of HAB-producing cells [15] [I7] [I8]. Likewise, the presence
of intense temperature and salinity gradients at sea fronts can represent a
boundary favoring phytoplankton accumulation [19] [20] [21]. In the coastal
boundary zone, these accumulation mechanisms operate at short timescales
(hours). However, their influence on the dynamics of nearshore phytoplank-

ton remains to be fully explored.

Here, we examine the dynamic interplay between the physical forcings that
drive the cross-shore displacement of the nearshore water strip and its in-
fluence on phytoplankton accumulation at Palma Beach (Balearic Islands).
We focus on the understanding of the diel variability patterns of phyto-

plankton as determined by wind-forced transport and buoyancy currents.



Data from three moorings and repetitive sampling in nearshore waters and
a simple advection-diffusion 1D model are used to interpret the retention-
dispersion mechanisms regulating the short-term (hours) phytoplankton vari-

ability.

2. Methods

2.1. Site description

The case study site, Palma Beach (39°31'11.5” N, 2°44°06.3” E), lies on the
inner coast of Palma Bay, southern Mallorca. In summer, it features calm
conditions [22]: weak sea-breeze-driven winds, negligible tides, minimal wave
action, and a gently sloping bathymetry (~10 m per km) without breakers.
Nitrate-rich groundwater from the coastal aquifer often fuels dinoflagellate

blooms [23].

2.2. Field data

Temperature, salinity, current velocity, and chlorophyll (6, S, u, and Chl)
were monitored over one week (July 18-23, 2018). Cross-shore transects of
near-surface (0.25 m) fluorescence, salinity, and temperature were measured
every 3 hours from the shoreline to 600 m offshore using a flow-through sys-
tem on a small boat [5] (Figll)). Seawater samples were collected at three
points (P1, P6, P9; Fig using 0.6 L Niskin bottles, and chlorophyll con-

centrations were determined by filtering, allowing fluorescence calibration

(see [Appendix A.2)). Wind (W) data were obtained from an oceanographic




buoy 3.5 km offshore (SOCIB). Cross-shore currents were measured with
bottom-mounted ADCPs (Nortek HR Aquadopp) attached to poles fixed on
the seabed at three locations (M1, M2, M3; Fig. , obtaining current profiles

from ~0.15 m below the surface to the seafloor every 3 seconds [24].

2.83. A minimal model for the fast nearshore bloom dynamics

To disentangle the mechanisms behind the C'hl patterns observed during the
field survey, we developed a simple toy model to capture the key environmen-
tal processes driving the fast dynamics (on the scale of hours) in the nearshore
zone, aiming at minimal parametrization. The phytoplankton standing stock

(Chl) is expected to evolve over time due to multiple processes [25]:

oChl

5 = growth — grazing + diffusion, , , + advection, , , — sinking, (1)

where each term acts over different timescales. Reported in situ growth
rates of dinoflagellates are generally < 1.0 day~! [26], with grazing pressure
typically comparable to or lower than this value [27]. We thus expect growth
and grazing to opearate on timescales of approximately 1 day (doubling or
halving times). Since the most significant biomass fluctuations in our data
occur on the timescale of hours (Fig. [2p), with minimal variance between
days and a roughly constant total biomass standing stock throughout the
sampling period (Fig. [2h, inset), growth and grazing are excluded from the
toy model. Vertical heterogeneities caused by processes such as sinking or

behavioral adaptations (e.g., diel vertical migration) are likely hindered in



shallow waters by wave-driven turbulence, which ensures vertical mixing.
These semplifications are supperted by previous Empirical Orthogonal Func-
tion (EOF) analysis conducted on the dataset [24], which found that over
90% of the daily Chl variance was driven by variations in environmental fac-
tors, particularly cross-shore currents, cross-shore wind, and temperature.
Alongshore variations, although necessary to solve the hydrodynamics cor-

rectly, are thus also excluded from the toy model.

Overall, we hypothesize that the rapid daily fluctuations (~ hours) in nearshore
biomass are primarily driven by horizontal processes resulting from a dynam-
ical equilibrium between advection and diffusion in the cross-shore direction,
with growth and grazing modulating the system on longer timescales (>1

day). The toy model is finally based on three assumptions:

1. All physical drivers producing advective flows follow a daily periodicity

2. The nearshore flow can be reduced to a 1D water mass being pulled
back and forward from/to the shoreline, and still capture the main
accumulation-relaxation dynamics

3. Phytoplankton biomass (determined as C'hl) behaves as a well-mixed
passive tracer, excluding relevant cell growth and/or grazing, or be-

havioural aspects (e.g. dinoflagellates diel vertical migration).

The model’s first assumption is supported by field data, which show a clear

daily periodicity in wind W (Fig , blue line), temperature ¢ and salinity S



(Fig Pk-d). Moored instruments confirm a similar periodicity in the current
data (Fig. for M1; Fig. for M2 and M3) and reveal a vertically
homogeneous flow. The absence of vertical structures supports the hypothesis
of a well-mixed system, as expected in shallow waters where wave-breaking-
induced turbulence promotes vertical mixing, with the primary dynamics

occurring in the cross-shore direction.

2.4. Building the toy model
The C'hl retention-release dynamic along the cross-shore direction is modelled
with a one-dimensional advection-diffusion equation:

JChl (t,x) O*Chl (t, ) OChl (t,x)

R pZ e\t t ) ML) 9

ot o U, @)

where x is the longitudinal direction along the transect, ¢ is time, u(t, z) are
the cross-shore currents, and D is an effective diffusion coefficient accounting
for the mixing processes in the surf zone [29, B0]. The advective term is

expressed as a linear combination of the main environmental forcings acting

on the system (wind, salinity and gradients):
U([E,t) :Uw<l‘,t>+’u$(l’,t)+u€(l'7t) (3)

where uy is the wind-driven flow, ug is the current component due to the
fresher water input along the shoreline, and ug is the current driven by cross-

shore temperature gradients.



As shown in Fig[2h, wind at the study site followed a daily cycle, peaking at
5 m/s onshore in the afternoon and dropping and inverting to 2 m/s offshore
at night. Assuming a linear relationship between the wind speed W and
the advected current uy = 5- 1073 - W [I8], we expected wind-driven flows

ranging from 2.5 cm/s onshore to 1 ecm/s offshore.

The horizontal gradients in # and S create a buoyant flow driven by density
differences, where the time required for the flow to develop and its magnitude
depend on the steepness of the density gradient. Following [31], we assume
that the horizontal current developing in response to a horizontal density
gradient dp/0z is given by the unsteady inertia of water:

0%u dp
Mo ~ 9 o )

where p is the water density, pg its average value, g the gravity, and z the ver-
tical direction. The effect of thermal and haline expansion on water density
can be separated:

dp 00 S

Ox Po( Ox ﬁ@x) (5)
where o and 3 are the thermal and haline contraction coefficients of seawa-

ter.

The field survey monitored 06/0x and 0S/0z, allowing us to estimate the

expected magnitudes and timing of thermal and salinity currents via scale

analysis of equations {4| and [5| (details in [Appendix A.6)). Nearshore waters
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exhibited a daily cycle of heating and cooling, and an afternoon salinity drop
(Fig. 2c¢). During daytime, warmer and fresher water accumulates near the
coast, with 0(x) and S(x) decaying exponentially offshore over 100-200 m
(Fig ) During nighttime cooling, this effect is confined to the nearshore
region (Fig ) Using the steepest observed gradients, we estimate typical
current magnitudes of 2 cm/s, 7 cm/s, and 10 cm/s associated to differential

cooling, heating, and the salinity drop, respectively.

The cross-shore diffusion coefficient (D) cannot be directly measured from
field observations. In the surf zone, wave breaking enhances cross-shore mix-
ing, increasing diffusion compared to the open ocean [2§8]. A rough estimate
of D can be derived using the wave breaker height (H), wave period (7),
and surf zone width (X) as D = (H - X)/7 [29]. For the study site, using
H=025m,7=4s,and X =20 m [32], we estimate D = 1.25 m?/s, con-
sistent with reported coastal diffusion values (0.5-1.7 m?/s) [33], and tested

D = 1.25 m?/s £50% variations in the model.

The model domain is set to 1 km, with no-flux boundary conditions applied
at both ends to ensure conservation of mass. One boundary represents the
coastline; the other, corresponding to open sea, is located far enough to
minimize boundary effects. The simulation runs for 7 days to ensure that
dynamical equilibrium is reached and that the results are independent of
initial conditions. We tested different values of uy and u, within the range

provided by the scaling analysis, assuming an offshore exponential decay of
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the forcing consistently with the gradients that drives them (Fig ) The

numerical analysis was developed using the FiPy partial differential equation

(PDE) solver [34] and is provided in the [Appendix A.1}

3. Results

3.1. Coupling between the diel wind pattern and C'hl

Field data show that most biomass was concentrated in a dense nearshore
stripe a few hundred meters wide. We calculated the total algal biomass
contained in this stripe, C'hl;,;, by integrating each C'hl transect within 150
meters of the coastline. Averaging Chl;,, across sampling days revealed a
clear diurnal pattern: biomass doubled in the afternoon compared to night-
time and early morning, with the steepest increase from 7:00 AM until a
sharp decline at 4:00 PM (Fig [2h). In contrast, when Chl;,, was calcu-
lated over the entire transect and averaged daily, total biomass remained
fiarly constant throughout the period (Fig[2p inlet), indicating no significant
net growth or decline of the total population. This suggests that the ob-
served daily variation in nearshore biomass is driven by redistribution rather
than biological growth. A comparison of the nearshore Chl;,; (< 150 m)
with cross-shore wind W revealed a strong temporal correlation between the
two timeseries (2h): the onset of morning winds coincided with the steepest
biomass increase, while the afternoon wind relaxation coincided with its de-

cline. To explore the time-lagged relationship between the C'hl;,; and W, we

12



calculated their cross-correlation as:

Cross-Corr (1) = 2 (Chlim(t) ;V“Chlmt) (W(t+7) = pw) ©)
" OChlins * OW

where p¢, , and py are the averages of Chly,, and W, ocpy,,,, and oy are

int?
the respective standard deviations, and N the number of points. The cross-
correlation pattern reveals a distinct oscillation between positive and negative
values, indicating periodic shifts between in-phase and out-of-phase behavior
(Fig. Bp). The cross-correlation peaks at 7 = 0, suggesting that the rise
in onshore winds is closely associated with the immediate accumulation of
biomass near the coast. The spectral density of the cross-correlation reveals
a clear peak corresponding to a 24-hour period ), implying that the two
time series remain in phase if one is shifted by 24 hours. We performed a
sensitivity analysis varying the integration range of C'hl;,; up to 600 m from
the shoreline, and found that synchronization with W extended to approxi-
mately 300 m offshore (Supplementary Material). Overall, the data suggest

that a periodic, wind-driven accumulation mechanism underlies the observed

Chl;,; pattern.

3.2.  Diel retention and dispersion pattern

The cross-shore distribution of Chl also exhibited a daily pattern (Fig. [4h).
In the morning, we observed a shoreward exponential increase in algal biomass,
reaching a peak near the shore in the mid-morning, measured at 5 mg/m?. In

the afternoon, the C'hl distribution flattens and the peak is shifted offshore,

13



relocating between 50 and 100 meters from the coast. This spatial redistri-
bution of the biomass was consistent between different days and suggests the
presence of a mechanism producing a horizontal off-shore displacement of the

biomass.

The currents measured in M3 (Fig. ) also display a well-defined diurnal
pattern, aligning with the expected diurnal variability of currents driven by
wind advection and cross-shore gradients in temperature and salinity (Fig.
, ) Onshore currents of ~ 1 cm/s are observed during the night hours
and start increasing at 7:00 AM, following the rise of the onshore winds (Fg.
2b). A sharp flow inversion is observed at 1:00 PM as nearshore currents
start flowing offshore until 6:00 PM. This flow inversion coincides with the
maximum thermal gradient associated with water differential heating. We
can expect this offshore flux to be sustained by the salinity decline, peaking
between 4:00 and 7:00 PM and also contributing to the offshore flux of the
water. Apart from a mild nearshore recirculation cell observed after 6:00 PM,
the ADCP data suggests the absence of a clear 2D structure in the proximity
of the coast. The current direction remains fairly constant along the verti-
cal, suggesting a mainly 1D displacement of the water column governed by

horizontal currents.

Fig. shows the comparison between the cross-shore C'hl transects mea-
sured during the field campaign and the profiles of the passive tracer distri-

bution resulting from the 1D model at the corresponding time of the day.
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The best agreement between model and data is found for thermal and haline
currents ranging between 1 cm/s and 4 c¢m/s, coinciding with the range of
currents measured by the current meter in M3 (Fig. [2b). The model result is
displayed as an average between the different model runs within this optimal
thermal and haline current ranges. Figure db shows the diurnal variability of
Chlpy calculated at three different distances from shore (100 m, 300 m, 600
m). Overall, the observed diurnal dynamic of the Chl field is fairly captured
by the 1D approximation, both in terms of the cross-shore spatial distribu-
tion ) and the integrated profile ) The model overall captures the
dynamics of the nearshore biomass, the agreement between the model and

the data decreasing further away from the coastline.

4. Discussion

In the present study, we adopt a simple advection-diffusion model to analyze
the short-term dynamics of the biomass contained in the nearshore coastal
stripe, treating Chl as a passive, well-mixed tracer. While this approach
intentionally disregards the intrinsic biological variability of the system, it
shows high exploratory and conceptual value since it allows us to success-
fully shed light on the roles of three interacting physical forcings (wind, tem-
perature and salinity) without introducing a high level of complexity and
parametrization. It is unlikely that the inclusion in the model of processes
such as growth, mortality, and grazing would alter our results, since they act

at larger timescales. Indeed, [35] show that when nutrient supply or light

15



limitation lacks significant spatial variability, circulation and phytoplank-
ton population dynamics are separable: stirring and mixing spatially struc-
ture plankton distributions, while biological dynamics govern population size.
Similarly, we find that cross-shore plankton distribution is controlled by phys-
ical processes, whereas the magnitude of the variations depends on phyto-
plankton standing stocks driven by nutrient availability, temperature, and

biotic interactions (e.g., parasites and grazers).

Overall, our approach successfully captures the main dynamics of the bloom
and its simplicity allows us to disentangle and isolate key factors. Short-
term fluctuations in C'hl concentration can be explained by periodic particle
retention-dispersal mechanisms driven by the opposing flows induced by wind
and density gradients (Fig. |3| and . The data indicate that changes in the

cross-shore wind speed and in Chl are synchronized up to 300m from the

coastline (Fig. and [Appendix A.3|). The morning rise of the landwards

winds is accompanied by a shoreward exponential increase in biomass. Differ-
ential heating and freshwater inputs produce a mass of buoyant water, which
is retained near the coast by the onshore winds. Temperature and salinity
gradient build up during the day, eventually overcoming the wind, leading to
offshore dispersal of phytoplankton in the early afternoon. At nighttime, the
nearshore flow inverts, possibly due to differential cooling. The model enable

us to isolate individual contributions and probe potential future scenarios

(see [Appendix A.8). Our analysis shows that wind is the primary driver of

16



the overall accumulation pattern, with over a 3-fold increase in the model
residuals for 50% variation in wind strength (Sup. Fig. [A.11)). Likewise,
the weakening of buoyant flows generated by temperature gradients expedite
the deviation of diel biomass responses, with significant late afternoon vari-
ability while salinity gradients play a more marginal role in modulating this

physico-biological interaction.

Thermal and haline currents were estimated via scale analysis, providing
order-of-magnitude estimates of the expected flows. The observed biomass
variability was successfully reproduced for a range of values within this es-
timate, with flows between 1 and 4 cm/s, consistent with ADCP measure-
ments. A nighttime low-magnitude onshore flow (~1 cm/s) was crucial to
counteract the afternoon offshore biomass dispersal driven by the thermo-
haline gradient. This onshore flow, although present in the ADCP measure-
ments, cannot be fully explained by the scale analysis, which predicts an
onshore cooling-driven flows only after ~ 4:00 AM (Supplementary Mate-
rial). This discrepancy might be attributed to tidal currents, which in Palma
are weak (1.3 and 0.7 cm/s for the diurnal and semidiurnal components [22]),

but could become relevant when wind weakens at night.

Real-world processes surely exhibit a greater degree of complexity than can-
not be captured by this approximation. Behavioral factors influencing the
diurnal vertical positioning of cells within the water column may inhibit their

dispersion by currents and alter their horizontal transport [17, 36 37], render-
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ing the one-dimensional approximation overly simplistic. Likewise, nearshore
flows likely has two- and three-dimensional structures. The flow produced by
differential heating and cooling is intrinsically not symmetric [31], with water
heating stratifying a superficial buoyant plume, while water cooling produces
a more turbulent vertically mixed flow. Although the measured nearshore
currents do not show clear 2D structures, offshore moored data suggest that
the transitional flow between the onshore and offshore circulation patterns is
characterized by the formation of two counterrotating convection cells (Fig.
5). This more complex pattern cannot be fully characterized with the de-
ployed instrumentation and is not included in the model. Other bio-physical
processes might also contribute to coastal plankton accumulation, such as the
amplification of the thermally driven circulation by the bloom itself through

increased water light absorption [38], 39].

Despite these limitations, the model offers valuable insights into the key
mechanisms driving phytoplankton variability and provides a framework for
understanding its transport in the nearshore zone, a key factor in coastal
ecosystem management. The results presented herein reveal how competing
physical forces drive the accumulation/dispersion of nearshore phytoplank-
ton. The model’s ability to reproduce observed patterns underscores its
value in interpreting data of beach water quality, and its simplicity allows
for application to other passive tracers dispersed in nearshore waters such as

municipal discharges, microplastics, or the distribution and fate of eggs and
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larvae from littoral organisms.
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Variable names, symbols, units

Chl
Chlznt

EE S wogTH

58

S oxmw e

NI
S

s

Chlorophyll [mg/m?]

Integrated Chlorophyll [mg]

Cross-shore direction [m]

Time |[s]

Cross-shore diffusion coefficient [m?/s]
Seawater temperature [°C]

Seawater salinity [PSU]

Cross-shore wind [m/s]

Total cross-shore advection current [m/s]
Salinity driven advection current [m/s]
Temperature driven advection current [m/s]
Wind driven advection current [m/s]
Seawater thermal expansion coefficient [1/K]
Seawater haline expansion coefficient [1/PSU]|
Wave period [1/s]

Wave breaker height [m]

Surf zone width [m]

Water density [kg/m?]

Average water density [kg/m?]

Water depth [m]

Gravitational constant [m/s?]

Table 1: List of used abbreviations, symbols and units

20




(C) SOLAR IRRADIATION

MORNING

ek

— Boat transect

meteo
by \ ! *  ADCP
2.5km e Chl samples

DIFFERENTIAL HEAT LOSS

b)) omt e M MiPe P = Py T
: 3 FLOW THROUGH (T =3h): NIGHT e
'E' 2 | salinity, temperature, = GRADIENT
= fluorescence .
N 4 -
67 T T T
0 200 y[m] 400 600

Figure 1: (a): Sampling site in Palma Beach, Mallorca, Spain. The cross-shore transect
travelled by the sampling boat is shown in white and sets the x-coordinate of the analysis.
The position of the Acoustic Doppler Current Profiler (ADCP) moorings (M1, M2, M3)
and the Chl sampling points (P1, P6, P9) are marked on the transect line. (b): Beach
bathymetry along the transect (¢): Schematics of the natural forcings acting on the system
at different times of the day. During daytime, the onshore sea-breeze forcing competes
with an off-shore buoyant flow driven by the differential heating of the water and coastal
SGD. During the night, the winds weaken and reverse, while differential cooling of the
water drives an on-shore flow.
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Figure 2: (a): Hourly averages of cross-shore winds and total biomass accumulated near
the shoreline Chl;,; (< 150 m) during the 6-day sampling period (excluding data from
storm day on 22/07/2018). Chl;n: ([mg]) is obtained by integrating Chl concentration
profiles ([mg/m?]) along the transect direction and depth profile, assuming a homogeneous
distribution of Chl along the water column. Inset: daily C'hl;,: average calculated over
the entire transect (<600 m). (b) Typical daily patterns of the cross-shore currents from
ADCP data measured at M3 (top), and its vertical average along z (bottom). The typical
current for each hour is calculated by averaging the currents measured at that specific
hour across all days of the sampling period. The entire water column flows cohesively
in one direction with no clear recirculation cells developing near the shore, suggesting a
mainly 1D flow. Currents shown in the bottom panel are obtained as the vertical average
of those shown in the top panel. (c) Typical values of water temperature and salinity near
the shoreline (25 m) at different hours of the day. The typical temperature and salinity
for each hour is calculated by averaging the temperature and salinity measured at that
specific hour across all days of the sampling period. (d) Temperature and salinity profiles
from the shoreline to 600 m at the times showing the strongest cross-shore gradients. Up:
temperature profile associated to differential heating at 1:00 PM (red dotted line), salinity
profile during the salinity drop at 19:00 PM (dashed violet line). Down: temperature
profile associated to differential cooling at 07:00 AM.
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Figure 3: (a) Cross-Correlation between Cross-Shore Wind and Chl;p: (<150 m) Time-
series. The cross-correlation is calculated on the mean-subtracted timeseries. The max-
imum correlation is found at zero lag, and successive maximum positive values are ob-
served every 24 hours, suggesting that variations in nearshore C'hl are synchronized with
variations in the cross-shore wind. (b) Spectral density of the Fourier transform of the
cross-correlation in Panel B. A clear peak at a 1-day periodicity is observed.
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Figure 4: (a) Cross-shore transects of Chl biomass [mg/m?], averaged at the same hour

across all days of the sampling period (green line). The pink line shows the biomass
accumulation predicted by the 1D model as a result of the dynamical equilibrium between

the forcings resulting from the wind and the thermal-haline syphon. The model output

is represented as the ensemble mean of all simulations across the range of diffusivities
and advection flows explored (dashed line), with the shaded area indicating the standard
deviation of the ensemble. (b) Chl;,; of a typical day at 100m, 300m and 600m from the
coast (green dots) obtained integrating the C'hl profiles in panel a. The pink dashed line

marks the model ensemble mean, and the shaded area its standard deviation.
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Figure 5: Current data from moored instrumentation in M1,M2 ;M3 suggests that the tran-
sitions between the morning onshore flow and the afternoon offshore flow are characterised
by the formation of two counter-rotating convection cells. In both cases, the transition
flow starts close the coastline and gradually extends seawards. The onshore morning flow,
driven by winds and differential cooling of the water, is counteracted by the kick in of a

thermo-haline syphon, the buoyant water flowing offshore. After sunset, differential cool-
ing of the littoral waters promts the shorewards flow.
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Appendix A. Appendix

Appendiz A.1. Codes of the 1D model

The 1D advection-diffusion equation is implemented using the FiPy partial
differential equation (PDE) solver. The code developed is available at the git
repository https://gitlab.com/medeazanoli/1d_advection_diffusion_

wind_thermo-haline_syphon.git

Appendixz A.2. Transects calibration: from fluorescence to Chl concentra-
tion

Water fluorescence was measured using an Enviro-T in-line fluorometer along

the transects shown in Figl[l] of the manuscript, serving as a proxy for mi-

croalgae biomass as described in [B]. For each transect, water samples were

collected at three points (P1, P6, and P9 in Fig. , and C'hl concentration

was measured by filtration.

Detritus and debris, such as suspended leaf fragments, can become lodged in
the fluorometer and interfere with sensor readings, causing anomalies—peaks
if the debris is fluorescent or valleys if it is non-fluorescent. To remove these
artifacts, all fluorescence data were post-processed using a Python routine.
Major peaks and valleys in the signal were identified, fitted to a Gaussian
model, and removed. The gap in the signal was filled by linear interpo-
lation and the reconstructed signal was smoothed with a third-order Sav-
itzky—Golay polynomial filter, which reduces noise while preserving the pri-

mary signal pattern.
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Fluorescence readings were converted to C'hl concentrations using water sam-
ples for calibration. Since the fluorescence signal depended on instrument
conditions at the time of measurement (e.g., battery level), a three-point cal-
ibration was performed for each transect individually. A linear relationship
was assumed between the instantaneous fluorescence (Flu) and Chl concen-

tration. For a transect measured at time tg:

Flu(z,ty) = a(ty) - Chl(x,tg) + b(to) (A.1)

where a(t) and b(t) are specific to each individual transect and are obtained
performing a linear fit between the C'hl point values in P1,P6,P9 and the

corresponing measured values of Flu at the same locations.

Appendiz A.3. Sensitivity analysis of the cross correlation between C'hl and
wind
In section [3.1] of the Results, we explored the time-lagged relationship be-
tween the cross-shore winds and the C'hl biomass accumulated in the nearshore
stripe, and found that the two time-series are synchronized between each
other. The nearshore stripe was defined to extend between X; = 25 m and
Xy = 150 m, where [X;, X/] represents the integration interval. The lower
limit X; = 25 m is set by a practical constraint of the sampling, as the vessel
could not approach closer to the coastline. Thus, 25 m is the closest distance
at which there is enough fluorescence data to calculate a Chl average for each

transect. To check that the cross-correlation result is robust, we varied the
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value of X between 80 m and 590 m and recalculated the cross correlation
for each value of X;. Fig. [A.Gp shows the cross-correlation for different
values of X, and the time lag 7 in equation |§| of the manuscript result-
ing in the maximum correlation. We find that the nearshore biomass stripe
is homogeneously synchronized with the cross-shore winds up to Xy = 310

m.
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Figure A.6: (a) Cross-Correlation between Cross-Shore Wind and Chl Timeseries for
different values of the biomass integration range Xy, from X; = 80 m (dark blue line) to
X =590 m (yellow line) (b) The maximum correlation obtained for each tested value of
Xy (up), and the corresponding lag 7 in days (down).

Appendiz A.4. ACDP profiles in M1, M2, M3

FigurdA.7 displays the currents measured by the ACDP during the field
survey at three transect locations (M1, M2, and M3), placed at 70 m, 150

m, 280 m from the coastline. For each hour of the day, the current vertical
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profile is calculated by averaging the currents measured at that specific hour
across all days of the sampling period. These profiles, therefore, represent the
typical daily current patterns at the study site. Overall, the current direction
appear consistent along the vertical direction down to a depth of 1-1.5 meters,
indicating that the flow is predominantly one-dimensional within this layer.
Notably, the offshore flow observed at M3 in the early afternoon (between
1 PM and 7 PM) weakens significantly at M2 and re-emerges at M1 with
a two-hour delay (between 3 PM and 9 PM). The nighttime onshore flow,
which is weaker at M3, reaches speeds of up to 2 cm/s at M2 and M1. This
onshore flow can only be partially attributed to the differential cooling of
nearshore waters compared to the open sea and is introduced into the model
as a phenomenological current. Although the mechanisms driving this flow
are not fully explained by the ”thermal siphon” effect, the model suggests
that the presence of this flow is essential to counterbalance the afternoon
flushing of biomass and accurately reproduce the observed daily biomass

pattern.
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Figure A.7: ACDP data in M3 (70 m), M2 (150 m), M1 (280 m) measured during the
field survey. Each colormap represents the vertical profile of the flow obtained averaging
the current data measured at the same hour of the day across different days. The upper
plots represent the vertical average of the flows depicted in the colormaps. Onshore flows
are represented in red and offshore flows in blue.
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Appendiz A.5. Temperature and salinity cross-shore transects
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Figure A.8: Cross-shore transects of temperature (a) and salinity (b), averaged across
different sampling days. The dashed lines represent the best fit to an exponential function
for the temperature profile at 1:00 PM and the salinity profile at 7:00 PM, when the
steepest gradients are observed. The reported value of A is the constant of the exponential
fit. The colormaps on the right show the cross-shore temperature (b) and salinity (d)
gradients across the transects shown in (a) and (c) respectively. The derivative in x is
calculated from the spline interpolation of each transect.The dotted Gaussian lines indicate
the time windows during which buoyancy-driven flows are introduced into the 1D model
(in (b): differential cooling marked by the blue line centered at 7:00 AM; differential
heating by the red line centred at 2:30 PM. in (d): salinity drop marked by the white line
centered at 5:30 PM).

Fig. shows the temperature and salinity cross-shore transects measured

during the field campaign. The transects in Fig. [A.8h-c represent the typical
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daily cycle of temperature and salinity in the nearshore zone. These are ob-
tained by averaging the transects measured at the same hour across different
days of the field survey. The daily evolution of temperature and salinity gra-
dients is consistent across the sampling days, revealing a clear diurnal cycle

in the nearshore waters.

The temperature difference between the nearshore waters and the open sea
reaches approximately 2 °C during the day, with the steepest gradient ob-
served at 1 PM. At this time, the temperature profile increases exponentially
toward the shore, characterized by an exponential decay constant of A\ ~
174 m. In the afternoon, the temperature gradient relaxes as the nearshore
waters cool more rapidly, and the steepest gradient shifts offshore. By the
end of the cooling phase, around 7:00 AM, a mild thermal inversion occurs,
with the nearshore waters being approximately 0.2 °C colder than the open

sea.

The salinity cycle is similarly consistent across sampling days. A sharp salin-
ity drop of 2 PSU is observed between 4 PM and 7 PM, when salinity de-
creases exponentially towards the shore (A ~ 101 m). Fig. [A.8p-d shows the
cross-shore gradients of temperature and salinity obtained via spline inter-
polation of the profiles in Fig. [A:8a-c. The dotted lines indicate the time
windows during which buoyancy-driven currents are implemented in the 1D
model. In the model, differential cooling drives an onshore flow from 4:00 to

10:00 AM, peaking around the maximum cooling at 7:00 AM. The differen-
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tial heating window is centered at 2:30 PM, spanning from 11:30 AM to 5:30
PM. The salinity-driven flow is active between 4:00 PM and 7:00 PM.

Appendiz A.6. Scale analysis of the temperature and salinity driven cur-

rents

The advective currents generated by density gradients, which arise from
cross-shore variations in temperature and salinity, are estimated through
scale analysis. This approach provides the expected order of magnitude for
the flows driven by these gradients. If we consider a fluid system initially
in an equilibrium flow to which a reversed temperature gradient is suddenly
applied, the system will try to restore stability through a convective mo-
tion. This stabilizing convection is governed by the unsteady inertia of the
water:

0%u dp
po@taz —g-% (A.2)

where u is the cross-shore current, p, is the average density of the water,
g the gravity, and =, z and ¢ are the cross-shore horizontal direction, the
vertical direction, and time respectively. We assume that density gradient

due to thermal expansion and the one due to haline expansion can be sepa-

dp a0 S
% = pPo (Oz% + ﬁ%) (A3)

rated:

where « is the thermal contraction coefficient of seawater, and  the haline

contraction coefficient.
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Following Monismith 1990[31], the scale analysis on equations and
provides an estimate of the expected magnitudes for the thermal and salinity
currents Uy and Ug, together with the typical spin-up timescales Ty and Ty

for such currents to develop from an initial state of rest:

Us=+Vg-a-A0-L0  Us=+/g-5-AS LS (A.4)

and:
 Up- L
Cg-a-A0-L,

Ug - LS

T s it S
? g-B-AS-L,

Ts (A.5)
where LY and L9 are the typical horizontal scales of the temperature and

salinity gradients, and L, is the typical scale of the system in the vertical

direction.

Typical values for the steepness of the gradients A9/L% and AS/L? are esti-
mated from the temperature and salinity fields 0(x,t) and S(x,t) measured
during the field campaign (figure [2, panel B). We use L, = 1 m as vertical
scale of the system. This vertical estimate is extracted from the ACDP cur-
rent profiles, which show that the currents flow cohesively within the first
1 m layer (Fig. |A.7). As horizontal scales, we use L, = 600 m for flows
driven by thermal heating and salinity drop. For thermal cooling, we use L,
= 200 m, as the morning thermal inversion does not extend throughout the
transect, but is restricted to the nearshore band (Fig. [A.8p-b). We consider

a typical temperature variation of A = 1.5 °C for differential heating, Af =
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0.1 °C for differential cooling, and AS = 1 PSU for the salinity drop. This
parameters result in a thermal afternoon offshore current of Uy = 7 cm/s
with spin up time 7j = 3 h, in a haline current of Us = 10 ¢cm/s with spin
up time Ts = 1.5 h and a morning onshore thermal current of Uy = 2 cm/s

with spin up time Ty = 3 h.

In our approximation, we assume the buoyancy flows to act on time win-
dows centered in the moments of steepest temperature and salinity gradients
(refer to Fig. —d). We assume the steepest gradients to appear at 7:00
AM (differential cooling), 2:30 PM (differential heating) and 5:30 PM (salin-
ity drop). For the latter two, the chosen time corresponds to the central
value between the sampling times when maximum temperature and salinity

gradients where measured.

We assume that the system required a time Ty and Ts to reach the flows Uy
and Ug at 7:00 AM, 2:30 PM and 5:30 PM for the flows driven by differential
cooling, differential heating and the salinity drop respectively. We assume
that, symmetrically, the ”"spin-down” time for the system to stop flowing
after the disappearance of the density gradient will be approximately the
same as the timescale of the spin-up time, as we expect the slowing down
of the system to be governed by the same physical processes as the spin-up.
We thus define the buoyancy currents to act within a time window twice
the typical spin-up timescale, centered around the moments of maximum

gradients. This corresponds to differential cooling acting between 4 AM and
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10 AM, differential heating between 11:30 AM and 5:30 PM, and the salinity
forcing to act between 4:00 PM and 6:30 PM.

The flows predicted by the scale analysis overall match in terms of timing
and directions with the ones measured by the ACDP at the location closest
to the shore (M3). The scaling predicts an offshore flow driven by buoyancy
flows between 11:30 AM and 6:30 PM, coinciding with the measured flows
(see Fig. , partially counterbalanced by the onshore wind-driven flows.
The onset of the winds at 7:00 AM together with the action of flows driven by
differential cooling between 4 AM and 10 AM matches well with the increase
of the onshore flow measured in M3 at 7:00 AM. The scale analysis cannot
explain the onshore flow measured throughout the full night hours, which
is introduced in the model as a phenomenological current between 9:00 PM

and 4:00 AM.

Appendiz A.7. Sensitivity analysis of the 1D model

The 1D advection-diffusion model was run for different magnitudes of ad-
vective currents associated to the thermal (ug) and haline flows (ug), with
the addition of a nighttime onshore phenomenological current u* which is
oberved in the ACDP data. For the morning flow driven by differential cool-
ing, we explored current values between 1 ¢m/s and 4 ¢m/s between 4:00
AM and 10:00 AM. For the differential heating and salinity-driven flows, we
explored current values between 1 em/s and 8 ¢m/s, between 11:30 AM and

5:30 PM, and between 4:00 PM and 6:30 PM respectively. The presence
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of an additional phenomenological onshore current u* is explored after ug
dissipates (between 9:00 PM and 4:00 AM). A range of magnitudes for u*
is explored between 0 ¢m/s (no current) and 4 ¢m/s as for the flow driven
by differential cooling. The model was run with all combinations of these
parameters with the three explored values of cross-shore diffusivities D =
1.25 m?/s, D = 0.675 m?/s and D = 1.875 m?/s. For each model run, we
calculate the residuals between the biomass data and the distribution of the
modelled passive tracer along each individual transect. Averaging the resid-
uals across all eight daily transects gives a single mean value of residual for
each model run. Fig. shows the value of the mean residual for each of

the explored parameters combination.

The model performs on average better for the two higher values of cross-shore
diffusivities. The best agreement between modelled and measured biomass
distribution is found for the intermediate value of cross-shore diffusivity D
= 1.25 m?/s, together with the following magnitudes of advective forcings:

onshore offshore:

ug = 2 cm/s, u, -2 em/s, ug= -1 cm/s and u*= 2 cm/s. The

modelled cross-shore distribution for this set of parameters is shown in Fig.

A 10

Appendiz A.8. Alternative scenarios: exploration of the individual role of
the physical forcings

The model predicts that the daily patterns observed in the biomass distribu-

tion emerge from the dynamical interplay between physical forcings of differ-
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Figure A.9: Residual in mg of Chlorophyll between the biomass cross-shore profiles mea-
sured during the survey and the profiles obtained in the model for each tested combination
of advective fluxes (ugms"ore, ud? 5" g and u*). For each model run, the total residual
is as an average of the residuals calculated individually across each transect. Model runs
are divided per each tested value of diffusion coefficient D, and ordered from the combi-
nation with the lowest residual (left) to the ones with the highest residuals (right). The
magnitude of each advective flux is represented by color, red corresponding to onshore
fluxes and blue to offshore fluxes.

ent origin (wind, temperature and salinity gradients). We can thus investi-
gate how the increase, the weakening or the disappearance of these forcings
would affect the biomass pattern. To do so, we considered the set of parame-
ters that best fit the field data ( D = 1.25 m?/s, [ugs"r¢| = [ug!/*"¢| = |u*|
=2ocm/s, lug| = 1 em/s) and modified individually the contribution of each
forcing, except for the phenomenological current u* which is left unchanged.
We considered the following modifications of the forcings: an increase and
decrease by a 50% of the wind strength, and the selective disappearance of

either the temperature or the salinity driven flows.

The exploration of these alternative scenarios highlights the critical role of
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Figure A.10: Comparison between observed and modelled cross-shore biomass distribution

for the set of parameters corresponding to the lowest residual ( D = 1.25 m?/s, [ugnshere| =

|uszshore| — |u*| =2 cm/s, |US‘ =1 Cm/S)

wind in counteracting biomass dispersion driven by buoyancy flows. A 50%
reduction in wind strength leads to a pronounced afternoon flush of biomass,
effectively halving the total biomass retained within the most nearshore stripe
(Fig—b). Conversely, increasing the wind strength by 50% doubles
the biomass accumulation in the same region. Further offshore, the impact
of wind on total biomass fluctuations diminishes. This is consistent with
the expectation that buoyant flows weaken exponentially with distance from
the coastline, as their driving gradients operate over a scale of only a few
hundred meters (Fig. As a result, beyond this nearshore region, biomass
modulation becomes increasingly independent of buoyancy-driven flows, and

the wind’s counterbalancing influence becomes less significant.

Overall, our findings demonstrate that wind is the primary driver of the
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observed biomass accumulation patterns, with its strength modulating the
amplitude of daily biomass variations. Selectively eliminating one of the two
buoyancy-driven flows (Fig. —d) introduces deviations in the afternoon
biomass variability relative to the observed data. In the case of the temper-
ature driven flow, we can appreciate the role of the differential cooling flow
in mantaining the biomass accumulation in the nearshore zone in the early
morning (7:00 AM, Fig Salinity gradients, on the other hand, play a
more marginal role in modulating the physico-biological interaction of this
particular system, where the salinity driven flow kicks in with a few hours

delay with respect to the one driven by differential heating.
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Figure A.11: Cross-shore transects of Chl biomass [mg/m?], averaged at the same hour
across all days of the sampling period (green line in (a) and (c)), compared with that
modelled in 4 alternative scenarios: +50% and -50% wind (a), no salinity-driven flow
and no temperature-driven flow (¢). (b) and (d) show the integrated profiles up to three
different distances from the coast: 100, 300 and 600 m
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