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Abstract  Very high-resolution modelling of the northeastern Baltic Proper shows that pref-
erentially elongated along the flow, submesoscale inhomogeneities of hydrodynamic fields or
stripes of the order of 10—20 km in length and 1 km in width, are typical for summer season
both in surface mixed layer and for interior layers which are not directly exposed to atmo-
spheric forcing. In surface layer, the presence of stripes is supported by the remote sensing
imagery and their vertical extension is comparable with the mixed layer depth (approx. 5—8
m). In the interior layers, the vertical extension of stripes is considerably larger (approx. 10—50
m) and their slopes exceed the isopycnal slope. Four competitive mechanisms of formation of
the mesoscale striped texture are considered: stirring of large-scale inhomogeneities by the
eddy field, the classic, inviscid adiabatic fluid symmetric instability, the Mcintyre instability,
and the strain-induced frontogenesis. Based on the instability criteria and the growth rates and
geometry of the disturbances, the classic symmetric instability and the strain-induced fron-
togenesis are probably responsible for the formation of submesoscale striped texture in the

* Corresponding author at: Department of Marine Systems, Tallinn University of Technology, Akadeemia tee 15A, 12618 Tallinn, Estonia.
E-mail address: germo.vali@taltech.ee (G. Vali).
Peer review under the responsibility of the Institute of Oceanology of the Polish Academy of Sciences.

ey,

FLSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.0oceano.2021.08.003
0078-3234/© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.oceano.2021.08.003
http://www.sciencedirect.com
http://www.journals.elsevier.com/oceanologia
mailto:germo.vali@taltech.ee
https://doi.org/10.1016/j.oceano.2021.08.003
http://creativecommons.org/licenses/by-nc-nd/4.0/

V. Zhurbas, G. Vili and N. Kuzmina

surface layer, while in the interior layers, the strain-induced frontogenesis and hypothetically
the Mcintyre instability can be essential. Stirring of large-scale inhomogeneities by the eddy
field could be responsible for formation of striped texture in a passive tracer concentration and
in temperature and salinity in the presence of thermohaline gradients on isopycnic surfaces
(thermoclinicity), but it does not imply formation of stripes in dynamically active tracers, such
as vertical vorticity, horizontal gradients of buoyancy, etc.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

High resolution images of the sea surface both provided
by remote sensing and simulated by very high-resolution
circulation models display a variety of elongated subme-
soscale structures — thin filaments or stripes of the order
of 1 km wide and 10—20 km long (e.g. Barkan et al., 2019;
Brannigan et. al., 2017; Capet et al., 2008; Choi et al.,
2017; D’Asaro et al., 2018; Gula et al., 2016; Jing et al.,
2021; Karimova et al., 2012; McWilliams, 2016; Munk et al.,
2000; Onken et al., 2020; Qiu et al., 2014; Schubert et al.,
2020; vali et al., 2017, 2018; Yu et al., 2019; Zhurbas et al.,
2019a,b). Such elongated structures seem natural to asso-
ciate with symmetric instabilities (SI) which are geomet-
rically typified by overturning circulations about an axis
aligned with the basic geostrophic flow — rolls (i.e. the
disturbances are two-dimensional (2D) — they do not de-
pend on the along-flow coordinate) (Bachman et al., 2017).
The SI occurs in baroclinic flows when the Ertel potential
vorticity g is opposite in sign of the Coriolis parameter f
(Thomas et al., 2013):

fa <0, qg=(fk+V xu)-Vb=qyert + qnc

Qvert = (f —uy + Vx)bz = Gabsh: (1)
Qbc = (Wy - Vz)bx + (uz — wy)by

Here u is the velocity, k is the vertical unit vector, b =
—g(p — po)/po is the buoyancy defined in terms of the grav-
itational acceleration g, potential density p and constant
reference density po, {as = f — Uy + Vi is the absolute ver-
tical vorticity. In more detail, the instability condition fg <
0 implies a variety of instabilities such as (Bachman et al.,
2017)

Gravitationalinstability: b, < 0 (2)

Inertial instability: foas < 0,b, >0 (3)

Symmetric instability:

fqbc <0, |fqbc| > fqverts fqvert >0,b,>0
If the flow is in geostrophic balance, we can apply the
thermal wind relation (u, = —by/f, v, =bx/f, w=10) and
rewrite the expression for g, in Eq. (1) as

Gbe = —(b + b})/ f (5)

and further the Sl condition as (Haine and Marshall, 1998;
Hoskins, 1974)

“4)

Rig‘;’s=Ri(1+Ro)<1,Ro>—1,bz>0 (6)

where Ri = N?/(u + vZ) = f*N?/(b% + b}) is the geostrophic
Richardson number, Ro= (—u, + vx)/f is the gradient
Rossby number defined as the ratio of vertical relative vor-
ticity ¢ = —uy + vy to the planetary vorticity f, and N* = b,
is the buoyancy frequency squared.

Eqg. (5) says that the baroclinicity of the fluid always
works to reduce the potential vorticity and the SI occurs
when the baroclinicity term gy of the Ertel potential vor-
ticity g becomes prevalent over the vertical stratification
and vorticity term gyer:. Such a prevalence is more likely to
occur in the upper mixed layer where the vertical stratifica-
tion is commonly weak and can be further weakened rela-
tive to the baroclinicity term that can increase due to atmo-
spheric forcing (e.g. due to cross-front advection of dense
water over light by Ekman transport driven by winds with
down-front component (Thomas, 2005) — the situation that
was revealed within the Northern Wall of the Gulf Stream
(Thomas et al., 2013)).

The SI growth rate w; and horizontal lengthscale L can
be estimated for constant shear and stratification (see Eq.
(1.4), (2.28), and (2.29) of Stone (1966)) as

V1 —Ri U "
wj = ,L<2-—+Vv1—-R 7
- R AL @)

where U is the velocity of the basic geostrophic flow. In ac-
cordance to Eq. (7), for typical ocean parameters, U = 0.1
m/s, f= 1410“ s, and Sl favoring condition, Ri = 0.25—
0.95, the Sl time (1/w;) and length (L) scales are in the range
of (0.58—4.35)/f or 1.6—12 hours and below 0.45—1.7 km,
respectively.

Favorable conditions for Sl are also expected in the bot-
tom boundary layer over sloping seabed where a cross-flow
advection of dense water over light water by Ekman trans-
port driven by bottom friction can reduce vertical stratifi-
cation and increase baroclinicity (e.g. Garrett et al., 1993;
Umlauf and Arneborg, 2009; Zhurbas et al., 2012).

The possibility to meet the SI condition Eq. (4) in well
stratified interior layers of the sea that are not directly ex-
posed to the atmospheric forcing and bottom friction seems
questionable and should be additionally tested. However,
one has to keep in mind that this instability condition is for-
mulated in terms of the Ertel potential vorticity of inviscid
adiabatic fluid and does not account for effects of verti-
cal eddy viscosity and diffusion. If vertical eddy viscosity
and diffusion is taken into account (see Eq. (3.3.a) and an
unnumbered equation next to (3.5) in McIntyre (1970) and
Appendix 1 for details), the Sl condition Eq. (6) will change
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(1+Pr)?
4Pr

where Pr is the Prandtl number defined as the ratio
of apparent vertical viscosity to diffusion of buoyancy.
For this reason, diffusive destabilization of baroclinic
geostrophic flow relative to 2D (symmetric) disturbances
at 1 <Ri< (1 +Pr)2/(4Pr) is referred as the MclIntyre in-
stability (Ruddick, 1992). In stratified ocean the Pr value
can be much larger than 1 because e.g. the low (near-
inertial) frequency internal waves (Lappe and Umlauf, 2016;
Thomas et al., 2016) can effectively contribute to the verti-
cal transport of momentum without contributing to the ver-
tical transport of mass/buoyancy. Comparing growth rates
of symmetric disturbances in viscous non-adiabatic and in-
viscid adiabatic cases, the corresponding inviscid adiabatic
modes usually have the numerically highest growth rates
(McIntyre, 1970).

Apart from the diffusive destabilization, the baroclinic
geostrophic flow in the ocean is subject to double-diffusive
destabilization relative to 2D (symmetric) disturbances
Kuzmina and Rodionov, 1992; Kuzmina and Zhurbas, 2000;
May and Kelley, 1997) caused by the differences in vertical
apparent diffusivities for scalar quantities that determine
the sea water density/buoyancy — temperature and salin-
ity, in accordance with parameterization by Stern (1967).
Therefore, there are at least three types of symmetric in-
stability of baroclinic geostrophic flows: classic or invis-
cid adiabatic SI (SI), diffusive SI (DSI or Mcintyre instabil-
ity), and double-diffusive SI (DDSI). The DSI can exist at a
wider range of Ri than SI (cf. Eq. (6) and (8) while DDSI
is possible at any large value of Ri (Kuzmina and Zhur-
bas, 2000). The maximum growing S| disturbance is aligned
to the isopycnal slope and gains the kinetic energy (KE)
from the mean sheared flow, while the submesoscale and
mesoscale currents/eddies gain KE primarily through the re-
lease of available potential energy stored in baroclinic fluid
(Thomas et al. 2013, 2016). In contrast to SlI, the maxi-
mum growing DSI and DDSI disturbances at Pr > 1 have a
smaller slope than the isopycnal slope and gain KE through
the release of available potential energy of baroclinic fluid
(Kuzmina and Zhurbas, 2000; McIntyre 1970). The SI, DSI and
DDSI are characterized not only by different Ri ranges, but
also by different growth timescales: the timescales for DSI
and DDSI are larger than the timescale for SI (Kuzmina and
Zhurbas, 2000; McIntyre, 1970; see also Appendix 1).

Apart from the symmetric instabilities, the elongated
submesoscale features seen in the horizontal plane view
of the vertical vorticity, temperature, material concentra-
tion ¢, etc. can be generated by strain-induced frontoge-
nesis (McWilliams, 2016; Munk et al., 2000). Frontogenesis
is a classical dynamical process in meteorology (Hoskins and
Bretherton, 1972; Hoskins, 1982) and ocean (Kuzmina, 1981;
Macvean and Woods, 1980) where a background horizontal
deformation flow such as ug = ax, vq=—ay, wg=0, a >
0 with a uniform strain rate

. Uy _ %
()

Ri(1 + Ro) < ,Ro> -1, b, >0 (8)

provides a rapid growth of y-aligned surface horizontal
gradients of buoyancy by, velocity u, and passive tracer

concentration, c,. The growth is exponential for passive
tracer (c, ~ exp(at)) and can be even super-exponential
for the dynamically active b (Hoskins and Bretherton, 1972;
Hoskins, 1982). In the course of strain-induced frontogen-
esis in inviscid adiabatic fluid, the frontal jet symmetry is
violated towards a strong cyclonic shear and a weak anti-
cyclonic shear: at time 2.5¢~" the associated Rossby num-
bers are Rot =1 and Ro~ = —0.3, respectively. Soon after-
wards, at 2.89«~", the singularity is achieved with Ro™ =
+o0o while the anticyclonic shear remains at Ro- = —0.3
(Macvean and Woods, 1980; Munk 2001; Ou, 1984). Remark-
able that the modelled filamentous submesoscale features
in the surface ocean layer are characterized by very high
cyclonic shear at Ro > 1 (McWilliams, 2016; Onken et al.,
2020; vali et al. 2017). In context of filamentous subme-
soscale features, the primary background strain can be from
mesoscale currents and eddies as well as from submesoscale
coherent vortices, while the seed buoyancy gradients are
created either by the quasigeostrophic chaotic advection
of the mesoscale b field or by the mixed layer instabilities
(McWilliams, 2016).

In the general case the horizontal strain rate is defined
as (e.g. Gula et al. (2014))

5= \/(Ux - Vy)z + (v + Uy)z (10)
The principal strain axis, given by the angle 6, such that
vy +u
2 X'y 11
tan (26,) - (11)

corresponds to the direction of the maximum stretching,
while its perpendicular direction corresponds to the maxi-
mum contraction. The straining will induce frontogenesis if
the principal strain axis is aligned with the axis of the front.
There is a link between the strain-induced frontogenesis and
SI, namely, the enhancement of lateral buoyancy gradients
due to frontogenesis in conjunction with atmospheric forced
surface buoyancy loss can produce a negative Ertel poten-
tial vorticity g and thereby trigger Sl (Jing et al., 2021).

There is another possibility of the striped texture for-
mation, which can be considered as a null hypothesis. This
refers to stirring of large-scale inhomogeneities by the eddy
field (e.g. Villermaux (2019)). Smith and Ferrari (2009) have
shown that temperature and salinity filaments with slopes
much steeper than the isopycnal slope can be generated
through lateral stirring of large-scale thermohanine gradi-
ents on isopycnal surfaces (thermoclinicity) by a vigorous
geostrophic eddy field developed through barocinic insta-
bility in the framework of a quasi-geostrophic model. Ef-
fect of stirring is demonstrated in Appendix 2 where the
evolution of a constant gradient of the tracer concentra-
tion in a time-dependent, non-divergent 2D velocity field,
consisting of two gyres that conversely expand and contract
periodically in the x-direction, is considered. It is shown
that for the advection time much longer than the period
of eddy rotation and expansion-contraction, the constant
gradient tracer concentration transforms into a striped tex-
ture, while the velocity and vorticity fields remain free of
any strip-like irregularities.

Baltic Sea (Figure 1) is known for summer cyanobac-
teria blooming (e.g. Finni et al. (2001)) which provides
outstanding ability to visualize filamentous submesoscale
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Bathymetric map of the Baltic Sea. Left panel: The high resolution model domain (filled colors) with the open boundary

locations (bold blue lines). The coarse resolution model domain (blank contours + filled colors) has an open boundary close to
Gothenburg (bold black line). Right panel: Close-up of the northeastern Baltic Proper (the study area). The river mouth locations in
the coarse model setup and in both setups are marked with dots and crosses, respectively.

structures and coherent vortices in remote sensing optical
images of the sea surface. Such images were even used in
review articles to demonstrate submesoscale phenomena
(e.g. McWilliams (2016)). Several attempts were done to
reproduce submesoscale features seen on remote sensing
images of the Baltic Sea using very high-resolution circu-
lation models (Laanemets et al., 2011; Onken et al., 2020;
Vankevich et al., 2016; Zhurbas et al., 2008; 2019a,b).
Statistics of submesoscale coherent vortices simulated
in the surface layer of the Baltic Sea was accessed in
Vortmeyer-Kley et al. (2019). Rotation of floating partic-
ulate matter in submesoscale vortices and its aggregation
into filamentous features was studied by means of numer-
ical modelling of the Baltic Sea circulation (Giudici et al.,
2021; Kalda et al., 2014; Vali et al., 2018; Zhurbas et al.,
2019a,b). Diagnosis of mixed layer instabilities as applied
to the surface layer of the Baltic Sea was performed by
Onken et al. (2020) and Chrysagi et al. (2021) based on sub-
mesoscale simulations. In summer, the Sl condition (Eq. (4))
was found to be satisfied in 1.8—4.8% of the grid cells in the
surface layer of a 100 km x 100 km model domain to the
south of the Bornholm Island (Onken et al., 2020). Negative
values of the Ertel potential vorticity consistent with SI
were found in the down-wind flank of a frontal filament
emerged during a storm event in the Eastern Gotland
Basin (Chrysagi et al., 2021). Seasonality of submesoscale
coherent vortices in different layers of the Baltic Sea
was addressed in Vali and Zhurbas (2021) based on very
high-resolution modelling. Kuzmina et al. (2005) showed
that DDSI was probably responsible for generation of ther-
mohaline intrusions observed in the permanent halocline of
the Eastern Gotland Basin after the 1993 Major Inflow.

Almost all of the above sited studies of submesoscale
processes were focused on the surface mixed layer. Mean-
while, submesoscale processes are not limited to the
surface mixed layer, where they are probably most in-
tensive, but can also be active in the interior sea layers
(McWilliams, 2016; Smith and Ferrari, 2009; Yu et al., 2019).
The objective of this work is to simulate submesoscale flows
typical for summer season in the northeastern Baltic Proper
based on a very high-resolution circulation model, compare
the submesoscale filaments of the surface layer with those
in the interior layers, and provide diagnosis of formation
mechanisms based on the above listed criteria.

2. Material and methods
2.1. Model description

The General Estuarine Transport Model (GETM)
(Burchard and Bolding, 2002) was applied to simulate the
meso- and submesoscale variability of temperature, salinity,
currents, and overall dynamics in the northeastern Baltic
Proper. GETM is a primitive equation, 3-dimensional, free
surface, hydrostatic model with the embedded vertically
adaptive coordinate scheme (Hofmeister et al., 2010) which
reduces the artificial numerical mixing in the simulations
(Grawe et al., 2015). The vertical mixing is parametrized
by two equation k-¢ turbulence model coupled with an
algebraic second-moment closure (Burchard and Bold-
ing, 2001; Canuto et al., 2001). The implementation of
the turbulence model is performed via General Ocean
Turbulence Model (GOTM) (Umlauf and Burchard, 2005).
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Figure 2  Colour snapshot (a) and infrared SST map (b) of an
area west of the Moonsund from Operational Land Imager (OLI)
and Thermal Infrared Sensor (TIRS) of the Landsat 8 satellite on
2018/07/18 19:00 UTC versus modelled SST (GETM, 0.125 NM
grid) on 2018/07/18 07:07 UTC (c).

For the horizontal and vertical transport of momentum
and tracers, a second-order total variation diminishing
(TVD)-scheme with Superbee limiter with reduced spurious
mixing (Klingbeil et al., 2014 and 2018) is applied.

The coarse resolution model covers the entire Baltic Sea
with an open boundary in the Kattegat and has the hor-
izontal resolution of 0.5 nautical miles (926 m) over the
whole model domain. The coarse resolution model run is
started from 1 April 2010 with initial thermohaline condi-
tions taken from the Baltic Sea reanalysis for the 1989—2015
by the Copernicus Marine service. More detailed informa-
tion about the model setups is available in Zhurbas et al.
(2018 and 2019a) and for the coarse resolution model in
Liblik et al. (2020).

The horizontal grid of the high-resolution nested model
with uniform step of 0.125 nautical miles (approximately
232 m) all over the computational domain, which covers
the central Baltic Sea along with the Gulf of Finland and
Gulf of Riga (Figure 1), is applied while 60 adaptive lay-
ers in the vertical direction are used, and the cell thick-
ness in the surface layer within the study area does not
exceed 1.8 m. The digital topography of the Baltic Sea
with the resolution of 500 m (approximately 0.25 nautical
miles) is obtained from the Baltic Sea Bathymetry Database
(http://data.bshc.pro/) and interpolated bi-linearly to 232
m resolution.

Nested model simulation run is performed from 1 April
to 20 September 2018. The model domain has the west-
ern open boundary in the Arkona Basin and the northern
open boundary at the entrance to the Bothnian Sea (see
Figure 1 for details). For the open boundary conditions
the one-way nesting approach is used and the coarse res-
olution model results along the open boundaries are uti-
lized. Sea-level fluctuations with 1-hourly resolution and
temperature, salinity and current velocity profiles with 3-
hourly resolution are interpolated using the nearest neigh-
bour method in space to the higher resolution grid. In ad-
dition, the profiles are vertically interpolated to 2 m reso-
lution and extended to the bottom of the high resolution
model. Flather (1994) radiation condition is used for the
obtained sea-level fluctuation data and relaxation towards
obtained profiles with sponge layer factors according to the
method of Martinsen and Engedahl (1987) during simulations
at the boundary.

The atmospheric forcing (the wind stress and surface
heat flux components) is calculated with bulk formulae from
the wind components, solar radiation, air temperature, to-
tal cloudiness and relative humidity data generated by the
operational model HIRLAM (High Resolution Limited Area
Model) maintained by the Estonian Weather Service with the
spatial resolution of 11 km and temporal resolution of 1 hour
(Mannik and Merilain, 2007). The wind velocity components
at the 10 m level along with other HIRLAM meteorological
parameters are bi-linearly interpolated to the model grid.

The freshwater input from 54 largest Baltic Sea rivers
together with their inter-annual variability is taken into ac-
count in the coarse resolution model. The original dataset
consists of daily climatological values of discharge for each
river, but inter-annual variability is added by adjusting
the freshwater input to different basins of the sea to
match the values reported annually by HELCOM (Johansson,
2018).
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Left panels: gradient Rossby number Ro = ¢/ f simulated on 2018/7/18 07:07 UTC at 2 m (top) and 22 m (bottom) levels.

A black line on the left panels is the location of a transect to be analyzed in Figure 5 and 12. Right panels are the same but in the

shaded relief form to highlight the striped texture.

The initial temperature and salinity fields are obtained
from the coarse resolution model for 1 April 2018 and in-
terpolated using the nearest neighbour method to the high-
resolution model grid. In addition, as the adaptive vertical
coordinates are used in both setups, the T/S profiles from
coarse resolution are linearly interpolated to fixed 10 m
vertical resolution before interpolation to the high resolu-
tion and extended to the maximum depth of high-resolution
model. The model runs are started from motionless state
and zero sea surface elevation. The spin-up time of the
Baltic Sea model under the atmospheric forcing is expected
to be within 10 days (Krauss and Brugge, 1991; Lips et al.,
2016), while the model output for comparison with the re-

spective satellite imagery was obtained after 108 days of
simulation.

2.2. Model validation

The coarse-resolution model (926 m grid), whose output
was used as the initial and open boundary conditions in the
nested, high-resolution model (232 m grid), has been thor-
oughly tested by means of comparison of the simulated and
observed current velocity variance and timeseries of sea-
level fluctuations, temperature and salinity in the surface,
intermediate and bottom layers for a number of monitor-
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ing stations of the Baltic Sea (see Zhurbas et al. (2018) for
details).

The ability of the nested, high-resolution model to re-
produce the observed submesoscale structures is demon-
strated in Figure 2 where the optical and infrared sea sur-
face temperature (SST) snapshots of an area west of the
Saaremaa and Hiiumaa islands (Moonsund), Estonia, from
Landsat-8 mission is presented versus the modelled SST for
2018/07/18. The snapshots were taken during the period
of summer blooming of cyanobacteria, when the subme-
socale motions have assembled the phytoplankton mate-
rial into filaments winded up into spirals thereby visualiz-
ing coherent submesoscale vortices. Note that the cyclonic
vortices/spirals are visualized better than the anticyclonic
ones which can be explained by larger rotation frequency
and more pronounced differential rotation (Zhurbas et al.,
2019b). Similar pattern of submesoscale filaments and ed-
dies is seen in the simulated SST map; the difference is that
the simulated pattern is more densely populated with sub-
mesoscale features in comparison to the remote sensing op-
tical image which can be probably explained by the lack
of visualizing tracer (phytoplankton) in some parts of the
study area. The remote sensing SST is in good agreement
with the modelled SST, displaying almost identical areas of
pronounced coastal upwelling and many submesoscale ed-
dies. Of course, one cannot expect that the model will re-
produce the mutual arrangement of vortices in remote sens-
ing images, since it is impossible to simulate the individual
realization of a random process of the formation of subme-
soscale vortices.

3. Results

The simulated submesoscale filaments — stripes occurred to
be found in different tracer fields not only in the surface
layer but also in the interior layers. To illustrate this, we
calculated patterns of the gradient Rossby number Ro=¢/f
(Figure 3) and the horizontal temperature gradient modulus
|AuT| = /T2 + T2 (Figure 4) in the surface layer (z =2 m)
and in an interior layer at depth z = 22 m which is located
in or just below the seasonal thermocline (cf. Figure 5d).
Note that all of the gradient variables shown in Figure 3 and
subsequent figures were calculated through the finite dif-
ferences with a step of 2 m vertically and 232 m horizon-
tally. Both the Ro and |AT| maps display a variety of sub-
mesoscale stripes of the order 10 km in length and 1 km in
width. The most prominent stripes are found on the periph-
ery of submesoscale coherent vortices (cf. Figures 3, 4 and
5), and they display a tendency to be vertically inclined to-
wards the center of the vortex with increasing depth (see
Figure 5).

Vertical/side view of the submesoscale stripes is demon-
strated in Figure 5 where the Rossby number fluctuations
R0 = Ro — (Ro) and the horizontal gradient modulus of tem-
perature and density, |AyT| and |Ayp|, respectively, are
plotted versus distance and depth; (Ro) is the running mean
value of Ro over 11 bins horizontally-neighbouring along
the section (i.e. the smoothing window is 11 x 231.5 m ~
2.5 km). The stripes seen in the interior layers have vertical
extension of 10—50 m and do not penetrate into the surface

mixed layer whose thickness is only 5—8 m (cf. Figure 5b,
c and d). The surface mixed layer has its own system of
stripes, the vertical extension of which is probably deter-
mined by the thickness of the mixed layer but cannot be ac-
curately estimated from Figure 5. To estimate the vertical
extension of stripes in the mixed layer accurately, we calcu-
lated the correlation coefficient between the Rossby num-
ber fluctuations R0 in the uppermost z-level (0.5 m depth)
and that of 1.5, 2.5, ..., 10.5 m depth. Since the correla-
tion dropped to 0.21 for the 0.5 m and 6.5 m series and
became negative (-0.013) for the 0.5 m and 7.5 m series,
the vertical extension of stripes in the surface mixed layer
was estimated as 6—7 m.

To diagnose the possibility of formation of submesoscale
striped texture in the Baltic Sea by stirring of large-scale
inhomogeneities by the eddy field, we carried out a numeri-
cal experiment with floating Lagrangian particles, similar to
that described in Appendix 2. Instead of the eddy field spec-
ified by the analytical forms (A26)—(A27), we took the time-
dependent (u, v)—components of currents in the surface
layer of the Baltic Sea, generated by the high-resolution
model. The initial concentration of floating particles was
taken either homogeneous with C; = 900 particles per a 232
m x 232 m model bin, randomly seeded within the bin,
or obeying a constant meridional gradient with 1000 par-
ticles per bin at the northern boundary of the study region
and 800 particles per bin at the southern boundary. Keep-
ing in mind that the typical period of rotation of coher-
ent submesoscale vortices in the Baltic Sea is Tesy = 47/ f ~
28 hours, we calculated the normalized concentration C/Cy
for 2018/7/18 07:07 UTC formed from the homogeneous
and constant meridional gradient states during the preced-
ing time span of t = 8 hours (which corresponds to the
case of small advection time t/Tesy =029 < 1) and t = 3
days (which corresponds to the case of large advection time
t/Tesy = 2.6 > 1) (Figure 6).

In contrast to the case of non-divergent, time-
dependent, 2D eddy field where the formation of striped
texture by stirring of the large scale inhomogeneities took
place only at t/Tcsy > 1 (see Appendix 2), in the case
of the modelled (u, v)—components of surface currents of
the Baltic Sea the striped texture in the floating parti-
cles concentration is already formed at t/Tcsy <« 1 starting
from both the homogenous and constant meridional gradi-
ent state (cf. Figures 6 and 14). Moreover, the striped tex-
ture formed from initially homogeneous and constant gra-
dient concentration is almost identical which means that
the stripes are generated by the horizontal velocity diver-
gence/convergence rather than by stirring of the large-scale
horizontal gradients by the eddy field.

The striped texture is also seen in the field of horizon-
tal velocity divergence, but it has no simple linear rela-
tionship with the striped texture of the floating tracer (cf.
Figures 6 and 7). The dissimilarity of the texture in the fields
of concentration of the floating tracer and horizontal diver-
gence is associated with a complex integral relationship be-
tween these fields (Vali et al., 2018).

C(x,t)=C(t —1|x, t)exp[t}r div(u(t'|x, t))dt’] (12)
t

where u = (u, v) and A(t/|x, t) denotes the value of a prop-
erty A at time moment t/ for a Lagrangian particle/parcel
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Figure 4 Horizontal temperature gradient modulus |V4T| simulated on 2018/7/18 07:07 UTC at 2 m (left) and 22 m (right) levels.

that had the position x = (x,y) at time moment t. The
quadrature solution (12) shows that concentration of float-
ing stuff at a material point (x, t) is equal to the concen-
tration at the same material point in the preceding time
moment t — t multiplied by the exponent of the backward
time integral of the Lagrangian velocity divergence for the
time interval [t, t — 7].

To diagnose the classic symmetric instability using the re-
sults of simulation, we tested the fulfillment of the criterion
Eqg. (4) and the condition g < 0 in the same layers as shown
in Figures 2—4. A logical maps presented in Figure 8 show
that the criterion Eq. (4) is satisfied in numerous elongated
spots occupying approx. 20.1% of the study area in the sur-
face layer, while at z = 22 m the instability percentage falls
to 0.6%. Moreover, even the rare, would-be instability spots
at z =22 m level are not uniformly distributed within the
study area but mostly located in the vicinity of the same
contour of the sea depth, 22 m, i.e. they are actually in the
bottom boundary layer. As to the gravitational (Eq. (2)) and
inertial (Eq. (3)) instability, it is possible only in areas less
than 1% of the total study area both at z=2 m and z = 22
m (i.e. the likelihood to meet gravitational and inertial in-
stabilities is insignificant both in the surface and interior
layers).

To diagnose the Mclintyre instability, we calculated pa-
rameter Ri(1+ Ro) at z= 2 and 22 m levels (Figure 9).
It was conventionally assumed that the McIntyre instabil-
ity is possible at 1 < Ri(1 4+ Ro) < 10 when in accordance to
Eq. (8) the Prandtl number is not too large, 1 < Pr < 40,
or not too small, 1/40 < Pr < 1. The parameter Ri(1 + Ro)
was in the 1 < Ri(1 + Ro) < 10 range (the would-be McIntyre
instability) in 39.4% and 14.0% of the study area atz = 2
and 22 m levels, respectively, and in the 0 < Ri(1 + Ro) < 1
range (classic symmetric instability) in 12.6% and 0.7%, re-
spectively. Note that the criteria Eq. (4) and Eq. (6) provide
nearly the same small value for the symmetric instability
percentage in the interior layer (0.6% vs 0.7%) while in the
surface layer, Eq. (4) gives considerably larger value of the

symmetric instability percentage relative to Eq. (6) (20.1%
vs 12.6%). The discrepancy is likely caused by the vertical
shear in the wind-driven Ekman currents which, being ig-
nored in Eq. (6), can enlarge the absolute value of g in the
surface layer.

To diagnose the possibility of horizontally elongated
submesoscale features to be generated by strain-induced
frontogenesis, a frontogenetic strain rate was defined as
S cos(20), where 6 =0, — 6, is the angle between the den-
sity front axis 6, and the principal strain axis 6. At 0| < /4
we have Scos(20) > 0 which corresponds to frontogenetic
situation, and at |6| > 7 /4 we have Scos(20) < 0 which cor-
responds to frontolytic situation (Hoskins, 1982, Gula et al.,
2014). The horizontal strain rate S defined by Eq. (11) and
the angle 6 was calculated from the model output. Maps
of the normalized frontogenetic strain rate S cos(20)/f
(Figure 10) show that positive values of this parameter of
the order of 1 frequently encounter both in the surface and
interior layers. The cumulative distribution function PF of
the S cos(20)/f parameter (Figure 11) show that the fron-
togenetic case is more probable than the frontolytic case
(1 — PF(0) =0.62 and 0.58), and the 90% quantile of PF (i.e.
the value of S cos(20)/ f for which PF (S cos(20)/f) = 0.9) is
0.41 and 0.33 at z = 2 m and 22 m, respectively.

Distribution of the same parameters as in Figures 8—
10 versus distance and depth (Figure 12) confirms that the
ideal fluid SI criterion (Eq. (4)) is satisfied in numerous spots
in the surface and bottom layers and not satisfied in the in-
terior. In the surface layer, the spots do not exceed 5 m in
depth. In contrast, there is some possibility for the McIntyre
instability to exist both in the boundary and interior lay-
ers especially within the anticyclonic eddy (see Figure 12c).
Similar to Figures 10—11, Figure 12d shows the presence of
relatively high values of S cos(26)/f throughout the water
column.

Vertical section of the Sl logical parameter, g, Ri(1 + Ro),
and Scos(20)/f (Figure 12) confirms that conditions
favourable for Sl are satisfied only in a localized spots in the
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Normalized concentration of floating particles on 2018/7/18 07:07 UTC formed by the modelled surface layer currents

during the preceding time span of t = 8 hours (left panels) and t = 3 days (right panels) from the initially homogeneous (top panels)

and constant meridional gradient (bottom panels) state.

surface and bottom layers while the high positive values of
the horizontal frontogenetic strain rate S cos(26) of the or-
der of f are frequently encountered everywhere throughout
the water column. Note that there are some spots of nega-
tive g and Ri(1 + Ro) values in the core of the anticyclonic
eddy and in the bottom layer which are not confirmed by
the Sl logical parameter and therefore relate to the inertial
instability condition Ro < —1.

4. Discussion and conclusions

The very high-resolution modelling of the northeastern
Baltic Proper shows that preferentially along-flow elongated

10

submesoscale inhomogeneities or stripes of the order of 10—
20 km in length and 1 km in width, are quite typical for sum-
mer season both in the surface layer and the interior layers.
The difference lies in the vertical scale of the stripes: it
does not exceed 6—7 m in the surface layer which is com-
parable with the upper mixed layer depth (see Figure 5) to
10—50 m in the interior layers. In the vertical plane, the
stripes display a tendency to be inclined towards the center
of submesoscale coherent vortices with increasing depth.
The difference in vertical size of the stripes simulated in
the surface and interior layers hints at different generation
mechanisms, the diagnosis of which has become the main
focus of this study.
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Figure 7 Normalized horizontal divergence of the surface layer velocity simulated for 2018/7/18 07:07 UTC.

Stirring of large-scale inhomogeities by the eddy field
was chosen a null hypothesis for the striped texture for-
mation. To test this, we performed a number of numerical
experiments simulating horizontal advection of Lagrangian
particles by the surface currents generated by the high-
resolution model of the Baltic Sea and by the 2D non-
divergent, time-dependent, two-gyre velocity field speci-
fied by analytical forms (A26)—(A27) for comparison. As a
result, the null hypothesis was declined for the next two
reasons.

First, the stirring of large-scale horizontal gradients of
a passive tracer by the eddy field was found to form the
striped texture for the advection time much larger than
the period of eddy rotation, t/Tcsy > 1, while, in particu-
lar, the aggregation of floating particles in stripes by the
modelled surface currents of the Baltic Sea took place al-
ready at t/Tcsy < 1 even when the particles were uniformly
seeded throughout the study region. The latter proves that
the non-uniform horizontal divergence rather than stirring
of large-scale horizontal gradients matters.

Second (and more principal), stirring of large scale inho-
mogeneities by eddies in its narrow sense implies the pos-
sibility of striped texture formation in the passive tracer
concentration (e.g. Villermaux, 2019) or in temperature
and salinity provided that there are thermohaline gradients
on isopycnal surfaces, i.e. thermoclinicity (Smith and Fer-
rari, 2009). However, the high-resolution ocean modelling
forecasts the striped texture also in the dynamically ac-
tive tracers such as the vertical vorticity, modulus of hor-
izontal gradient of buoyancy, horizontal divergence, etc.
Therefore, one has to seek for other mechanisms responsi-
ble for strip-like submesoscale disturbances of the velocity
and buoyancy fields.

11

Table 1 Normalized growh rate w;/f of the maximum
growing mode of the classic symmetric instability ver-
sus the Richardson and Rossby numbers, calculated from
Eq. (A10).

Ro\\ Ri 0.25 0.5 0.95
-0.5 1.87 1.22 0.74
0 1.73 1 0.23
0.5 1.58 0.71 NONE

The classic Sl criterion (Eq. (4)) is shown to be satisfied
in numerous elongated spots occupying approximately 20%
of the study area in the surface layer and the vertical ex-
tension of Sl layer does not exceed 5 m and has the typical
value of 4 m which is a part of the mixed layer of 6—8 m
in depth (cf. Figures 5 and 12). The thermal wind veloc-
ity U in Eq. (A25) can be estimated from the model out-
put as the product of the root mean square of the verti-
cal velocity gradient at z=2 m (which is 0.027 s for the
time moment 2018/7/18 07:07 UTC) and the height of SI
layer: U=0.027 x4~ 0.1 m s'. If one takes U= 0.1 m
s, f=1.24 10* s (at 58.2°N, the mid-latitude of the
study area), Ri = 0.25—0.5, and Ro = -0.5—0.5, according to
Egs. (A10) and (A25) the SI growth timescale T = 1/w; will
be estimated as T = 1.2—3.2 hours, while the upper limit
for the lengthscale of growing disturbances varies within
L = 540—3020 m (see Tables 1 and 2). These estimates of
T and L seem quite reasonable, because the former is much
smaller than the formation time of the submesoscale coher-
ent vortices (McWilliams, 2016), and the latter satisfacto-
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Logical maps (left panels) indicating where the condition for symmetric instability (Eq. (4)) is satisfied (black spots)

and Ertel potential vorticity g (right panels) in the surface layer (top panels) and the interior (bottom panels) layers (simulation,

2018/7/18 07:07 UTC).

rily corresponds to the width of the simulated filaments: in
accordance to Figure 5b, the horizontal wavelength of the
stripes in the surface layer varies between 2 km and 3 km
which is close to the upper limit of the horizontal length-
scale of the unstable SI modes. Given the uncertainties both
in theory and in the simulation results, a more detailed com-
parison of the theory with the simulation results does not
seem appropriate. Therefore, symmetric instability in invis-
cid adiabatic fluid may be considered as a probable gener-
ation mechanism for the submesoscale stripes in the sur-
face layer of the Baltic Sea. To the contrast, the Sl criterion

12

Eq. (4) is not satisfied in the interior layer, and alternative
generation mechanisms of submesoscale stripes has to be
suggested.

One of the competitive generation mechanisms of the
submesoscale stripes in the interior layers of the Baltic Sea
could be the Mcintyre instability which is a form of symmet-
ric instability in a viscous, non-adiabatic fluid accounting for
the difference between vertical eddy viscosity and vertical
eddy diffusion of buoyancy (McIntyre, 1970; Ruddick, 1992).
Indeed, if we conditionally suppose that the Prandtl num-
ber Pr is as large as Pr =40 or as small as Pr =1/40 (so
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Figure 9 Parameter Ri(1+ Ro) in the surface and the interior layers (simulation, 2018/7/18 07:07 UTC) indicating the possi-
bility of different instabilities: Ri(1 + Ro) < 0 — inertial instability, 0 < Ri(1 + Ro) < 1 — symmetric instability, 1 < Ri(1 + Ro) <

(1+ Pr)?/4Pr = 10 — McIntyre instability.
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Figure 10 Normalized frontogenetic strain rate S cos(20)/ f in the surface (left) and interior (right) layers (simulation, 2018/7/18

07:07 UTC).

that (1 + Pr)2/4Pr ~ 10), the Mcintyre instability criterion
1 < Ri(1+ Ro) < (14 Pr)?/(4Pr) will be satisfied in approx.
39% of the study area in the surface layer, while in the in-
terior layers, the percentage falls to 14% (see Figures 9 and
12c). The latter percentage value, 14%, being considerably

13

smaller than in the surface layer, is still large enough to
consider the Mcintyre instability as a competitive genera-
tion mechanism for submesoscale stripes in the interior lay-
ers. As to the growth time of the Mcintyre instability, it is
considerably larger than respective estimates for the clas-
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Cumulative distribution functions and probability density functions of the normalized frontogenetic strain rate

S cos(20)/f in the surface layer (black curves) and the interior (red curves) calculated from the model output on 2018/7/18 07:07
UTC. Dotted lines point at 90% quantile of the S cos(20)/ f distributions.

Table 2 Limitation for the horizontal length scale of dis-
turbances L growing due to the classic symmetric insta-
bility, calculated from Eq. (A25) at U= 0.1 m s, f=
1.24¢10% s*', and different values of the Richardson and
Rossby numbers.

Ro \\ Ri 0.25 0.5 0.95
-0.5 <3020 m <2800 m <2340 m
0 <1400 m <1140 m <360 m
0.5 <860 m <540 m NONE

sic Sl (cf. Tables 1 and 3). There is some doubt that the
Mclintyre instability at Pr > 1 (viscous destabilization) can
be responsible for generation of submesoscale stripes simu-
lated in the interior layer of the Baltic Sea for two reasons.
First, the typical value of the growth time 1/w;, achieved
when Ri(1+ Ro) is in the middle of the instability range
(1, (14 Pr)?/4Pr > 1), is estimated at 3 days (see Table 3)
which is comparable with the formation time of the subme-
soscale coherent vortices. Second, the slope of simulated
stripes clearly exceeds the isopycnal slope (see Figure 5),
while the theory forecasts the opposite (see Eq. (A18)).
Despite the fact that now we have no physical reason to
believe that the Prandtl number in the ocean can be less
than one, it still seems interesting to consider the Mcin-
tyre instability under the condition Pr < 1 (diffusive desta-
bilization). In this case, in accordance to Eq. (A18), the
slope of growing disturbances is larger than the isopycnal
slope which is consistent with the slopes of stripes simu-
lated in the interior layers (see Figure 5b and c). Moreover,
the growth rates of the maximum growing disturbances cal-
culated from Eq. (A15) at Pr <1 are found to be much
larger than that of Pr > 1 (see Table 3). For example, at

14

Table 3 Normalized growth rate w;/f of the maxi-
mum growing mode of the Mcintyre instability versus the
Richardson, Rossby, and Prandtl numbers (Ri, Ro, and
Pr, respectively), calculated as the maximum positive
root of the polynomial (A15). The choice of Pr values, 6,
1/6, 10, 1/10, 40 and 1/40, is motivated by the desire
to have approx. 2, 3, and 10 for the respective values of
(1+Pr)2/4Pr (see Eq. (8) and Figures 9 and 12c). Note
that the case of Ri = 1, Ro = —0.5 does not correspond to
the Mclintyre instability because Ri(1 + Ro) = 0.5 < 1.

Ro=0

Pr\\ Ri 1.1 2 5

6 (1/6) 0.096 (0.28) 0.00032 (0.0017) <O

10 (1/10) 0.12 (0.45) 0.018 (0.13) <0

40 (1/40) 0.15 (1.1) 0.055 (0.69) 0.0095 (0.23)
Ro=0.5

Pr\\ Ri 1.1 2.2 5

6 (1/6) 0.066 (0.20) <0

10 (1/10) 0.084 (0.32) 0.0035 (0.029)
40 (1/40) 0.11 (0.77) 0.027 (0.40)

Ro=1, Ri =2, Pr =14 we have w;/f = 0.031 (the growth
time is 1/w; ~ 3 days) versus w;/f = 0.24 (the growth time
is 1/w; ~ 9 hours) at Ro=1, Ri =2, Pr =1/14.

The credibility of generation of submesoscale stripes
by strain-induced frontogenesis, can be evaluated by con-
sidering the 90% quantile of the probability function of
the normalized frontogenetic strain rate PF (S cos(20)/f).
The high-resolution modelling show that the condition
PF (S cos(20)/f) = 0.9 is satisfied at [S cos(20)/ floo = 0.41
and 0.33 at z= 2 m and 22 m, respectively. In this case,
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Figure 12  Vertical section through an anticyclonic and two cyclonic eddies (simulation, 2018/7/18 07:07 UTC). The position of the
section is shown in Figures 2 and 3. (a) Potential density anomaly oy (contours) and Sl logical parameter based on Eq. (4) criterion
(black spots), (b) Ertel potential vorticity g calculated using Eq. (1), (c) instability parameter Ri(1 + Ro), and (d) normalized

frontogenetic rate S cos(20)/ f versus distance and depth.

a characteristic growth time of submesoscale stripes due
to frontogenesis can be estimated as 1/(0.41f) = 5.5 hours
and 1/(0.33f) = 6.8 hours in the surface and interior lay-
ers, respectively, which is 2—4 times longer than the above
mentioned SI growth times in the mixed layer.

Summarizing the above consideration, we admit that
three of four processes considered (the classic symmetric
instability, the MciIntyre instability, and the strain-induced
frontogenesis) could contribute to generation of the subme-
soscale striped texture in the surface layer of the Baltic Sea,
while in the interior layers, the classic symmetric instability
is excluded. Taking into account the fact that out of sev-
eral competing processes, the fastest survives, we conclude
that the classic symmetric instability and the strain-induced
frontogenesis are the most probable mechanisms respon-

15

sible for the formation of submesoscale striped texture in
the surface mixed layer of the Baltic Sea. In the interior
layers, the strain-induced frontogenesis and hypothetically
the Mcintyre instability can be essential, but it takes fur-
ther effort to draw a more definite conclusions. Stirring of
large-scale inhomogeneities by the eddy field could be re-
sponsible for formation of striped texture in a passive tracer
concentration and in temperature and salinity in the pres-
ence of thermoclinicity, but it does not imply formation of
stripes in dynamically active tracers, such as vertical vor-
ticity, horizontal gradients of buoyancy, etc. The DDSI is ex-
cluded from a list of possible mechanisms of formation of
submesoscale stripes because the study area in the period
considered was almost free of thermoclinicity, and double
diffusion was therefore unable to generate alternating hor-
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izontal pressure gradients. Note that the presence of sub-
mesoscale striped structures in the surface layer is backed
up by remote sensing images, while the simulated deeper-
layer filaments do not yet have such a strong observational
support.

All the above-described processing and analysis of the
model output was performed for one point in the simula-
tion time — 2018/07/18, and therefore the question arises
as to how typical the obtained results are. The same pro-
cessing of the model output was carried out for two more
points in time — 2018/07/27 and 2018/08/03 for which we
have the remote sensing images similar to Figure 2, a and
b (not shown in the article). Since no significant differences
were found, the above results can be considered apparently
typical for the summer season in the Baltic Sea.
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Appendix 1. Instability analysis

Let us perform a simple analysis of the instability of a
geostrophic flow with a linear vertical velocity profile in the
framework of a 2D problem, that is, when the perturbations
do not depend on the along-flow coordinate x (symmetric
instability). The basic flow equations are

ap
oy

aP -
fu ,V=0,W=0,5 —gp

where P and p are the pressure and density divided by
the reference density pp; the vertical shear of the basic
flow is taken constant: % = %g—ﬁ = const. We take into ac-
count also a constant barotropic shear of the basic flow:
% = const.
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Equations for disturbances with allowance for viscosity
and diffusion of buoyancy are

au au au au

= ZiwZ —pr k= A1
ot fv+v8y+waz r 022 (A1)
v ap 9%v

Al =2 Pk A2
ot +f oy e 0z2 (A2)
ow op

a = _F A3
at tS 0z (A3)
LWy (Ad)
y | oz

dp ap ap 3%p

v w2 L A5
ot + ay + 0z 0z2 (A35)

where u, v, and w are components of velocity disturbances,
p and p are disturbances of pressure and density divided by
0o, and K is the vertical diffusion of buoyancy.

In the case of infinite depth layer, the solution of system
Eq. (A1)—(A5) is sought in the form

¥ = Yoexp (ot + imz +ily) (A6)

where v is any disturbed variable from Eq. (A1)—(A5). Note
that with this form of solution, the tangent of the angle
of inclination of the disturbances relative to the horizontal
(slope) is

l

tan(y) = “m

Let’s consider different cases of the Eq. (A1)—(A6) solutions.

A1. Inviscid adiabatic fluid in hydrostatic
approximation, infinite depth layer

After removing the last term in the right hand part of
Eq. (A1), (A2), and (A5) and substituting Eq. (A6) to
Eq. (A1)—(A5) the following equation for the growth rate
w is obtained

lZ

§ [
o'+ ff+ Ztan(yp)NZE + NZW =0 (A7)

where tan(y,) = %" is the slope of isopycnals relative to the

horizontal, f* = f — % For a small isopycnal slope, y, < 1,
tan(y,) ~ y,, and Eq. (A7) re-writes as

o + ffF+ N (U/m+y,)" — NPy =0 (A7a)

It follows from Eq. (A7a)’ that instability (i.e., w > 0) is pos-
sible only when y? > 0or

Ri(1+ Ro) < 1 (A8)

where Ri = N{—i}
and Ro = —3”# is the gradient Rossby number. Note that
Eq. (A8) fits the classic Sl instability condition Eq. (6). Based
on the results of Ooyama (1966) Eq. (A8) was probably first
obtained by Hoskins (1974).

According to Eq. (A7a)’, the slope of the maximum grow-
ing disturbances, y;, is

l

is the geostrophic Richardson number

(A9)
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i.e., the maximum growing disturbance does not cross the
isopycnal surfaces (see also Kuznima and Zhurbas, 2000;
Mclntyre, 1970; Taylor and Ferrari, 2009). The growth rate
of the maximum growing disturbances, w;, is

1 — Ri(1+ Ro)\"*
wj = f(T)

Note that Eq. (A10) coincides the well-known formula by
Stone (1966), provided that Ro= 0 (cf. Eq. (7) which was
derived in Stone (1966) for the no barotropic shear case).
Eq. (A10) was also derived in Haine and Marshall (1998) from
energy analysis of the thermal wind.

(A10)

A2. Inviscid adiabatic fluid, non-hydrostatic case,
infinite depth layer

In this case, the equation for the growth rate is

[? y l [
w2<1 + W) +ff+ Ztan(yp)NZE +N2W =0
It can be easily shown by analogy with the previous anal-
ysis, that the instability condition and the slope of the max-
imum growing mode remain the same as in the hydrostatic
case (see Eq. (A8) and (A9)). However, the growth rate for

the maximum growing disturbances is expressed in this case
by the formula:
fr

o =< (tan(y,))"N? 1+(tan(yp))z>1/z

;=
1+ (tan(y,))

For small isopycnal slopes tan(y,) < 1 Eq. (A12) reduces to

Eq. (A10), while for large isopycnal slopes tan(y,) > 1 it

reduces to

1—Ri(1

(A11)

(A12)

+ Ro) (A13)

Thus, the maximum growing perturbations can grow prac-
tically in a few minutes, but only when the slope of the
isopycnal surfaces significantly exceeds the angle of 7 /4.

A3. Viscous non-adiabatic fluid in hydrostatic
approximation, infinite depth layer

In this case we take tan(y,) ~ y, < 1, and the growth rate
equation is

A-B I B\ ffB I

2 (142 il 2o A4
N2+m”"<+A>+N2A+m2 (A14)
where A=w+Prkm?*, and B=w-+Km?. If Pr+#1,

Eq. (A14) is reduced to a polynomial of the third degree:
(A15)

It can be easily shown that the coefficients C; and C; in
Eq. (A15) are nonnegative when Ri(1 + Ro) > 1. Therefore,
for Ri(1 + Ro) > 1 the polynomial Eq. (A15) has one and only
one positive real root and only when C; < 0. To analyze the
dissipation-related instability, let’s consider the free term
of Eq. (A15),

@ 4+ Ca?+Cw+C =0

l (2
Co = Km? (PrZsz4 + ypE(Pr + 1)N? + ff* + PrN? 7m2>
(A16)
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which can be re-written as

Prk?m?* fre
_ 2 N2
Co = Km*°N Pr( N PIN?
v(Pre1)  [\2 vEPr+1)
+(pzT+5 e (At62)

It follows from Eq. (A16a)’ that the free term Cy can be neg-
ative only if

ff
ViN?

(Pr+1)>°
4Pr

= Ri(1+ Ro) < (A17)
which is a well-known condition for the McIntyre (1970) in-
stability at Pr #1 (cf. Eq. (A17) and Eq. (8)). When the
conditions 1 < Ri(1 + Ro) < % and Pr#1 are satisfied
the slope of the maximum growing mode in accordance to

(A16a)’is
Pr+1

l
ne _<E>,. T

Equation (A18) says that for the MclIntyre instability the
slope of the maximum growing mode exceeds the isopycnal
slope when Pr < 1 and becomes less than it when Pr > 1.
Note that at Pr =1 the instability criterion remains the
same as in the case of ideal fluid (McIntyre, 1970).

(A18)

A4. Inviscid adiabatic fluid in hydrostatic
approximation, finite depth layer

In contrast to the slope and growth rate of the maximum
growing mode (Eq. (A9) and (A10)), the characteristic length
scale of instability cannot be found from the inviscid adi-
abatic consideration in the infinite depth layer. To esti-
mate the characteristic length scale of instability, let’s con-
sider, following Stone (1966), a finite depth layer with the
barotropic shear additionally included and seek the solution
of system of equations (A1)—(A5) with hydrostatic approxi-
mation in the form

v = Yo(z) exp (ot +ily) (A19)

Substitution of Eq. (A19) into Eq. (A1)—(A5) reduces the lat-
ter to a second-order differential equation relative to the
vertical velocity w with constant coefficients, which should
be solved under the boundary conditions

w=0atz=0, H (A20)

where H is the layer depth. Here, for the sake of brevity, we
present only the equation for the growth rate, which is the
result of solving the eigenvalue problem:

[2N? w2n?

V/)[NZ ’ +
w? + ff* H? °

(w2+ff*> -

The maximally growing mode is realized at n = 1.

It is easy to see from Eq. (A21) that, with the infinitely
deep layer (that is, when the last term on the right-hand
side of Eq. (A21) tends to zero), the formula for the growth
rate fully corresponds to Eq. (A10). For a layer of finite
depth, Eq. (A21) is reduced to a fourth-degree polynomial

(A22)

(h=1,2,3...) (A21)

0*+Cat+C =0
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Keeping in mind that in Eq. (A22) C; > 0 if Ro> —1, the
symmetric instability is possible only when Cy < 0, i.e. when
7T2 %\2
PN ff* — y22N* + % <0 (A23)
It follows from Eq. (A23) that instability is possible when
Eq. (A8) is satisfied, and the unstable wavenumber [ lies in

the range

(7 f(1 + Ro))?
U2(1 — Ri(1 + Ro))

where U is the maximum velocity of the basic geostrophic
flow. The horizontal length scale of unstable disturbances
should therefore satisfy the inequality

2U(1 — Ri(1 + Ro))"?
T - f(1 + Ro)

Formula (A24) without barotropic shear included (at Ro = 0)
was first obtained by Stone (Stone, 1966). Note that in
the considered problem it is impossible to find the growth
rate of the maximum growing perturbation: the larger the
wavenumber [, the greater the growth rate. This is a dis-
advantage of this problem, which should be further fixed
by taking friction into account. However, one can assume
that it would not result in a large error in some cases
of observations in the ocean to estimate the maximum
growth rate of disturbances in a layer of finite depth using
Stone’s (1966) formula Eq. (A10). Relation Eq. (A21) helps

LIPS

(A24)

L= (A25)

Velocity

to choose such cases. If the ratio % > % is satisfied, then
the estimate of the growth rate using formula Eq. (A10) is
satisfactory.

Appendix 2. Formation of striped texture by
stirring of large scale inhomogeneities by the
eddy field: an illustrating example

Let’s consider an illustrating example of the formation of
striped texture by stirring of large scale gradients in a 2D,
periodically varying double-gyre velocity field described by

the stream-function (Shadden et al., 2005)
¥ (x,y, t) = Asin (7 f(x, t))sin (7y) (A26)
where

f(x,t) = a(t)x* + b(t)x, a(t) = ¢ sin(wt), b(t)

=1 —2¢ sin(wt) (A27)

over the domain [0, 2] x [0, 1]. The analytical forms (A26)—
(A27) are chosen to produce a simple, time-dependent
two-gyre flow with fixed boundaries, not to approach a
solution of Navier—Stokes’ equations. For ¢ # 0 the flow
consists of two gyres that conversely expand and contract
periodically in the x-direction such that the rectangle
enclosing the gyres remains invariant. The velocity field
u=—y,, v=1yx and vorticity ¢ = —uy, + v, generated
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Figure 13
time moments t =0, 0.25, 0.5, 0.75, 1.
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Figure 14

Evolution of a constant y-gradient of tracer concentration in the two-gyre velocity field shown in Figure 13. The left

panels correspond to the stationary case (¢ = 0), and the right panels to the non-stationary case at ¢ = 0.1.

by the analytical forms (A26)—(A27) for A=0.1, ¢ =0.1,
w = 27 at different time moments are shown in Figure 13.

Advection of a passive tracer is described by the balance
equation

C .
E+Cd1v(u)_0

Ce + (UC), + (VC), (A28)

dc

where C(x, y, t) is the tracer concentration, & = C; + uCy +
vC, is the time derivative of concentration in the Lagrangian
frame, and div(u) = uy + v, is the velocity divergence. Let’s
set the initial condition as a constant y-gradient of concen-
tration

C(x,y,0)=100+500y, x=10, 2], y=1[0, 1] (A29)

and integrate Eq. (A28) numerically with the velocity field
(A26)—(A27) for A=0.1, w =27, and ¢ =0 (stationary
case) and ¢ = 0.1 (non-stationary case), using a Lagrangian
trajectories approach as described in Vali et al. (2018).
The numerical solution presented in Figure 14 shows that
in the stationary velocity field at t > 1, where t =1 cor-
responds to the period of eddy rotation, the initial con-
stant gradient of concentration is wound in a spiral-like

19

stripe of enhanced concentration, and the number of cy-
cles in the stripe increases as t. In the non-stationary case,
where t = 1 corresponds to both the eddy rotation and eddy
expansion-contraction periods, a complicated striped tex-
ture is formed at t > 1. The number of stripes per eddy is
likely determined by superposition of two periodical pro-
cesses and drastically increases with t.
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KEYWORDS Abstract Information regarding the depth distribution in a specific aquatic area is not also
Digital elevation crucial for the safety of navigation, but also for modelling environmental processes, such as
model; the quick establishment of marine-land boundaries or assessments of flood risk areas. Using
Seabed bottom elevation data from different available sources can be very convenient for individuals who wish
model; to conduct quick analysis or need to obtain data covering a large area without the need for data
Bathymetry; collection and surveys. This study proposes a method of combining spatial data from different
LiDAR data; sources during surface modelling of a coastal area. The spatial data used for elevation surface
GEBCO; modelling included hydrographic and topographic data, which are often collected separately for
ETOPO various purposes. Data are saved in different formats with various resolutions and accuracies;

thus, a uniform surface model that will allow for easy and accurate analysis is currently lacking.
The main aim of this study was to create a model of the surface of a coastal area using input
data from various sources with the highest possible accuracy. This paper presents the available
spatial data sources for coastal areas, along with the data pre-processing process. Furthermore,
spatial data fusion is introduced, along with the results. The entire process of creating the
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uniform surface model consisted of several steps that are described in detail and visualised.
The obtained model was visualised using a three-dimensional map.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Spatial data can be used for constructing complex three-
dimensional (3D) models that can be useful in ensuring nav-
igation safety. For example, they can be used in geographic
information system (GIS) services operating in such areas,
including the vessel traffic system (VTS), coastal zone mon-
itoring by port services or border guards, or as an additional
information layer for navigators of tourist vessels, such as
sea yachts. An integrated altitude model of a given coastal
zone can provide supplementary information for holders of
a standardised electronic navigational chart (ENC). Addi-
tionally, such information is useful for creating flood risk
and risk maps, aiding in obtaining information regarding the
height of flood embankments, determining the dynamics of
changes in the maritime coastal zone (Maune, 2007), deter-
mining the volume of landfills and heaps, monitoring land
changes, and analysing falls and land exposure. They can
also facilitate decision-making related to the design of new
investments, road routing, and the minimisation of earth-
works.

There are many different sources of data that can
be used in coastal zone modelling, such as hydrographic
surveying by multibeam (MBES) or single-beam (SBES)
echosounders and other acoustic methods, including in-
terferometric bathymetric systems (Fezzani et al., 2019;
Grall et al., 2020); Light Detection and Ranging (LiDAR;
Shan et at., 2017) for both for water areas and terrain;
data gathered from open sources, including the General
Bathymetric Chart of the Oceans (GEBCO), Earth Topography
and Bathymetry (ETOPO1), Baltic Sea Bathymetry Database,
Global Bathymetry Model DTU10, or Shuttle Radar Topogra-
phy Mission (SRTM); or data that can be obtained from local
institutions, who are obligated to share the data due to the
INSPIRE directive.

Combined topographic and bathymetric model develop-
ment has been reported. (Mandlburger et al., 2020) con-
ducted a single-device research experiment and presented
the concept of a novel compact topobathymetric laser
scanner that was suitable for capturing river bathymetry
at a high spatial resolution. Quadros et al. (2008) fo-
cused on the integration of separately acquired topo-
graphic and bathymetric LiDAR data in Port Phillip Bay.
Danielson et al. (2016) reported an updated methodology
for developing coastal topobathymetric elevation models
from multiple topographic data sources with adjacent in-
tertidal topobathymetric and offshore bathymetric sources
to generate seamlessly integrated topobathymetric eleva-
tion models (TBDEMs). Starek and Giessel (2017) presented
a data acquisition and processing methodology based on un-
manned aircraft system (UAS) consisting of a Sensefly eBee
equipped with a Canon IXUS 127 HS digital camera and cre-
ated a hybrid topo-bathy digital elevation model (DEM) us-
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ing the data. Legleiter (2012) developed and evaluated a hy-
brid approach to the remote measurement of river morphol-
ogy that combined LiDAR topography with spectral-based
bathymetry. Gesch and Wilson (2001) created a seamless
topobathymetric elevation model for the Tampa Bay region
based on the integration of disparate USGS National Eleva-
tion Dataset and NOAA digital sounding data, while Free-
man et al. (2003) presented a process for creating digital
elevation models (DEMs) based on 3D surveys utilising real-
time kinematic GPS and ultra-shallow water single-beam
and multibeam technologies, and one difficulty was process-
ing massive and oversampled datasets into accurate DEMs.

The research area of this study is a coastal zone, where
the depths are variable and the harbour infrastructure is
well-developed, providing excellent opportunities for sur-
face modelling. The main goal of this work is to com-
bine data from various sources into a uniform surface
model. The data considered in the fusion process were
collected by hydrographic sensors: multibeam and single-
beam echosounders and LiDAR technology, and then sup-
plemented by data gathered from open sources. such as
GEBCO and ETOPO1. The data were obtained from differ-
ent sensors with different resolutions, which translated di-
rectly into the model details. During the fusion procedure,
a hierarchy closely related to the resolution of data was
proposed. Multibeam echosounder and LiDAR data had the
highest priority and are the main inputs of the model. The
abovementioned data were obtained from direct surveying.
Data from the ENC and SBES were then considered as sec-
ondary data with reliable accuracy. When data were lacking,
the model could be supplemented by open-source data such
as ETOPO1, GEBCO, or other sources. In the fusion proce-
dure, open-source data were given the lowest priority stage
due to their low resolution.

2. Material and methods
2.1. Data sources

The study area covers a square with a side-length of 1,300
m located in éwinoujscie Port, Poland.

Depth points obtained using a multibeam echosounder
were the main data source, which is the most frequently
used method for obtaining high-resolution seabed data
(Alberoni et al., 2019; Maleika and Forczmanski, 2020;
Maleika, 2020). The transducer sends many acoustic beams
at different angles, forming a swath of acoustic beams. The
depth of the water area can be measured by utilising the
ability to reflect the acoustic signal from hard surfaces.
Multibeam swath systems are widely used in almost every
study requiring depth measurements with high resolution
(Holland et al., 2021; Janowski et al., 2021; Somoza et al.,
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2021). In this study, the data for the model were obtained
from the Maritime Office in Szczecin (MOS), who collected
the data using an EM3002D multi-beam echosounder during
the depth control work of the Szczecin-Swinoujscie fairway
during September 2020. Grid data with a resolution of 1 m
were generated from the depth point cloud.

The next data source was a single-beam echosounder sys-
tem that generates a very narrow acoustic beam directed
perpendicularly downwards. From the measurement, we
obtained a narrow strip of data coverage, which was visu-
alised as a single line of points in the hydrographic software.
The data used for analysis were obtained from registration
with the navigation echosounder during the implementation
of the gravimetric and hydrographic tasks of the MOGRAV
project on the trip of the Navigator XXI research vessel of
the Maritime University of Szczecin. The data were obtained
as a single line along the route of the ship. As there the data
were insufficient to build a bottom model, they were used
to compare the depth values with data from the multibeam
echosounder.

An ENC was used as the next data source. Objects rep-
resenting depth were generated based on actual measure-
ment data obtained by hydrographic bathymetric systems,
such as multibeam echosounders. The points representing
the depths were pre-processed and generalised to obtain a
clear overview of the information on the map. Additionally,
the Hydrographic Office of the Polish Navy provided depth
points with a resolution of 50 m.

The overall global ocean bathymetric map (GEBCO) is a
joint project of the International Hydrographic Organiza-
tion (IHO) and Intergovernmental Oceanographic Commis-
sion (I0C), bringing together an international group of ex-
perts dedicated to providing the most authoritative, pub-
licly available bathymetry for scientific and educational use.
The global bathymetric dataset is one of the GEBCO’s prod-
ucts (IHO B-11, 2019). The data included depth (and land
elevation) estimates on a grid of 15 arc seconds, which is
a 1-km mesh near the equator. The depths were derived
from actual ship soundings or interpolated using satellite
estimates where no soundings were available. GEBCO data
are widely used in many cases where global depth data are
required (Jakobsson et al., 2020; Ramasamy et al., 2020;
Ruan et al., 2020).

ETOPO1 (Amante and Eakins, 2009) is a global model
of the Earth’s surface that integrates land topography and
bathymetry worldwide, and combines DEM data of land with
digital bathymetric model (DBM) data for water-covered ar-
eas. The average resolution of the bathymetric data is 0.5
km, while that of the topographic data is 30 m.

The SRTM is an international research initiative that has
acquired DEMs on a scale close to global. The SRTM data
were provided by NASA JPL with a resolution of 1 arc-second
(approximately 30 m). A raster with a cell size of 75 m was
obtained for the research area.

The Baltic Sea Bathymetry Database (BSBD) service was
developed by the state administrations of the Baltic coun-
tries and provides gridded bathymetric data of the Baltic
Sea Basin. The resolution of the bathymetric data ranges
from 500 m to 64 km.

The DTU10 bathymetry-radar satellite altimetry model
is another data source derived from all available satellites
and was mapped with a resolution of 1 min. Bathymetric
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information can be obtained from traditional hydrographic
systems, such as echosounders, while model depth data can
be obtained via satellite altimetry in less explored waters,
where vessel traffic is negligible.

LiDAR is the main source of topographic data. The point
cloud from airborne laser scanning is a multibillion collec-
tion of points with X, Y, and Z coordinates, representing the
surface and area coverage obtained from the airborne sys-
tems with a laser scanner.

A database of topographic objects corresponding to a to-
pographic map (BDOT10k) can be used as an additional data
source, which is a vector database containing the spatial lo-
cations of topographic objects along with their characteris-
tics, and includes 10 main categories of objects, i.e., water
networks, communication networks, land utility networks,
land cover, protected areas, territorial division units, build-
ings, structures and devices, land use complexes, and other
objects.

2.2. Spatial data pre-processing

Bathymetric data with depth points obtained from MOS and
BHMW were provided in *.txt format, in the form of a grid
mesh. In the case of data from a multi-beam echosounder
(UMS data source), a high-resolution grid with a cell size
of 1 x 1 m was generated for multi-beam echosounder
data (UMS data source). In the case of ENC depth points,
a grid with a cell size of 50 x 50 m was obtained. The data
provided by both institutions were previously filtered, cor-
rected, and reduced (IHO C-13, 2013). As the hydrographic
standard (IHO S-44, 2020) presents the depth data as posi-
tive values, the only necessary data preparation process in
this study was to convert them into negative values. The
MBES bathymetric point dataset included 511,749 points,
covering an area of 1.5 x 1.5 km. The minimum and max-
imum depth in the study area were —2.25 and —18.15 m,
respectively,

The collected by the single-beam echosounder included
378 measurement points with a minimum and maximum
depth of —15.05 and —16.77 m, respectively.

Owing to the small mesh resolution, the preparation of
data from the ENC was slightly longer and included the fol-
lowing steps:

[1] building a raster model based on the ENC database;

[2] increasing the spatial resolution of the raster and ex-
porting the model to a raster with a cell size of 1 mas a
regular grid of points (X, Y, Z);

[3] the ENC model was used as a supplement to the base
data; therefore, all points in the Odra area in the next
step were clipped to the areas with no MBES data cov-
erage. At this stage, the two different resolutions were
merged.

The input data from the ENC included a total of 228
points with minimum and maximum depths of —0.4 and —
16.8 m, respectively. The data were in the form of a regular
grid. Figure 1 shows the distribution of points from the ENC
(a) and the obtained raster model with a spatial resolution
of 25 m (b).

The GEBCO model was downloaded from https://
download.gebco.net/ on 30/09/2020. To download the
model, the area of interest and data format (ESRI ASCII,
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GeoTiff, or NetCDF) were indicated. The *.asc format was
used to build the model. The model was downloaded in the
*.asc format and was then clipped to the research area.

Owing to their low resolution (registration only on one
profile), single-beam echosounder data were not considered
further. Additionally, owing to their low resolution and lack
of data in the research area, the models with DTU10, BSBD,
and ETOPO1 data were not considered.

For the land area, data containing the classified point
cloud were downloaded from the website of the National
Geoportal of Poland (www.geoportal.gov.pl). The scope of
the data covered 12 modules (sections in the PUWG92 sys-
tem and scale of 1:1250). From the classified point cloud,
only class 2, i.e., the ground, was used for further elabo-
ration. The situational and altitude accuracy of LiDAR data
with the absolute georeferencing of the point cloud must be
within the criteria specified in the Technical Guidelines, and
the situational and altitude accuracies for Standard Il were
0.40 and 0.10 m, respectively. The data were clipped to the
scope of the study and then exported to the UTM 33N sys-
tem. Class 2 data were visually inspected for a lack of data
and the possibility of incorrect data in the water area.

Based on the BDOT10k data and orthophoto map,
whether the lack of data on the LiDAR layer coincided
with buildings or occurred in underwater areas was visually
determined. The analysis results were positive, indicating
the completeness of the LiDAR data for further processing.
Therefore, it would not be necessary to use other supple-
mentary materials, such as the SRTM model. Class 2 data
(ground) may have been included in the area of water occur-
rence, which is typically due to misclassification (automatic
or manual). Therefore, based on data from the layer cov-
ering the Odra River obtained from the BDOT10K database
(PTWPO02 — land cover, surface water, and 02 — flowing wa-
ter), the ground-class points located inside this layer were
removed. This procedure also avoids a situation in which
layers from two different sources overlapped. The spatial
data used in this study included 2,033,731 points with a
minimum and maximum height of -0.75 and 17.51 m, re-
spectively. Figure 2 shows a visualisation of the points from
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ENC source dataset: a) bathymetric points, b) raster model with a spatial resolution of 25 m.

airborne laser scanning with a hypsometric scale based on
the terrain height.

Points representing the ground are presented on the left,
while a continuous raster surface created based on ground
points is shown on the right.

2.3. Research methodology

A new model for integrating data from different sources is
proposed here, with the main objective of combining data
from the coastal area and creating and normalising a co-
herent model. The proposed process for the fusion of spa-
tial data from coastal zones is schematically illustrated in
Figure 3.

The proposed approach consisted of the following steps:

Step 1: Definition of the area and relevant coastal infras-
tructure.

Step 2: Fusion of MBES and LiDAR data.

Step 3: Filling the gaps with ENC and SBES data.

Step 4: Filling the gaps with GEBCO, ETOPO, and other
data.

Step 5: Visualisation of the integrated surface model.

Step 6: Model validation.

Global Mapper with a LiDAR module was used for data
modelling. This software was selected to optimise process-
ing, enable working with different types of data acquired
in different formats, and effectively visualise the data.
The primary dataset consisted of dense LiDAR and high-
resolution bathymetric data. The Elevation Grid Creation
tool in the Analysis menu was then used to create a model
based on these data. This tool allows spatial models to be
created from point and vector data. The user can define pa-
rameters, such as the resolution of the final model, length
of the side of the triangle in the network of triangles (TIN)
and use of breaklines (hard and soft edge). When creating
DEMs from LiDAR data, the user can select the interpolation
type (in the basic version, triangulation is the only available
option). When using LiDAR data, the program allows any
user-defined filtering of data based on classes and/or return
numbers (Global Mapper — Knowledge Base, Elevation Grid
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Creation, 2021). Global Mapper also has tools to perform ba-
sic algebraic operations on rasters. The Combine/Compare
Terrain Layers tool was used together with the Subtraction
Signed option to create the differential model used for ac-
curacy analysis.

The first step involved determining the scope of the fu-
ture model of the coastal area and selecting relevant ob-
jects that will be required during the creation of the fi-
nal model. Such objects may include quays, coastlines, and
other objects that will aid in determining the boundary of
the water area. Orthophoto maps from 2019 and 2017 were
used for the visual assessment. The orthophoto map from
2019 had a better spatial resolution (10 cm) and better
interpretative potential, while the orthophoto map from
2017, with a pixel size of 25 cm, was similar to the cur-
rent acquisition from the layer representing the Odra River.
Minor changes to the shoreline are visible on the left bank
of the river, where natural coastal processes, accumulation,
and erosion occur, and shown in Figure 4.

The study area in 2017 is presented on the left, and
the same area in 2019 is presented on the right. The arti-
ficial, solid-faced berths did not change during the 2016—
2019 period. Data from two basic measurement systems,
i.e., MBES and LiDAR, are fused in the next step of the
proposed process, in which the model with the best reso-
lution was generated. For the study area, a resolution of
0.5 m was selected, which was optimal for both types of
spatial data. The model was generated following the irreg-
ular triangle mesh method. As the input data for the model
were characterised by high density, the binning minimum
value (DTM) method was used for smoothing and denoising
(Mills, 2020). The data were initially sorted and divided into
parcels (buckets or bins). Smoothing is local as this method
uses values in the vicinity of the points. Triangulation was
then conducted.

Delaunay triangulation is the most common method,
based on the construction of Voronoi diagrams. The set of
points P can be described by Eq. (1):
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Hypsometric-scale LiDAR source dataset based on the points of the height of the terrain.

P={p: p2....,Pn} where p; € R®, n eN (1)

The Voronoi cell V,, for point p; is as follows:

Vo(or) = {x:Vjud(x, pj) <d(x, pj)} (2)

where d is the Euclidean norm. Therefore, the Voronoi cell
Voipy) is a set of points whose distance to p; is smaller than
that to any other vertex (Duan et al., 2017).

A parameterised size of triangles can form a network of
triangulation to interpolate the model in areas where the
density of the grid points is significantly lower or where
there are data gaps. A high value for this parameter was
used to avoid missing data points. At this stage, the prob-
lem of data redundancy should also be considered when
the data overlap. The redundancy of data from different
sources, presenting the depth and height in one area at the
same time, will lead to a surface distortion, which is related
to misinterpretation and incorrect surface mapping. An ex-
ample of redundancy is shown in Figure 5.

Figure 5 presents the effects of data redundancy. The
figure on the left shows the boundary between the water
and land area. The depth data shown in purple were ob-
tained from multibeam echosounder recordings. Terrestrial
data were obtained from LiDAR and are shown in brown. Sin-
gle points are shown in grey in the left and central panels
of Figure 7, which provide information regarding the height
values acquired from LiDAR data. As the LiDAR information
does not contain the actual depth, only the value measured
from the reflection from the water surface, disturbances in
the overall terrain model appearing as a line from single
peaks (spikes) are generated. The effect is visible on the
boundary between water and land presented in the right
panel of Figure 7. Such data should be removed from further
analysis and should not be included in the data population
to create the surface model.

The ranges of the data layers from LiDAR and MBES were
checked to identify areas with a lack of data and redun-
dancy. The data overlapped with the water area. Under the
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Figure 4  Visual assessment of the study area.
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Figure 6 Areas without bathymetric data coverage.

assumptions of the proposed procedure, the LiDAR data rep-
resenting depth values were deleted, as the depth informa-
tion was not reliable in this case. Areas without have bathy-
metric data were also identified, as shown in Figure 6.

Figure 7 presents the model created in the second stage,
along with areas of missing data. The model was created
based on 5,090,351 objects in the TIN, where the minimum
and maximum height values were —18.14 and 17.48 m, re-
spectively.

During the third stage of the proposed approach, the
areas with missing data were filled with points obtained
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from the ENC. The main difficulty when using data from the
ENC was the large difference in the resolution of the inte-
grated data. We used the generated raster surface with au-
tomatic spatial resolution selection to optimise the model.
The surface was created following the irregular TIN method.
In the next step, the spatial resolution of the model was
increased from that of the ENC data up to 1 m following
the bicubic resampling method while simultaneously chang-
ing the format from raster to point. As a result, a regular
grid mesh with a resolution of 1 m was obtained for the
area of the Odra River. The data were then clipped to ar-
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of 1 m.

eas containing missing data from stage two of the proposed
approach.

The results are presented in Figure 8. A raster model
obtained based on ENC data with the optimal spatial
resolution is presented on the left, while the same
model with a spatial resolution of 1 m is shown on the
right.

As a result, a new model was created based on three
groups of data: LiDAR terrain data and hydrographic data
(MBES and ENC; Figure 9).

Figure 9 shows the model developed during LiDAR, MBES,
and ENC data integration. In areas where the information
regarding the height of the terrain had high resolution, the

29

Surface model after MBES and LiDAR data fusion.

ENC data processing: a) raster model with the optimal spatial resolution, b) raster model with a spatial resolution

terrain mapping has a high level of detail. For example, in
harbour channels, characteristic ripple marks on the bot-
tom and changing depths at some quays (blue) are visible,
and harbour infrastructure is easy to identify on land (green
and brown). When the data resolution was low, the trian-
gles were visible. This effect was observed for both port
basins. Additionally, it was clear where the data resolution
changed.

The next step is analysing whether or not the selected
range of the remaining areas is covered by data. If so, they
were covered with points from the free spatial data sources
of GEBCO or ETOPO. This step was not necessary for the
study area.
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Surface model after fusing LiDAR, MBES, and ENC data.
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Figure 10 Visualisation of the integrated surface model.

The next stage of the method is the visualisation of the
integrated surface model, as shown in Figure 10.

In the final stage, we propose assessing the accuracy
and correctness of the constructed model by comparing
it with the existing DTM combined with the multibeam
echosounder data. The DTM model was obtained from re-
sources provided by the Head Office of Geodesy and Car-
tography, and was downloaded in the GRID structure at a
resolution of 1 m. An aerial point cloud used for construct-
ing the integrated surface model was taken as the source
data for the development of this model, which is shown in
Figure 11.

3. Results

A raster showing the model differences was created using
the subtraction tool to compare the height models, as shown
in Figure 12. The new layer of height values was the differ-
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ence between the first and second raster (Global Mapper —
Knowledge Base, Combine/Compare Terrain Layers 2021).

The differences in the land part of the model reached 10
cm due to differences in data modelling. The data of the
proposed model were scattered points, while those of the
DTM were obtained as a 1-m grid mesh. The area covering
the Odra River should be excluded from the analysis, as it
contains a different set of data to the comparative model;
therefore, the high values of the differential model in this
area did not undergo further analysis.

The DTM model provided by technical standards was
characterised by absolute accuracy verified by independent
field measurements in the form of profiles and terrain mesh
points.

Based on field measurements, deviations between the
field points and heights obtained from the DTM were
created, and the mean error was calculated based on
all observations. The mean error must be m, < 0.20
m, and the maximum difference between the heights
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Figure 11 The surface model used for comparison.
Table 1  Statistics for the compared models.
Integrated surface model Model used for comparison
Number of points 6757399 1687685
Frequency Distribution  '500® 200000
300000
1000000
200000 H
500000 H
100000 H
0 % a Y T
1a.1 141 10,1 8.1 21 19 59 100 140 14,1 138 94 50 a8 s a2 125 188
Minimum Z (m) —18.14 —18.13
Maximum Z (m) 17.48 17.39
Mean Z (m) —2.82 —2.58

must not exceed 0.60 m, according to the technical
standards.

In the next step, the basic statistical data of the com-
pared models were analysed, and the results are shown in
Table 1.

The number of points in the created model was 5069714
points higher than that in the model used for comparison,
which is mainly due to the resolution of the model mesh.
The main goal of this study was to obtain the best possi-
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ble resolution, which was achieved. The number of height
points was large; therefore, the model is highly resolving.
The frequency distribution indicates that, in the case of
the proposed integrated surface model, the highest num-
ber of points was observed within the range of —2.0 to 6 m.
This range was —0.6 to 5 m for the existing model, which is
much smaller. The frequency distribution parameter signif-
icantly influenced the resolution of the model and its level
of detail. The difference between the models was because
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the fused model covered more data sources. The minimum
depth value, which is related to navigation safety in a given
area, was also considered. The model created following the
proposed approach had a smaller depth value and the differ-
ence was approximately 1 cm, which is not significant in the
case of water areas. The maximum height in the compared
models differed from each other by 10 cm, which was sig-
nificant. In conclusion, the model proposed here was more
accurate and had better detail; therefore, it can be used for
future analysis and precise visualisation.

4. Discussion

The process of creating a surface model for coastal areas
proposed in this work involved spatial data from various
available sources and consisted of six stages. The first was
related to the definition of the scope of coastal areas. A fur-
ther three were closely related to the fusion of the data and
included information regarding the integration of different
data densities. Stage five involves the visualisation of the
designed model, and model validation was the final stage.
Some problems related to data availability were encoun-
tered, and the resolution of the resulting model depended
on several factors. The density of the point clouds had the
greatest impact on the terrain model, specifically the den-
sity of Class 2, representing the ground. In areas where data
were lacking, such as underwater areas or those beneath
buildings, interpolation was conducted based on neighbour-
ing data. The mesh grid size limited the bathymetric data,
which imposed a pixel with which the model could be cre-
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Raster showing differences in height models based on a subtraction function.

ated. One of the main limitations of utilising open-source
data is whether they are up to date. The integrated model
was as valid as the source data from which the model was
created and, their validity should be determined individ-
ually using several different datasets. The issues of data
resolution and model accuracy can be considered in a sim-
ilar manner. For high-resolution data, the details of the
model, as well as the accuracy of the data, will be high;
however, high-resolution data are lacking, and the model
utilises n and is interpolated from lower-resolution data,
resulting in a decrease in the horizontal and elevation ac-
curacy in the "filled in" areas. Overlapping is another lim-
itation in data processing, which can be of two types. To-
pographic and bathymetric data (such as at the land-water
interface) or data of the same type (such as bathymet-
ric data from different systems, including multibeam and
single-beam echosounder) may overlap. In the first case, the
data ranges should be adjusted based on the known posi-
tion of the shoreline and overlaying bathymetric and LiDAR
data with different heights can cause the situation shown in
Figure 5. In the case of overlapping data of the same type,
the data should be explored in detail by comparative height
analysis, and the accuracies of the systems from which the
data originate should be compared. Such information will al-
low further action to be taken, such as merging the two data
sets or selecting the more accurate set for further process-
ing. Another limitation is the accuracy of the source data.
we conducted a qualitative assessment of the data before
the integration process, particularly of the LiDAR data, and
analysed the correctness of the classification process, which
affects the land class used in further studies. Models based
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on such data will not correctly represent the terrain surface
in the case of incorrect classification, such as that of the
shoreline area.

The proposed integration of data from various available
sources allows unsurveyed or inaccessible areas to be sup-
plemented with data. In some cases, bathymetric data or
terrain information is only complementary; hence, the mea-
suring range can be significantly clipped or restricted. The
proposed model for data source integration can then be
used.

In the future, we intend to apply the proposed approach
to other areas and modify it to obtain the best results.

5. Conclusions

The great added value of the method lies in its ability to
create a uniform surface model consisting of data collected
by various sensors with different resolutions. The model
can be quickly and easily supplemented using open-source
data, such as GEBCO or ETOPO1, whenever areas are un-
surveyed. The created model can be used for projects re-
quiring bathymetric and terrain data, without the need to
devote time and resources to the direct acquisition and pro-
cessing of measurement data. It also allows spatial analysis
of models with other types of data, such as magnetomet-
ric, gravimetric, or sonar imaging. Moreover, the proposed
fusion is relatively easy to implement and can be used in
many cases where a coastal zone surface model is required,
such as in geoinformatics systems that require an additional
information and visualisation layer, other underwater ex-
ploration projects, or research of the underwater parts of
hydrotechnical structures; however, this was not the main
goal.

In future work, we plan to test the proposed approach
in other research areas with different scopes and shapes.
It is also assumed that the available data sources of future
research areas will differ. We also plan to propose a modi-
fication process using optimal data reduction methods. Ad-
ditionally, we plan to develop standardisation parameters
for the integrated surface, along with the determination of
the optimal parameters for alteration between data resolu-
tions.

Acknowledgments

This work was supported by Grants Nos. 2/S/KG/20 and
1/MB/KG/20, financed by a subsidy from the Ministry of Sci-
ence and Higher Education for statutory activities.
Supplementary materials

Supplementary material associated with this article can be
found, in the online version, at https://doi.org/10.1016/j.
oceano.2021.08.002.

References

Alberoni, A.A.L., Jeck, I.K., Silva, C.G., Torres, L.C., 2019. The
new Digital Terrain Model (DTM) of the Brazilian Continen-

33

tal Margin: detailed morphology and revised undersea feature
names. Geo-Mar. Lett. 40 (6), 1—16. https://doi.org/10.1007/
s00367-019-00606-x

Amante, C., Eakins, B.W., 2009. ETOPO1 Global Relief Model con-
verted to PanMap layer format. NOAA-National Geophysical Data
Center. PANGAEA. https://doi.org/10.1594/PANGAEA.769615

Danielson, J.J., Poppenga, S.K., Brock, J.C., Evans, G.A.,
Tyler, D.J., Gesch, D.B., Thatcher, C.A., Barras, J.A., 2016.
Topobathymetric elevation model development using a new
methodology: Coastal national elevation database. J. Coastal
Res. 76 (Sp. Iss. 1), 75—89. https://doi.org/10.2112/SI76-008

Duan, X., Li, L., Zhu, H., Ying, S., 2017. A high-fidelity
multiresolution digital elevation model for Earth systems.
Geosci. Model Devel. 10, 239—253. https://doi.org/10.5194/
gmd-10-239-2017

Fezzani, R., Zerr, B., Mansour, A., Legris, M., Vrignaud, C., 2019.
Fusion of Swath Bathymetric Data: Application to AUV Rapid En-
vironment Assessment. IEEE J. Oceanic Eng. 44 (1), 111—-120.
https://doi.org/10.1109/JOE.2017.2773139

Grall, P, Kochanska, I., Marszal, J., 2020. Direction-of-Arrival Es-
timation Methods in Interferometric Echo Sounding. Sensors Sp.
Iss. 20 (12), 3556. https://doi.org/10.3390/s20123556

Gesch, D., Wilson, R., 2001. Development of a seamless multi-
source topographic/bathymetric elevation model of Tampa Bay.
Mar. Technol. Soc. J. 35 (4), 58—64. https://doi.org/10.4031/
002533201788058062

Global Mapper — Knowledge Base, Combine/Compare Terrain
Layers, accessed on 13 July 2021. https://www.bluemarblegeo.
com/knowledgebase/global-mapper-19/Create_Elevation_
Grid_from_3D_Vector_Data.htm

Global Mapper — Knowledge Base, Elevation Grid Creation, ac-
cessed on 13 July 2021. https://www.bluemarblegeo.com/
knowledgebase/global-mapper-19/Create_Elevation_Grid_
from_3D_Vector_Data.htm

Holland, M.M., Becker, A., Smith, J.A., Everett, J.D., Suthers, .M.,
2021. Characterizing the three-dimensional distribution of
schooling reef fish with a portable multibeam echosounder. Lim-
nol. Oceanogr. Methods 19 (5), 340—355. https://doi.org/10.
1002/lom3.10427

IHO B-11, 2019. The IHO-IOC GEBCO Cook Book, IHO Publica-
tion B-11. https://www.star.nesdis.noaa.gov/socd/lsa/GEBCO_
Cookbook/

IHO C-13. 2013. Manual on Hydrography.

IHO S-44. 2020. IHO S-44 Standards for Hydrographic Surveys. https:
//iho.int/en/standards-and- specifications

Jakobsson, M., Mayer, L., Bringensparr, C., Castro, C., Moham-
mad, R., Johnson, P., Ketter, T., Accettella, D., Amblas, D.,
An, L., Arndt, J.E., Canals, M., Casamor, J.L., Chauché, N.,
Coakley, B., Danielson, S., Demarte, M., Dickson, M.-L.,
Dorschel, B., Zinglersen, K., 2020. The International Bathymet-
ric Chart of the Arctic Ocean Version 4.0. Sci. Data 7 (1), 176.
https://doi.org/10.1038/s41597-020-0520-9

Janowski, t., Kubacka, M., Pydyn, A., Popek, M., Gajewski, t.,
2021. From acoustics to underwater archaeology: Deep inves-
tigation of a shallow lake using high-resolution hydroacoustics—
The case of Lake Lednica. Poland. Archaeometry 63 (5), 1059—
1080. https://doi.org/10.1111/arcm.12663

Legleiter, C.J., 2012. Remote measurement of river morphology via
fusion of LiDAR topography and spectrally based bathymetry.
Earth Surf. Proc. Land. 37 (5), 499—518. https://doi.org/10.
1002/esp.2262

Maleika, W., Forczmanski, P., 2020. Adaptive Modeling and Com-
pression of Bathymetric Data With Variable Density. IEEE J.
Oceanic Eng. 45 (4), 1353—1369. https://doi.org/10.1109/JOE.
2019.2941120

Maleika, W., 2020. Inverse distance weighting method optimization
in the process of digital terrain model creation based on data
collected from a multibeam echosounder. Appl. Geomat. 12,
397—407. https://doi.org/10.1007/s12518-020-00307-6


https://doi.org/10.1016/j.oceano.2021.08.002
https://doi.org/10.1007/s00367-019-00606-x
https://doi.org/10.1594/PANGAEA.769615
https://doi.org/10.2112/SI76-008
https://doi.org/10.5194/gmd-10-239-2017
https://doi.org/10.1109/JOE.2017.2773139
https://doi.org/10.3390/s20123556
https://doi.org/10.4031/002533201788058062
https://www.bluemarblegeo.com/knowledgebase/global-mapper-19/Create_Elevation_Grid_from_3D_Vector_Data.htm
https://www.bluemarblegeo.com/knowledgebase/global-mapper-19/Create_Elevation_Grid_from_3D_Vector_Data.htm
https://doi.org/10.1002/lom3.10427
https://www.star.nesdis.noaa.gov/socd/lsa/GEBCO_Cookbook/
https://iho.int/en/standards-and-specifications
https://doi.org/10.1038/s41597-020-0520-9
https://doi.org/10.1111/arcm.12663
https://doi.org/10.1002/esp.2262
https://doi.org/10.1109/JOE.2019.2941120
https://doi.org/10.1007/s12518-020-00307-6

M. Wtodarczyk-Sielicka, I. Bodus-Olkowska and M. tacka

Mandlburger, G., Pfennigbauer, M., Schwarz, R., Flory, S., Nuss-
baumer, L., 2020. Concept and performance evaluation of a
Novel UAV-Borne Topo-Bathymetric LiDAR sensor. Remote Sens.
12 (6), 986. https://doi.org/10.3390/rs12060986

Maune, D.F., 2007. Digital Elevation Model Technologies and Appli-
cations: The DEM Users Manual. 2nd Edn., ASPRS Publ., 655 pp.

Mills, M., 2020. Elevation Grid Creation in Global Mapper:
Creating a DTM. Blue Marble Geographics. https://blog.
bluemarblegeo.com/2020/06/23/elevation-grid-creation-in-
global-mapper-creating-a-dtm/

Quadros, N., Collier, P., Fraser, C., 2008. Integration of bathy-
metric and topographic Lidar: a preliminary investigation. The
International Archives of the Photogrammetry Remote Sensing
and Spatial Information Sciences Beijing XXXVII (B8), 1299—
1304.

Ramasamy, S.M., Saravanavel, J., Kathiresan, P., Kumanan, C.,
Rajasekhar, D., 2020. Detection of submerged harbour using
GEBCO and MBES data, in the offshore region of ancient port
city Poompuhar, South India. Curr. Sci. 119, 526—534. https://
doi.org/10.18520/cs/v119/i3/526-534

34

Ruan, X., Cheng, L., Chu, S., Yan, Z., Zhou, X., Duan, Z., Li, M.,
2020. A new digital bathymetric model of the South China Sea
based on the subregional fusion of seven global seafloor topog-
raphy products. Geomorphology 370, 107403. https://doi.org/
10.1016/j.geomorph.2020.107403

Shan, J., Toth, C.K. (Eds.), 2017. Topographic Laser Ranging and
Scanning: Principles and Processing. CRC Press, 654 pp.

Somoza, L., Medialdea, T., Gonzalez, F.J., Machancoses, S., Can-
don, J.A., Cid, C., Calado, A., Afonso, A., Pinto Ribeiro, L.,
Blasco, |., Albuquerque, M., Asensio-Ramos, M., Betten-
court, R., De Ignacio, C., Lopez-Pamo, E., Ramos, B., Rincon-
Tomas, B., Santofimia, E., Souto, M., Madureira, P., 2021. High-
resolution multibeam bathymetry of the northern Mid-Atlantic
Ridge at 45—46° N: the Moytirra hydrothermal field. J. Maps 17
(2), 184—196. https://doi.org/10.1080/17445647.2021.1898485

Starek, M.J., Giessel, J., 2017. Fusion of uas-based structure-from-
motion and optical inversion for seamless topo-bathymetric
mapping. School of Engineering and Computing Sciences and
Conrad Blucher Institute 2999—3002. https://doi.org/10.1109/
IGARSS.2017.8127629


https://doi.org/10.3390/rs12060986
http://refhub.elsevier.com/S0078-3234(21)00075-0/sbref0019
http://refhub.elsevier.com/S0078-3234(21)00075-0/sbref0019
https://blog.bluemarblegeo.com/2020/06/23/elevation-grid-creation-in-global-mapper-creating-a-dtm/
http://refhub.elsevier.com/S0078-3234(21)00075-0/sbref0020
http://refhub.elsevier.com/S0078-3234(21)00075-0/sbref0020
http://refhub.elsevier.com/S0078-3234(21)00075-0/sbref0020
http://refhub.elsevier.com/S0078-3234(21)00075-0/sbref0020
https://doi.org/10.18520/cs/v119/i3/526-534
https://doi.org/10.1016/j.geomorph.2020.107403
http://refhub.elsevier.com/S0078-3234(21)00075-0/sbref0023
https://doi.org/10.1080/17445647.2021.1898485
https://doi.org/10.1109/IGARSS.2017.8127629

Oceanologia 64 (2022) 35—49

. Available online at www.sciencedirect.com OCEANOLOGIA

ScienceDirect |

V.

PAN

~ journal homepage: www.journals.elsevier.com/oceanologia

ORIGINAL RESEARCH ARTICLE

A comparative study of biosynthesized marine
natural-product nanoparticles as antifouling biocides

Khaled Mahmoud Abdelsalam?*, Nayrah Aly Shaltout®,
Hassan Abduallah Ibrahim¢, Hermine Ramzy Zaki Tadros®,
Mohamed Abd-Elnaby Aly-Eldeen®, Ehab Aly Beltagy*®

aTaxonomy & Biodiversity of Aquatic Biota Lab, National Institute of Oceanography and Fisheries, NIOF, Cairo, Egypt
b Marine Chemistry Lab, National Institute of Oceanography and Fisheries, NIOF, Cairo, Egypt
“Microbiology Lab, National Institute of Oceanography and Fisheries, NIOF, Cairo, Egypt

Received 15 December 2020; accepted 21 August 2021
Available online 10 September 2021

KEYWORDS Abstract In this study, biosynthesized nanoparticles using chitosan, Ulva fasciata, and Avi-
Antifouling; cennia marina leaves extracts (A, B, and C, respectively), were evaluated as paint additives
Nanoparticles; to control marine fouling on different substrates. These biocidal nanoparticle compounds were
Chitosan; prepared using a green biosynthesis method. Their characterizations were conducted using
Ulva fasciata; Fourier-Transform Infrared spectroscopy and Transmission electron microscopy. Each nanopar-
Avicennia marina ticle compound was mixed with a prepared paint, resulting in three formulations for each
leaves (e.g. 1C, 2C, 3C), containing 20%, 40%, and 60% by weight. Painted PVC, wood, and steel with

these nine paints, and the control were immersed in seawater for different periods. After two
months of immersion, the least number of fouling species, (one species) was recorded on both
the wood and steel panels that were coated with paint (1C). Meanwhile, after four months,
the least numbers of fouling (four and six species) were recorded on wood and steel panels
that were coated with paint (3C). After around seven months of immersion, the least numbers
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of fouling species (five and ten) were recorded on wood and steel panels that were coated
with paints (1C and 3C), respectively. The steel panel coated with (3C), harbored ~2% of the
total number of barnacles found on the control, after 7 months of immersion. The superior
antifouling agent efficiency of extract (C) nanoparticles can be attributed to its constituents of
polyphenols, ammonium compounds, and high concentrations of alcohols, besides the presence
of both aromatic and aliphatic amide and amide derivatives.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In the marine environment, the surface of any submerged
substratum is covered by the microbial colonizers which,
form complex biofilms composed of bacteria, archaea,
fungi, protozoa, and unicellular microalgae (Dobretsov and
Rittschof, 2020). Biofilms could impact the larvae of ma-
rine invertebrates (macro-fouling) in their selection of
suitable substrates on which to settle and metamorphose
(Hadfield 2011; Peng et al., 2020).

Marine biofouling has spawned a billion-dollar industry,
where biocides, cleaners, and antifouling materials are re-
quired globally to prevent their formation. on the other
hand, green chemistry has been evolved as an alternative
to the use of environmentally harmful processes and prod-
ucts due to the serious consequences that the world is facing
(De Marco et al., 2019; Hurst, 2020), and the development
of efficient and environmentally friendly antifouling com-
pounds has become of pressing interest for marine coating
businesses (Wang et al., 2017).

Marine macroalgae are widely perceived to be makers of
a broad spectra of biogenic compounds, including polyun-
saturated fatty acids, flavonoids, terpenoids, alkaloids,
quinones, sterols, polyketides, phlorotannins, polysaccha-
rides, glycerols, peptides, and lipids (Mohy El-Din and El-
Ahwany, 2015) which have strong activities, for exam-
ple, as antifouling (Bhadury and Wright, 2004), antimi-
crobial (Zbakh et al., 2012), and anticoagulant agents
(Kolanjinathan et al., 2014; Shi et al., 2008).

Also, chitosan has been shown to be biocompati-
ble, biodegradable, and non-toxic, making it suitable for
a wide range of uses in the pharmaceutical industry
(Puvvada et al., 2012; Tikhonov et al., 2006). Moreover,
it has been widely used as an antimicrobial agent against
fungi, viruses, and bacteria (Kong et al., 2010). Recently,
metallic nanoparticles are the alternative in biological and
scientific challenges in different fields of science (Patil and
Kim, 2017, 2018; Shah et al., 2015). Nanoscale materials
have emerged as novel antimicrobial agents owing to their
high surface area-to-volume ratio, which increases their
contact with microbes, hence increasing their ability to per-
meate cells (Lamsal et al., 2011).

Biological synthesis is a reliable production method of
metal nanoparticles. For example, Silver nanoparticles (Ag-
NPs), was one of the most widely used agent that have an-
tifouling activity due to their size, shape, and applications
(Krishnan et al., 2015). By using an aqueous extract of the
green seaweed Ulva (Enteromorpha) compressa as a reduc-
tant and a stabilizing agent, (Ramkumar et al., 2017) syn-
thesized biocompatible silver nanoparticles. They indicated
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that metal nanoparticles synthesized by macroalgae could
potentially be utilized in antifouling applications.

Given this background, the present study evaluates the
effect of biosynthesized chitosan nanoparticles as well as
biosynthesized iron nanoparticles capped with Ulva fasci-
ata and mangrove leaf extracts, mixed in three different
weight ratios with a prepared paint formulation and result-
ing in nine paints on biofilm formation on different surfaces
for the control of marine fouling. Moreover, it targets to
compare between different concentrations of the biosyn-
thesized nanoparticles of various extracts, aiming to deter-
mine the most suitable extract concentration in the pre-
pared paint formulation that will give the maximal antifoul-
ing activity.

2. Material and methods

2.1. Medium

A nutrient agar medium comprising 5 g peptone, 10 g yeast
extract, and 15 g agar was prepared using 1-L seawater for
the counting of marine viable heterotrophic bacteria and for
detecting antibacterial activity.

2.2. Collection of mangrove plant samples

In April 2017, fresh mangrove leaves (Avicennia marina)
were collected from the Safaga coastal area (26°3542"N,
34°01'13"E) of the Red Sea, Egypt. The gathered sample
leaves were washed using water from a faucet, and then
with distilled water, to remove any adhering salt and other
associated creatures. The leaves were dried in the shade,
and then ground and powdered.

2.3. Collection of algal samples

In April 2017, fresh U. fasciata samples were collected
from the Abu Qir Bay region (31°16'27”"N, 30°07'16"E) of
the Mediterranean Sea, Egypt. In the laboratory, the al-
gae were washed using water from a faucet, to eliminate
any remaining impurity and epiphyte. Microscopic identifi-
cation of the investigated algae was carried out according
to (Abdel Aleem, 1993).

2.4, Biosynthesis of iron nanoparticles
Around 10 g of finely cut A. marina leaves or U. fasci-

ata were added to 100 mL of distilled water, and the mix-
ture was boiled for 1 h. The resulting solution was filtered
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through a Whatman no. 1 filter paper. A total of 10 mL of
the collected filtrate was treated with 90 mL of an aqueous
solution of iron chloride (0.001 M FeCl3), and then stirred
for 2 h, resulting in the formation of a brownish solution,
which indicated the formation of iron nanoparticles.

2.5. Preparation of chitosan nanoparticles

In the present study, a chitosan compound namely [Poly
(beta-(1,4)-2-amino-2-deoxy-D-glucose) Poly(beta-(1,4)-D-
glucosamine] was used. The low molecular weight chitosan
nanoparticles were prepared according to a method re-
ported by (Tang et al., 2007). Briefly, 20 mg of chitosan was
dissolved in 40 mL of 2.0% (v/v) acetic acid. Then, 20 mL
of 0.75 mg/mL sodium tripolyphosphate was slowly dropped
into the solution, with stirring. The chitosan nanoparticle
suspension was collected and stored in deionized water. The
supernatant was discarded and the chitosan nanoparticles
were air-dried prior to further use and analysis.

2.6. Characterization of the biosynthesized
nanoparticles

2.6.1. Fourier-transform infrared (FTIR) spectroscopy
Approximately 1 mL solution of the nanoparticles (diluted
with 1:20 v/v Milli Q water) was centrifuged at 10 000 g
for 10 min and their pellets were re-dispersed in sterile dis-
tilled water. This centrifugation and re-dispersion process
was repeated three times to ensure the removal of any free
biomass residue or compound that was not the capping lig-
and of the nanoparticles. Afterward, the purified suspen-
sion was freeze-dried to obtain a dry powdered sample. Fi-
nally, the dried purified nanoparticles as KBr pellets were
analyzed using FTIR spectroscopy in the diffuse reflectance
mode at a resolution of 4 cm~' in the range of 4000—375
cm~', using a Thermo Nicolet AVATAR 300 FTIR spectrome-
ter.

2.6.2. TEM analysis

The structure, size, and morphology measurements were
conducted on the biosynthesized chitosan and iron nanopar-
ticles using transmission electron microscopy (TEM, Jeol CX
100 — Eching b. Miinchen, Germany), in which a thin film of
the sample placed on a gold-coated copper grid was used
for capturing images of the nanoparticles.

2.7. Marine paint preparation

A marine paint formulation comprising 25 g of Linseed oil as
a binder material, 10 g of iron oxide, 24 g of zinc oxide, 13 g
of complementary pigment, and 38 g of xylene was prepared
through careful blending of these paint ingredients using a
ball mill. The three biosynthesized nanoparticles (chitosan,
U. fasciata, and A. marina) were mixed with the paint com-
position in ratios of 20%, 40%, and 60%, (denoted as 1, 2, and
3, respectively), to produce nine marine paint formulations.

2.8. In situ experiments

In situ experiments were conducted in the Eastern Harbour
of Alexandria, Egypt, to test the effectiveness of the paint
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formulations as antifouling agents. Three iron frames (each
measuring 100 x 70 cm, carrying test panels) were dangled
under the jetty of the National Institute of Oceanography
and Fisheries. These frames were exposed to the marine
environment for different periods (around two, four, and
seven months). The test panels (4 x 10 cm) made from three
types of substrates, PVC, wood, and steel (Figure 1) were
treated using the modified paints. Wood and steel are the
main building components used for producing both small and
large ships, while PVC is a neutral or inert substrate, similar
to the material used in the manufacture of fiber glass boats.
The panels were tightly fixed to each iron frame using thin
silk ropes at both ends of the panel.

2.9. Preparation of the test panels prior to
application of the paint

In this study, iron frames, holding 36 test panels, were used,
of which 12 were made from PVC, 12 from wood, and 12
from steel. Each set of 12 panels comprised three control
(untreated) panels and three sets of samples of modified
paint with different active nanoparticles, with each sam-
ple containing three concentrations, 20%, 40%, and 60%, of
each nanoparticle material in the paint composition. Before
applying paint to the surfaces of the wood and steel pan-
els, they were first polished using different grades of emery
papers and cleaned using xylene.

2.10. Immersion of the panels

The three iron frames were immersed in seawater on the
same starting date, 27/11/2017. After three, six, and ten
days of immersion, microbiological samples from all test
panels of the three iron frames were respectively col-
lected to estimate the total bacterial count of the biofilms
formed. Afterward, the level of marine fouling was mon-
itored on different test panels of the three iron frames
with different immersion durations, and photographed. The
iron frames were collected in the following order: iron
frame | (collected on 05/02/2018 after immersion for more
than 2 months), iron frame Il (collected on 12/04/2018 af-
ter immersion for more than 4 months), and iron frame
Il (collected on 25/06/2018 after immersion for around
7 months).

2.11. Physicochemical parameter measurements
of the seawater

The physicochemical parameters (temperature, salinity, pH,
dissolved oxygen (DO) content, and PO,3~, SiO3~, NO,~,
NO;~, and NHs3 concentrations) of the water in the East-
ern Harbour of Alexandria, Egypt, were measured each time
the panels were inspected or collected. The pH values of
the water samples were estimated in situ using a pH meter
(Orion Research model 210 digital pH meter). The DO con-
tent was measured using the Winkler method, modified by
FAO (Food and Agriculture Organization) in 1975. The PO43-,
Si0;~, NO,~, NOs~, and NHs concentrations in each sample
were determined colorimetrically according to a previously
proposed method (Parsons et al., 1984) using a double-beam
spectrophotometer (Shimadzu UV-150-02), with the values
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Figure 1

expressed in uM. The sulfate (5042~) content of the samples
was precipitated as barium sulfate, whose concentration
was then measured turbidimetrically according to a previ-
ous method (Bather and Riley, 1954).

2.12. Microbiological investigation

2.12.1. Counting the bacteria that form the biofilms
Swabbing using sterile cotton toothpicks was carried out
per cm? of the panels in duplicate, to determine the vi-
able bacterial counts on the different materials that had
been submerged in seawater. Each swab was then added
to 1 mL of sterilized seawater and shaken well. Next, a
portion (100 uL) from each sample was transferred to nu-
trient agar plates prepared with seawater to count the
bacteria. The plates were incubated at 30°C for 24—48 h,
after which bacterial counts were estimated (Abou-Elela,
1994).

2.12.2. Antibacterial activity of the biosynthesized
nanoparticles

A well-cut diffusion technique was used to test how the dif-
ferent crude extracts inhibit the growth of the indicator
bacteria. The nutrient agar medium (50 mL) inoculated with
the test bacteria were poured into the nutrient agar plates.
After the medium had solidified, wells were punched out
using a 0.5-cm cork-porer. The test extracts (50 uL) were
then transferred into each well. All plates were incubated
at an appropriate temperature for 24—48 h, after which the
radius of the clear zone around each well (Y) and the ra-
dius of the well (X) were linearly measured in mm, where
dividing Y2 by X? allowed the determination of the absolute
unit (AU) of the clear zone. Thus, the AU of the crude ex-
tract was calculated according to the following equation:
AU = Y27 /X? 7 (Abdel-Latif et al., 2018).
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1cm

Steel

The three types of substrates used in the study.

2.13. ldentification and estimation of the
macro-fouling communities

In the laboratory, after the removal of the panels from the
iron frames, each of them was photographed, and then pre-
served for careful inspection of the marine fouling species.
Some relevant scientific publications were consulted for
the identification of the species (Bellan-Santini et al.,
1989; Campbell et al., 1982; Riedl, 1970; Zabala and Malu-
quer, 1988).

2.14. Statistical treatment

Data of marine fouling was treated with a two-way ANOVA
test using SPSS software version (22). The number of
recorded fouling species was used as a dependent variable
meanwhile, durations and different concentrations of com-
pounds as fixed factors. A P-value of <0.05 is considered
as a significant value. A post hoc test using (Tukey HSD) was
used to test if there is a mean difference among durations or
between control and different concentrations of the paint
compounds.

3. Results
3.1. Physicochemical parameters

Some physicochemical parameters of the Eastern Harbour
water, at the site of the panel immersion, were measured
when the panels were inspected or collected (Supplemen-
tary Table 1). According to the data obtained, all measured
physicochemical parameters are within the normal range
of those expected for water from the Mediterranean Sea.
Moreover, the chemical parameters of the water do not
show any sudden variation, indicating that the paints do not
pollute the environment.
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3.2. FTIR spectral analysis

FTIR spectroscopy is a useful tool for studying the non-
centrosymmetric (IR active) modes of vibrations, which
enable the determination of the secondary structure
in nanoparticle—biomolecule interactions. In the current
study, the results of FTIR analysis of the used biosynthesized
nanoparticles are as follows:

3.2.1. Nano-chitosan

As shown in Figure 2a, the FTIR spectrum of nano-chitosan
feature absorption bands closer to those of chitosan that
have been reported previously by (Venkatesan et al., 2011),
comprising carbonyl group (C=0, at 1740 cm~') and C—H
stretching peaks at 1411 cm~". The peaks observed at 3190
cm~! can be attributed to N—H and O—H stretching vibra-
tions. The peak at 1533 cm™' can be assigned to the N—
H bending vibration of amide Il, while that at 1379 cm™'
can be assigned to the —CH3; symmetrical deformation mode
(scissoring) of the amide group. The bands assigned to the
stretching vibrations of C—0—C linkages in the polysaccha-
ride structure appear at 1150 and 1063 cm~'. The band at
1150 cm~" corresponds to the anti-symmetric stretching of
the C—0—C bridge. The peak at 2871.26 cm~" corresponds
to the methyl group (CH3), while that at 2361.02 cm~" rep-
resents the alkane group (CH). Two alkene (C=C) peaks can
be observed at 1631.91 and 647.69 cm~', while the ether
group (C—0—C) exhibits a peak at 1031.73 cm~".

These observed peaks represent the major functional
groups of flavonoids, tri-terpenoids, and polyphenols.
Hence, the terpenoids are proven to exhibit good activity
in converting the aldehyde groups to carboxylic acids.

3.2.2. Iron nanoparticles biosynthesized using a U.
fasciata extract
The FTIR spectrum of the FeNPs synthesized using the U.
fasciata extract was used to identify the functional groups
of the active components in the sample, based on the peak
values. The results of the FTIR analysis (Figure 2b) show dif-
ferent peaks at 615.99 and 843.95 cm~' for the functional
group alkyl halides, while the peak at 928.98 cm~' corre-
sponds to the carboxylic acid functional group. In addition,
the peaks at 1030.58 cm~' represent aliphatic amines. The
peak at 1442.14 cm~' represents aromatic amines, while
the recorded peak at 1631.71 cm~" indicates amides. These
strong peaks confirm the stretching vibrations of primary
and secondary amines. Moreover, the peak at 2324.05 cm™'
represents the nitrile functional group, while the identified
peak at 425.85 cm~' corresponds to alcohols and phenols.
From the spectrum, hydroxyl, amino, and C—H group
peaks can be observed in the region of 3000—3600 cm~,
corresponding to the OH group of the monomeric hydro-
gen bond and phenol rings. C=C ring stretching can be ob-
served at 2079.48 cm~". Overall, the peaks in this spectrum
are characteristic of belonging to alginic acid, flavonoids,
tannins, gallic acid, and other phenols. These soluble com-
pounds act as reducing and stabilizing agents, preventing
the aggregation of the nanoparticles in solution, explaining
the high antibacterial activity of the material.
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3.2.3. lIron nanoparticles biosynthesized using an A.
marina leaf extract

FTIR spectroscopy measurements were conducted to iden-
tify the biomolecules responsible for the reduction of Fe3*
and capping of the bio-reduced FeNPs synthesized using
mangrove leaf extract (Figure 2c). The spectrum shows a
broad band at 3277 cm~", corresponding to the O—H stretch-
ing of a high concentration of alcohols or phenols. The band
at 2924.69 cm~' is attributable to the O—H stretching of
carboxylic acids, while the weak-to-strong band at 1438.3
cm~" corresponds to the C—C stretching of aromatic C=C.

Furthermore, the medium band at 1220.36 cm~' is at-
tributable to the C—O stretching of carboxylic acids. In ad-
dition, the multiple broad peaks at 2359.57 cm~' corre-
spond to the N—H stretching of ammonium ions, while the
medium-intensity band at 1628.10 cm~" corresponds to C=N
stretching. The band at 1536 cm~" can be assigned to the
N—O stretching of nitro compounds. Moreover, the weaker
band at 1373.90 cm~" corresponds to the N—O stretching of
amides. The broad band at 1023.87 cm~' accounts for the
C—X stretching of fluoroalkanes. The strong band at 775.90
cm~' can be assigned to the C—H stretching of aromatic
benzene. The amide group peaks confirm the presence of
the enzymes responsible for the reduction and stabiliza-
tion of the metal ions. The recorded polyphenols of the
mangrove leaf extract are proved to be a potential reduc-
ing agent in the synthesis of silver nanoparticles (Qi et al.,
2004).

Notably, the FTIR spectra for the U. fasciata and A. ma-
rina nano-extracts with iron show the efficient binding of
several functional groups (alcohols, carboxylic acids, es-
ters, and ethers) with metal to form iron nanoparticles.
These groups have been previously proven to act as poten-
tial reducing agents of major chemical classes (flavonoids,
triterpenoids, and polyphenols) during the synthesis of iron
nanoparticles. It was confirmed from the N—H stretching vi-
bration of the primary amines and C—N stretching, besides
the overlapping of the aliphatic amines, that the metal is
strongly bound, so secondary metabolites from U. fasciata
and the A. marina leaves form a capping of iron nanoparti-
cles to prevent particle agglomeration and stabilize them in
the medium. These results provide good evidence of their
high efficiency as antibacterial and antifouling agents.

3.3. TEM analysis

The TEM image of the chitosan nanoparticles shown in
Figure 3a revealed that the diameters of the nanoparticles
were in the range of 2.16—4.32 nm and that most of them
were spherical, in accordance with the observations made
by (Ali et al., 2011). The diameters of the iron nanopar-
ticles biosynthesized using U. fasciata leaf and A. marina
extracts were in the range 1.44—18.5 nm (Figure 3b and
c). The type of extract used determines the shapes and di-
ameters of each type of biosynthesized nanoparticles, i.e.,
they are dependent on the reducing agent, which differs
according to the extract used (see the FTIR spectra). The
extracted compounds from the selected U. fasciata and A.
marina leaves served as reducing agents and efficient stabi-
lizers (Mahdavi et al., 2013).
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Figure 2  FTIR spectra of the (a) chitosan nanoparticles, (b) iron nanoparticles biosynthesized using a Ulva fasciata extract, and
(c) iron nanoparticles biosynthesized using an Avicennia marina leaf extract.

3.4. Antibacterial activity of the crude extracts Egypt, and then compared with the reference strains Es-

cherichia coli ATCC 19404 and Staphylococcus aureus ATCC
The antibacterial activities of several crude extracts (U.  6538. However, the data shown in Table 1 indicate that the
fasciata and A. marina) and nanoparticle composites (chi-  A. marina (leaf extract only) has no AUs against both bac-
tosan) were screened against the bacterial community in  terial community and E. coli, while, it shows low AU (1.8)
seawater taken from the Eastern Harbour of Alexandria, against S. aureus. Also, the chitosan composite exhibits the
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nanoparticles biosynthesized using an Avicennia marina \eaf extract.

Table 1 AUs of the different extracts and nanoparticles.

Composite Seawater community* Escherichia coli Staphylococcus aureus
Ulva fasciata extract only 1.8 — —

Avicennia marina extract only — — 1.8

Iron nanoparticles + Ulva fasciata extract 2.3 4.0 4.0

Iron nanoparticles + Avicennia marina extract 3.4 2.3 3.4

Chitosan composite 1.8 — 1.8

* This sample was collected from the Eastern Harbor of Alexandria, Egypt, for isolating the seawater community.

Table 2 Numbers of recorded fouling species on the different test panels of the iron frames after being immersed for different

periods in the water of the Eastern Harbor of Alexandria.

Iron frame lafter more than 2

Iron frame llafter more than 4

Iron frame lllafter around 7

Frame months months months

Test PvC Wood Steel PVC Wood Steel PVC Wood Steel
Control 3 7 3 15 14 14 23 17 21
1A 1 2 4 10 8 6 17 14 15
1B 3 1 3 10 8 8 13 9 11
1C 3 1 1 9 9 8 11 5 14
2A 1 3 4 5 6 10 19 12 10
2B 3 1 4 10 7 9 12 12 12
2C 5 3 4 6 6 12 20 11 13
3A 5 7 4 7 6 12 13 8 11
3B 4 2 3 6 7 8 8 12 14
3C 3 4 4 8 4 6 7 14 10

same inhibition value against both the bacterial commu-
nity of the water taken from the Eastern Harbour and S.
aureus (AU = 1.8), but shows no activity against E. coli.
Moreover, these data exhibit that high AUs are detected
for the iron nanoparticles with either algal or mangrove
extracts. In particular, the iron + U. fasciata composite
shows the highest AUs against both E. coli and S. aureus
(AU = 4.0), while the iron + A. marina composite exhibits
high AUs of 3.4 against both the seawater community and S.
aureus.
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3.5. Bacterial counts on the different treated
panels

The marine bacterial populations that adhere to the PVC,
wood, and steel panels submerged in seawater were esti-
mated over a period of 10 days. For the different control
panels under investigation, the bacterial count increased
regularly for up to six days and then started to decrease
sharply until the 10th day. The bacterial counts on the
PVC control panel were 5 x 102, 3 x 103, and 1.2 x 10°
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cfu/cm? after 3, 6, and 10 days, respectively. For wood con-
trol, these values were 5 x 102, 3.2 x 103, and 1.4 x 103
cfu/cm? after 3, 6, and 10 days, and for steel control, they
were 5 x 10%, 7.1 x 10%, and 1.6 x 10 cfu/cm? after 3,
6, and 10 days, respectively. However, the observed bacte-
rial counts on different treated panels were rather lower
than their counts on the controls (p < 0.05). There were
variations in each treatment group and between different
treatments. Generally, the bacterial count increased gradu-
ally until fouling appeared. So, the suppression percentages
(%) detected by different biocides along the investigation
period were calculated to express their antibacterial activ-
ity. The suppression % ranges from 64.3 to 100, but in most
treatments, the values were ~97%, as shown in Figure 4.

3.6. Fouling community

After more than two months of immersion, the iron frame
(I) was the first sample frame to be retrieved from the
Eastern Harbour, upon which 15 marine fouling species
were observed, including one Hydroid, four Bryozoa, three
Polychaeta, two Barnacles, one Tanaidacea, and four Am-
phipoda species. Nine species were collected from the con-
trol panels. For the treated test panels, the number of
recorded marine fouling varied according to the antifoul-
ing compounds used and their concentrations, as well as the
type of substrate (Table 2, Figure 5).

It is evident that, for the control panels, the PVC panel
was fouled by one Hydroid, one Polychaete, and one Bar-
nacle species, the wood panel by three Bryozoa, one Poly-
chaete, one Tanaidacea, and two Amphipoda species, and
the steel panel by two Bryozoa and one Polychaete species.
With respect to the treated test panels, only one species
was recorded on PVC panels, which were coated with paints
1A and 2A. One species was observed on both the wood and
steel panels coated with paint 1C.

Meanwhile, after more than four months of immer-
sion, twenty marine fouling species were collected on iron
frame I, including one Hydroid, eight Bryozoa, one Poly-
chaete, four Barnacles, one Tanaidacea, and five Amphipoda
species. Seventeen species were collected on the control
test panels. The recorded marine fouling species were also
diversified on the treated test panels (Table 2, Figure 6).
With respect to the control panels; it was noticed that fif-
teen fouling species were settled on the control PVC panel,
as well as fourteen species on both wood and steel panels,
while the marine fouling species settled on the coated pan-
els with different antifouling agents; only five species were
recorded on PVC panel coated with paint 2A. Moreover, four
species on wood, and six species on steel panels coated with
paint 3C.

After around seven months of immersion, twenty-nine
marine fouling species were collected on iron frame lIl,
including two algae, five Bryozoa, five Polychaetes, four
Barnacles, one Tanaidacea, three Isopoda, six Amphipoda,
one Decapoda, and two Ascidia species. Meanwhile, twenty-
six fouling species settled on the control test panels. On the
other hand, the treated test panels also showed variable
numbers of settled fouling species (Table 2, Figure 7).

The results of the iron frame (lll) showed that for the
control panels; the PVC test panel was fouled by 23 species,
the wood by 17 species, and the steel by 21 species. While
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Figure 4 Suppression percentages (%) & S.D. of the bacterial
films by the different biocides after (a) 3 days, (b) 6 days, and
(c) 10 days. 1A, 2A, and 3A contain 20%, 40%, and 60% nano-
chitosan, respectively. 1B, 2B, and 3B contain 20%, 40%, and
60% Ulva fasciata extract. 1C, 2C, and 3C contain 20%, 40%,
and 60% Avicennia marina extract; (n = 3).

for the treated test panels; only five species were recorded
on a wood panel coated with paint 1C, seven, and ten
species were observed on PVC and steel panels coated with
paint 3C, respectively.

However, the lists of all recorded fouling taxa on differ-
ent test panels, during various immersion periods, are pro-
vided in the supplementary tables (2—4).

3.7. Statistical results

Based on the number of settled fouling species as a de-
pendent variable, the two-way ANOVA test indicated that
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(f) 2B, (g) 2C, (h) 3A, (i) 3B, and (j) 3C.

there is a significant difference between durations i.e. 2, 4,
and 7 months (Table 3). Results of the Post hoc test (Tukey
HSD) indicated a higher number of settled fouling species
during longer periods of exposure whenever, the maximum
number of species is recorded in 7 months’ duration which
was significantly higher than the 2 months (10.78*) and the
4 months (4.64*) durations (Table 4). In addition, there is
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§

Biofouling species collected on the control and treated test panels of frame I, (a) Control, (b) 1A, (c) 1B, (d) 1C, (e) 2A,

another significant difference between different compound
concentrations and control. It is obvious from the estimated
marginal means of the dependent variable (Figure 8) that
the contrary effects of all compounds are more evident
during longer periods (4 and 7-month durations) than the
short one (2 months). Moreover, the extract of mangrove
leaves Avicennia marina (compound C) was the most effec-
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(i)

(3)

Figure 6 Biofouling species collected on the control and treated test panels of frame Il, (a) Control, (b) 1A, (c) 1B, (d) 1C, (e)

2A, (f) 2B, (g) 2C, (h) 3A, (i) 3B, and (j) 3C.

tive compound as an antifouling agent through different du-
rations. Results of the Post hoc test (Tukey HSD) indicated
that the maximum inhibitory effects were recorded with 3C
(—6.44*) and 1C (—6.33*) which were significantly less than
the control.
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4. Discussion

Marine biofouling is the term given to the accumulation of
microorganisms, plants, algae, and small invertebrates on
surfaces that are submerged in water. In the process of bio-
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(i)

Figure 7
2A, (f) 2B, (g) 2C, (h) 3A, (i) 3B, and (j) 3C.

fouling, a biofilm first forms, where one of the critical fac-
tors that affect its development is the feedwater quality, in
terms of temperature, pH, DO content, and the presence of
organic and inorganic nutrients. Once a microorganism finds
an environment to which it is suited, growth proceeds, un-
less the conditions in the system become too inhospitable
(Qian et al., 2003). In temperate regions (such as in Egypt),
marine fouling is a common phenomenon, where the rel-
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Biofouling species collected on the control and treated test panels of frame lll, (a) Control, (b) 1A, (c) 1B, (d) 1C, (e)

atively high water temperature is the principal factor re-
sponsible for enhancing the breeding periods and increase
the growth rates of fouling organisms (Rascio, 2000).

The hulls of ships are painted to keep fouling
from 481 undesirable marine organisms under control
(Chambers et al., 2006). However, there is evidence that
some paints are poisonous and can undesirably affect non-
target living organisms. Thus, the development of non-toxic



K.M. Abdelsalam, N.A. Shaltout, H.A. Ibrahim et al.

Table 3 Results of the two-way ANOVA test.

Tests of Between-Subjects Effects
Dependent Variable: Number of fouling species

Source Type Il Sum of Squares df Mean Square F Sig.
Corrected Model 3031.583¢ 29 104.537 20.216 .000
Intercept 6501.440 1 6501.440 1257.303 .000
Duration 1526.595 2 763.298 147.613 .000
Concentration 642.694 9 71.410 13.810 .000
Duration* Concentration 284.500 18 15.806 3.057 .000
Error 403.333 78 5.171
Total 12237.000 108
Corrected Total 3434.917 107
@ R Squared = .883 (Adjusted R Squared = .839).

Table 4 Results of Post Hoc test (Tukey test) among durations.
Multiple Comparisons
Dependent Variable: Number of fouling species
Tukey HSD
() Duration (J) Duration Mean Difference (I-J) Std. Error Sig. 95% Confidence Interval

Lower Bound Upper Bound
2 4 months -6.14* .536 .000 -7.42 -4.86
months 7 months -10.78* .536 .000 -12.06 -9.50
4 2 months 6.14* .536 .000 4.86 7.42
months 7 months -4.64* .536 .000 -5.92 -3.36
7 2 months 10.78* .536 .000 9.50 12.06
months 4 months 4.64* .536 .000 3.36 5.92

Based on observed means.
The error term is Mean Square(Error) = 5.171.
* The mean difference is significant at the .05 level.
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Figure 8 Estimated marginal means of the number of settled

fouling species on control and different concentration of vari-
ous paints.

coatings that can successfully control biofouling is of high
priority. Numerous natural plants and other organisms, such
as coral, sponges, seaweed, and land plants, exhibit ef-
ficient antifouling behavior (Negm et al., 2018). Studies
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are currently underway into the development of materi-
als that can enable these to be combined with the poly-
meric matrices of antifouling paints, with the end goal of
developing a product that does not leach out harmful com-
pounds in water, and thus, does not pollute the environment
(Almeida et al., 2007).

At the National Institute of Oceanography and Fisheries
(NIOF, Egypt), several crude extracts have been prepared
from marine organisms and resources, and their potential-
ity against microbial pathogens, especially S. aureus, has
been tested. For instance, Botros Tadros et al. (2009) exam-
ined the free lipid U. lactuca on glass panels immersed in a
medium inoculated with S. aureus ATCC 6538 as a model or-
ganism for biofilm formation. The results showed that 5% of
the free lipid U. lactuca suppressed 82% of S. aureus (ATCC
6538) attached to the glass panels and 85% of free S. aureus
in the medium. Recently, Negm et al. (2018) used an envi-
ronmentally friendly method to synthesize silver nanopar-
ticle (AgNP)-embedded biological marine extracts (BMEs)
from four species of marine algae (U. fasciata, Gratelou-
pia sp., Pterocladiella capillacea, and Corallina mediter-
ranea). They evaluated their antibacterial properties and
anti-biofilm activity against indicator strains and 506 bac-
terial communities, and observed positive antibacterial ac-
tivity in the range 2.4—23.6 AU. It was determined that
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an aqueous extract of Ulva fasciata was the most efficient
among the different algal species screened for use in the
green synthesis of AgNPs/BMEs.

In the in situ experiments conducted in this study, atten-
tion has been focused on both wood and steel panels that
representing the main materials used in various boats and
vessels.

It should be noted that the number of marine fouling
species settled on the panels was affected by both the du-
ration of the panel immersion and the season in which the
immersion was conducted (Brown and Swearingen, 1998).
Generally, at temperate latitudes, heavy fouling might oc-
cur in the summer, but during the cold winter period, little
growth occurs. In total, nine marine fouling species were
collected on the control test panels of the iron frame (I),
which was immersed for more than two months in seawater.
This number increased to 17 on the iron frame (ll), which
was immersed in seawater for more than four months. Ad-
ditionally, 26 marine fouling species were collected on the
iron frame (lll), which had been immersed in seawater for
around seven months. The two-way ANOVA test confirmed
that there is a significant difference between durations with
more settled fouling species during longer periods of expo-
sure (p <0.05).

The number of barnacles that settle on the tested steel
panels is important in selecting the most favorable type of
antifouling paint, as these creatures corrode metal surfaces
(Shide, 1989). In this work, after four months of immersion,
the steel panel coated with paint 3C contained only four
barnacles, constituting ~5% of the total barnacles found on
the control panel. In addition, the steel panel coated with
paint formulation 3C showed only one barnacle attached
to it, making up to ~2% of the total barnacles found on
the control panel after around seven months of immersion.
These results confirmed the great importance of using man-
grove extract nanoparticles as an antifouling agent.

In accordance with our results, Pelletier et al. (2009) es-
timated the antifouling activity of chitosan in a marine en-
vironment, showing that a coating with 20% chitosan exhib-
ited antibacterial activity after 14 days of immersion in an
estuary, while that with 5% chitosan exhibited no antifoul-
ing activity. It is well-known that the cationic amine group
in the chitosan molecule plays a major role in its antimicro-
bial activity, as it forms electrostatic interactions with an-
ionic groups on the cell membrane of bacterial cells, which
eventually lead to cell death (Alishahi and Aider, 2012). This
explains why chitosan antifouling efficiency increases by in-
creasing its concentration in the paint.

In general, the promising results of the nanoparticle
biosynthesized extracts from (chitosan, U. fasciata, and
mangrove leaf A. marina), can be attributed to the antimi-
crobial activity of the bioactive compounds contained in the
extracts, such as polyunsaturated fatty acids, phenols, alco-
hols, amines, amides, ammonium, flavonoids, terpenoids,
alkaloids, quinones, sterols, polyketides, phlorotannins,
polysaccharides, glycerols, peptides, and lipids. All these
compounds prevent the formation of biofilm on im-
mersed panels and hence inhibit or decrease the rate of
fouling.

Traditionally, mangrove plant extracts are widely used
as antimicrobial agents (Shamsuddin et al., 2013) and ex-
hibit significant antifouling activity (Chen et al., 2008).
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Many studies have shown their specific activity in inhibiting
the growth of virulent strains of bacterial pathogens (Abou-
Elela et al., 2009; Sahoo et al., 2012).

Avicennia marina contains a mixture of fatty acids such
as alpha-linolenic, palmitic, stearic, lauric, myristic, and
oleic acids, as well as their derivatives (Selvin et al., 2009).
It has been confirmed that A. marina also contains ter-
penoids (Azuma et al., 2002), triterpenoids, and alkaloids
(Abeysinghe, 2010; Chen et al., 2008; Ravikumar et al.,
2010). Moreover, Sahoo et al. (2012) revealed that mangrove
plants contain saponins, glycosides, tannins, flavonoids,
phenols, and volatile oils in their leaves. Therefore, these
natural biocides are bioactive compounds and ideal for
the development of biodegradable antifouling materials
(Selvin et al., 2009).

The superior efficiency of the extract C nanoparticle ad-
ditive as an antifouling agent, compared to extracts A and
B, can be attributed to it containing polyphenols and am-
monium compounds, very high concentrations of alcohol,
and the presence of both aromatic and aliphatic amide and
amide derivatives. Hydroxyl, carboxyl, and amino groups
were found to exist in these compounds, as presented in its
IR spectrum, showing that extract C has high antimicrobial
activity. In addition, polyphenols act as a strong reducing
agent of the metal (nano-iron), resulting in a remarkable
increase in its antimicrobial activity (Cetin-Karaca, 2011).
The presence of aliphatic, branched, and aromatic amides
confirm the presence of enzymes that biologically control
and prevent biofilm formation, hence reducing the devel-
opment of fouling. Moreover, the presence of ammonium
groups, identified in the IR spectrum, confirms the antimi-
crobial activity of the extract (Kabara et al., 1972).

The strong activity of extract C can also be explained
by looking at the ionic state of the compounds, as it
contains both anions (oxidizing compounds), such as fatty
acids, amide derivatives, and N-methylated derivatives of
amine compounds, and cationic compounds (non-oxidizing
compounds), such as ammonium, aldehydes, alkaloids, ter-
penoids, and flavonoids, in amounts and greater variability
than those in extracts A and B. The mechanism of action
of anionic compounds in antifouling can be attributed to
their efficiency as antimicrobial agents for a wide spectrum
of gram-positive and negative bacteria. Only anionic com-
pounds can completely diffuse through the cell membrane
and cause lysis of the protoplast, and promote the complete
dissolving of protein moieties, such as the lipoprotein of the
membrane. The mode of action of cationic compounds in
fouling prevention is limited to gram-positive bacteria, as
they react with the phosphotidic, phosphatidic, and lipid
components of the cytoplasmic membrane, disturbing its
permeability (Alves et al., 2013; Farhadi et al., 2019).

In addition, most compounds in extract (C) are hy-
drophilic, such as alcohols, phenols, carboxylic compounds,
ammonium, amides, branched amines.45, and alkyl halides.
This means that the surface covered with paints mixed with
extract C is less fouled than that coated with B (which
contains both hydrophilic and hydrophobic compounds) and
much less than those coated with extract A, in which most of
its compounds are hydrophobic. The observed results reflect
the constituents of each extract, as a hydrophobic surface
may cause other non-polar or hydrophobic compounds to be
adsorbed onto the surface, resulting in biofouling.
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5. Conclusions

To develop active biocides that can control micro- and
macrofouling, three natural resources (chitosan, Ulva fas-
ciata, and Avicennia marina leaves) were immobilized with
different nanoparticles, and then mixed with 20%, 40%, and
60% by weight of the prepared paint formulation, to pro-
duce nine paints. In situ experiments in the water of the
Eastern Harbour of Alexandria, Egypt, were conducted to
test the effectiveness of the coating as antifouling agents.
The experimental results showed that no sample was com-
pletely resistant to fouling, but surfaces coated with com-
pound C (containing the A. marina leaf extract) were the
least fouled and could effectively resist both micro- and
macro-fouling during different immersion intervals.
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KEYWORDS Abstract Sea level trends and their forcing over the eastern Mediterranean basin are investi-
Sea level variability gated by using 27 years (1993—2019) of gridded sea level anomalies (SLA) derived from satellite
and trend; altimetry and 9 tide gauge stations, along with sea surface temperature (SST) and temperature
Thermosteric and and salinity profiles. The contributions of atmospheric (wind and pressure) and steric compo-
halosteric effect; nents to the interannual variability of total SLA were evaluated. The thermosteric component
Atmospheric represents the major contributor to the linear trend and was positive over most of the eastern
contribution; Mediterranean, with a spatially averaged trend of 2.13+0.41 mm/year, accounting for 69% of
Eastern the total sea level trend (3.1+0.61 mm/year). In contrast, the halosteric effect has a negative
Mediterranean contribution to the steric SLA, with a mean trend of -0.75+0.19 mm/year. The atmospheric

component trend was much lower at 0.32+0.24 mm/year. The interannual variability of SLA
accounts for about 36% of overall sea level variability. Steric and atmospheric contributions to
the interannual variability of sea level in the eastern Mediterranean account for about 52% and
18%, respectively. The strongest interannual variability and trends in SLA were observed over
the basin’s main recurrent gyres, with the maximum positive trend obtained over the Mersa—
Matruh and Cyprus gyres, as well as the North Shikmona eddy, and maximum negative trend over
the lerapetra gyre. Over the study period, all tide gauges showed a positive and statistically
significant trend, ranging from 1.47+0.77 to 5.79+1.32 mm/year after applying glacial isostatic
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adjustment and atmospheric correction, and were in good agreement with reconstructed steric

sea level data.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Quantifying sea level change and assessing its main forc-
ing mechanisms have recently been at the forefront
of challenges for the climate research community. The
Mediterranean Sea has been identified as one of the most
vulnerable regions to climate change (Giorgi, 2006). In
particular sea level rise may have a strong impact in the
Eastern Mediterranean (EM) Sea due to the many low-lying
densely populated coastal areas such as the Nile River Delta
in Egypt (Church et al., 2013). Sea level rise may strongly
affect livelihoods in coastal populations and various es-
sential economic activities of the countries surrounding
the Eastern Mediterranean Sea including fishing, tourism,
irrigation, transportation, and more recently, natural gas
drilling projects.

Generally, the global mean sea level change depends
on both mass addition (including glacier ice melting and
changes in ground water storage) and redistribution, as
well as on the steric effect, which is caused by changes
in water-column density due to temperature and salinity
variations (Ishii and Kimoto, 2009; Jorda and Gomis, 2013;
Levitus et al., 2012). Since the rate of global sea-level
rise is not uniform, and it is highly dependent on loca-
tion (Stammer et al., 2013), studies of regional sea level
variations and physical processes controlling them are re-
quired. Here, our study focuses on sea level change and
its contributing mechanisms in the eastern Mediterranean
Sea.

During the altimetry era, extensive work has been
conducted to measure sea level variability and trends in
the Mediterranean Sea. Mohamed et al. (2019a) revealed
a strong positive sea level trend of 2.7+0.41 mm/year
(after glacial isostatic adjustment correction), as well as a
substantial warming of 0.036+0.003°C/year over the whole
Mediterranean over 1993—2017. Bonaduce et al. (2016) re-
ported that the Mediterranean Sea level has strongly
risen with an average trend of 2.44+0.5 mm/year over
1993—-2012. However, spatial variability of the trend was
quite large with the eastern basin showing much higher
trends as compared with the western basin, whereas
even negative trends were observed in large parts of
the lonian Sea. The Mediterranean Sea upper-layer heat
and salt contents are modulated at interannual/decadal
timescales by the natural climate variability modes of the
North Atlantic (Tsimplis and Josey, 2001), especially the
North Atlantic Oscillation (NAO) (Hurrell, 1995), strongly
affecting thermosteric sea level variability (Landerer and
Volkov, 2013; Tsimplis et al., 2013). Previous studies have
demonstrated that SST and SLA are highly correlated at
seasonal and interannual scales, especially in the eastern
Mediterranean basin (Cazenave et al., 2002; Fenoglio-
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Marc, 2002). The strong correlation between the two
parameters suggests that the thermosteric effect is a major
factor controlling interannual variability of sea level in
the eastern Mediterranean (Vigo et al., 2005). In general
SLA interannual variability is more pronounced in the
Eastern Mediterranean as compared with the western basin
(Bonaduce et al., 2016; Cazenave et al., 2002). The eastern
Mediterranean was strongly affected by the rapid rise in
sea level over 1993—-2001 with rates of 5—10 mm/year,
which was partially attributed to accelerating sea sur-
face warming (Cazenave et al., 2001; Vigo et al., 2005).
Tsimplis et al. (2005) also associated the increasing sea level
rise during that period to the Eastern Mediterranean Tran-
sient (Roether et al., 1996), a major climatic transient event
during the 1990’s affecting the EM thermohaline closed cell
with the main source of deep water shifting from the Adri-
atic to the Aegean Sea. Roether et al. (1996) showed that
an exceptionally dense Aegean Sea outflow had replaced
20% of the EM deep waters by the mid-nineties, lifting the
older deep water of Adriatic origin and resulting in large
changes of the EM overturning circulation and salt content
distribution. More recently, Banaduce et al. (2016) found
that the Mediterranean SLA trend over 1993-—2012 was
partially driven by strong positive SLA anomalies in 2010
and 2011 that mainly occurred in the eastern basin.

The role of atmospheric forcing in determining sea level
variability and trends in the Mediterranean is well demon-
strated by several studies (Gomis et al., 2008; Marcos and
Tsimplis, 2008; Tsimplis et al., 2005). Considering dynamic
atmospheric correction (DAC), Pascual et al. (2008) ob-
served a sea level trend of about 0.6 mm/year over the pe-
riod 1993—2001 due to the atmospheric forcing. The same
authors observed minimum values in the western Mediter-
ranean basin and maximum values in the Levantine basin up
to 2 mm/year.

The main objective of this study is to investigate the in-
terannual variability and trends of total SLA and its con-
tributors in the eastern Mediterranean, based on altimetry
and tide gauge sea level anomalies, as well as high resolu-
tion 3-D temperature and salinity observations from 1993 to
2019. In particular, we estimate the relative contributions
of atmospheric, Glacial Isostatic Adjustment (GlA), ther-
mosteric, halosteric, and total steric effects to SLA variabil-
ity and trends.

2. Data and methodology

The contributions of the atmospheric and steric effects to
the interannual sea level variability in the eastern Mediter-
ranean Sea were analyzed using different data sources, as
described in the following sub-sections.
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Table 1

Sea level trends (mm/year) for the observed tide gauges (TG), atmospheric, total steric and residual (observation

minus atmospheric, GIA, and total steric) contributions to the sea level trend. R denotes the correlation coefficients between
the atmospherically corrected TG and reconstructed steric sea level. All uncertainties are given at the 95% confidence interval.

Not statistically significant trends are underlined in boldface.

Stations (Country) Period Trend (mm/year) R
TG GIA DAC TG* Steric Residual

Siros (Greece) 1993—2019 3.21+0.83 0.09  0.54+0.31 2.66+0.64 1.18+0.42 1.65+0.57 0.70
Khalkis north (Greece) 1993—-2019 3.98+0.84 -0.05 0.58+0.36  3.46+0.61 1.83+0.41 1.61+0.63  0.64
Thessaloniki (Greece) 1993—2019 4.46+0.96 -0.17 0.60+0.38  3.78+0.70 1.17+0.28 2.84+0.63 0.73
Alexandroupolis (Greece) 1993—2019 1.95+1.03 -0.12 0.50+0.36  1.47+0.77 1.30£0.30 0.23+0.67 0.53
Khios (Greece) 1993—-2013 3.02+1.37 -0.04 0.51+0.31 1.57+0.66 0.82+0.38 0.11+1.02 0.78
Leros (Greece) 1993—2019 2.00+0.80 0.03  0.40+0.27 2.00+0.80 1.27+0.37 2.00+0.80 0.47
Antalya Il (Turkey) 1993—2009 6.48+1.48 -0.09 0.59+0.23  5.79+1.32 1.36+0.40 4.42+1.20 0.69
Hadera (Israel) 1993—-2019 4.18+0.77 0.02  0.17+0.17 4.03+0.69 1.30+0.38 2.82+0.63 0.73
Alexandria (Egypt) 1993—2015 5.01+0.94 -0.01 0.21+0.22 4.65+0.88 2.00+0.41 1.85+0.92 0.73

* Indicates that GIA, and DAC correction was applied to TG.

2.1. Altimetry and tide gauge mean sea level data

Monthly mean sea level data from 9 tide gauges (TG) sta-
tions (Table 1) obtained from the Permanent Service for
Mean Sea Level (PSMSL) (Woodworth and Player, 2003) (http:
//www.psmsl.org/, accessed December 2020) were used in
this study. The spatial distribution of these tide gauges sta-
tions over the eastern Mediterranean Sea is represented by
black triangles, as shown in Figure 1. All stations have datum
continuity and data exceeding 15 years. At the Alexandria
station, a datum correction was applied as we extended the
PSMSL record by 10 years of monthly data (2006 to 2015),
which was quality controlled by Mohamed et al. (2019b).

Gridded daily mean sea level anomalies (SLA) at 1/8-
degree spatial resolution for the period 1993—2019 were ob-
tained from the Copernicus Marine Environment Monitoring
Service (CMEMS; http://marine.copernicus.eu/, accessed
December 2020). Monthly means were calculated from the
daily values at each grid point. The data are produced by
merging observations of T/P, ERS1/2, Jason 1/2/3, Sentinel-
3A, HY-2A, Saral/AltiKa, Cryosat-2, ENVISAT, and GFO al-
timetry missions. This dataset is distributed under the
name SEALEVEL_MED_PHY_L4_REP_OBSERVATIONS_008_051
in the CMEMS catalogue. In which, all standard geophysi-
cal and environmental corrections have been applied, in-
cluding atmospheric correction using the so-called dynamic
atmospheric correction (DAC) (Landerer and Volkov, 2013;
Pujol and Larnicol, 2005), which combines the low frequen-
cies (>20 days) of the standard inverted barometer (IB) cor-
rection with the outputs of the barotropic MOG2D-G model
(Carrére and Lyard, 2003). This procedure improves the rep-
resentation of high-frequency (<20 day) atmospheric forc-
ing considering both pressure and wind effects.

2.2. Atmospherically induced sea level variations

Dynamic atmospheric corrections were applied by AVISO
processing algorithms to correct satellite altimetry data.
Here, we analyze the DAC product to estimate the contri-
bution of atmospheric forcing to the satellite altimetry and
to correct TG data. This data is provided by AVISO website
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(ftp.aviso.altimetry.fr, accessed December 2020) as an aux-
iliary dataset with a spatial grid resolution of 0.25°x0.25°
and a time resolution of 6 hours. The data were converted
to monthly means to be consistent with altimetry and TG
data used in this study.

2.3. Estimation of steric, thermosteric, and
halosteric sea level anomalies

Steric SLA (SSLA) was calculated as the vertical integral
of the density anomaly and then decomposed into ther-
mosteric SLA (TSLA), and halosteric SLA (HSLA) by using the
following equations (Jayne et al., 2003; Wang et al., 2017):

SSLA = TSLA + HSLA = —

1 0
/ Ap dz
—H

o
0
I,
Where p, is the reference density (1025 kg/m?), z denotes
depth. And Ap, AT, and AS are density, temperature,
and salinity anomalies, respectively, referred to their
climatic mean (1993—2019) at each layer, and « and 8 are
the thermal expansion and saline contraction coefficient,
respectively, calculated from monthly temperature and
salinity using the Thermodynamic Equation Of Seawater
-2010 (TEOS-10) (Pawlowicz et al., 2012), and the Gibbs
Sea Water (GSW) Oceanographic Toolbox (McDougall and
Barker, 2011). H is the reference depth, which is set to 400
m or the bottom where the sea is shallower, The choice of
400 m for the lower level of integration was made here to
be consistent with Tsimplis and Rixen, (2002). The steric
effect in the Mediterranean Sea is limited to the upper 300
m of the water column, as shown by Tsimplis et al. (2013).
The steric height and its components were cal-
culated using a high resolution monthly 3-D hydro-
graphic gridded product provided by CMEMS (MUL-
TIOBS_GLO_PHY_TSUV_3D_MYNRT_015_012, https://www.
copernicus.eu/en, accessed January 2021). This dataset is
based on optimal interpolation of global quality-controlled
ocean temperature and salinity profiles (Guinehut et al.,
2012). It has a horizontal resolution of 0.25° x 0.25° and

(AT — BAS)dz
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Figure 1 Bathymetry of the study area and the location of

the tide gauges used in our study (black triangles). Bathymetric
data obtained from a global 30 arc-second interval grid (GEBCO,
https://www.gebco.net) with 10 m as the minimum depth. The
abbreviations stand for the Levantine Basin (LB), the Aegean
Sea (AS), and the Nile River Delta (NRD).

a vertical resolution of 50 depth levels (standard depths)
covering the period 1993—-2019.

In addition, in order to investigate SST variations we use
the NOAA Daily Optimum Interpolation Sea Surface Tem-
perature dataset (version 2.1, NOAA_DOISST_V2.1, https:
//www.ncei.noaa.gov/data/sea-surface-temperature-
optimum-interpolation/v2.1/access/avhrr/, accessed Jan-
uary 2021), with a spatial resolution of 0.25° x 0.25°,
covering the period 1993—2019 (Huang et al., 2021). The
ICE-6G_C (VM5a) model provided by PSMSL (Peltier et al.,
2015) is used for the GIA correction. The rate of relative sea
level rise (dSea) and rate of change of geoid height (dGeoid)
in this model (Peltier et al., 2015) are used to correct tide
gauge and altimetry data used in our study, respectively.

2.4, Linear trends of sea level and its components

Linear trends of the observed, atmospherically induced,
steric, and residual (observation minus atmospheric, GIA,
and total steric) sea level as well as SST over the period
1993—-2019 are estimated by using the least squares method
(Wilks, 2011). To properly estimate long-term trends and
assess interannual and interdecadal variability of sea level
it is important to remove the strong effect of seasonal vari-
ability. Thus, the mean and seasonal cycles were removed
from the all- time series prior to the trend calculation.
A 12-month climatology is built for each time series by
averaging the monthly mean values for each calendar
month at each grid point from 1993 to 2019. Then, the
de-seasoned anomaly field is obtained by subtracting the
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monthly climatology from each dataset. Since the Eastern
Mediterranean is an eddy-rich area with eddies strongly
affecting intra-annual variability, a 13-month running
mean was used to highlight interannual variability. These
trends were tested for statistical significance using the
original two-tailed modified Mann-Kendall test at the 95%
confidence interval (Hamed and Ramachandra Rao, 1998).
MATLAB software R2020b, and Climate Data Toolbox (CDT)
are used to estimate trends, remove seasonal cycles, and
apply the Mann-Kendall test (Greene et al., 2019).

3. Results and discussion

In this section, the spatial and temporal variability of the
total sea level from altimetry and tide gauges is analyzed
in detail over the period 1993—2019. Then relative contri-
butions of the atmospheric, GIA and steric effects to total
change in sea level are explored.

3.1. Observed mean sea level changes

A few TG stations are available in the eastern Mediterranean
during the study period. Trends in sea level based on TG
measurements and their estimated steric height are com-
pared in Figure 2 and Table 1. The tide gauges time se-
ries show high coherence at all stations, suggesting that
they are determined by large scale rather than local mete-
orological components. The total sea level trends are pos-
itive at all TG stations over the period 1993—2019, rang-
ing from 1.95+1.03 mm/year at Alexandroupolis (Greece)
to 6.48+1.48 mm/year at Antalya Il (Turkey). The high trend
at the Antalya Il station is significantly affected by local land
subsidence, which was about —3.2 4+ 0.5 mm/year based on
GPS data for the period 1994—2009 (Simav et al., 2012).
Also, the vertical land motion was higher at Thessaloniki,
Leros, and Hadera stations, as demonstrated by Fenoglio-
Marc et al. (2004) and Mohamed and EL-Din (2019).

Figure 3 depicts the spatial distribution of altimetry SLA
trend and its components. The average spatial trend of the
total atmospherically corrected SLA for the whole region
is 3.1+£0.61 mm/year. The GIA correction to altimetry data
(dGeoid) is negative in the whole region, with values rang-
ing from about —0.1 to —0.18 mm/year. Figure 3a shows
the trends in altimetry after the GIA effect is removed.
On average, these are about 0.13 mm/year larger due to
the GIA effect on altimetry data. The average altimetry
trend for the eastern Mediterranean after GIA correction is
about 3.23+0.61 mm/year. The SLA trend is spatially coher-
ent over most of the eastern Mediterranean where strong
positive trends (up to 5.6 mm/year) were observed, while
only the lerapetra gyre (southeast of Crete) showed a signif-
icantly negative trend. The highest positive trend has been
observed over the Mersa-Matruh and Cyprus gyres, as well
as the North Shikmona eddy (Figure 3a). These gyres and
eddies’ positions are well defined by Menna et al. (2021).
The general spatial pattern of SLA trend is in agreement
with earlier studies (Bonaduce et al., 2016; Mohamed et al.,
2019a; Taibi and Haddad, 2019). Relatively low (and not sta-
tistically significant at 95% confidence interval) trends were
only found in the south-west part of the basin.
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eastern Mediterranean Sea, the mean and seasonal cycles have been removed from all-time series.

Figure 4 shows the time evaluation of the mean sea
level anomaly and its components in the Eastern Mediter-
ranean from 1993 to 2019. The total atmospherically cor-
rected SLA shows a positive trend of 3.05+0.25 mm/year.
The long-term trend has been found to be partially driven
by the extreme positive anomaly occurred in 2010, which
is mainly attributed to the strong negative phase of North
Atlantic Oscillation (NAO) (Landerer and Volkov, 2013). Both
the steric and mass (residual) component contribute pos-
itively to the total SLA trend. However, the mass compo-
nent shows a higher variability and a stronger trend than
the steric component (Figure 4a).

Separating the steric component into its thermosteric
and halosteric contributions reveals that the rapid sea level
rise is primarily due to the thermosteric component, while
the halosteric contribution is negative, especially over the
last 15 years (Figure 4b), indicating an increase in mean
salinity over the entire domain (Figure 5d). The atmospheric
contribution shows a slightly positive trend, as shown in
Figure 4c. This result is consistent with (Gomis et al., 2008),
who demonstrated that the atmospheric circulation pattern
had changed dramatically in the Mediterranean Sea over the
last decade, with a positive trend in the contribution of at-
mospheric pressure estimated from 1993 to 2001.

3.2. The atmospheric contribution

Over the analyzed period, the contribution of DAC at TG
stations shows a positive trend (Table 1 column 5), with
the highest trends found in the Aegean Basin, with a max-
imum value of about 0.60+0.38 mm/year at Thessaloniki
(Greece). The atmospheric contribution to sea level trend
in the Levantine Basin is negligible, as evidenced by low
and not significant DAC trends at Alexandria (Egypt) and
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Hadera (Israel) stations. Figure 3b depicts the spatial dis-
tribution of trends in atmospheric pressure and wind com-
ponents (DAC) from 1993 to 2019. The average spatial trend
is 0.32+0.24 mm/year, with values ranging from 0 to 0.72
mm/year. The eastern part of the EM shows the lowest (and
not statistically significant) values, while the western part
and the Aegean Sea shows the highest values. The DAC’s av-
erage contribution accounted for about 10% of the overall
sea level trend in EM.

3.3. SST, temperature, and salinity changes

The spatial distribution of the SST linear trends (Figure 5a)
shows that significantly positive SST trends are observed
throughout the entire basin. Stronger warming is obtained
in the Levantine basin, with values up to 0.06°C/year in
the Cretan Arc and west and south of Cyprus, while much
weaker warming (~0.01°C/year) is observed in the lerape-
tra gyre, southeast of Crete. This spatial pattern is in good
agreement with that reported by (Skliris et al., 2012) for
the period 1992—2008 and with (Ibrahim et al., 2021) over
the period 1982—2020. SST and sea level trend maps have
similar spatial patterns, with strong sea surface warming
coinciding with strong sea level rise and vice versa, ex-
cept from the north part of the Aegean Sea. This correla-
tion suggests that the thermosteric effect is the main factor
controlling interannual sea level variability in the eastern
Mediterranean.

Figures 5b and ¢ show the averaged water-column
(0—400 m depth) temperature and salinity trend maps,
respectively. A strong positive and statistically significant
trend in water-column averaged temperature was observed
over most of the region following the accelerating surface
warming of the Mediterranean Sea. An exception to this
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Figure 3  Spatial patterns of trends (mm/year) over the period 1993—2019 for (a) the total atmospherically corrected SLA from
altimetry after the application of the GIA correction, (b) atmospheric contribution to sea level from DAC, (c) altimetry after the
steric component and the GIA correction are removed (residual), and (d, e, and f) steric, thermosteric and halosteric compo-
nents, respectively. Mean and seasonal cycles were removed from all-time series at each grid points. Regions where the trends
are not statistically significant at the 95% confidence interval are stippled. Major gyres mentioned in the text are also depicted in
Figure 3a.
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Figure 4 Time evaluation of the mean sea level anomaly and its components in the Eastern Mediterranean over 1993—2019.
a) Total atmospherically corrected altimetry SLA, steric component computed from the CMEMS dataset, and residual component
(the difference between the total atmospherically corrected sea level and steric effect). b) The contributions of the thermosteric
and halosteric components to the total steric effect. ¢) Dynamic atmospheric contribution to the total sea level. The de-seasoned
monthly time series have been low passed for improved visualization by using a 13-month running mean.

widespread upper-layer heat content increase is the ler-
apetra gyre, where a negative trend was found. Salinity has
been found to be increasing over most of the region during
the same period, with the strongest trends obtained in the
South Aegean and northwest part of the Levantine Basin.
An acceleration of salt content increase of the Eastern
Mediterranean has been observed over the last few decades
linked with strong net evaporation increase, coincident
with acceleration of surface warming and subsequent
increase of latent heat loss over the Mediterranean surface
(Skliris et al., 2018).
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In contrast with the widespread strong increase in the
upper layer salt content of EM a low negative (and mostly
not statistically significant) trend was observed along the
Egyptian coast and the north part of the Aegean Sea. Upper
layer salinity in both these regions is controlled by fresh-
water inputs (Nagy et al., 2017; Skliris et al., 2018), under
the influence of the Nile River and the Black Sea outflows,
respectively.

The de-seasoned spatial mean of the SST and the av-
eraged water-column (0—400 m depth) temperature and
salinity timeseries in the eastern Mediterranean Sea for



LS

Figure 5

SST Trend (1993-2019) [°Clyear]
0.01 0.02 0.03 0.04 0.05 0.06

2'E24E26 E28 E30 E32 E34 E 36 E

Water column averaged salinity trend [1/year]x 107

-4 -2 0 2 4 6 8
42 N 1 T T T T T T T T T d) T T 03
SST trend =0.04 + 0.004 [°Clyear]

40° N E . Water column averaged temperature trend =0.02 + 0.002 [°Clyear] - =
.E 01 &
: 5 i
38 N < 0o §
H H
& 2
R i 01 g
36 N E 05 &

" 02

34N " | | ! | ! ! ! ! | ‘ s

1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

32°N

30N
2°E24 E26 E28 E30 E32 E34 E 36 E

Water column averaged temperature trend [°Clyear]
-0.02 0 0.02 0.04

42°N

40 N

38N

36 N

32N

30N
2°E24°E26 E28°E30 E32 E34 E 36 E

29-0S (2Z0Z) ¥9 pi50JOUDaIO

Spatial distribution of trends (mm/year) over the period 1993—2019 for: (a) SST, (b and c) averaged water column (from O to 400 m) temperature and salinity,
respectively. (d) The de-seasoned monthly mean time series and linear trends for the averaged of SST (black), 3-D spatially averaged temperature (red) and salinity (blue) over
the eastern Mediterranean basin. To enhance the visualization and to emphasize inter-annual variability, the data was low passed using a 13-month moving average. Regions where
the trends are not statistically significant at the 95% confidence interval are stippled.
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Figure 6 Percentage of the variance explained by the inter-
annual variability of SLA from Altimetry (contour map) and tide
gauges (circles). For each tide gauge station, the value of vari-
ance explained is also provided between brackets next to the
station name.

the period 1993—2019 are shown in Figure 5d. The SST
shows a positive trend of 0.044-0.004°C/year, which is con-
sistent with (Pastor et al., 2020) for the 1982—2019 period
over the eastern Mediterranean Sea. The spatial mean 0—
400 m water-column temperature and salinity show pos-
itive statistically significant trends of 0.02+0.002°C/year,
and 0.002+0.001 psu/year, respectively, over 1993—2019.
Although inter-annual variability is important there seems
to be an accelerating trend for both parameters following
the increasing surface warming rate of the basin over the
last 15 years.

3.4. The steric contribution

The steric contribution to sea level trends is positive at all
TG stations (Table 1, column 7), with values ranging be-
tween 0.82+0.38 mm/year at Khios station and 2.00+0.41
mm/year at Alexandria station. The de-seasoned monthly
time series of steric contribution closely follow but show
much lower inter-annual variability compared to observed
total sea level at all TG stations (Figure 2). However, there
are some deviations from the observations, especially in the
Aegean Sea stations, induced by other processes that are
not resolved in our study. The strong positive anomaly in
2010 is mainly caused by the strong negative NAO event,
as indicated by (Landerer and Volkov, 2013; Tsimplis et al.,
2013). In general, there is a good correlation between ob-
served and reconstructed steric sea level, with correlations
up to 0.7, as shown in Table 1.

Figure 3d shows the spatial distribution of the steric
sea level trends. Steric sea level shows a positive signifi-
cant trend over the whole Basin, except from the lerape-
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tra gyre, where a negative trend of up to —3.5 mm/year
was observed. The spatial distributions of the observed
and estimated steric sea level trends are very similar (see,
Figure 3a and d), which are largely explained by temper-
ature variations with the difference being probably due
to the mass contribution. The correlation coefficient be-
tween the observed SLA and steric height was 0.68 (statis-
tically significant at the 95% confidence interval). The spa-
tial average of steric trend over the entire basin was about
1.38+0.42 mm/year, which accounts for about 45% of the
total sea level trend (~3.1 mm/year).

Figures 3e and f show the thermosteric and halosteric sea
level trends maps, respectively. The thermosteric sea level
trend patterns are similar to the steric sea level trend pat-
terns (see, Figure 3d and e), demonstrating that the steric
sea level in the EM is dominated by temperature changes.
The correlation coefficient between the observed SLA and
thermosteric height was 0.73 (statistically significant at
the 95% confidence interval). The thermosteric expansion,
which has a basin average of about 2.13+0.41 mm/year, is
responsible for most of the steric trend and accounts for 69%
of the total sea level trend. Most of the eastern Mediter-
ranean Sea has negative halosteric trends, with a basin av-
erage of —0.75+0.19 mm/year, except in the north part of
the Aegean Sea, where a positive trend of up to 1 mm/year
was observed, possibly due to mixing with less saline wa-
ter from the Black Sea (Stanev et al., 2000). The halosteric
component contributes (negatively) by 24% to the total sea
level trend.

3.5. Residuals contribution

The residual trends include the contribution of oceanic mass
addition and local vertical land movement such as sediment
load or compaction. Groundwater extraction and tecton-
ics can also contribute to the residual trends of the tide
gauge. The GIA values at all TG stations are very small,
ranging from —0.17 mm/year at Thessaloniki (Greece) to
0.09 mm/year at Siros (Greece). The residuals obtained
after the GIA, atmospheric and total steric effects were
removed from the observations, indicate positive trends
which are statistically significant at all stations, except
from Alexandroupolis and Khios stations in the North Aegean
Sea.

The spatial distribution of the residual trend is shown
in Figure 3c. The higher values were found in the Aegean
Sea, while the lower values were observed in the Levantine
basin, with an average value of 1.6+51 mm/year over the
entire basin. Results suggest that the mass component is the
dominant contributor to sea level trend in the Aegean Sea,
while the steric component is the dominant contributor in
the Levantine Sea.

3.6. Inter-annual variability

To quantify the interannual variability of sea level, we
calculate the basin-averages of temporal variances at each
grid point for both the observed datasets, which represent
total variability, and the residual datasets, which repre-
sent the de-seasoned and detrended signal (Torres and
Tsimplis, 2013). We found that, on average, the inter-
annual variability of sea level accounts for 36% of the total
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Figure 7
400 m over 1993—-2019.

variability in the entire basin, with a range of 18 to 62%
(Figure 6). Higher interannual variability has been ob-
served over the major circulation features and recurrent
gyres of the basin, with the maximum obtained over the
Mersa—Matruh gyre. The minimum percentage of the ex-
plained variance was found over the southwest part of
the Aegean Sea, with less than 25% of sea level variabil-
ity explained. The same results were obtained from tide
gauges, except for three TG stations (Leros, Khios, and
Alexandroupolis) on the Aegean Sea’s eastern coast, which
show greater interannual variability, probably due to the
small variance of observed sea level variability in that
region.

We also evaluated the contribution of atmospheric and
steric sea level to the inter-annual variability of total
SLA at regional scale as shown in Figure 7. The atmo-
spheric effect explains from 3% to 50% of the variabil-
ity, with a basin average of 18%. The percentage of vari-
ance explained by the atmospheric contribution is much
larger in the Aegean Sea, peaking in the northwestern
part of the basin. The steric component of the sea level
explains more than 40% of SLA variability in most re-
gions. On average, the steric component accounted for
52% of the interannual sea level variability. Therefore, the
changes in atmospheric and steric components account for
70% of the interannual sea level variability in the Eastern
Mediterranean.

4. Summary and conclusions

In this study, we have assessed the contribution of atmo-
spheric, GIA, and steric components to the interannual
variability and trend of sea level in the Eastern Mediter-
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Percentage of SLA inter-annual variability explained by a) atmospheric contribution, and b) total steric height above

ranean Sea over the period 1993—2019, using altimetry
and tide gauge SLA, together with hydrographic and
atmospheric datasets.

After applying atmospheric and GIA correction, we found
a spatially averaged SLA linear trend of 3.23 +£0.61 mm/year
from 1993 to 2019, which is not statistically different from
the global average trend of 3.354+-0.4 mm/year estimated by
Ablain et al. (2019) between 1993 and 2017. A widespread
pattern of sea level rise was observed with strong posi-
tive and statistically significant trends over most of the re-
gion with maximum sea level rise obtained over the Mersa—
Matruh and Cyprus gyres, as well as the North Shikmona
eddy. In contrast a significant negative trend is observed
over the lerapetra gyre, whereas low and not statistically
significant trends were only found in the southwestern part
of the basin. The contributions of steric height and its com-
ponents to total sea level rise in the EM were estimated
for the period 1993—2019. The steric height of sea level
rose at a rate of 1.38+0.42 mm/year, accounting for 45%
of the total sea level rise. This result is consistent with
a global steric trend of 1.1 mm/year, which accounts for
44% of the total sea level rise from 1993 to 2017 (Storto
et al., 2019). Also, this result is in agreement with Criado-
Aldeanueva et al. (2008), who found that the steric effect
accounts for 55% of total sea level trend in the Mediter-
ranean Sea.

Thermosteric and halosteric components have opposing
contributions to the sea level trend. The thermosteric ef-
fect, following the accelerating surface warming, is by far
the main driver of sea level rise in EM over this period. The
thermosteric component trend was 2.13+0.41 mm/year, ac-
counting for 69% of the total sea level trend. The halosteric
trend was found to be negative in the largest part of the
region, with a basin average of —0.754+0.19 mm/year, con-
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tributing (negatively) by 24% to the total sea level trend.
These findings were in line with those obtained by Storto
et al. (2019) for the North Atlantic Ocean. These authors
demonstrated that the thermosteric effect dominates the
steric sea level in the North Atlantic, while the halosteric
component contributes negatively to the overall sea level
trend. At the global scale, they found that about 25% of the
temperature contribution to the total Steric SLA is compen-
sated by salinity changes, in agreement with our result in
the eastern Mediterranean.

The steric sea level in the eastern Mediterranean ac-
counts for about 52% of total SLA interannual variability,
which is consistent with Storto et al. (2019), who found
that at the global scale, the steric sea level explains ap-
proximately 50%—70% of the sea level interannual variabil-
ity. However, this is much higher than that observed by
Calafat et al. (2012), who demonstrated that the steric ef-
fect explains less than 20% of the variance over the en-
tire Mediterranean Sea and the eastern boundary of the
North Atlantic northward of 45°N. They also found that the
steric SLA in the eastern Mediterranean explains most of the
sea level variation when compared to the western Mediter-
ranean. The EM’s dominance of the mass component is con-
sistent with previous studies across the Mediterranean Sea
(Calafat et al., 2010).

Over the study era, all tide gauges showed a positive
and statistically significant trend. The most significant
contributor to the SLA trend at the TG stations is again the
thermosteric effect. However, at some stations, such as
Thessaloniki, Leros, Antalya Il, and Hadera the thermosteric
contributions accounts for less than half of the observed
trend, possibly due to the strong contribution of vertical
land motion at these stations (Fenoglio-Marc et al., 2004;
Mohamed and EL-Din, 2019), which is not addressed here.
The interannual variability of SLA accounts for about 36% of
overall sea level variability in the EM. On interannual time
scales, atmospheric and steric effects contribute together
~70% to the total interannual variability of sea level from
altimetry.

Our results demonstrate that increased warming is
mainly responsible for the strong sea level rise in the East-
ern Mediterranean Sea over the last two decades. Climate
model projections indicate accelerating warming and sea
level rise in the Mediterranean region during the twenty-
first century (Church et al. 2013). Excessive sea level rise
together with warming and drying of the Eastern Mediter-
ranean basin are expected to have far-reaching environmen-
tal and societal impacts in this region.
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KEYWORDS Abstract  This study investigates the inhibitory effects of thalli and their extracts of the
Cysts; macroalga Turbinaria ornata on the germination of dinoflagellate cysts, previously isolated
Dinoflagellates; from Red Sea surface sediments. The experiments were conducted on cysts of five harmful
Harmful blooms; dinoflagellate species including Alexandrium catenella, Cochlodinium polykrikos, Dinophysis
Macroalgal accuminata, Prorocentrum cordatum and Scrippsiella trochoidea. The results showed neither
allelopathy macroalgal thalli nor their extracts had direct impact on the cyst germination of all species.

Instead, these macroalgal materials remarkably affected the germling viability and culturabil-
ity of progeny cells of these cysts. Dry macroalgal thalli exhibited stronger inhibitory effects
on germling viability and cell culturability (ICso= 0.235—0.543, 0.385—1.43 mg mL~", respec-
tively) than fresh thalli (IC50=2.201—4.716, 2.17—7.18 mg mL~", respectively). The macroalgal
ethanol extract was approximately 2-5 times more effective (ICso=0.012—0.047 and 0.024—
0.089 mg mL~", respectively) than aqueous extract (ICso = 0.04—0.1 and 0.054—0.207 mg mL~',
respectively) against the germling viability and vegetative progeny cells of all cyst species.
Among different species, A. catenella and C. polykrikos germlings were more sensitive to
macroalgal thalli and their extracts than those of S. trochoidea, P. cordatum and D. acuminata.
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Meanwhile, progeny cells of A. catenella exhibited the highest sensitivity to all macroalgal ma-
terials. Our results suggest that the use of T. ornata may be a promising strategy for inhibiting
the division of progeny cells of dinoflagellate cysts and impairing the recurrence of HABs in

confined coastal areas.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Dinoflagellates are one of the phytoplankton groups that
contribute to primary production in marine and freshwater
environments (Bravo and Figueroa, 2014). However, many
species can form harmful algal blooms (HABs) and produce
toxins that represent a threat to aquaculture, fisheries and
public health (Lewitus et al., 2012; Mohamed and Mosaad,
2007; Mohamed and Al-Shehri, 2012; Mohamed, 2018). The
life cycle of many dinoflagellates encompasses an asexual
vegetative phase, which reproduces by binary fission, and
a sexual phase reproducing by fusion of haploid gametes
(Pfiester and Anderson, 1987). The zygote may return to
the vegetative stage or transform into a resting cyst, which
sinks into sea bottom to sustain unfavorable conditions and
remains viable in sediments for about 5—10 years (Anderson
et al., 1995; Figueroa et al., 2007) or longer (up to 1 00
years) for cysts of some Alexandrium species (Miyazono et
al., 2012). Upon the return of favorable conditions, these
cysts can germinate and re-establish plankton cells that re-
produce and form algal blooms in the sea water (Sun et al.,
2007). Generally, cyst germination is regulated by exter-
nal factors such as temperature, light, oxygen levels, and
by physiological traits e.g., the dormancy period (Kremp et
al., 2001). Dinoflagellate cysts thus constitute a seed source
(i.e., initial inoculum) of plankton populations (Sun et al.,
2007) and reflect the bloom location in subsequent sea-
sons (Anderson et al., 2014). Climate change and warming
would also enhance the germination of dinoflagellate cysts
(Brosnahan et al., 2020). Therefore, the inhibition of cyst
germination would restrict the development of extensive
coastal blooms. Although several studies have reported the
inhibitory properties of macroalgae on the growth of motile
vegetative cells of HAB species through the release of algi-
cidal allelochemicals (Ben Gharbia et al., 2017; Jin et al.,
2003; Wang et al., 2007), no study has been made on the in-
hibitory effects of macroalgae on the cyst germination of di-
noflagellate species. Therefore, the novelty of our study lies
in the investigation of potential impact of macroalgae on
early development stages (i.e., cyst germination, germling
viability and culturability of progeny cells) of harmful di-
noflagellates.

Turbinaria ornata is one of the most conspicuous
macroalgal species that grows along the Red Sea coasts of
Saudi Arabia. T. ornata has been reported to exhibit an-
tifouling activities, particularly against microalgae (Salama
et al., 2018). Therefore, our study aimed to assess the
ability of this macroalga to inhibit the cyst germination
and progeny cells of different dinoflagellate cysts collected
from the same location, to be used as environmentally be-
nign bioagent of controlling HABs formation.
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2. Material and methods
2.1. Macroalgae and dinoflagellate cysts

Turbinaria ornata (Turner) J. Agardh used for this study
was collected from Al-Shouqyq region on the east coast of
the Red Sea in Saudi Arabia (19°65'N, 42°18'E), and identi-
fied according to Guiry and Guiry (2011). The algal speci-
mens were extensively rinsed with sterile filtered (0.2 wm)
seawater and rubbed with a fine brush to remove debris
and epiphytes. Thereafter, macroalgal thalli were treated
with a mixture of 30% ethanol and 1% sodium hypochlorite
for 10 min to kill and eliminate attached bacteria and mi-
croalgae without damaging algal cells (Kientz et al 2011).
Cleaned macroalgal thalli were then dried in an oven at
37°C for 48 hours. Dried thalli were cut into small pieces,
then ground into a fine powder, and stored in darkness un-
til further use. Germination experiments were carried out
on cysts in re-suspended slurries of natural sediments, that
were previously collected from the Red Sea (Mohamed and
Al-Sheri, 2011), and stored in 10 ml vials that were tightly
sealed and wrapped with aluminum foil and kept at 4°C to
prevent germination. The experiments were performed on
cysts of five potentially toxic dinoflagellate species includ-
ing A. catenella, C. polykrikos, S. trochoidea, P. cordatum,
D. acuminata (Mohamed, 2018).

2.2. Inhibitory effects of fresh and dry thalli of T.
ornata on cyst germination

Different amounts of washed fresh thalli of T. ornata (1.0,
2.5, 5, 10 and 20 mg mL~") were added to glass culture
tubes. Each tube was particularized for a single cyst species
and contained 100 cyst individuals and 10 ml sterile fil-
tered sea water. For the effect of dry thalli, the dry pow-
der was added at 0.1, 0.5, 1, 5, and 10 mg mL~" to glass
tubes each containing 100 cysts of each species and 10 ml
sterile filtered sea water. Concentrations of fresh and dry
thalli used in our experiments were chosen based on con-
centrations of other macroalgae used in previous studies
(Fresh thalli: 1—16 mg mL~"; Dry thalli: 0.15—2.4 mg mL~")
and exhibited algicidal activity against harmful dinoflagel-
lates (Sun et al. 2016). However, the concentrations 20 mg
fresh thalli mL=" and 10 mg dry thalli mL~" were used to
determine the inhibition effect at higher concentrations.
The tubes were incubated at 15°C using a 12:12 h light:
dark cycle provided by cool white illumination tubes at 80
pumol m~2 s~', These germination conditions were earlier re-
ported as the optimum for the germination of our dinoflagel-
late cysts (Mohamed and Al-Shehri, 2011). Cysts were mon-
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itored every 2 days for germination and growth for a max-
imum of one month. After the time-course of germination,
the tubes were shaken gently to loosen cyst deposits on
the bottom and distribute flagellate cells and cysts evenly.
Three 1-mL subsamples were then taken from each tube
and poured into a Sedgewick-Rafter chamber for counting
ungerminated cysts by Zeiss light microscopy according to
Genovesi et al. (2009). The percentage of cyst germina-
tion was calculated by dividing the number of germinated
cysts (initial number of cysts — number of ungerminated
cysts) by the initial number of cysts and then multiplying the
product by 100. Meanwhile, each germling cell was isolated
by pipetting immediately after germination and inoculated
into a new 10 mL glass tube containing F/2 medium and
the same concentration of macroalgal thalli or its extracts
used in each treatment. Tubes were then incubated at the
same conditions described above. After 7 days, the number
of motile vegetative cells was determined in all tubes. The
percentage of viable germlings was estimated as the num-
ber of cells observed alive after excystment divided by total
germinated cysts x 100. The percentage of culturable cells
was expressed as the number of tubes with living motile
cells divided by total viable germlings, and then multiplying
the product by 100.

2.3. Inhibitory effects of T. ornata aqueous and
ethanolic extracts on cyst germination

Aqueous and ethanol extracts of T. ornata were prepared
by grinding 5 g of dry thalli in sterile distilled water or
95% ethanol, respectively. The slurry was left on a shaker
at room temperature for 24 hours, and then centrifuged
at 6000 rpm at 15°C for 15 min. and the supernatant was
filtered through 0.22 um polycarbonate filter. The super-
natant of ethanol extract was evaporated to remove the or-
ganic solvent and the aqueous phase was adjusted to a final
concentration of 10 mg mL~" with sterile distilled water.
Aqueous and ethanol extracts of T. ornata were added at
0.01, 0.05, 0.1, 0.5, and 1 mg mL~" to glass culture tubes,
each particularized for a single cyst species and contain-
ing 100 cysts and 10 ml sterile filtered sea water. These ex-
tract concentrations were selected based on concentrations
of other macroalgae assessed in previous studies (0.01—0.96
mg mL~") and showed strong inhibition against harmful mi-
croalgae (Sun et al., 2016). The tubes were incubated at
the same conditions mentioned above in the experiments of
effects of fresh and dry thalli. Inhibitory effects of aque-
ous and ethanol extracts on cyst germination, germling vi-
ability and progeny cells were assessed by the same meth-
ods described above. In all experiments, tubes containing
100 cysts and 10 ml sterile filtered sea water (i.e., with-
out macroalgal thalli or extract) were used as control. Each
experiment was run in triplicate.

2.4. GC-MS analysis of the macroalgal extract

The GC-MS analysis was carried out for the ethanol ex-
tract of T. ornata, as it showed the strongest inhibitory
activity against germling and vegetative progeny cells of
dinoflagellate cysts. The GC-MS analysis was done using
GC-MS THERMO GC-TRACE ULTRA Version-5.0. The stan-
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dard non-polar capillary column, with dimensions of 30
m x 25 mm x 0.25 um was used and the injection vol-
ume was one microliter. The extract was diluted in
ethanol and injected in the split mode. Helium was
used as a carrier gas with a flow rate of 1 ml min~'.
The GC oven temperature was programmed from 80°C
to 260°C at a rate of 5°C min~'. Chemical compounds
were identified using spectrum database NIST 11 soft-
ware installed in GC-MS instrument. The relative % amount
was calculated by matching its peak area to the total
areas.

2.5. Statistical analysis

All data were expressed as mean+ standard deviation (SD).
Data were analyzed using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test in order to assess
the significant differences in cyst germination, germling and
progeny cells viability between control and treatments, and
as well as among different species using the software SPSS
(version 16.0). Differences were considered to be significant
at P < 0.05. Computations of median inhibitory concentra-
tion (ICsp) of a data-set obtained from our study were per-
formed using Finney’s method of probit analysis with SPSS
computer statistical software. The 1Csy value is derived by
fitting a regression equation arithmetically.

3. Results

Results of the experiments of the inhibitory effects of
the brown macroalga T. ornata on the percentages of
cyst germination, germling viability and progeny cells
of five dinoflagellate species are presented in Figures
1—4. The first germinated cysts were observed on day
15 in both control and treatment groups. For all cyst
species, the cyst germination percentage did not differ
significantly between control and treatments (P > 0.05).
However, the addition of macroalgal materials to exper-
imental tubes markedly influenced the germling viability
(i.e., number of viable germling cells observed alive after
germination) and their culturability (i.e., the ability of
progeny cells to divide and give rise to motile vegetative
cells). These effects varied significantly (P < 0.05) be-
tween macroalgal materials (i.e., fresh thalli, dry thalli,
aqueous extract and ethanol extract) for a single cyst
species.

3.1. Effects of fresh and dry macroalgal thalli on
cyst germination

Incubation of dinoflagellate cysts with different amounts of
fresh macroalgal thalli suppressed the viability of germlings
of all five cyst species used in this study. The percentage
of viable germlings decreased (from 81% to 4%) with the in-
crease of the amount of fresh algal thalli, and the viability
of these germlings was completely lost at a concentration
of 20 mg mL~" for all cyst species (Figure 1A—E). Results
also showed that lower concentrations (1, 2.5, 5 and 10
mg mL-") of fresh algal thalli exhibited marked mortality in
progeny cells (i.e. culturability) of all cyst species, and all
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Figure 1 Inhibitory effects of fresh thalli of Turbinaria ornata on cyst germination, and viability and culturability of germlings of
HAB species cysts (A) Alexandrium catenella, (B) Scrippsiella trochoidea, (C) Cochlodinium polykrikos, (D) Prorocentrum cordatum,
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Figure 2

Inhibitory effects of dry thalli of Turbinaria ornata on cyst germination, and viability and culturability of germlings of

HAB species cysts (A) Alexandrium catenella, (B) Scrippsiella trochoidea, (C) Cochlodinium polykrikos, (D) Prorocentrum cordatum,

and (E) Dinophysis acuminata. Data points are means +SD (n=

progeny cells had died at the highest inoculation mass (20
mg mL~") of fresh thalli (Figure 1A—E). The dried macroalgal
thalli also had inhibitory effects on viable germlings of dif-
ferent cyst species, but with stronger inhibition (P < 0.05)
than that of fresh thalli. The inhibitory effect of dry thalli
on the viability of cyst germlings varied with the amount of

3).
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dry macroalga (P < 0.05). This viability was strongly sup-
pressed by the highest two concentrations of dry thalli (5
and 10 mg mL~"), with no germlings survived (Figure 2A—E).
On the other hand, lower concentrations of dry thalli (0.1,
0.5, and 1 mg mL~") caused a remarkable reduction in the
percentage of viable germlings of all cyst species, but with-
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Figure 3

Inhibitory effects of aqueous extract of Turbinaria ornata on cyst germination, and viability and culturability of

germlings of HAB species cysts (A) Alexandrium catenella, (B) Scrippsiella trochoidea, (C) Cochlodinium polykrikos, (D) Proro-
centrum cordatum, and (E) Dinophysis acuminata. Data points are means +SD (n = 3).

out complete death. The culturability of progeny cells of
all cyst species was also influenced by dry macroalgal mate-
rial, where it decreased gradually (from 73 to 1%) with the
increase of dry macroalgal thalli and died at the two highest
dosages (5 and 10 mg mL~") (Figure 2A—E).
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3.2. Effect of macroalgal extracts on cyst
germination

The addition of aqueous or ethanol extract of T. ornata to
cyst cultures caused a significant reduction in the percent-
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Figure 4

Inhibitory effects of ethanol extract of Turbinaria ornata on cyst germination, and viability and culturability of germlings

of HAB species cysts (A) Alexandrium catenella, (B) Scrippsiella trochoidea, (C) Cochlodinium polykrikos, (D) Prorocentrum corda-

tum, and (E) Dinophysis acuminata. Data points are means £SD (n=

age of viable germlings of all cyst species. The germling vi-
ability percentage decreased markedly (P < 0.05) with the
concentration of aqueous or ethanol extract. Aqueous ex-
tract of a concentration of 1 mg mL~" resulted in the death
of germlings of all cyst species (Figure 3A—E), while the
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3).

lethal effect of ethanol extract on germling viability was
observed at a concentration of 0.5 mg mL~" (Figure 4A—
E). Similarly, the culturability of progeny cells of different
cyst species was suppressed by both aqueous and ethanol
extracts. By increasing the concentration of either aqueous



Z. Mohamed, S. Alamri and M. Hashem

Table 1 Normalized ICsy values (based on Probit analysis) of fresh and dry thalli, and aqueous and ethanolic extracts of
Turbinaria ornata against germling viability.

Cyst ICs0 (mg mL~")

SPECIES Fresh thalli Dry thalli Aqueous extract Ethanolic extract
Gonyaulacales

Alexandrium catenella 2.2374+0.4 0.403+0.1 0.05+0.004 0.028+0.003
Gimnodinales

Cochlodinium polykrikos 2.201+0.5 0.083+0.02 0.042+0.001 0.026+0.002
Peridiniales

Scrippsiella trochoidea 2.936+0.8 0.235+0.05 0.14+0.02 0.022+0.004
Prorocentrales

Prorocentrum cordatum 4.716+1 0.543+0.07 0.04+0.005 0.012+0.001
Dinophysiales

Dinophysis acuminata 3.161+0.7 0.314+0.08 0.101+0.02 0.047+0.003

Table 2 Normalized ICso values (based on Probit analysis) of fresh and dry thalli, and aqueous and ethanol extracts of

Turbinaria ornata against culturability of germling cells.

Cyst ICso (mg mL~")

EDESIES Fresh thalli Dry thalli Aqueous extract Ethanolic extract
Gonyaulacales

Alexandrium catenella 2.17+0.7 0.385+0.8 0.054+0.001 0.024+0.003
Gimnodinales

Cochlodinium polykrikos 7.18+1.5 1.07+0.2 0.107+0.003 0.076+0.004
Peridiniales

Scrippsiella trochoidea 7.17+1.7 1.11+0.3 0.14440.02 0.086+0.003
Prorocentrales

Prorocentrum cordatum 7.3£2 1.43+£0.3 0.119+0.03 0.082+0.003
Dinophysiales

Dinophysis acuminata 7.9+£2.1 1.22+0.2 0.128+0.04 0.089+0.004

or ethanol extract, a concomitant decrease (P < 0.05) was
observed in the percentage of cell culturability (Figures 3A—
E and 4A—E). Similar to germling viability, the cell cultura-
bility of all cyst species was completely lost at 1 mg mL™"
aqueous extract (Figure 3A—E) compared to 0.5 mg mL™"
ethanol extract (Figure 4A—E).

3.3. Comparison of inhibitory effects based on ICsq
values

ICso values of inhibitory effects of macroalgal thalli and its
extracts against germlings and progeny cells of dinoflagel-
late cysts were compared in Tables 1, 2. The IC5 values of
dry macroalgal thalli (0.235—0.543 mg mL~") for germling
viability inhibition were significantly lower (P < 0.05) than
corresponding ICsy values (2.201—4.716 mg mL~") of fresh
thalli (Table 1). Similarly, the 1Cso values of ethanol ex-
tract (ICso=0.04—0.1 mg mL~") towards germling viabil-
ity were lower (P < 0.05) than IC5, values (0.04—0.1 mg
mL~") of aqueous extract (Table 1). Regarding the effect
on progeny cells survival (i.e., culturability), the ICs5o val-
ues for dry thalli (0.385—1.43 mg mL~") were about 4—
5 folds greater (P < 0.05) than that those of fresh thalli
(2.17—7.18 mg mL~") (Table 2). The ICso values of ethanol
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extract (0.024—0.089 mg mL~") against progeny cells of all
cyst species were about 2 times lower (P < 0.05) than those
of aqueous extract (0.054—0.107 mg mL~") (Table 2). At
the level of cyst species, the ANOVA analysis showed that
the ICsy values of fresh and dry thalli, and aqueous and
ethanol extracts towards germling viability (Table 1) and
culturability of progeny cells (Table 2) varied significantly
(P < 0.05) among different species. However, Tukey’s test
revealed no significant differences in these 1Csy values be-
tween some cyst species. In this respect, no significant dif-
ference in ICso values of fresh thalli was found between
A. catenella and C. polykrikos germlings (P=0.9), nor be-
tween S. trochoidea and D. acuminata cysts (P=0.08). The
highest ICso value of fresh thalli (4.716 mg mL~") was re-
ported in P cordatum germlings, and the lowest (2.201 mg
mL~") was in C. polykrikos germlings (Table 1). Also, the
ICso values of dry macroalgal thalli, did not significantly
vary between A. catenella and P. cordatum (P=0.2) ac-
cording to Tukey’s test. The lowest ICso (0.083 mg mL~")
of dry thalli was incurred in C. polykrikos germlings, and
the highest (0.543 mg mL~") was in P. cordatum germlings
(Table 1). For the inhibitory effect of macroalgal aqueous
extract, Tukey’s test revealed no significant variation in
ICso values either among A. catenella, C. polykrikos and
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Table 3  GC-MS analysis of ethanol extract of Turbinaria ornata.

Peak No. Retention time (min) Compound Chemical formula Molecular mass Peak area (%)
1 16.66 n-Hexadecanoic acid C16H3,0, 256.42 4.34
2 19.78 Benzo(k)fluoranthene CooH12 252.30 4.74
3 23.25 Bufencarb-2 C13H19NO; 221.30 8.81
4 25.23 Heptachlor C1oHsCly 373.31 25.8
5 26.18 Kresoxim-Methyl C1gH19NO4 313.34 6.78
6 28.83 n-Tetradecane Ci4H3o 198.38 9.31
7 29.02 Isopropyl isothiocyanate C4H7NS 101.17 9.16
8 29.38 Di-n-octylphthalate Co4H304 390.55 6.97
9 34.93 Vanillylmandelic acid CoH1005 198.17 1.87
10 36.91 Tetramethrin-1 C19H25NO4 331.40 2.46
11 37.92 Acetamiprid C1oH11CINg4 222.67 3.21
12 42.09 Eicosapentaenoic acid (EPA) Cy0H300, 302.45 3.77
13 44.19 Heptanal C;H140 114.18 6.78
14 45.12 Humulene epoxide Il C15H240 220.35 6

P. cordatum germlings (P=0.4), or between S. trochoidea
and D. acuminata germlings (P=0.8). The highest I1Cso (0.1
mg mL~") was reported for C. polykrikos and D. acuminata
germlings, while the lowest (0.04 mg mL~") was recorded
for P. cordatum germlings. For ethanol extract, the I1Cs val-
ues did not exhibit any significant difference (P=0.9) among
A. catenella, C. polykrikos, S. trochoidea germlings. The
highest 1Cso (0.047 mg mL~") was reported for D. acuminata
germlings, and the lowest (0.012 mg mL~") was reported
for P. cordatum germlings (Table 1). Regarding progeny cells
culturability, the results revealed no significant differences
in the IC5 values of all macroalgal materials (P= 0.2—0.9)
among five cyst species (A. catenella, C. polykrikos, S. tro-
choidea, P. cordatum and D. acuminata) (Table 2). The low-
est IC5o values of all algal materials against cell culturability
were incurred in A. catenella, whereas the highest values
were recorded in D. acuminata (Table 2).

3.4. GC-MS analysis of T. ornata extract

The GC- MS analysis of crude ethanol extract of T. ornata re-
vealed the presence of 14 peaks of volatile compounds. The
name of these compounds, their molecular mass, molec-
ular formula and percentages were presented in Table 3.
The extract contained potential algicidal substances in-
cluding the halogenated aromatic compound-heptachlor
(25.8%), the saturated fatty acid-n-hexadecanoic (4.34%),
the unsaturated fatty acid-eicosapentaenoic acid (3.77%),
the ester-di-n-octylphthalate (6.97%) and a monocyclic
sesquiterpene-humulene epoxide—IIl (6%).

4. Discussion

This study clearly demonstrated that the macroalga T. or-
nata did not affect dinoflagellate cyst germination directly,
but rather inhibited the viability of germling cells so that
they became unable to produce motile vegetative cells (i.e.
impaired the successful recurrence of new planktonic popu-
lations). Our results showed that all cysts of tested species
could successfully germinate in both control and treatments

VAl

(93—99%), but not all germinated cysts could give rise to vi-
able germlings even in control cultures (73%). This agrees
with the concept that the cysts would be able to germinate
but the germling cells would not be able to divide (Genovesi
et al., 2009; Vahtera et al., 2014). Several studies showed
that cyst germination and germling viability are largely as-
sociated with external environmental factors including tem-
perature, light and oxygen availability (Brosnahan et al.,
2020; Genovesi et al., 2009; Vahtera et al., 2014). Regard-
ing the contribution of biotic factors to dinoflagellate cysts,
our study is the first to explore the biological interaction be-
tween macroalgae and cyst germination. In this study, de-
spite there was no significant effect on cyst germination,
the percentages of viable germlings and progeny cells cul-
turability of all cyst species were significantly reduced when
exposed to T. ornata thalli or its extracts compared to con-
trol. This indicates that active substances of this macroalga
could inhibit metabolic processes that govern the division
and growth of germlings and progeny cells, with no effect
on the enzymes involved in the cyst germination. Therefore,
vegetative progeny cells survival after excystment is consid-
ered as a key factor in the process of dinoflagellate bloom
initiation (Mardones et al., 2016), and hence the inhibition
of germling cell viability and division of progeny cells of di-
noflagellate cysts retards the recurrence of relevant species
in the water column. Therefore, the viability of germling
cells after excystment represents a bottleneck in the bloom
initiation (Genovesi et al., 2009).

Based on ICsq values, dry thalli (ICso=0.235—0.543 mg
mL~") of T. ornata were more effective than fresh thalli
(ICsp=2.201—4.716 mg mL~") against the germling viabil-
ity and vegetative cell survival (ICso=0.385—1.43, 2.17—
7.18 mg mL~", respectively) of all cyst species. This may
be due to the addition of dry macroalgal material to ex-
perimental culture tubes as a large pulse so that initial
concentrations of active substances were much higher than
in fresh thalli. Additionally, the macroalgal ethanol ex-
tract was approximately 2—5 times more effective against
the germling viability and vegetative motile cells of all
cyst species (ICso =0.012—0.047 and 0.024—0.089 mg mL~",
respectively) than aqueous extract (ICso=0.04—0.1 and
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0.054—0.207 mg mL~", respectively). These results con-
firmed the evidence that alcoholic solvents like ethanol are
more suitable than water in extracting active substances
from plants (Emad et al., 2009; Sultana et al., 2009). On the
other hand, T. ornata extracts exhibited strong inhibitory
effects on the germling viability and progeny cells survival
compared to fresh and dry thalli. This could be attributed
to the low amounts of active substances released from dry
or fresh thalli into cyst cultures, compared to high amounts
extracted and concentrated from the algal material. This
also indicates that allelochemicals are congregated more in
macroalgal cells than being released into the surrounding
environment (Ye and Zhang, 2013).

The results of this study also showed that the IC5 val-
ues required for the inhibition of germling viability are
lower than those inhibiting the cell division and growth of
motile vegetative cells (i.e. culturability). This indicates
that germling cells are more sensitive towards the active
substances of this macroalga than motile vegetative cells.
Our experiments also demonstrated that T. ornata is a
broad-spectrum macroalga, exerting an inhibitory effect on
the germling viability and vegetative cells survival of dif-
ferent dinoflagellate cyst species. These results, therefore,
support the findings of previous studies reporting the al-
lelopathic inhibitory effects of marine macroalgae includ-
ing green microalgae (Ulva) (Ben Gharbia et al., 2017),
brown macroalgae (Sargassum) (Wang et al., 2007), and red
macroalgae (Gracilaria, Pyropia) (Patil et al., 2020; Tang et
al., 2015) against the growth of several HAB forming mi-
croalgae. However, in our study, the sensitivity of germling
and vegetative progeny cells to macroalgal materials var-
ied between some species. A. catenella and C. polykrikos
germlings were more sensitive to macroalgal thalli and their
extracts than S. trochoidea, P. cordatum and D. acuminata
germlings. Whereas vegetative progeny cells of A. catenella
were the most sensitive ones to all macroalgal materials
tested. This indicates that T. ornata may affect germlings
and progeny cells of dinoflagellate species at various ex-
tents. Previously, the brown alga Ecklonia kurome was found
to inhibit the proliferation of several HAB microalgae, with
higher susceptibility exhibited by Karenia mikimotoi and
C. polykrikoides compared to lesser sensitivity reflected by
Chattonella antiqua (Nagayama et al., 2003). Those au-
thors attributed the inhibitory properties of E. kurome to
the production of bioactive compounds, phlorotannins. In
our study, the inhibitory properties of T. ornata against
germling and vegetative progeny cells of dinoflagellate
species may be due to the presence of a high percentage
of heptachlor, which has been previously demonstrated to
have antialgal effects (Zeng et al., 2018). Other bioactive
compounds, found with low percentages in T. ornata ex-
tract including n-hexadecanoic, eicosapentaenoic acid, di-
n-octylphthalate and the sesquiterpene-humulene epoxide
-1, could also be involved in the inhibitory effects of this
macroalga. These compounds have been found in earlier
studies to exhibit algicidal activity against red tide microal-
gae. The saturated fatty acid, n-hexadecanoic isolated from
marine green alga Ulva intestinalis exerted potent algici-
dal activity against Heterosigma akashiwo and Prorocen-
trum micans (Sun et al., 2016). Eicospentaenoic acid and
di-n-octylphthalate isolated from of the red alga Corallina
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pilulifera showed strong algicidal activity against the toxic
dinoflagellate, C. polykrikoides (Oh et al., 2010; Zerrifi et
al., 2018). Sesquiterpenoids from the red alga, Porphyra
yezoensis significantly inhibited two harmful red tide di-
noflagellates, K. mikimitoi and Prorocentrum donghaiense
(Sun et al., 2018). Nevertheless, isolation and identifica-
tion of these active substances produced by T. ornata, and
their inhibitory mechanisms on physiological processes of
germlings and vegetative progeny cells certainly warrants
further investigation for the purpose of controlling and mit-
igation of HABs.

5. Conclusions

Our results provide the first evidence that the brown
macroalga T. ornata can suppress the germling viability and
survival of vegetative progeny cells of dinoflagellate cysts
after germination, and thereby could retard the recurrence
of blooms of relevant species in the water column. The
results revealed that the macroalgal dry powder and its
ethanol extract were effectively strong against germling
and vegetative progeny cells of dinoflagellate cysts. As
macroalgae powders or extracts have been reported as en-
vironmentally benign means of potential HAB control (Jeong
et al., 2000; Wang et al., 2007), these macroalgal materi-
als of T. ornata could be applied to confined coastal areas
to inhibit the growth and division of progeny cells after cyst
excystment and restrict recurrence of HABs in these regions.
In this respect, we pay attention that it is prudent to pre-
vent the growth of harmful microalgae at early stages (i.e.
germlings and progeny cells) rather than treatment of al-
gal blooms with algicides that may exacerbate the problem
through induction of the cell lysis and releasing tremendous
amounts of algal toxins into the aquatic environment. How-
ever, prior to application, mesocosm experiments should
be carried out to more accurately estimate the proportion
of germlings and their progeny that reach the illuminated
layers of the water column, in relation to the number of
germinated cysts in the presence of macroalgal extracts or
powders treatments under the natural environmental condi-
tions. Further research is also required to test the negative
effects of T. ornata on other organisms, particularly fish and
bivalves. This assay could be carried out using oyster larvae
as they have been found to be susceptible to pollutants and
macroalgal extracts at low concentrations (His et al., 1999;
Nelson and Gregg, 2013).
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KEYWORDS Abstract The Arabian Gulf is a very significant ocean body, which hosts more than 55% of
Arabian Gulf; the oil reserves of the world and produces about 30% of the total production, and thus, it is
Exclusive Economic likely to face high risk and adverse problems by the intensified environmental stressors and se-
Zone (EEZ) of Qatar; vere climatic changes. Therefore, understanding the hydrography of the Gulf is very essential
Physicochemical to identify various marine environmental issues and subsequently, developing marine protec-
parameters; tion and management plans. In this study, hydrography data collected at 11 stations along 3
Water masses; linear transects in the early summer of 2016 were analyzed. The physicochemical parameters
Stratification exhibited apparent variations along each transect, both laterally and vertically, connected to

stratification, formation of different water masses and excessive heating. The temperature and
salinity decreased laterally from nearshore to offshore, while layered density structures were
identified in the offshore regions. The pH, dissolved oxygen (DO) and chlorophyll fluorescence
(Fo) exhibited distinct horizontal and vertical variations. The observed pH is within the normal
ranges, indicating that seawater acidification may not be a threat. The highest DO (6.13—8.37
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mg/l) was observed in a layer of 24—36 m water depth in the deeper regions of the central

transect.

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Arabian/Persian Gulf (hereafter “Gulf”) is a significant
pathway from regional and international perspectives, host-
ing more than 55% of the oil reserves of the world and pro-
ducing about 30% of the total world oil production (BP, 2011;
Soliman et al., 2019). Thus, the Gulf is likely to face high
risk and adverse environmental problems due to intensified
natural and anthropogenic stressors in addition to climate
change effects. The semi-enclosed Gulf is a western arm of
the Indian Ocean, covering an area of ~ 233,100 km?, length
of ~ 1,000 km, the maximum width of ~ 338 km, with an
average depth of about 36 m (Kampf and Sadrinasab, 2006).
This unique physical setting extends within the most saline
hyper-arid climate zone of the Arabian Peninsula desert
belt, situated within the photic zone, as one of the most
saline and hottest water bodies (Sheppard, 1993). In gen-
eral, the Gulf is characterized by a tidal range of more
than 1 m everywhere, with diurnal and semi-diurnal oscil-
lations. The central Gulf waters are characterized by high
salinity, which varies between 40 and 50 (Hunter, 1986).
This is attributed to the high evaporation rate, which
ranges from 144 to 500 cm/y (Brewer and Dyrssen, 1985).
These combined factors make the system a reverse estu-
ary and create an anticlockwise Mediterranean-like flow
(Al-Majed et al., 2000; Reynolds, 1993; Yoshida et al.,
1998).

The Gulf is subject to harsh natural and anthropogenic
environmental stressors such as high salinity and extreme
temperature during summer. The anthropogenic influence
on salinity along the Arabian coast of the central part of
the Gulf is mainly due to brine discharge from the de-
salination plants, resulting in adverse impacts on the ma-
rine ecosystem, particularly in the spatial distribution, di-
versity, existence and abundance of living organisms in
this environment (Jones et al., 2002; Prasad et al., 2001;
Privett, 1959; Soliman et al., 2019). Despite these harsh
conditions, the Gulf hosts distinctive assemblage and habi-
tats (Sheppard et al., 2010), but the natural environmen-
tal stressors have been reflected and witnessed by a de-
crease in the species richness levels (Price, 2002). The hy-
persalinity has adverse issues on the living organisms of the
ecosystem (Joydas et al., 2015). For example, unhealthy
benthic communities living in the hypersaline (salinity up
to 63) region like the Gulf of Salwa are under high risk of
radical natural stressors in comparison with the healthiest
benthic communities living in relatively lower salinity re-
gions of the Gulf (such as the east coast of Qatar and the
coast of UAE). Moreover, the key physicochemical parame-
ters of the water column, namely, temperature and salinity,
influence the dissolution processes, affinity adsorption and
mobility of pollutants in the marine environment (Ma et al.,
2016; Soliman et al., 2019).

The small and limited freshwater input and high evap-
oration rate have influence and control on the circula-
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tion and water masses of the Gulf (Campos et al., 2020;
John et al., 1990; Prasad et al., 2001; Reynolds, 1993),
and hence the information on physical oceanographic pa-
rameters such as temperature, salinity and density is vi-
tal to analyze the horizontal and vertical distribution of
the water masses and to assess the diffusive and advec-
tion transports within the water column (Al Azhar et al.,
2016; Kampf and Sadrinasab, 2006; Pous et al., 2015). The
circulation characteristics are important to determine the
distribution of sediments, dynamics of nutrients and fate of
pollutants (Soliman et al., 2019). Beltagy (1983) reported
that the main controlling factors of vertical and horizontal
salinity distribution in the Gulf are higher rates of evapo-
ration, seepage of fresh water, brine discharges and evap-
oritic deposits. The spatial distribution pattern of salinity
and temperature have been investigated previously by sev-
eral researchers (Beltagy, 1983; Emery, 1956; Kampf and
Sadrinasab, 2006; Reynolds, 2002; Shepherd, 1993). They
reported that the salinity decreases towards the offshore
areas, and increases within the coastal areas and ports,
whereas temperature decreases from the coastline towards
the offshore and also decreases as depth increases.

A detailed understanding of spatial variability of physic-
ochemical parameters is important to analyze the physi-
cal and biogeochemical interactions and their impact on
the marine ecosystem of the central Gulf. There are very
few studies in this part of the Gulf on the spatial variabil-
ity of physical and biogeochemical parameters. The present
study aims at understanding the spatial variability in the
physicochemical parameters of the central Gulf by analyz-
ing the measured hydrographic data during summer. The
role of different water masses and seasonal stratification in
the biogeochemical processes of Qatar’s Exclusive Economic
Zone (QEEZ) have been addressed. The study also explores
the statistical relationship between various physicochemi-
cal key parameters.

The paper is organized as follows: Section 2 describes
the area of study, Section 3 explains the data and method-
ology used, Section 4 explains the important results and
their discussions, and Section 5 summarizes the major
inferences.

2. Area of study

The Qatar Peninsula is situated in the central Gulf with
an area of 11,437 km?, centered at 25°N and 51°E. The
EEZ of Qatar is located between the longitudes 51°00'E and
52°30'E and latitudes 24°50'N and 26°58'N (Figure 1), with
an area of 35,000 km? (Al-Ansari, 2006). The winds are pre-
dominantly from the NW-N directional sector, where the
highest wind speeds of the order of 22 m/s are due to
shamal winds (Aboobacker et al., 2021a). The surface cur-
rents within the QEEZ are mainly wind-driven; however, the
deeper regions are influenced by thermohaline circulation
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Figure 1

Area of study with sampling stations along the three transects together with generalized bathymetry (bathymetry data

is retrieved from Ocean Data View). The water depth of each station, measured using echo-sounder onboard r/v Janan, is given
inside the yellow triangle. Bathymetry contours are generated using Surfer software.

(Chao et al., 1992; Thoppil and Hogan, 2010). The physi-
cal processes such as circulation, eddy formation and sed-
imentation in the QEEZ are largely influenced by the geo-
graphical setting of the Qatar peninsula, which in turn influ-
ence the development/survival of the ecosystem (Al-Ansari,
2006).

In this study, we considered 3 major transects with a to-
tal of 11 stations. The transects are directed from the coast-
line towards the deep sea, more or less perpendicular to the
coast as shown in Figure 1. The southern transect is about
110 km long, occupying three stations 52, S3 and S4; the
central transect is about 100 km long with four stations C1,
C2, C3 and C4; the northern transect is about 90 km long
with four stations N1, N2, N3 and N4.

77

3. Data and methodology

The physicochemical parameters such as temperature (T),
salinity (S), density (D), pH, dissolved oxygen (DO), chloro-
phyll fluorescence and the water column depth were mea-
sured using SeaBird-911plus CTD and auxiliary sensors, man-
ufactured by Seabird Scientific Company and used onboard
R.V Janan. Seasoft software was integrated to the CTD sys-
tem for the simultaneous processing of the data. The verti-
cal sampling frequency of the CTD was set to 1.0 m. The bin
size was 1.0 m and the raw data was averaged over each bin.
The accuracies of conductivity, temperature and pressure
are +0.0003 S/m, +0.001° and 0.015% of full-scale range,
respectively. The potential density (sigma-t), calculated us-
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ing the formula described in Fofonoff and Millard (1983),
was obtained from the CTD records.

The processed physicochemical parameters have been
analyzed to derive their spatial variabilities. Ocean Data
Viewer (ODV) software version 5.03 was used to create the
2D profiles of temperature, salinity, density, pH, dissolved
oxygen (DO), and fluorescence (Schlitzer, 2020). The Pear-
son correlation matrix method was performed using SPSS
version 25 to evaluate the statistical relationship between
the physicochemical key parameters.

4. Results and discussion

4.1. Distribution of temperature, salinity and
density

The distribution of physicochemical parameters in the Gulf
is primarily controlled by the geographical settings, air-
sea interactions and ocean processes (Figure S1). For in-
stance, higher salinity is observed along the Arabian coast
of the Gulf, where the evaporation is much higher (144
cm/y) and the freshwater influx is very low (1,456 m3/s)
(Reynolds, 1993). As a result, higher salinity water masses
are formed in the southern coast of the Gulf (Al-Ansari, 2006
and Rivers et al., 2019). In addition to natural processes,
anthropogenic forcing in the form of brine discharges from
the desalination plants operated along the Arabian coasts
may also add an accountable amount of salinity to the
nearshore waters, although their impact in the deeper wa-
ters is not that significant (Ibrahim et al., 2020; Ibrahim and
Eltahir, 2019; Rakib et al., 2021). Our analysis shows that
higher salinity in each transect is found in the nearshore sta-
tions, and the salinity gradually decreases towards offshore
as shown in the generalized spatial contour map (Figure 2).

A wedge-like intrusion of low saline water is visible
in the offshore, deeper regions of the central transect,
which is quite unique compared to the other two tran-
sects. This is in agreement with the pattern of low salin-
ity intrusion identified from the Arabian Sea to the Gulf
by Ghaemi et al. (2021). This is linked with the exchanges
between the Gulf of Oman and the Arabian Gulf, which
are driven by the differences in sea surface heights of
the two regions (Swift and Bower, 2003) and also due
to baroclinic forcing developed by the density gradients
(Chao et al. 1992; Yao and Johns, 2010). The exchanges
are intensified following an enhanced two-layer flow dur-
ing late winter through early summer, whilst the flow dimin-
ishes during mid-summer to mid-winter (Vasou et al., 2020).
Among the three transects, the highest salinity is found in
the northern transect, and it could be attributed to the
following reasons: (i) higher evaporation due to relatively
stronger winds in the offshore region (deeper) compared
to the nearshore region (shallower) (Aboobacker et al.,
2021b), (ii) considerable heating because of very shal-
low depths, (iii) advection of hypersaline Gulf of Salwa
Water (GSW) (Al-Ansari et al., 2015) and (iv) dispersion
of brine discharged from the desalination plants situated
along the northeast coast of Qatar. The higher evaporation
along with dense water flow from the northern Gulf has got
prime importance in higher salinity in the northern tran-
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sect (Smith et al., 2007). Recent studies point out that the
hypersalinity in the southwestern Gulf at specific locations
can also be attributed to the presence of desalination plants
(Ibrahim and Eltahir, 2019), though the general surface cir-
culation of the Gulf does not permit building-up of salinity.

In the nearshore regions of the northern transect, tem-
perature, salinity and density are relatively higher com-
pared to the surface layer of other stations (Figure 3a1, a2,
a3). The temperature and salinity in the nearshore regions
are vertically homogeneous due to limited depths of the wa-
ter column, whereas they decrease from nearshore to off-
shore. In the offshore, there is a distinct vertical variabil-
ity in temperature and salinity, especially with substantially
low saline water in the surface layer and low temperature
in the bottom layer both leading to vertical stratification.
These differences are reflected in the density distribution
with distinct patterns, indicating the presence of two water
masses. Earlier studies indicate that the low salinity water
mass, Indian Ocean Surface Water (IOSW) intrudes up to the
central Gulf during summer (Kampf and Sadrinasab, 2006).
Although similar features (salinity and density variations)
are found in the central transect, more investigations are
needed to establish the intrusion of IOSW up to the east
coast of Qatar as the salinity differences obtained in this
study are relatively small. In addition, the sea surface tem-
perature (SST) has shown little variation from nearshore to
offshore (Figure 3b1, b2, b3), which is due to the exces-
sive surface heating distributed equally in the central Gulf
during summer compared to the other regions (Van Lavieren
et al., 2011). Interestingly, there is a sublayer of intermedi-
ate density, indicating the role of eddies in the central Gulf
(Reynolds, 1993). The low salinity surface water of the or-
der of 38.5—40.0 and 38.2—39.5 in the northern and central
transects, respectively, point to the exchange of low salinity
water from the Sea of Oman to the offshore regions of QEEZ.
The region of influence of this low salinity surface water and
the dense bottom water is small in the southern transect as
identified by their minimal vertical variations (Figure 3c2,
c3). The vertical variation in temperature is also not signif-
icant in this transect (Figure 3c1).

The vertical variation in temperature, salinity and den-
sity is significant only in the deepest stations among all the
transects (Figures 4a, b, c). The temperature variations in
the northern, central and southern transects during early
summer are in the range of 19.9°—30.2°C, 20.2°-28.4°C and
26.8°—28.7°C, respectively (Table S1). The salinity varia-
tions in the above transects are 38.7—42.2, 38.5—40.9 and
39.6—40.1, respectively. Previous studies identified a signifi-
cantly higher salinity (above 44) along the nearshore regions
of Doha and Mesaieed, the central east coast of Qatar dur-
ing the summer of 2000 (Abdel-Moati and Al-Ansari, 2000;
Rakib et al., 2021). However, our present analysis does not
represent these coastal stations as they are far from the
transects under consideration. It is worthy to note that the
central east coast of Qatar is housing several desalination
plants, which are discharging a high amount of brine into the
sea. In the GCC countries, for every 1 m? fresh water pro-
duced, 2 m? brine is generated and discharged into the Gulf
(Sezer et al., 2017). Brine can drop the level of DO in sea-
water near desalination plants with "profound impacts” on
benthic biota such as shellfish and crabs on the seabed. The
ambient salinity in the vicinity of the outfalls might have in-
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Figure 2  Generalized spatial contours of sea surface salinity (SSS) at 5 m depth derived from the CTD measurements along the

three transects.

creased due to the hypersaline influx. A detailed investiga-
tion on the cumulative impact of the discharged brine over
a longer period of time in the QEEZ is yet to be conducted
to quantify the anthropogenic influence on the hyper salin-
ification of the nearshore waters of the central east coast
of Qatar. The changes in salinities within the water mass is
likely to affect the growth of some of the marine organisms
(Joydas et al., 2015). Consequently, brine discharges lead to
negative ecological impacts observable throughout the food
chain in the Gulf.

4.2. Water masses in the QEEZ

The water masses in the QEEZ have been determined by
analyzing the T-S diagram of each transect (Figure 5). The
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Qatar Shallow Water (QSW) with the density between 24.98
and 27.55 kg/m? has been identified at all the transects,
which is characterized by high temperature, low salinity and
low density (Figure 5a). The Qatar Deep Water (QDW) with
the density between 27.87 and 29.32 kg/m? has been identi-
fied in the northern and central transects, which is charac-
terized by low temperature, high salinity and high density
(Figure 5b). Recently, Rakib et al. (2021) identified these
two water masses during the late summer (September 2014)
in a deep-water location, adjacent to the deepest station
in the central transect, but with an increased SST due to
seasonal transformation from early summer to late summer.
The Qatar Intermediate Water (QIW) with distinct values of
temperature, salinity and density has been observed in be-
tween QSW and QDW in the central transect (Figure 5c). This
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is consistent with that identified from the measurements of
July 2000.

The physicochemical properties of the water masses
in the QEEZ, namely, Qatar Central Arabian Gulf Water
(QCAGW) during summer is quite different from those de-
rived for the water masses (listed in Table 1) at different
regions in the Gulf (Al-Said et al., 2018). Though the dis-
tinct variation in temperature is observed among all the
water masses, only in the QCAGW, wider variation is found.
The salinity difference in the Indian Ocean Surface Water
(IOSW) and Central Arabian Coastal Water (CACW) is rela-
tively small, while that in the QCAGW is relatively higher. DO
ranges widely in QCAGW compared to other water masses,
and pH has no significant variations among the water masses
in the Gulf.
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4.3. Distribution of pH, dissolved oxygen and
fluorescence

The pH in each transect shows distinct variations hor-
izontally and vertically (Figure 6a1, b1, c1). Although
small, the variations in pH are consistent with the wa-
ter mass distributions, especially in the deep-water regions
of northern and central transects. In the central transect,
the highest pH (~8.2) is in the subsurface layer, which
clearly depicts the presence of QIW. The variations in pH
among all the transects (8.01—8.21) are well within the
acceptable limits of the oceanic waters, where the aver-
age pH of seawater could be around 8.1 (Fallatah et al.,
2018).
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Table 1 The physicochemical parameters in the composite water masses in the study area: Qatar Central Arabian Gulf Water
(QCAGW) and their comparison with those in the Kuwait Coastal Waters (KCW), Northern Gulf Waters (NGW), Central Arabian
Coastal Waters (CACW) and Indian Ocean Surface Water (I0SW) (after Al-Said et al., 2018).

Parameters KCW* NGW* CACW* I0SW* QCAGW (present study)
Temperature (°C) 32.4-32.8 32.8-34.0 33.9-34.6 32.7-35.4 19.9—30.23

Salinity 40.8—41.1 39.2—-40.7 38.1-39.9 38.8—40.2 38.46—42.20

DO (ml/l) 4.8-5.1 4.7-5.3 4.0-5.8 4.5-5.3 3.43-8.37

pH 7.9-7.9 7.7-8.0 8.0-8.2 7.7-8.1 4.3—8.21

Table 2 Correlation matrix derived for the physicochemical parameters of northern, central and southen transects; 2positive
correlation significant at p=0.01, Ppositive correlation significant at p=0.05, “negative correlation significant at p=0.01 and
dnegative correlation significant at p=0.05 (only significant correlations are given).

Transects Parameters Temperature (°C) Salinity Density (kg/m3) pH DO (mg/l) Fluorescence (mg/m?3)

Northern Depth (m) -0.91¢ 0.86° -0.70¢ -0.59¢ 0.28°
Temperature (°C) -0.87¢ 0.58% 0.382 -0.36°¢
Salinity 0.47°2 -0.46¢ -0.209 0.17°
Density (kg/m?) -0.74° -0.43¢ 0.412
pH 0.812
DO (mg/l)
Fluorescence (mg/m?3)

Central  Depth (m) -0.92¢ 0.722 0.912 -0.70¢ 0.372
Temperature (°C) -0.67¢  -0.95¢ 0.632 0.17° -0.31¢
Salinity 0.87° -0.30¢ 0.66°
Density (kg/m?3) -0.53¢ 0.502
pH 0.522
DO (mg/l) 0.50?
Fluorescence (mg/m?3)

Southern Depth (m) -0.58¢ 0.632 0.70° -0.74¢ -0.83¢ 0.862
Temperature (°C) -0.43¢  -0.91¢ 0.652 0.43% -0.56°¢
Salinity 0.762 -0.83¢ -0.73¢ 0.652
Density (kg/m?3) -0.84¢ -0.64¢ 0.702
pH 0.90° -0.77¢
DO (mg/l) -0.81¢

Fluorescence (mg/m?)
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Figure 8 Hierarchical cluster analysis (HCA) of the physico-

chemical parameters in the: (a) northern transect, (b) central
transect and (c) southern transect. (Dendrograms are made us-
ing Minitab Software Version 17).

DO varies between 3 and 7 mg/l in the northern tran-
sect and between 3.5 and 8.5 mg/l in the central tran-
sect, while the southern transect has no significant varia-
tion, which is between 4.0 and 4.6 mg/l (Figure 6a2, b2,
c2). The highest DO is found in the subsurface layer (20—30
m) in the deep-water locations of the northern and central
transects. This indicates that the subsurface layer in the
QEEZ is well oxygenated during early summer. Earlier stud-
ies reported hypoxia at a depth of 60 m in the central Gulf
in the mid/late summer developed by summer stratification
(Al-Ansari et al., 2015; Rakib et al., 2021). However, the
minimum recorded DO in early summer in the present study
is 3.43 mg/l, quite a comfortable situation compared to hy-
poxic conditions in the later stage. This shows that the Gulf
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is still relatively healthy, despite several coastal develop-
ment activities in the last few decades.

The Chlorophyll Fluorescence parameter (Fo) is used as a
tracer in biological studies to estimate the primary produc-
tivity (Chen et al., 2017). Distinct variation in fluorescence
is identified in all the transects (Figure 6a3, b3, c3). The
surface layer of the deep-water locations has the lowest flu-
orescence (0—0.2 mg/m?3), while the subsurface layer (20—
40 m) produces the highest fluorescence (1.0—1.6 mg/m?3).
Overall, the central transect is characterized by high fluo-
rescence and thus high primary productivity. The northern
transect also has a wide range of primary productive zone
with reasonably high fluorescence, but relatively low com-
pared to the central transect.

The higher fluorescence values are associated with a po-
tential density of 28.100—29.020 and 27.590—29.000 kg/m?3,
respectively, as shown in the northern and central transects,
while Fo is associated with a lower potential density of
26.320—26.427 kg/m? in the southern transect (Figure 7a,
b, c). The salinity associated with the higher fluorescence
is around 40.8 in the northern and central transects, while
that is around 40.0 in the southern transect. The temper-
ature associated with higher fluorescence is 20.5—22.5°C,
21.0—25.5°C and 27.4—27.5°C, respectively, in the north-
ern, central and southern transects. The central transect
has a wider range of temperature variations in the produc-
tive zone compared to the other two transects.

4.4, Correlation matrix between the
physicochemical parameters

The statistical relationship between the physicochemical
key parameters has been analyzed using the correlation ma-
trix (Table 2) as well as the dendrograms (Figure 8). A higher
positive correlation is found between density and depth in
all the transects, which is quite common in oceanic waters.
The depth versus salinity as well as density versus salinity
has a strong positive correlation in the central and southern
transects. This may be because of the sinking of high salin-
ity water and the formation of dense bottom water; how-
ever, more in situ observations are needed to substantiate
this feature. High negative correlations are found between
the depth and temperature as well as density versus tem-
perature in all transects. Although it is normal in oceanic
waters, such a high correlation within the shallower depths
of the Gulf is notable. The pH versus DO in the northern and
southern transects, and pH versus temperature in the cen-
tral and southern transects have high positive correlations.
The pH has negative correlations with depth and density in
all the transects, but within the shorter and normal range
of pH (8.01—8.21), the shallow QEEZ does not yield any
harmful impacts. The DO versus salinity has a strong nega-
tive correlation in the southern transect, within the limited
data points. In the southern transect, the fluorescence has a
strong positive correlation with depth, salinity and density.
It suggests that although the salinity and density increase
with depth, the reasonable amount of fluorescence (above
1.0 mg/m?) present in this region supports the primary pro-
ductivity.

The hierarchical cluster analysis (HCA) produces the sim-
ilarity percentage between the physicochemical parame-
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ters at each transect, which is represented by dendrograms
(Figure 8). In the northern transect, the cluster (1) consists
of depth, density and salinity, in which depth and density
have high similarity (85%), whereas the cluster (2) consists
of temperature, pH and DO, in which the temperature and
DO have high similarity (75%) (Figure 8a). However, clusters
(1) and (2) mutually exhibit a high negative similarity (—
70%) in the northern transect. In the central and southern
transects, the cluster components remain the same but dif-
fer in their similarity index compared to that in the northern
transect. In the central transect, the depth and density in
the cluster (1) have very high similarity (around 95%), in-
dicating that density increases with depth, as reflected in
the profiles, while both together show high similarity with
salinity (around 85%) (Figure 8b). In the cluster (2), the tem-
perature and pH show high similarity (around 80%). Similar
to the northern transect, the clusters (1) and (2) in the cen-
tral transect produce a high negative similarity (around —
70%). In the southern transect, the density and salinity in
the cluster (1) and pH and temeperature in cluster (2) show
high similarities (80% and 90%, respectively) (Figure 8c). The
clusters (1) and (2) are mutually in a moderate negative sim-
ilarity (—65%). These similarities suggest that salinity and
density in the QEEZ are directly proportional to each other
and have strong link between them, while both are inversely
proportional to temperature and pH. Furthermore, density
is more or less independent of temperature and pH, and
salinity determines the water column density and stability.

5. Summary and conclusions

This study investigated the spatial variability of key physic-
ochemical parameters — temperature, salinity, density, pH,
DO and fluorescence, in the Qatar’s Exclusive Economic
Zone (QEEZ) during early summer. There were 11 sampling
stations across 3 transects — northern, central and south-
ern. The results indicate that physicochemical parameters
show distinct spatial variability, which is connected to the
stratification and formation of different water masses in the
QEEZ. The variations in temperature, salinity and potential
density are in the range 19.9°—30.2°C, 38.46—42.20, 24.98—
29.32 kg/m?, respectively. The minimum recorded salinity
was in the intermediate region of the central transect, while
the maximum recorded salinity was in the nearshore region
of the northern transect. The higher salinity in the northern
transect is primarily attributed to the higher evaporation
rates along with dense water flow from the northern Gulf.
A detailed investigation is required to evaluate the relative
contribution of desalination plants in the hypersalinity of
this region.

The pH in all the transects shows a little spatial variation
(in the range of 8.01—8.21). Although small, the variations
in pH are consistent with the water mass distributions, es-
pecially in the deep-water regions of northern and central
transects. The DO was minimum (3.43 mg/l) in the deep-
est region of the northern transect, and maximum (8.37
mg/l) in the deepest region of the central transect. The
summer stratification often leads to hypoxia in the central
Gulf as literature reports, however, that is not quite evident
in early summer based on the present study. The maximum
recorded fluorescence was 1.61 mg/m? in the deepest re-
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gion of the northern transect. The high fluorescence in the
QEEZ was confined to a depth of 20—40 m, where the pri-
mary productivity was relatively higher.

The northern and the central transects are situated in
the deep-water zone and exhibited similar vertical and hor-
izontal distribution patterns and layering of physicochemi-
cal key parameters, whereas the southern transect is situ-
ated in a relatively shallow water zone, exhibiting a weak
stratification. The correlation matrix and hierarchical clus-
ter analysis indicate that depth, salinity and density are in
cluster 1 and pH, DO and Temperature are in cluster 2, and
both are inversely correlated to each other. The inferences
derived in this study are preliminary in nature due to a lim-
ited number of datasets available in the QEEZ. A detailed
investigation is planned by executing further measurements
in the QEEZ, not only in summer but also in other seasons
with the aim of studying the temporal variability of physic-
ochemical parameters.
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KEYWORDS Abstract Coastal lagoons have been providing ecological, economic and cultural benefits for
Coastal lagoons; many centuries. Despite their importance, the monitoring of coastal lagoons poses numerous
Intermittent inlet; challenges related to their complex environmental processes, their large variability in size and
Water bodies; their remote location, inhibiting effective management programmes. This study demonstrates
Coastal monitoring; the effectiveness of Sentinel-2 satellites to map highly dynamic morphological and hydrological
Multiband water changes in the Louro lagoon, a small choked lagoon located on the Galician coast (NW Spain).
indices For this purpose, a simple methodology using the Normalised Difference Water Index (NDWI) has

been evaluated, which allows to monitor the sand barrier changes and the inlet formation. The
results show that the sand barrier’s opening and closing might take only a very short period, and
the recovery of the lagoon to its full water level can happen in less than a month. Sentinel-2
images also reveal drastic changes in the water level once the sand barrier is broken. A water
surface area of 0.24 km? was estimated on 04/11/2019, while this surface was reduced to 0.10
km? on 04/12/2019. Monitoring these changes is critical to understand the different processes
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ongoing in these valuable environments and making informed decisions for their management

and protection.
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1. Introduction

Coastal lagoons occupy 13% of the global coastline
(Barnes, 1980; Kjerfve, 1994) and represent essential
ecosystems that provide many ecological, economic, social
and cultural benefits. Several definitions for coastal lagoons
have been proposed (Tagliapietra et al., 2009). The most
widely used is the one suggested by Kjerfve (1994) that
define coastal lagoons as “a shallow coastal water body
separated from the ocean by a barrier, connected at least
intermittently by one or more restricted inlets and usu-
ally oriented shore-parallel”. Bird et al. (1994) added to
this definition some aspects regarding the enclosing barrier
whose nature is responsible for lagoon formation (Duck and
Figueiredo da Silva, 2012). These authors define coastal la-
goons as “areas of relatively shallow water that have been
partly or wholly sealed off from the sea by the deposi-
tion of spits or barriers, usually of sand or shingle, build
up above high tide level by wave action”. Considering their
geomorphology and degree of isolation coastal lagoons can
be sub-divided into: “chocked”, “restricted” and “leaky”
(Kjerfve, 1994). Following Kjerfve (1994) “chocked” lagoons
are connected to the sea by a single long narrow entrance
channel and usually located along a stretch of coast with
high wave energy and significant littoral drift; “restricted”
lagoons consist of a large and wide water body, usually ori-
ented parallel to the coast, with two or more entrance
channels, while “leaky” lagoons are elongated water bodies
parallel to the coast but with many ocean entrance chan-
nels.

Coastal lagoons are highly variable systems influenced
both by global aspects such as climate change or sea-level
rise and by local aspects such as the nature of the base-
ment, coastal orientation, topography or sediment sources
(Costas et al., 2009). The local aspects have particular rel-
evance on the NW Iberian coast, which has an abrupt topog-
raphy with incised river valleys, producing shallow and small
coastal lagoons (<1 km? in size) (Gonzalez-Villanueva et al.,
2015). In Galicia (NW Spain), these small coastal lagoons are
relevant environments that provide many ecosystem ser-
vices and that are protected by the “Habitat Directive of
the European Union” (92/43/EEC) (EC, 1992). A large num-
ber of these lagoons holds protected taxa, some of which
are listed in the “Galician Catalogue of Endangered Species”
(Gonzalez-Villanueva et al., 2015).

Despite the current environmental protection of Gali-
cian coastal lagoons, these systems are progressing towards
their collapse (Fraga-Santiago et al., 2019). The principal
observed cause is clogging (accumulation of sediment par-
ticles), which leads the free water body to disappear, im-
plying a progressive loss of diversity, mainly of aquatic birds
(Bao et al., 2007). This effect is of particular relevance in
the Louro lagoon. As a choked lagoon, the Louro lagoon has
shallow waters periodically connected with the open ocean

89

by a narrow channel (called an inlet). The temporary con-
nection between the lagoon and the open sea causes signif-
icant hydrodynamic variations. This change is probably the
most critical factor governing the structure and function-
ing of the resident biotic communities (Smakhtin, 2004).
In many choked lagoons, the occasional break of the sand
barrier might be produced in an artisanal manner asso-
ciated with cultural traditions, generally related to fish-
eries (Bertotti-Crippa et al., 2013) or agricultural purposes
(Fortunato et al., 2014). In the case of the Louro lagoon, due
to the abandonment of traditional agriculture practises, the
sand barrier’s opening mainly depends now on meteorologi-
cal and oceanographic conditions.

In choked lagoons, the opening of the sand barrier has
a direct effect on their morphology and biogeochemical
flows by promoting the exchange of water, sediments, nu-
trients, and pollutants between the lagoon and the sea
(Moreno et al., 2010). After the rupture, the sand barrier
can remain open or close after a variable period of time,
depending on the hydraulic efficiency related to the rain-
fall regime, the tide cycle and the sediment transport at
the local level (Green et al., 2013). These openings can
occur regularly throughout the year (seasonal cycles) or ir-
regularly due to anthropogenic interventions. For example,
seasonal openings can be caused by high waves produced
by storms, intense river discharges, or elevated rain levels
(Gale et al., 2006; Weidman and Ebert, 2013). The unpre-
dictable nature of natural closures and openings hampers
their monitoring and, in many cases, they have not been ex-
plicitly evaluated (Yanez-Aranciabia et al., 2014). Informa-
tion about the evolution of coastal lagoons and their moni-
toring is crucial for their management and sustainable pro-
tection (Newton et al., 2018). However, the environmen-
tal and morphological variability, together with their isola-
tion and dispersion, makes it challenging to acquire robust
and continuous data of coastal lagoons, and thus to estab-
lish a holistic management approach. On the other hand,
there is a growing need to expand the coverage and fre-
quency of coastal monitoring for regulation purposes, which
derive from legislation such as the European Union Water
Framework Directive (WFD) (2000/60/EC) (EC, 2000). The
WEFD considers coastal lagoons as both “transition waters”
and “coastal waters” that need specific monitoring instru-
ments to assess their ecological status and derive possible
actions.

Data obtained by remote sensors, combined with in situ
monitoring programmes, are crucial to provide new knowl-
edge of the diverse processes taking place in coastal la-
goons. The use of satellite data is well established in dif-
ferent applications related to coastal water bodies such as
flood monitoring (DeVries et al., 2020), water quality as-
sessment (Gholizadeh et al., 2016) or the extraction of sur-
face water area (Sun et al., 2012). In light of increasing new
satellite data, the present moment is particularly impor-
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tant to provide new knowledge in this field. As part of the
Copernicus programme, the European Space Agency (ESA)
together with the European Commission has launched the
Sentinel missions to increase existing Earth observation ca-
pabilities. Of particular relevance for the study and moni-
toring of coastal areas is the Sentinel-2 mission. This mission
includes the twin satellites Sentinel-2A, launched in 2015,
and Sentinel-2B, launched in 2017. The Multispectral Imager
(MSI) sensor on board Sentinel-2 provides 13 spectral bands
covering from visible and near-infrared (VNIR) to shortwave
infrared (SWIR) wavelengths, with four of these bands (B2,
B3, B4 and B8) offering a spatial resolution of 10 m. This rel-
atively high spatial resolution combined with a short revisit
time (5 days at the equator and 2—3 days at mid-latitudes)
is an advantage for monitoring highly dynamic small water
bodies. Sentinel-2 data will have a temporal continuity with
the launch of Sentinel-2C and Sentinel-2D in the future.

Although the Sentinel-2 satellites were primarily de-
signed for terrestrial environments, numerous studies
have shown their usefulness for different coastal ap-
plications (e.g. Ansper and Alikas, 2019; Casal et al.,
2020; Hedley et al., 2018), including coastal lagoons
(Brisset et al., 2021; Sebastia-Frasquet et al., 2019) and wa-
ter bodies delimitation (Zhou et al., 2017). Sentinel-2 pro-
vides continuity regarding medium resolution missions such
as Satellite Pour I’Observation de la Terre (SPOT) or Land-
sat, which have provided successful results in the mapping
of diverse water bodies (Casal et al., 2011; Lavery et al.,
1993; Luis et al., 2019). The Landsat mission had been used
extensively due to its open data access and long-term data
series (the first Landsat satellite was launched in the 70s).
However, the revisit time of Landsat satellites (16 days) lim-
its their use for monitoring highly dynamic events.

Regarding coastal lagoons, the number of studies using
Sentinel-2 data is still scarce. A search in the Web of Sci-
ence using the words “Sentinel-2” and “lagoon” as topic re-
ported only 17 records between 2017 and 2020, including ar-
ticles and proceeding papers. The Sentinel-2 applications in
coastal lagoons mainly include monitoring water quality pa-
rameters (Braga et al., 2020; Sebastia-Frasquetet al., 2019;
Soria-Perpinya et al., 2020) and only a few applications were
found related to water body changes (Karim et al., 2019)
and waterline detection (Salameh et al., 2020). None of the
records reported by Web of Science included highly dynamic
changes.

The objective of this study is the evaluation of Sentinel-2
data to monitor highly dynamic morphological and hydrolog-
ical changes in a small chocked lagoon. The detection of the
breaking and closing of the sand barrier, the inlet formation
and the water level variations are assessed using existing
water extraction indices. Establishing the barrier break fre-
quency and its closure is crucial for evaluating the barrier
vulnerability and preventing damage to infrastructures and
ecosystem services.

2. Material and methods
2.1. Study area

The Louro lagoon is located on the Atlantic coast of Gali-
cia (NW Spain) at the northern end of the Ria de Muros
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(Figure 1). This area, catalogued as a “Site of Community
Importance” (Natura 2000 Network, Directive 92/43/EEC)
under the European Union Habitats Directive, is an essen-
tial habitat for many species of fauna and flora (Gonzalez-
Villanueva et al., 2017). The lagoon ecosystem hosts am-
phibians, reptiles and small mammals and has become a rel-
evant place for ornithological observation.

The Louro lagoon is separated from the open sea by a
sand barrier of 300—600 m wide and 1500 m long, fixed to
a rocky substrate on both sides (Gonzalez-Villanueva et al.,
2017). The sand barrier hosts vegetated dunes fragmented
by corridors produced by wind action. The lagoon is mainly
shallow, with depths ranging between 2 m in winter and 0.5
m in summer (Pérez-Arlucea et al., 2011). It presents an in-
ner permanent flood area and a peripheral area subject to
occasional flood periods (Pérez-Arlucea et al., 2011). Pre-
cipitation in the study area is highly variable, with oscil-
lations between monthly averages of 300 mm in autumn-
winter to less than 50 mm in summer. Communication be-
tween the lagoon and the open sea is temporary and oc-
curs under certain circumstances related to spring tides,
intense rain periods and storms with south-southwesterly
winds. The sand barrier break causes a water exchange be-
tween the open sea and the lagoon through the formation of
an inlet. In general, the inlet can be described as a channel
2 m deep and an average of 15 m wide that cuts the bar-
rier perpendicular to the coast (Gonzalez-Villanueva et al.,
2013; Pérez-Arlucea et al., 2011). The Louro lagoon system
is classified as mesotidal (Davies, 1964), with an average
tidal range of around 3 m.

Recent studies have demonstrated that the Louro lagoon
is experiencing a progressive siltation and eutrophication
process, which alters its natural evolution and could even-
tually affect its inherent environmental value (Gonzalez-
Villanueva et al., 2015; Fraga-Santiago et al., 2019). Sev-
eral factors have been identified affecting these processes,
the most relevant of which is the abandonment of tradi-
tional agriculture practices (Fraga-Santiago et al., 2019)
that lead to changes in the land use around the lagoon.
Since the last decades of the 20t century, crop cultivation
has been progressively abandoned, leading to riparian for-
est growth (Fraga-Santiago et al., 2019). This expansion in
tree-covered areas around the lagoon implied a decrease in
water availability. Moreover, frequent forest fires have also
contributed to transporting nutrients and sediments into the
lagoon, thus incrementing the siltation and eutrophication
processes.

2.2. Satellite imagery

The intense storms in winter 2019/2020 severely impacted
the Louro lagoon by producing several breaks of the sand
barrier with the subsequent formation of an inlet. Prior in-
formation about morphological and environmental changes
in the Louro lagoon during this period motivate this study
to evaluate the suitability of Sentinel-2 images to monitor
these processes. Sentinel-2 images were downloaded from
the Copernicus Scientific Data Hub between 15t November
2019 and 29" February 2020 at level 1C, Top-of-Atmosphere
reflectance (TOA) and projection UTM/WGS84.

Although a total number of 24 Sentinel-2 images were
registered during this period, only seven had no clouds or
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a) Map of the study area showing the locations of the SIMAR node and the Corrubedo Meteorological Station (CMS). b)

Sentinel-2 image in false infrared colour (NIR, R, G), taken on 23/01/2020. This image also shows the sand barrier break . The red
dot in b) indicates the place where the photographs in panels c) and d) were taken on 26/01/2020.

Table 1
the tidal amplitude (difference between low and high tide).

Detail of the Sentinel-2 images included in the study. The tidal coefficient was registered in Muros Port and indicates

Date Sensor S2-granule Acquisition Tidal coefficient Observations
time (UTM)

04/11/2019 S2A T29THM 11:33:21 34 (very low) Strong swell

29/11/2019 S2B T29THM 11:33:29 75 (high) Clouds partially covering the
lagoon

04/12/2019 S2A T29THM 11:34:41 39 (low) Strong swell

29/12/2019 S2B T29THM 11:33:59 70 (high) Strong swell

03/01/2020 S2A T29THM 11:34:51 42 (low) Clouds partially covering the
lagoon

23/01/2020 S2A T29THM 11:33:51 77 (high) No swell. Low clouds over the
open sea but not over the actual
lagoon

22/02/2020 S2A T29THM 11:33:11 44 (low) Strong swell. Clouds over the open

sea but not over the lagoon

a low cloud coverage (Table 1). Cloud coverage is a criti-
cal limiting factor in the NW of Iberian Peninsula; however,
the revisit time of Sentinel-2 constellation allowed for at
least two suitable images almost every month during the
study period. Most of the images showed a strong swell with
waves breaking in the shore producing white caps. No sun
glint conditions were visually appreciated in any of the im-
ages. The images were resized to the area of the Louro
lagoon.
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2.3. Meteorological and oceanographic data

Because the break of the sand barrier in winter is mainly re-
lated to meteorological and oceanographic conditions, in-
formation about rainfall, wind and significant wave height
was consulted for the period of this study (Figure 2). Rain-
fall data (L/m?) and wind speed (km/h) were downloaded
from the Corrubedo Meteorological Station (CMS) through
the Meteogalicia website (https://www.meteogalicia.gal).
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a) Daily rainfall data (L/m?) and (b) wind speed (km/h) registered by the Corrubedo Meteorological Station. Red dashed

lines indicate the dates on which the Sentinel-2 images analysed in this study were taken (Table 1).

The wave height was taken from the node of 3009017 of the
SIMAR dataset provided by Puertos del Estado (http://www.
puertos.es) (not shown here as the data are not download-
able). Numbers in the SIMAR database are obtained through
a wave reanalysis model. The location of CMS and SIMAR
node is shown in Figure 1.

2.4. Surface water delimitation

The extraction of water bodies from optical images uses
the difference between the low reflectance levels of wa-
ter surfaces and the high reflectance levels of terrestrial
substrates in the infrared channels. Several algorithms for
surface water delimitation have been proposed. Examples
are the digitalisation of water bodies through visual inter-
pretation (Yang et al., 2017), object-based image analysis
(Zhang et al., 2013), spectral mixture analysis (Guo et al.,
2015; Liu et al., 2017), single-band thresholding (Bryant and
Rainey, 2002; Frazier and Page, 2000) or spectral water
indices (Feyisa et al., 2014; McFeeters, 1996; Xu, 2006).
The spectral water indices commonly take two different
bands to distinguish the water surfaces, having the advan-
tage of both simplicity and high precision (Xie et al., 2014).
For this reason, these indices are among the most widely
used.

One of the most popular multiband spectral water in-
dices is the so-called Normalised Difference Water Index
(NDWI) which uses the green and the near-infrared bands
(McFeeters, 1996). The NDWI had first been developed us-
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ing Landsat Multispectral Scanner images in digital num-
bers and a zero threshold value. Positive NDWI values were
identified as water, while negative values were classified
as non-water. Some years later, Xu (2006) proposed a dif-
ferent index, the Modified Normalized Difference Water In-
dex (MNDWI), in which the green and shortwave infrared
bands were used. Although the MNDWI is widely used in ap-
plications such as the delimitation of surface water bodies,
land-use changes and ecology (Duan and Bastiaanssen, 2013;
Xu, 2006), it has limitations in urban and shaded moun-
tainous areas (Acharya et al., 2018). Some years later,
Feyisa et al. (2014) proposed the Automated Water Extrac-
tion Index (AWEI) using Landsat Thematic Mapper. In this
case, Feyisa et al. developed two variants: the AWEIsh de-
signed to identify water bodies by eliminating shadow pixels
and the AWEInsh designed to delimit water bodies in urban
areas. Because the Louro lagoon area is a rural area without
large urban settlements, the AWEInsh index was not con-
sidered here. The Normalised Difference Vegetation Index
(NDVI) was also evaluated since several studies have demon-
strated that vegetation indices can also be effective in de-
limiting water bodies (Rokni et al., 2014).

Most of the indices considered here were initially devel-
oped for satellites other than Sentinel-2. For this reason,
their equations were adapted to Sentinel-2 bands as de-
tailed in Table 2. This band adaptation approach is not novel
and has already been described in other studies (Du et al.,
2016; Wang et al., 2018; Yang et al., 2017). The selected
Sentinel-2 bands were: band 2 (490 nm) as a blue band,
band 3 (560 nm) as a green band, band 4 (665 nm) as
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Table 2 Water surface extraction indices were considered in this study. p represents the top of atmosphere reflectance (TOA)

at different Sentinel-2 bands.

Multiband Index Equation Water value Reference

Normalised Difference Vegetation NDVI= (ops — pB4)/ Negative Rouse et al. (1973)

Index (B8 + pB4)

Normalised Difference Water Index NDWI= (o3 — pBs)/ Positive McFeeters et al. (1996)
(o83 + pB8)

Modified Normalised Difference MNDWI= (pB3 — pB11)/ Positive Xu et al. (2006)

Water Index (o3 + PB11)

Automated Water Extraction Index AWEIsh= pg; + 2.5%pp3 Positive Feyisa et al. (2014)

— 1.5%(pgs + pB11) — 0.25% pp12

a red band and band 8 (842 nm) as NIR band. Band 11
(1614 nm) and band 12 (2190 nm) were chosen for SWIR1
and SWIR2, respectively. All selected bands have a spatial
resolution of 10 m except for SWIR1 and SWIR2 for which
the resolution is 20 m per pixel. Image sharpening pro-
cesses to convert 20 m bands into 10 m bands were not
performed since this study aimed to develop a methodol-
ogy as simple as possible so that potential users can imple-
ment it quickly. The SNAP 8.0 software was used to resam-
ple the bands with 20 m of spatial resolution into 10 m.
The same software was also used for the generation of the
indices.

All the water indices described above allow water pixels
to be classified by applying a simple threshold (T), which
can be adjusted to different images or different classifica-
tion priorities. The determination of the optimal threshold
value is of great importance for the accurate delimitation
of water bodies, and it can be done manually (Meng et al.,
2013; Xu et al., 2005) or using automated methods (Ji et al.,
2009; Zhang et al., 2018). In this study, the threshold val-
ues (T) were initially set to zero but generally, threshold
adjustments to individual situations can achieve a more
accurate delineation of water bodies (Du et al., 2012;
Sekertekin, 2019). The extracted water bodies were con-
verted to polygons and water level changes were evaluated
using ArcGIS 10.3.1.

3. Results
3.1. Selection of the optimal multiband indices

The performance of the different indices mentioned in
Table 2 was first interpreted visually and compared with
the near-infrared (NIR) band at 842 nm. NIR wavelengths
are strongly absorbed by water and reflected by terres-
trial vegetation and dry soil (Sun et al., 2012). Even though
NIR bands can also be used to extract water bodies using
a threshold, this process requires an individual evaluation
in each image. Changes in the image conditions (e.g. illu-
mination) can modify the optimal threshold value. These
changes are minimised using band ratios; for this reason,
the NIR bands were only used to support the interpretation
results.
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All the evaluated indices have a spatial resolution of 10
m; however, some bands used for the MNDWI and AWEIsh
indices were resampled from 20 m to 10 m. It is also impor-
tant to remind here that the Louro lagoon is located in a ru-
ral environment with small and isolated settlements in the
surrounding areas. The terrain elevations of nearby Monte
Louro (~241 m) produces shadows, but they do not affect
the lagoon area. Taking into account these aspects, some
differences were found between the indices in the visual
analysis.

As expected, the lagoon’s delimitation and its inlet were
less defined when the indices with the 20 m bands, MNDWI
and AWEIsh, were used (see Figure 3). The AWEIsh index re-
sults were more affected by the swell, and showed the high-
est values close to the shore where the waves were break-
ing. This issue was not evident in MNDWI, but this index
seems to be more sensitive to the shade produced by ter-
rain elevations (Figure 3). In this case, the shade does not
affect the lagoon, but the 20 m bands lead to a lower def-
inition at which the water surface and inlet were mapped.
The NNDWI and the AWEIsh indices were excluded from the
analysis to avoid adding a sharpening step to the processing
chain.

The visual analysis of the NDVI and NDWI indices showed
a clear differentiation between land and water and a bet-
ter delimitation of the inlet because of the higher spatial
resolution (10 m) (Figure 3). NDVI was initially developed
for separating green vegetation from other surfaces. How-
ever, some studies reported that the NDVI performs well for
water detection (Rokni et al., 2014), giving water features
negative values. On the other hand, the NDWI enhances in-
formation about water bodies by including the green band
while reducing vegetation and soil features (Li et al., 2013).
The NDWI index classifies water features with positive val-
ues, while vegetation and soil are classified with negative
values (McFeeters et al., 1996).

To evaluate the results obtained with NDVI and NDWI in-
dices in more detail, the frequency density histograms were
analysed. The differentiation between land and water pix-
els was confirmed by the density distributions (Figure 4).
The histogram of both indices showed a clear bimodal dis-
tribution with a higher peak representing water pixels and
a lower peak representing land pixels. In the NDWI the land
and water peaks were further apart, indicating a better dif-
ferentiation between both substrates. This behaviour was
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Figure 3 Example of the water surface extraction indices evaluated in this study applied to two different Sentinel-2 images
(04/11/2019 and 29/12/2019). The first image on the left and right corresponds to band 8 (842 nm). The AWEIsh index values were
rescaled to values between —1 and 1 for comparison with the other indices.
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Figure 4 Density distributions of the NDVI and NDWI. The grey dashed line indicates the threshold value T > 0, while the solid
line indicates a threshold of T > —0.1. NDVI values were inverted for a better comparison.
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Figure 5

Comparison of the water surface extension using the NDVI and NDWI and a threshold value of T > 0. a) Delimitation of

the water body on 04/11/2019. b) Delimitation of the water body on 23/01/2020. The NDVI shows more conservative results missing

water pixels located at the edge of the lagoon.

confirmed by comparing the extracted water surface ob-
tained by the two indices using the default threshold value
of T > 0 (Figure 5). In all the cases, the NDVI showed more
conservative results missing water pixels located on the
water body’s edge. This fact was especially evident when
the lagoon showed a low water level, as was the case on
23/01/2020 (Figure 5b). For this reason, the NDWI was se-
lected as the optimal index.

3.2. Delimitation of water surface

The histograms of the NDWI index showed a well-defined
region between water and land peaks that could be inter-
preted as mixed pixels (Figure 4). Mixed pixels are caused
by two or more land-cover classes in a surface area smaller
than the spatial resolution of the image (Ji et al., 2009),
and their amount will depend on the heterogeneity of the
substrates. These mixed pixels can be identified in the his-
tograms as a flat area between water and land peaks. Ex-
cept for the images affected by clouds (29/11/2019 and
03/01/2020) the histograms revealed that mixed pixels
could reach thresholds of —0.1 (Figure 4). Each image was
individually evaluated in order to identify those pixels with
a value lower than zero and higher than —0.1. All those pix-
els were located in well-defined areas at the lagoon’s bor-
der. Further analysis is required since these pixels could be
interpreted as pixels with a high water content but not sub-
merged and pixels located in very shallow areas. When the
lagoon had a high water level, both threshold values showed
very similar results (Figure 6a); however, the largest differ-
ences were found when the water level started to decrease.
In this case, a threshold value of T > 0 seems to be more
conservative. This issue affects the inlet’s delimitation since
during the process of the sand barrier closing the water flow
might be only a few centimetres deep (e.g. Figure 1b and
1c¢), and in this case, its delimitation using a threshold of
T > 0 can be more challenging. Considering the objective
of this study, the threshold value of T > 0 was selected.
This value led to a good delimitation of the surface water
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level and allowed the inlet’s detection and monitoring. For
a more detailed delimitation of the inlet, further research
would be required exploring other threshold values with the
support of specific field campaigns.

Using a value of T > 0, the NDWI index was evaluated
for the detection of the sand barrier break and its associ-
ated water level variations (Figure 7). The analysis of these
Sentinel-2 images revealed that the Louro lagoon suffers
significant morphological and hydrological variations. Be-
tween November 2011 and February 2020, the sand barrier
broke and closed several times, allowing the water inside
the lagoon to flow into the sea. The image acquired on
04/11/2019 showed the lagoon to have a high water level
with the water about to flow over the dune crest. This situ-
ation presents a critical moment and indicates an imminent
break of the sand barrier if the trigger conditions appear
(e.g. heavy rains, southwesterly winds or high tides). Dur-
ing the storms, waves driven in the SW direction generate
dissipative morphologies in the sand barrier and modify cur-
rents and sediment transport (Amécija et al., 2009). The
current convergence promotes a rip current formation and
the breaking of the sand barrier. However, the formation of
the inlet and the consequent water outflow also needs the
water elevation in the lagoon to be higher than the high tide
water level by about 1 m, which requires prolonged periods
of high rainfall levels (Pérez-Arlucea et al., 2011). This high
water level generates enough pressure and potential energy
to break the sand barrier, thus forming the inlet.

Between 04/11/2019 and 29/11/2019 meteorological
data registered at the CMS weather station reported
winds close to 30 km/h (Figure 2) while the SIMAR node
showed significant wave heights (~6 m). Moreover, between
09/11/2019 and 15/11/2019, the tide reached high coef-
ficient values between 74 and 87. Meteorological factors,
together with tides, could be the main triggers for break-
ing the sand barrier and forming the inlet detected on
29/11/2019. This Sentinel-2 image reveals that the inlet
formation could have been produced some days before the
image acquisition. This is suggested by the fact that the in-
let shows a narrow part (Figure 7b), indicating that sand
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Figure 6
(blue); f) variation of water levels using the NDWland T > 0.

movements have already occurred and the communication
with the open sea has started to reduce. The next available
Sentinel-2 image, registered one month later (29/12/2019),
showed the sand barrier sealed and the water level al-
most fully recovered. The Sentinel-2 image registered on
23/01/2020 revealed a lower water level again, indicating
that a new break of the sand barrier had happened prior to
the acquisition of the image. A heavy rain period (>70 L/m?)
in mid-January, together with moderate winds (~30 km/h)
and high tide coefficients (74—92), could have triggered the
inlet formation after 03/01/2013 since on this date the la-
goon showed a high water level. The image registered on
22/02/2020 indicates a recovery of the sand barrier and the
lagoon water level.

These observations confirm that the Sentinel-2 images
showed the sand barrier to break and close several times

f)

Water surface

[ ] 04/11/2019: 0.24 km®
[ ]04/12/2019: 0.10 km*

[ ] 23/01/2020: 0.08 km? 150

':]m
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a—e) Example of extracted water body surfaces in different images using threshold values of T > 0 (red) and T > —0.1

during the four-month period. These changes were associ-
ated with meteorological and oceanographic conditions that
produced drastic water level changes. During the timescale
of only one month, the water surface can be reduced from
0.24 km? to 0.10 km? or even lower (Figure 6f). However, in
wintertime and in the absence of breaks, the lagoon’s water
level can be fully recovered within less than a month.

4. Discussion

The results obtained in this study demonstrate that
Sentinel-2 data can provide valuable information to detect
and monitor highly dynamic morphological and hydrologi-
cal changes in small coastal lagoons using a simple process-
ing chain. This information can be essential to complement
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Figure 7 Example of the NDWI (T > 0) results compared to the NIR band (842 nm). Note that the Sentinel-2 images registered on
29/11/2019 and 03/01/2020 were both affected by clouds.
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conventional in situ monitoring programmes providing con-
tinuous data in space and time. Although the breaking and
closing of the sand barrier is a quick process that might hap-
pen within a timescale of a few days (Pérez-Arlucea et al.,
2011), the number of available images (around two per
month) was enough to reveal interesting information about
these processes in combination with ancillary data. The
availability of good quality images without cloud coverage
affecting the lagoon determines the success of the method-
ology described in this study. Even though it was possible
to have at least two images per month in the winter pe-
riod, it is expected that summertime conditions increase
the chance of having a higher number of good quality im-
ages that could allow a more detailed study.

Processing remote sensing images from digital levels (DN)
or TOA values to surface reflectance is generally compli-
cated. An accurate atmospheric correction needs input from
many atmospheric variables such as aerosol concentration,
optical depth or air pressure at sea level, as well as informa-
tion about optically active constituents present in the water
surface. Having data about all these parameters at the time
of image acquisition is challenging (Du et al., 2002). Several
studies have used DN or TOA, instead of surface reflectance
to build water indices (Danaher et al., 2006; Donchyts et al.,
2016; Ko et al., 2015), and obtained very similar results than
when using surface reflectance (Fisher et al., 2016). In this
study, TOA Sentinel-2 images provided a good delimitation
of the lagoon water surface, and the results allowed the de-
tection of the sand barrier break and the inlet. Two factors
could explain why such a good delimitation from the data is
possible. First, resizing the image to the Louro lagoon area
remarkably reduces the pixel variability. Second, the arith-
metic operation of the multiband water indices cancels out
a large portion of noise (i.e. sensor calibration and changing
radiation conditions caused by the illumination, soil, topog-
raphy or atmospheric conditions) (Ji et al., 2009).

Although various comparative studies on multiband in-
dices have been performed, no index was found to be ef-
fective in all scenarios (Boschetti et al., 2014). The Louro
lagoon is located in a rural area with no significant terrain
elevations around the lagoon. Both issues facilitate the de-
limitation of water bodies without interferences produced
by urban areas or topographic shades. As expected, the spa-
tial resolution of Sentinel-2 bands influenced the water sur-
face delimitation, especially at the edges of the lagoon and
the inlet. The NDVI and NDWI indices showed the best re-
sults regarding the water surface and inlet detection due
to their higher spatial resolution bands (10 m). These re-
sults coincided with other studies where both indices were
more efficient in extracting water bodies while removing
most classification errors for shadow and other non-water
surfaces (Acharya et al., 2018). The frequency density his-
tograms analysis showed that the NDWI produced a bet-
ter differentiation between water and terrestrial substrates
(Figure 4). Thus, the NDWI was selected as the optimal in-
dex to monitor morphological and hydrological changes in
the Louro lagoon. The discharge of water from the lagoon
makes other substrates such as vegetation and sand ap-
pear (Fraga-Santiago et al., 2019). High reflection of veg-
etation and soil in NIR bands causes the NDWI to be less
affected by this interaction at the lagoon edge and hence
giving more accurate results. The lack of built-up classes

99

adjacent to the water mass increases the accuracy of the
NDWI, which generally cannot sufficiently suppress the re-
flectance from built-up areas. The selection of the NDWI
as the optimal index was coincident with the results pro-
vided by Zhou et al. (2017). These authors (Zhou et al.,
2017) compared several indices to map open surface wa-
ter in the Poyang Lake Basin (China). Other studies also re-
ported that the NDWI performs better in small lakes due
to less interaction with classes adjacent to the water body
(Ozelkan, 2020).

One of the critical aspects of applying multiband wa-
ter indices is the determination of an optimal threshold
value. The optimal value can depend on the characteris-
tics of each particular site and on the threshold method
employed (Sekertekin, 2019). Due to the reflectance char-
acteristics, the NDWI values for water are usually higher
than zero. Therefore, a zero (T > 0) threshold is often ap-
plied to extract water from satellite images using this in-
dex. In the Louro lagoon, this threshold value showed a
good delimitation of the water surface, including the in-
let detection (Figure 7), except for the images registered
on 29/11/2019 and 03/01/2020, due to the presence of
clouds.

Employing the frequency histograms, populations of wa-
ter, land and mixed pixels were identified. The number of
mixed pixels is significant for coarse resolution satellite im-
ages (e.g. AVHRR (1 km), Sentinel-3 OLCI (300), MODIS (250
m)) where large pixels usually contain multiple types of sub-
strates. Compared to these optical satellites, the spatial
resolution of Sentinel-2 (10 m) reduces mixed pixels and
their associated omission errors. For the purpose of this
study, good results were obtained using a threshold value
of T > 0. This threshold value (T > 0) accurately delimited
submerged areas and was well suited to detect the sand
barrier break and the inlet. The threshold value of T > —0.1
included mixed pixels that were interpreted as very shal-
low areas. It also showed a better delimitation of the inlet
when the water flow is very low (e.g. Figure 1). However,
new analyses of Sentinel-2 images, supported by field cam-
paigns, will be necessary to better understand how the la-
goons$ water surface variations affect the selection of the
optimal threshold value.

This study revealed that the lagoon suffers drastic wa-
ter level variations during the opening and closing of the
sand barrier. Even though field campaigns were not per-
formed, the results related to the estimation of water sur-
face coverage were very similar to those reported by other
authors using different methodologies in the same study
area (e.g. Gonzalez-Villanueva et al., 2015). The results
showed that the breaking and closing of the sand barrier
could be a rapid process supporting the results obtained
by Pérez-Arlucea et al. (2011). However, the water level
can be recovered within less than one month. The sand
barrier-breaking frequency and duration can drive different
and complex effects on ecological, chemical and physical
processes (Conde et al., 2015) and in many cases, these
processes have not been explicitly evaluated yet (Yanez-
Aranciabia et al., 2014).

Sentinel-2 data could provide valuable information for
establishing the sand barrier vulnerability frequency and
preventing damage in these ecosystem services such as fish-
eries. For example, the breaking and closing of the sand bar-
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rier of the Baldaio lagoon, a similar lagoon located on the
Galician coast, has a direct impact on shellfish harvesting
areas. The methodology proposed here could be transferred
to similar sites for supporting coastal management.

Although the number of satellite applications in coastal
lagoons has increased, the number of studies that include
Sentinel-2 data is still small. Most of the Sentinel-2 applica-
tions are related to the assessment and monitoring of wa-
ter quality parameters (e.g. Vaicitté et al., 2021), but the
number of applications related to water body extraction is
still scarce (e.g. Kaplan et al., 2017; Salameh et al., 2020).
Due to the relatively short lifespan of Sentinel-2 mission (up
to now 6 years), it is also common to find a combination
of Sentinel-2 and Landsat data to study long term changes
(e.g. Karim et al., 2019; Vaiciuteé et al., 2021). The series of
Sentinel-2 data will increase in the future with the launch
of Sentinel-2C and Sentinel-2D.

The vulnerability of the Louro lagoon and other simi-
lar lagoons will be enhanced in the coming decades due
to climate change effects. Sea-level rise, intensification
of storms, alteration in the tidal regimes, or changes
in the freshwater inputs will have a substantial impact
on the functioning of these areas. To prevent ecologi-
cal losses and degradation due to climate change effects,
continuous spatial and temporal information will be re-
quired. This study demonstrates the importance of Sentinel-
2 data to monitor highly dynamic coastal areas such as
coastal lagoons. The combination of Sentinel-2 data with
in situ monitoring programmes will provide valuable in-
formation for coastal management that could contribute
to face climate change effects and protect ecosystem
services.
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KEYWORDS Abstract Mabahiss Bay and Safaga Bay are two important ports along the Red Sea coast of
Halogens; Egypt. The present study is the first to monitor halogen concentrations in these two ports.
Seawater; Certain halogens (F, Cl, Br and |) in coastal waters and sediments exhibited different behaviors.
Sediment; Fluoride (1.92—8.31 mg/L and 0.34—1.24 mg/g), chloride (20.76—22.68 g/L and 0.38—8.31
Multivariate analysis; mg/g), bromide (95.90—151.84 mg/l and 6.66—50.61 mg/g), and iodide (2.77—39.19 ng/L and
Mabahiss and Safaga 1.71-3.76 ;1g/g) appeared in the seawater and sediments of Mabahiss Bay, respectively. In
bays; Safaga Bay, F, Cl, Br and | yielded ranges of (1.80—10.15 mg/L and 0.14—0.74 mg/g), (21.47—
Red Sea 22.57 g/L and 0.68—1.42 mg/g), (15.98—146.51 mg/L and 6.13—74.59 mg/g) in seawater and

sediments, respectively. In Mabashis Bay exclusively, the bromide and iodide levels in seawater
increased significantly, and the sediments were vice versa. The average fluoride value in the
two ports’ seawater was higher than that in the unpolluted Mediterranean Sea. In contrast, the
average bromide content in Mabahiss Bay seawater exceeded the Mediterranean Sea level. The
seawater chloride content of the two ports was within the Mediterranean seawater’s value, but
the iodide concentration was lower than that of the unpolluted seawater. The application of
different multivariate statistical techniques showed that halogen’s distribution and halogen’s
geochemical characteristics control interaction in each region, ground flux, and proximity to
human sources.
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1. Introduction

Seawater is the main source of iodine (l), and the iodine
concentration in seawater ranges from 40 to 60 pg/L. Ap-
proximately 70% of the iodine in the earth’s crust is bound
to ocean sediments (Muramatsu and Wedepohl, 1998). Flu-
orine (F) was mobilized during marine carbonate diagen-
esis. However, it is fixed in newly formed carbonate, ap-
atite, or clay minerals. Bromide and chloride are traceable
chemicals in hydrology because they do not absorb nega-
tively charged ions in the solid phase; thus, they are widely
used to study the movement of water in marine sediments.
Like iodine, bromine may volatilize from the marine envi-
ronment and be carried to the land’s surface. An increase in
the I/Cl and Br/Cl ratios indicates an increase in iodine and
bromine content, which is caused by prohibited substances
flowing from external outlets to the surface of the marine
environment. Limited information on halogens’ geochem-
istry in the soil indicates that the adjacent sea influences
the concentrations of chlorine, bromine, and iodine in the
soil. In contrast, the content of fluorine in the soil depends
on its content in the parent material. In some areas, the
source of halogen pollutants significantly participates in its
environmental concentration. The high electronegativity of
fluorine makes it the most reactive element and enables it
to form compounds with almost all elements except inert
gases. However, the electronegativity (eV) of halogen de-
creases in the order of F (3.9) > Cl (3.0) > Br (2.8) > 1 (2.5).
Fluoride in seawater exists in the form of MgF+ (46%), F~
(51%), and CaF* (2%) (Liteplo et al., 2002). Fluorine replaces
any other halide ions in its compound (Brescia et al., 1975).
Fluoride is found in nature as fluorite, fluorapatite, cry-
olite, fluorite and sellaite and carbonate-fluorapatite (El-
Said et al., 2015, 2020, 2021; Masoud and El-Said, 2011),
while human fluoride sources are such as coal combustion,
oil refining, steel manufacturing, aluminum smelting, tex-
tile by-products, brick production, and phosphate fertil-
izer plants (Masoud and El-Said, 2011). Many fluoride com-
pounds such as beryllium fluoride and aluminum fluoride are
used industrially as phosphatase inhibitors (Masoud and ELl-
Said, 2011). In environment, the anthropogenic sources of
fluoride have been considered a major source among them.
Bromine is produced as a by-product of many industries in-
cluding pesticides, disinfectants, dyes, textiles, cosmetics
(El-Said et al., 2020). lodine and chloride are also produced
from burning of coal or fuel oil for power generation and
lodine is used in the pharmaceutical industry (Harlove and
Aranovich, 2018).

The four halogens commonly occur as the X ion
(Harlove and Aranovich, 2018). lodine also exists in the form
of the iodate anion (I037) in oxidizing alkaline media (such
as seawater). lodine’s low electron affinity results in the
occurrence of 1, in the environment. Fluorine, chlorine,
and a small amount of bromine are lithophilic due to their
accumulation in silicate minerals. However, iodine is chal-
cophilic rather than lithophilic in character (Harlove and
Aranovich, 2018). Chlorine is the most abundant halogen
in sedimentary formation waters with concentrations rang-
ing from <100 to >250000 mg/L (Worden, 1996), followed
by bromine with a range of (1< Br >6000 mg/l). Chlorine
and bromine exhibit strong systemic covariation, suggest-
ing that they are subject to the same control mechanisms
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(Worden, 1996). Fluorine only shows relatively high concen-
tration at higher chlorine and bromine concentrations, in-
dicating that the same processes can control fluorine, chlo-
rine, and bromine. lodine is not related to any other halo-
gen, indicating that a unique process controls iodine. The
key processes affecting halogen concentration are seawa-
ter evaporation and dilution, water-salt interaction, and or-
ganic sources’ input.

The Red Sea is a semi-enclosed basin representing one
of the marginal seas of the Indian Ocean. The Red Sea is
a unique, large marine ecosystem with coral reef systems
spreading across its coastline. In addition to its unique,
attractive environment, the Red Sea is a significant trad-
ing navigational route (Attia and Ghrefat, 2013). Hurghada
and Safaga are important ports along the Egyptian Red Sea
coast serving industrial activities, petroleum activities, ma-
rine sports, and fishers societies (El-Geziry et al., 2020;
Nour et al., 2018; Nour and Nouh, 2020). Hurghada is con-
sidered the largest Egyptian resort city in the Red Sea.

This study provides a framework to understand halogen
distribution in two Red Sea ports in Egypt. It examines the
concentrations of F, Br, Cl and | in seawater and marine sedi-
ments relative to environmental parameters. This study also
aimed to demonstrate the utility of multivariate analysis for
evaluating and interpreting large data sets for environmen-
tal parameters, identifying pollution sources, and obtaining
better concepts of halogen interactions at the two ports.

2. Material and methods
2.1. Sampling area

Fourteen sampling sites (M1—M14) were selected in the
northern part of Mabahiss Bay (Figure 1). The sampling
area extends from latitude 27.29° to 27.32° and longitude
33.73° to 33.77° (Figure 1). Mabahiss Bay occupies an area
of approximately 35 km? near the southern end of the Suez
Gulf north of Hurghada, and granitic mountains in the East-
ern Desert bound its coast. The coastal area contains sev-
eral dry valleys and is covered by Pleistocene reefal lime-
stone, gravels, and sands (Attia and Ghrefat, 2013). The
wide range of depths in the study area reflects the irreg-
ularity in this area’s bottom topography (Attia et al., 2012).
The offshore islands and the submerged coral system serve
to dissipate wave energy during stormy conditions. Fishing
is the main impact in this area, especially fishing with nets
on reef flats and lagoons (Selim, 2007). Many Parupeneus
(goatfish), polychaetes, sponges, gastropod shells (Strom-
bus and Lambus), seagrass, and seaweed inhabit this reef
flat. There are some activities in Hurghada area, especially,
the export of Egyptian phosphate, packed of cement and
alchortz ore (Abouhend and El-Moselhy, 2015). Besides, the
construction of major shipyards to build fishing vessels and
brine discharge for mega desalination plants has affected
this region.

Fifteen sampling locations (51—S15) represent the north-
ern and central parts of Safaga Bay. The study ranged from
the Ras Abu Soma Peninsula to the fortress area north of
Safaga Island (Figure 1). Safaga Bay is on the Red Sea west
side with a maximum depth of 70 m (Abd El Wahab et al.,
2011). The bay is bordered by a narrow dry coastal plain



Oceanologia 64 (2022) 103—116

273054
27.3

27.295+

Mabahiss Bay -

Scale
1:100000

L] L] L] L]
33.73 3374 33.75 33.76 33.77 33.78
26.86
26.85 ol
314 -
26.84 4 Fa
{9 30 4 o
26.83 = (o 1: 500000 . . ﬁ-
e 204 -
26.82
| innjbesert
26.81 - 281 i
26.8 Northern Safaga Bay 27 4 EQypt L
< 26 4 3
26.79 &‘
26.78 < 254 i -
26'77 E _ : v L) L) L) - L) - » —
y 30 31 32 33 34 35 36 37 38 39
26.76 4,
26.75 4 :
33.94 33.96 33.98 34 34.02 34.04
Figure 1 Sampling sites in Mabahiss and Safaga bays along the studied area.

on the west, while the eastern and southern areas are bor-
dered by steep slopes, and the northern area borders the
well-known Ras Abu Soma Peninsular. Safaga Bay can be
subdivided into the northern and western sides. The sam-
pling area extends from latitude 26.75° to 26.84° and lon-
gitude 33.94° to 33.98° (Figure 1). Additionally, this area
plays an important role in Egyptian international trade,
characterized by transport volumes with frequent loading
and unloading. The port includes passenger and freight ter-
minals for bauxite, coal, grain, quartz, and orthoclase (El-
Metwally et al., 2017; Mansour et al., 2011). Safaga area is
also affected by heavy oil spills due to crude oil extraction
and shipping activities (Abouhend and El-Moselhy, 2015).

2.2. Sampling and preparation of seawater and
sediment samples

Twenty-nine triplicate inshore surface seawater (w) and
sediment (s) samples were collected from various sites in
Mababhiss Bay (14 sites, M1—M14) and Safaga Bay (15 sites,
S$1—S15) during 2018 (Figure 1). Duplicate seawater samples
were collected using Niskin bottle from a depth range 10—
24 m and preserved in 1-liter stoppered, dark polyethylene
bottles, which were transferred in iceboxes to the National
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Institute of Oceanography and Fisheries lab. The other 29
bottles were immediately used to analyze COs,, HCO;,,
Cay, Mg, By, and SO4,. Sediment samples from each sam-
pling site at different depths were collected using a Van
Veen grab sampler and were kept in colorless polyethylene
bags at —20°C until they were air-dried in the lab. Sedi-
ment samples were spread on a clean plastic plate and then
air-dried at room temperature. The particle size of the air-
dried sediment sample was estimated (Folk, 1974).

The sediment samples were crushed to a fine powder and
then digested with an acid mixture (3 mL HNOs, 2 mL HClOy,,
and 1 mL HF) at 70°C in closed Teflon containers. The fil-
trated digested sediment samples were preserved in color-
less well-closed plastic bottles for Cas, Mg, Bs and SOy
determination. The extracted halogen solutions were ob-
tained from the fusion of Na,CO3; with fine sediment powder
(Jeffery, 1975; Mohamed, 1999; Saenger, 1972).

2.3. Analysis of water and sediment samples

The values of temperature (Tw; °C), pH, salinity (S%.), and
total dissolved salts (TDS; g/L) in seawater samples were
measured in the field using portable equipment (CTD YSI:
566). Fluoride content in seawater and extracted sediment
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solution was measured using the established zirconium-
Alizarin Red S method (El-Said and El-Sikaily, 2013). The
chloride content in seawater was calculated from the salin-
ity value (Strickland and Parsons, 1972). The bromide con-
tent in seawater and extracted sediment solution was de-
termined using the titrimetric method (Grasshoff, 1976).
The catalytic reduction method using the Ce(IV)-As(lll) re-
action was applied to determine the iodine concentra-
tion in seawater and extracted sediment solution (APHA-
AWWA-WPCF, 1999). The calcium and magnesium content
in seawater and digested sediment samples, the carbon-
ate and bicarbonate content in water and sediment sam-
ples were determined using the titrimetric method (APHA-
AWWA-WPCF, 1999; Balazs et al., 2005; Strickland and Par-
sons, 1972). Reactive phosphorus in seawater was deter-
mined (APHA-AWWA-WPCF, 1999). Silicate was measured
in seawater using the calorimetric method (Strickland and
Parsons, 1972). The turbidimetric method was applied to
estimate SO, in seawater and digested sediment sam-
ples (APHA-AWWA-WPCF, 1999). The curcumin colorimet-
ric method was used to determine the amount of boron
in seawater and digested sediment samples (APHA-AWWA-
WPCF, 1999). Mohr’s method determined the chloride con-
tents in sediments (APHA-AWWA-WPCF, 1999; Manual of
Methods of Analysis of Foods, 2005). The total phospho-
rus (TP) content in sediment samples was determined
(Aspila et al., 1976). Total carbonates (% CO;3) and to-
tal silicate (% SiO4) in sediment samples were estimated
(Molnia, 1974).

2.4. Quality control and quality assurance

The used glassware was cleaned with detergent and steeped
in 10% HNOs. For each determined parameter, a calibration
procedure was examined for five external standards. An ex-
ternal standard must be close to but above the method de-
tection limit. The detection limit and limit of quantification
values for fluoride, iodide, phosphorus, silicate, and sulfate
were 0.1 and 0.3 mg/L, 9.0 and 24.0 pg/L, 0.04 and 013
pg/L, 0.01 and 0.035 pg/L and 1.0 and 3.0 mg/L, respec-
tively. Other concentrations should correspond to the range
of parameter concentrations expected in the environmen-
tal samples. The work calibration curve was verified in each
work shift by measuring one or more calibration standards.
Each standard has a recovery rate of approximately 90%.
The precision of the data was set as the coefficient varia-
tion (CV). CV determined to be at a value of 10% was through
three duplicate analyses of one sample.

2.5. Statistical analysis

Multivariate analyses are recommended for monitoring
and environmental studies (Abdel Ghani et al., 2013; El-
Said, 2013; El Zokm et al., 2020a, 2020b Soliman et al.,
2018; Tokatli et al., 2014). They can help ecologists dis-
cover the structure of many data properties and predict a
relatively prior objective. These discovers make it easier
to understand the structure and function of very complex
theoretical studies. IBM-SPSS Statistics version 22 and STA-
TISTICA version 12.0 software were used. In this study, data
structures were explained using four multivariate statistical
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techniques: correlation matrix with a correlation coefficient
(r), multiple regressions with a multiple regression coeffi-
cient (R), principal component analysis (PCA), and cluster
analysis (CA) at a p < 0.05 significance level. These tech-
niques were applied to quantitatively analyze a sample of
27 variables distributed in seawater and sediment samples
in each area.

3. Results and discussion

3.1. Hydrographical and chemical parameter’s
distribution in surface seawater

The specific hydrographic parameters in Mabahiss Bay and
Safaga Bay ranges of temperature (T,,), salinity (S%.), TDS
and pH are 20.7—23.0°C, 37.50—40.96%., 33.22—36.28 g/L
and 7.78-7.98, and 23.2—-26.7°C, 38.78—40.77%., 37.35—
36.11 g/L and 8.13—8.23, respectively. The average val-
ues of S% in Mabahiss Bay and Safaga Bay are lower
than those reported for the Egyptian Red Sea Coast
(39.63—40.22%0; Fahmy, 2003). The decrease in the de-
tected pH values from those of the unpolluted Egyp-
tian Red Sea Coast (8.06—8.22; Fahmy, 2003) is also
due to the discharge from tourist resorts and desalina-
tion plants, in addition to the agricultural and industrial
wastes. The TDS of Mabahiss Bay and Safaga Bay (Supple-
mentary Table 1) are relatively similar and smaller than
the TDS recorded for the open sea (39.420 g/L; Jones
et al., 1999); however, Mabahiss Bay’s pH,, tends to be neu-
tral. The pH values are influenced by the water temperature
(pH&T,,: r = —0.6673, p < 0.007) in Safaga Bay.

The distribution of certain chemical parameters (Cay,
Mg, Py, HCOs,, COsy,, SO4, By and Si,) in Mabahiss and
Safaga Bay’s seawater are also determined (Supplemen-
tary Table 1). The chemical parameters take the order of
TDS> SOg4,> Mg, > Ca,> HCO3,> COs3,> B,> Siy> Py, in
the two bays. The calcium contents in the surface wa-
ters of Mabahiss Bay and Safaga Bay range from 256.5—
432.9 and 256.5—-625.2 mg/L, with an average of 333.1
and 397.6 mg/L, respectively, which are lower than the
content reported in the Mediterranean Sea (459 mg/L;
Jones et al., 1999). Whereas magnesium levels give ranges
1770.0—2470.2 and 1215.6—2324.3 mg/L and average lev-
els 2124.2 and 1831.8 mg/L in Mabahiss Bay and Safaga
Bay, respectively, are higher than those reported for open
seawater and the Mediterranean Sea (Millero et al., 2008;
Shapiro et al., 2018). The magnesium content of these two
ports is higher than the specified value in the Mediterranean
Sea (1211 mg/L; Jones et al., 1999), which may be due
to human activity in the area. The abundance of magne-
sium in the seawater of Mabahiss Bay and Safaga Bay is
closely related to the decomposition of minerals such as
sabkhas in Safaga Bay (Mg, &COs,, r = 0.7402, p < 0.002;
and Mg, &SOyy, r = 0.6757, p < 0.006) and the salinity of
the flow of freshwaters.

The mMg/Ca values of both Mabahiss and Safaga Bays are
7.9—14.21 and 4.16—11.01, respectively, which are higher
than two of the records of non-biological, carbonate deposi-
tion in seawater in the form of aragonite + high-magnesium
calcite (El-Said et al., 2016a; Ries, 2010).
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In Safaga Bay, the strong correlation between Mg,, and
CO;, (r = 0.7402, p < 0.002) and SO4, (r = 0.6757, p
< 0.006) may reflect the formations of MgCO; and MgSO,
compounds. The average values of active phosphorus in
Mabahiss (0.04—20.81 pg/L) and Safaga (2.97—10.41 ng/L)
bays are 7.19 and 6.78 g/L, respectively. These two
ports seem to be somewhere between moderate eutrophic
(4.65 pg P/L) and high eutrophic (9.30 ng P/l) coastal wa-
ters (Fahmy, 2003; Fahmy et al., 2016). The calculated eco-
logical risk assessment of phosphorus (RQ,; El Nemr and El-
Said, 2017) indicated that phosphorylation distress occurred
in both ecological regions.

The HCO;, average content of the surface water of
Mabahiss Bay (29.67—180.56 mg/L) and Safaga Bay (78.08—
146.40 mg/L) is lower than the publicly reported value of
169 mg/L; Jones et al., 1999) and above the specified level
in the Mediterranean Sea coast in Egypt (97.88 mg/L; El-
Said et al., 2016a). The presented data’s correlation ma-
trix concluded that the amount of boron in the seawater
of Mabahiss Bay is related to the outflow’s water quantity
(5%0&By; r = -0.6421, p < 0.024), the ion pair formation
of borate complexes with the abundant Mg, and its deposi-
tion and adsorption or use in this area’s sediment texture
(Mg &B,, = —0.6769, p < 0.016; Kot, 2009). Sulfate shows
dramatic changes in Mabahiss (5535.7—9862.2 mg/L) and
Safaga (4775.5—10913.3 mg/L) bays. The sulfate content
along these two ports is higher than the sulfate content in
the open Mediterranean Sea area (2700 mg/L; Jones et al.,
1999). The high sulfate in Mabahiss Bay and Safaga Bay
might be associated with disintegrated sabkhas minerals,
landfill operations and terrigenous fluxes (Mansour et al.,
2013). The high correlation coefficient between silicon and
B in the seawater of Mabahiss Bay (r = 0.7914, p < 0.002)
might be related to the biological activity of boron in
cyanobacteria and diatoms (Kot, 2009). The average Siy
contents of Mabahiss Bay (65.73—244.38 ug/L) and Safaga
Bay (55.21—326.97 png/L) are 149.88 and 180.31ug/L, re-
spectively.

3.2. Halogens’ distribution in surface seawater

The distribution of halogens in seawater (w) gives the same
order of Cl, > Br, > F,> |, in both Mabahiss Bay and
Safaga Bay (Supplementary Table 1). Fluoride in Mabahiss
Bay (1.92—8.31 mg/L) and Safaga Bay (1.80—10.15 mg/L)
give average values of 4.18 and 5.30 mg/L, respectively,
which is higher than those established in unpolluted seawa-
ter (1.3 mg/L; El-Sarraf et al., 2003). The current fluoride
concentrations in Mabahiss Bay and Safaga Bay are within
the range previously determined in the Red Sea (4.7+0.3
mg/L; El-Said, 2005). The chloride in Mabahiss Bay’s seawa-
ter (21.90+0.65 g/L) and Safaga Bay (21.94+0.37 g/L) show
relatively similar contents. The chloride concentrations in
both bays are also relatively similar to those established in
the open Mediterranean Sea (21.94 g/L; Jones et al., 1999)
and lower than those recorded in the Egyptian Red Sea coast
(22.2—22.7 g/L) due to its anion abundance in seawater.
The bromide content in Mabahiss Bay (95.90—151.84 mg/L)
is higher than that recorded in Safaga Bay (15.98—146.51
mg/L) with average values of 114.56 and 61.57 mg/L, re-
spectively. The increased Br in Mabahiss Bay may be as-
sociated with water-soluble release and leached Br from
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sediment to seawater-sediment interface (Harlov and Ara-
novich, 2018). However, in the earth’s crust, rocks contain-
ing more than 70—80% Br are present in non-sediment rocks.
The Br in Mabahiss Bay (114.56+17.24 mg/L) is also higher
than that reported in the Mediterranean Sea and Lake Mari-
out (74.1 and 18.91 mg/L; Jones et al., 1999; El-Said et al.,
2020). The variation of chloride is also related to seawa-
ter’s evaporation in semi-enclosed areas and tropical re-
gions (Jones et al., 1999). The iodide values show variable
higher contents in Mabahiss Bay (2.77—39.19 ug/L) than
those recorded in Safaga Bay (2.50—12.96 ug/L) with av-
erage values of 17.33 and 5.05 ug/L, respectively. lodide
contents in the two bays are lower than that reported in sea-
water (50 ug/L; Jones et al., 1999). I~ plays an important
role in the oxidation or reduction reactions in geochemical
systems and strongly adsorb to mineral surfaces. The aver-
age levels of chloride, bromide, and iodide in seawater in
Mababhiss Bay are higher than those recorded in Safaga Bay.

A correlation analysis revealed the relationship between
halogens and studied environmental parameters in seawater
and sediments of the two ports.

In Mabahiss Bay, there are high interactions relating to
Fw&Cly (r = 0.9071, p < 0.00), Cl,&F, (r = —0.6382, p
< 0.026), and Bry&Cl; (r = —0.7107, p < 0.010). Halo-
gens are incorporated into the earth’s crust, bio-organic
matter, and minerals presented; however, Cl is abundant
in the oceanic crust as an amphibole mineral with 0.5
mg/g (Jones et al., 1999). The high correlation of Cl,&Mg,,
(r = 0.681, p < 0.015) may accompany the mobilization
of Cl and Mg in amphiboles containing iron or magnesium
ions (Jones et al., 1999). The release of chloride, magne-
sium, bromide (Br,&Cay; r = —0.6747, p < 0.016) and io-
dide (1,&CO;y; r = 0.815, p < 0.001) probably refer to the
decomposition of sabkhas minerals and organisms fragments
along with landfills and land flows. lodine is present in the
anionic I~ form and oxyanionic species such as iodate (1037)
depending on pH, oxidation potential and biological activi-
ties in seawater (Jones et al., 1999). The moderate negative
correlation of Fs&Mg,, (r = —0.6013, p < 0.039) may be re-
ferred to the precipitation of the MgF* ion pair and the spar-
ingly soluble magnesium complex (El-Said et al., 2015). The
high correlations of B, &Cl,, (r = —0.6421, p < 0.024) and
Fs&B,, (r = 0.8112, p < 0.001) may be related to anthro-
pogenic sources and boron’s geological cycle (Kot, 2009).
The release of Cl from minerals such as sabkhas and feldspar
during the hydration process and the deposition of fluo-
roboron compounds such as (ferruccite (NaBFy) and avo-
gadrite (K,Cs)BF,4), along with the adsorption of boron on
minerals such as Al and Fe oxide, and calcareous and clay
minerals in marine sediments may also be associated with
high relationships between B,,&Cl,, and F,&B,, (Kot, 2009).

In Safaga Bay, the relationship between the parame-
ters defined in the correlation matrix reflects that the
chlorine content in the seawater is related to the wa-
ter chemistry process, landfill discharge and human activ-
ities. The relationship of Cl,&B,, (r= 0.6067, p< 0.016),
Cly&Cls (r=0.6151, p< 0.015), Cl,,&COsy (r = 0.6034, p <
0.017), 1,&SO4, (r = 0.7196, p < 0.002), Br&ls (r= 0.6553,
p<0.008), and I,,&Siy, (r = —0.7727, p < 0.001) may indi-
cate dissolution and/or deposition of boron, chloride, bro-
mide, and iodide in certain marine minerals, as well as the
incorporation of these elements into organic compounds,
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organic matter in sediments and organic-rich sediments.
(Harlove and Aranovich, 2018; Kot, 2009). Bromine and chlo-
rine are mixed with organic matter of coal, kerogen, and
petroleum (Harlove and Aranovich, 2018). The high correla-
tions of B, &S%. (r = 0.6089, p < 0.016), B, &Cl,, (r =0.6067,
p < 0.016), and B, &CO3, (r = —0.6168, p < 0.014) also pos-
sibly refer to the anthropogenic and geologic origin of boron
in Safaga Bay.

The horizontal distribution of halogens in Mabahiss and
Safaga Bay’s seawater and sediments shows different trends
(Figures 2 and 3). In Mabahiss Bay, the fluoride in the seawa-
ter and sediments gradually decreases towards the sea. The
contents of chloride, bromide, and iodide show the same
distribution. The halogen’s content in seawater decreases
in seawater’s direction and increases in the opposite direc-
tion in sediments. In Safaga Bay, the distribution of halogen
contents declines from the shore toward the seawater and
in the opposite direction of the sediments.

3.3. Chemical parameters’ distribution in
sediment

The chemical parameters determined in Mabahiss and
Safaga Bay are listed in descending order: CO3,> Mg,> Cas>
SiO4s> SO4> Bs > Ps and CO3,> Cas> Mgs> SiO4> SO4> By
> Ps, respectively (Supplementary Table 2). Mabahiss Bay
has higher average Cas, Mgs, COs; and Bs levels than those
in Safaga Bay. These high recorded values in Mabahiss Bay
may be due to the presence of sabkhas minerals contain-
ing soluble sulfate and chloride salts and carbonate miner-
als (Bahafzullah et al., 1993). The average boron content
in Mabahiss Bay is relatively similar to the average con-
tent recorded in clay sediments (2.30 mg/g; Kot, 2009),
while the boron content in Safaga Bay is lower than the av-
erage. In contrast, the SiO4, SO4 and Ps contents in the
sediment subarea of Safaga Bay are higher than that of
Mabahiss Bay. The weak correlation between SO4 and HCO3,,
(r =0.5274, p < 0.043) and SO4&T,, (r = 0.5348, p < 0.040)
may be related to the influence of temperature and sulfate
content on the microbial activity in Safaga Bay sediments
(Sawicka et al., 2012). The moderate correlations of Ca;&T,,
(r =0.6371, p < 0.026) and P;&pH (r = 0.7226, p< 0.008)
may reflect the influence of water temperature on calcium
carbonate dissolution and the release of phosphorus during
calcite formation in Mabahiss Bay sediment (El-Said et al.,
2016b).

3.4. Halogens’ distribution in sediment

The halogen distribution in sediments (s) give the same or-
der of Bry> Cly> F;> |5 in the two bays (Supplementary Ta-
ble 2 and Figures 2 and 3). Mabahiss Bay shows a slightly
higher average fluoride content (0.63 mg/g) than that es-
tablished for the earth’s crust (0.55 mg/g; Harlove and
Aranovich, 2018), while Safaga Bay exhibits lower con-
tent (0.38 mg/g; Harlove and Aranovich, 2018). The halo-
gen current results of Cls, Br;, and I; in Mabahiss Bay
and Safaga Bay are higher than those reported for the
earth’s crust (0.24 mg/g, 0.88 ug/g, and | = 0.7 ug/g;
Harlove and Aranovich, 2018). The moderate negative asso-
ciation of F;&Mg, (r = —0.6013, p < 0.039) slightly reflects
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the precipitation of the MgF* ion pair and the soluble Mg
complex (El-Said et al., 2015). The high correlations of
B, &Cl,, (r = —0.6421, p < 0.024) and F;&B,, (r =0.8112, p <
0.001) may be related to the anthropogenic source and geo-
logical cycle of boron (Kot, 2009). The release of Cl could re-
sult from minerals such as: sabkhas, and feldspar during the
hydration process and the deposition of fluoride-boron com-
pounds like ferruccite (NaBFy) and avogadrite ((K,Cs)BF,)
and the adsorption of boron on minerals such as aluminum
oxide, iron oxide, calcareous and clay minerals in marine
sediments (Kot, 2009). The fluoride content in Safaga Bay
gives high relationships of F;&CO3; (r = —0.6474, p < 0.009),
F.&B; (r = 0.6477, p < 0.009), and F,&Si (r = 0.6474, p <
0.009). These relationships may release fluoride from fluo-
rite minerals and form calcium carbonate in alkaline media,
in addition to decomposing carbonate and crystalline rock
fragments (Dehbandi et al., 2017; El-Said et al., 2016a).

4, Multivariate analysis
4.1. Box and whisker plot

Figures 4 and 5, present the box and whisker plots of the
studied parameters between the two ports. Figure 4 repre-
sents the plot for SOy, (mg/L), HCO;,, (mg/L), CO;,, (mg/L),
Cay (mg/L), Mgy (mg/L), By (mg/L), Siw (ng/L), and Py,
(ng/l) in seawater of Mabahiss (M) and Safaga Bays (S) by the
box and whisker method. The boxes show the 25" percentile
(first quartile) and the 75t percentile (third quartile), and
the whiskers represent the lowest and the highest coeffi-
cients. In contrast, the line inside the boxes expresses the
median (second quartile). Figure 5 is the plot of Cas (mg/g),
Mg (mg/g), SO4 (mg/g), COs; (%), SiOs (%), Bs (Mg/g), and
P (ing/g) in marine sediments of Mabahiss (M) and Safaga
Bays (S) drawn using the box and whisker method, where
the first, second and third quartile are illustrated.

4.2. Multiple regression analysis

The multiple regression equation for halogen is listed as the
dependent parameter. At the same time, other variables are
defined as independent parameters in the surface seawater
and sediments of the Mabahiss and Safaga bays (Table 1).
The seven equations of Mabahiss Bay and the eight equa-
tions of Safaga Bay were constructed. Based on these equa-
tions, halogen’s chemistry and other features in the two
ports can be deduced.

A striking feature is that there is no regression equa-
tion for chloride in Mabahiss Bay, even between chloride
and salinity, which indicates the stability of the chloride
content in this region (Harlove and Aranovich, 2018). The
dissolved chloride salts seems to mainly influence the chlo-
ride in seawater of the shallow Mabahiss Bay in sabkhas
minerals. The multiple regression equations for the vari-
able distribution of halogens in Mabahiss Bay may relate to
marine organisms biological activities, decomposition of or-
ganic matter, formation/dissolution of carbonate minerals,
and the partial dissolution of quartz particles transported
to the sea from the surrounding desert during sandstorms.
In Safaga Bay, the type of pollutants in this region’s wastew-
aters play an important role in the chemistry of specific
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Figure 2  Distribution of F, Cl, Br, and Cl in seawater and sediment (mg/L and mg/g, respectively) and | (/L and pg/g, respec-
tively) in Mababhiss Bay.
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Figure 3  Distribution of F, Cl, Br, and Cl in seawater and sediment (mg/L and mg/g, respectively) and | (in/L and pg/g, respec-
tively) in Safaga Bay.

halogen contents (Attia and Ghrefat, 2013; Nour and El- balance on the sediments and the solubility or precipita-
Sorogy, 2018; Nour and Nouh, 2020). In the four equations tion of fluorite (CaF;) and carbonate minerals (El-Said et al.,
describing the halogen reaction in Safaga Bay, the high pol- 2015). In most of the bay’s equations, each halogen’s unique
lution state and high phosphorus content indicate that the interaction with other halogens reveals similar chemical
study area suffers from high phosphorus pollution (Abou El- properties between them, especially F, Cl, and Br. Halo-

Anwar et al., 2019). Fluoride in the two bay’s sediments is gens form a class of compounds called inter-halogen com-
usually affected by calcium, controlled by the adsorption pounds, in which halogen atoms are covalently bonded to
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Figure 5 Box and whisker plot for chemical parameters in sediments of Mabahiss (M) and Safaga (S) bays.

each other to form Lewis bases, such as BrCl and ICly. Inter- 4.3, Cluster analysis (CA)

estingly, most of the two port’s halogens have important in-

teractions with coastal water and sediment’s environmental In recent years, CA has had efficacious applications in as-
parameters. sessing spatiotemporal changes in coastal seawater and
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Table 1 The multiple regression analyses of halogens as dependent variables and other parameters in seawater and sediment
in Mabahiss and Safagaa Bays.
Dependent Multiple regression equation R2
variable
Mabahiss Bay
Fluoride Seawater Fw =-13.2+ 0.84 Cl; + 0.42 Bry,+ 0.42 SO4, - 0.37 Cas - 0.31 5 - 0.02 Depth - 0.9999
0.22 SOy4s + 0.11Tyy + 0.16 F;
Sediment Fs=-0.1 + 0.69 By, -0.48 Depth+ 0.51 SO4 - 0.07 B; + 0.16 HCO3 + 0.24 |, - 0.9999
0.14 Cay, + - 0.01 pH + 0.38 Si,, + 0.16 F,
Chloride Seawater No regression 0.0000
Sediment Cls = 35.8 + 0.93F,, - 0.36 Br,, - 0.18 SOx4,, + 0.17 Cas - 0.12 pH,, + 0.30 0.9999
Brs + 0.21 Si,, + 0.10 Depth + 0.09 P,, + 0.05 Mg,,
Bromide Seawater Bry, = 99.2 -1.56 Cl; - 0.17 Ca,, - 0.44 Sis+ 0.90 F, + 0.42 B + 0.10 Brs - 0.22 0.9999
Mg, + 0.08 B,
Sediment Bri = -0.09 - 1.54 Siy+ 1.36 I + 0.18 By, + 0.71 Cl; - 0.67 SO4, + 0.75 0.9999
Bs + 0.34 Ca -0.21 I - 0.15 S%o
lodide Seawater lw = -76.7+ 0.80 CO3, + 0.46 Py, - 0.33 SOy4 - 0.09 B, - 0.15 %CO3; + 0.28 T,, - 0.9999
0.15 Bry
Sediment Is=6.1+ 0.64 Si; + 1.09 |,, - 0.42 F,, + 1.10 Brs + 0.70 Siy, + 0.85 Depth - 0.9999
0.74 S%o + 0.41 Mgy + 0.33 Bs + 0.05 pHy
Safag Bay
Fluoride Seawater Fw =510 - 0.55 B,, + 0.86 HCOs+ 0.36 Br, + 0.44 B; + 0.75 P,, + 0.59 0.9999
Ca,, + 0.38 Cas - 0.82 pHy, -0.48 Ty - 0.23 Mgs + 0.17 SOy - 0.09 Sis - 0.03 F;
Sediment Fs =2.75 - 0.83 Bs+1.64 Sis + 0.59 Cas + 0.18 Ps - 0.46 SOy - 1.19 Siy- 1.03 I 0.9999
-0.49 Bry, -0.84 SO4,- 0.30 Mg, -0.13 Cls + 0.13 Depth + 0.22 |,
Chloride Seawater Cly =-0.19 + 1.01 S%o 0.9999
Sediment Cly = 15.13 + 0.69 Cl,, + 0.97 CO3, - 0.53 Mg, + 0.37 P, - 0.06 Fs- 0.40 0.9999
pHy + 0.21 Cas + 0.09 B, - 0.20 HCO3,, - 0.39 Bry+ 0.19 SOy - 0.34 Mg,,
Bromide Seawater Bry, = -1139.77 + 2.42 CO3,, -0.05 pH - 1.55 Mg,, + 0.66 SOy - 0.44 Mg; - 0.27 0.9999
Bs + 0.81 S%o - 0.59 Cls + 0.33 HCO3,, - 0.07 I, + 0.04 |5 - 0.02 F,,
Sediment Bry =-1682.1 - 0.95 |5 + 0.91 B,, - 0.19 Ty, - 0.47 S%o + 0.05 Sis -0.43 Cay, - 0.9998
0.16 Mgs + 0.33 SO4y + 0.43 pH - 0.28 B; - 0.19 F; - 0.14 SOy
lodide Seawater lyw =-135.7 -0.55 Si,, -0.55 Br,, - 0.14 F5 + 0.80 SOy4,, -0.65 Mg,, - 0.32 B - 0.15 0.9999
Bw + 0.20 pHy, -0.12 Cas + 0.17 T, -0.03 Depth - 0.02 HCO3,, + 0.01 Cay
Sediment Is =-33.77 - 0.27 Brs - 0.31 Bry, - 0.28 F, - 0.80 Fs - 0.66 %COss -0.306 0.9999

Cls + 0.356 Ca - 0.72 Siy, + 0.285 pH,, - 0.24 Depth - 0.57 SOy, - 0.197 P,,

identifying pollution sources (El-Said, 2013). In this study,
cluster analysis is performed using hydrological methods,
and the chemical parameters are represented in a dendro-
gram (Figure 6). However, the dendrograms aM and aS and
bM and bS recombine the 16 and 15 parameters in Mabahiss
and Safaga Bay’s seawater and sediments, respectively. On
the other hand, cM and cS represent the station’s assembly
in the bays of Mabahiss and Safaga, respectively.

In Mabahiss Bay, the presence of fluoride in seawater
is mainly affected by pH and boron content (Figure 6aM
and bM). This observation may indicate that precipitation
of fluoroboron compounds such as NaBF, and (K,Cs)BF,
(Kot, 2009). In this bay, fluoride contains the minerals from
fluorapatite, phosphate, and sabkhas in marine sediments.
In Mabahiss Bay, the bromide content is affected by the con-
tent of bicarbonate in seawater. The release of bromide
and/or its deposition in sabkhas minerals may influence the
content of marine sediments.

In the seawater of Safaga Bay, marine organisms can ab-
sorb fluoride and iodide or release them from sediments rich
in organic matter, landfills, and land flows (Figure 6aS). The
halogen content in the Safaga Bay sediments can be cova-
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lently bonded to each other to form Lewis bases, such as
BrCl and ICl, (Schmidt et al. 2020). Fluoride can also replace
other halogens in its minerals (Figure 6bS). Water-soluble
halogens may be released and leached during the process of
mineralization and weathering, resulting in their local abun-
dance (Harlove and Aranovich, 2018).

The cM and cS tree diagram show the combined station
assembly due to the distribution of various parameters in
seawater and sediments and human activities, landfills, and
land flows in Mabahiss and Safaga bays, respectively.

4.4, Principal component analysis (PCA)

PCA/FA is applied to parameter to classify seawater and sed-
iments (14 and 15 stations in Mabahiss and Safaga ports,
respectively) (Supplementary Table 3). The six PCs explain
83.17% and 78.65% of Mabahis and Safaga Bays’ total vari-
ance, respectively. The calculated data shows that the load-
ing parameter sets are different in the two regions, so each
region is discussed separately.

For Mabahiss Bay, PC1 accounts for 18.81% of the to-
tal variance. It has a higher positive load on Cl,, (0.919),
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S%o (0.919), and Mg,, (0.793), and a negative load on B,
(—0.815). F5 (—0.831) and Mg; (—0.667). This factor can be
referred to as the salinity factor and mineral deposition fac-
tor because the hydrolysis of MgCl, causes Mg to be fixed in
hydrous silicate minerals, including chlorite. The chloride
content influences the boron concentration in seawater, and
B/Cl is its geochemical distribution (Moneer et al., 2012).
PC2 contributes to 17.59% of the total variance with high
positive loads on Sis (0.848) and moderate positive loads
on pH (0.668) and Br; (0.672), however high negative loads
may be associated with B (—0.848), HCOs,, (—0.739) and Si,,
(—0.887). Therefore, this factor is mainly due to diagenetic
systems, such as dissolved silica content and feldspar dia-
genesis (Worden, 1996). PC3 is articulated by Ca, (0.832),
Ca; (—0.597), P, (0.831), and T,, (—0.768) at 14.16%, and
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this factor may be combined with Ca as a special geochem-
ical reaction element, especially in the formation of Ca-
Hydroxyapatite (Ca(PO4)(OH)). PC4 contributes 12.72% of
the F,, (0.951), SO4y (0.635), and Cl, (0.884) of the positive
load. This factor may be due to the Lewis acid-base reac-
tion and the degradation of the sabkhas minerals. PC5 shows
10.03%, where |5 (—0.792) and %CO;; (0.700) are loaded. PCé6
contributes 9.86% to I, (0.833) and COs;, (0.754) and SOy
(—0.772). This factor may relate to the degradation
of sabkhas minerals and seawater’s biological activity
(Jones et al., 1999).

For Safaga Bay, PC1 shares 15.57% of the total vari-
ance with HCO;,, (0.625), Mg (0.650), Br, (—0.637), Cay,
(—0.629), Mg, (—0.620) and COs,, (—0.897). Bromide in sea-
water mainly exists as CaBr, and NaBr (Harlove and Ara-
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novich, 2018). This factor can be considered the carbon-
ate and bicarbonate balance. The evaporation of seawa-
ter causes halite to recrystallize and form dissolved bro-
mides, such as NaBr (a better dissolved salt than NaCl)
(Worden, 1996). The share of PC2 in P, (—0.776), pH
(—0.778), T, (0.880), and SOy (0.651) is 13.85%. This factor
involves human made sources. PC3 contributes to 13.15% of
the total variance of Fs (0.822), CO;,, (—0.857), B (0.806)
and Sis; (0.857). This factor may contribute to the sed-
iment’s nature as fluorine is the most reactive halogen
(Ichikuni, 1979). PC4 accounts for 13.12%, which is related
to ly (0.928), SO4, (0.856) and Siy (—0.901). PC5 clarifies
11.97% of the data, where Cl,, (0.938), S%o (0.938), and Cl
(0.728) are loaded, and the chloride content controls this
factor. PC6 has 10.98% which takes part with depth (0.658),
Br, (0.844), and I (—0.807), dealing with the biological ac-
tivities of marine organisms, and decomposition of organic
materials, as well as human activities. This factor may be
related to the Br compound in leaded gasoline.

5. Conclusion

The horizontal distribution profile of the halogens in seawa-
ter and sediment showed the same order of Cl,, > Br,, >
Fw> lw and Brs> Cs> Fs> |5, respectively, in both Mabahiss
Bay and Safaga Bay. Interestingly, this study presented the
difference in the origin of halogens in the examined bays
due to the diverse geochemical distribution of sediments,
landfills, land flows and sources of human activities. How-
ever, fluoride in seawater in Safaga Bay showed higher mean
content than that in Mabahiss Bay and vice versa for bro-
mide and iodide. Specific high levels of fluoride and bromide
may indicate anthropogenic sources such as tourism activ-
ities, fishing, urbanization, plastic waste, shipyards, anti-
corrosion and anti-fouling coatings, surface water and land-
fills.

On the other hand, multivariate statistical analyses re-
flected the different distribution of halogens in the bays.
From the application of these analyses in the present study,
the following conclusions were drawn, in particular. The re-
sults of these five statistical methods were complementary.
The box plot and whisker method described the different
distribution of halogens and specific parameters in seawa-
ter and sediments in the Bays of Mabahiss and Safaga The
correlation matrix, CA, and PCA identified the two bays’ pa-
rameters sources, while multiple regression analyses mainly
discussed the interaction between variables. Depending on
the configuration, the cluster analysis evaluated nearby sta-
tions, and these stations may have the same source of
supply. The multivariate statistical analyses in this study
also revealed the geological origin of the halogens in the
Mababhiss Bay sediments. In contrast, the halogens in Safaga
Bay appeared to be controlled by terrestrial flows and an-
thropogenic sources. The Safaga Bay contains a passenger
terminal and a terminal for loading and unloading bauxite,
coal, grain, quartz, and feldspar. Accordingly, the statistical
analyses used in the current study confirmed the relation-
ship of human activity sources of and geochemical charac-
teristics to the origin of the halogen changes in the study
area. This conclusion forces us to use more than one statis-
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tical method in the future in predicting the levels of pollu-
tants in the environment as well as their sources.
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KEYWORDS Abstract This study gives updated information on the isolation of ulvan from green alga Ulva
Ulvan; fasciata Delile in Egypt through isolation and chemical characterization of sulfate polysac-
Chemical charides by two sequential extraction steps using different solvents; distilled water, HCl and
composition; Na,EDTA forming fraction I (F-I). Fraction Il (F-1l) was obtained from remaining seaweeds using
Biological activities; NaOH to give FpwNaOH, Fyc NaOH, and FgpraNaOH. All products obtained were tested for their
FT-IR, "H NMR biological activities. The highest polysaccharides total extraction yield was 11.8% for water ex-

tract (F-1 and F-1l). The highest protein content was found in FgpraNaOH (2.44%). The highest
sulfate content was recorded for F-1 (HCl) (21.38%). Total carbohydrates range was 11.99—
63.90% for F-1 and 15.06—76.65% for F-Il. Monosaccharides; galactose, rhamnose, and uronic
acid were detected at all fractions, with concentrations varying from 0.11 to 1.34%, from 0.61
to 1.81% and from 11.06 to 19.30%, respectively. "H NMR of F-Il demonstrated the signals of
ring and methyl protons of polysaccharide. The appearance of the stretching bands of the sul-
fate ester (C-O-S) and sulfate groups (S=0) in the FT-IR spectrum of FycNaOH confirmed the
presence of sulfated polysaccharides, typical of ulvan. The microbial species Vibrio damsela
was the most susceptible to FpywNaOH, followed by Aeromonas hydrophila and Vibrio fluvialis
with inhibition zones of 30, 22, 22 mm at 150 mg/ml, respectively. FpwNaOH was the most ef-
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fective fraction having antifouling property. The highest antioxidant activity was observed for
F-lyc, followed by FpwNaOH. At concentrations 25 and 50 mg/|, FgpraNaOH displayed the highest
anti-inflammatory activity (94.0 and 91.40%, respectively).

© 2021 Institute of Oceanology of the Polish Academy of Sciences. Production and host-
ing by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Macroalgae or seaweeds are highly diversified marine or-
ganisms, providing a great variety of metabolites and natu-
ral bioactive compounds with potential therapeutic agents
(Smit, 2004). Marine algae are characterized by the pres-
ence of large amounts of polysaccharides (Murata and Naka-
zoe, 2001) which are natural compounds, some of them
associated with several biological activities and potential
health benefits, making them interesting potent for the ap-
plication in pharmaceuticals, therapeutics, and regenera-
tive medicine (De Jesus Raposo et al., 2015). They protect
the human against tissue damage by reactive oxygen species
(ROS) (Wijesekara et al., 2011). Furthermore, they include
anticoagulant and/or antithrombotic properties, and are
also good antidyslipidaemic and hypoglycaemic agents, and
can be powerful antibiotics (De Jesus Raposo et al., 2015).

Ulvan molecule has been designated as being a sulfated
polysaccharide composed of - and 8-(1,4)- linked monosac-
charides (rhamnose, xylose, glucuronic acid and iduronic
acid) with characteristic repeating disaccharide units
(Lahaye, 1998; Lahaye and Robic, 2007; Paradossi et al.,
1999). Ulvan contributes from 9 to 36% dry weight of the
biomass of Ulva spp. (Lahaye and Robic, 2007) with three
other cell wall polysaccharides (cellulose, xyloglucan, and
glucuronan) account for up to 45% of the dry weight biomass
(Lahaye et al., 1997).

The structure of sulfated polysaccharide is responsible
for its distinguishing properties (El-Baky et al., 2009). It can
be successfully used in many applications such as antibac-
terial (Boisvert et al., 2015), antiviral (Jiao et al., 2012),
anti-oxidant (Courtois, 2009), anti-cancer (El-Baky et al.,
2009), anti-inflammatory (Faury et al., 2011) and immune-
stimulating agent (Leiro et al., 2007). All these activities
increased the awareness of sulfated polysaccharide impor-
tance in different domains over the world (Hernandez-
Garibay et al., 2010; Lahaye et al., 1999; Robic et al.,
2009a; Tako et al., 2015) and applicability, in order to
understand the full range of its capabilities and boost
the industrial interest in green algae (Alves et al., 2013;
Kidgell et al., 2019).

In Egypt, Matloub et al. (2013) carried out a study
on the physico-chemical characterizations of water-soluble
polysaccharides isolated from Ulva fasciata as a natural
anti-hyperlipidemic agent, whereas Hussein et al. (2015) in-
vestigated the biological activity of ulvan extracted from
Ulva fasciata and Ulva lactucain affecting growth and
metabolism of the microalga Chlorella vulgaris. Further-
more, Abou El Azm et al. (2019) carried out a study to ob-
tain bioactive compounds from the aqueous high molecular
weight sulfated polysaccharides isolated from Ulva lactuca.

The aim of the current study is to isolate and chemi-
cally characterize sulfated polysaccharide from Ulva fasci-
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ata Delile by two steps sequential extraction using distilled
water (DW), HCL, and Na, EDTA to form fraction | (F-I), then
preparing fraction Il (F-1I) from remaining seaweeds. Evalua-
tion of these different extracts through testing their biolog-
ical activities (antimicrobial, antifouling, antioxidant, and
anti-inflammatory) is also a main goal for this study.

2. Material and methods
2.1. Sample collection

Samples of the green alga U. fasciata were collected dur-
ing summer (2018) from the sub-littoral zone (0.5—1 m
depth) in front of Scout club located in the Eastern Harbor,
Alexandria, Egypt at 29°53.10'E longitude and 31°13.3'N lat-
itude. The samples were washed with seawater in situ to
remove the adhered sediments and impurities, separated in
polyethylene bags and stored in an ice box, at temperature
4°C. At the laboratory, the alga was rinsed immediately with
tap water to get rid of the remaining impurities and epi-
phytes. The species of U. fasciata Delile was identified ac-
cording to Aleem (1993). It belongs to class Chlorophyceae,
order Ulvales, family Ulvaceae.

2.2. Extraction of polysaccharides from U.
fasciata

Before polysaccharides extraction, the algal samples were
air-dried at room temperature of 25°C and homogenized
with a grinder to a particle size from 0.3—0.5 mm. The
powder was stored in plastic bags at 4°C for further anal-
ysis. A weight of 20 g seaweed powder was treated with
200 ml ethanol (80%) under constant stirring overnight at
ambient temperature (20°C) to remove lipids, pigments and
low molecular weight compounds (Tabarsa et al., 2018). The
mixture was centrifuged at 10°C and 8000 rpm for 10 min
and the supernatant was discarded. The residual was rinsed
with acetone and dried at room temperature.

The de-pigmented powder was extracted with 200 ml
(1:10w/v) of DW, or 0.2 N HCl or 0.1 M Na,EDTA by stir-
ring in a water bath for 2 h at 60°C. The mixture was cen-
trifuged and the residues were re-extracted twice with ad-
ditional 200 ml of the same media for 60 min. and cen-
trifuged again. The different extracts were filtered and con-
centrated by evaporation under reduced pressure at 60°C.
The extracts were precipitated by adding three volumes of
ethanol then centrifuged to recover the precipitates. The
precipitates were desalted two times for 30 min, each with
15 ml 70% ethanol and two times with full concentrated
ethanol. The precipitate was dried at 60°C in the oven un-
til constant weight and grounded into fine powder to ob-
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tain fraction I, F-lpw, F-lyc;, and F-lgpra from DW, HCL, and
Na, EDTA, respectively, according to the simple method de-
scribed by Hernandez-Garibay et al. (2010). The fraction I
(FowNaOH, FycNaOH, and FgpraNaOH) was obtained sequen-
tially from the remaining seaweeds of each of the above
treatments by extraction with 200 ml 0.1 M NaOH at 60°C
for 2 h (Hernandez-Garibay et al., 2010). The polysaccha-
rides in solution were recovered, as described above.

2.3. Chemical characterization of algal
polysaccharides

A weight of 100 mg fine powder of F-I and F-Il was suspended
in a volume of 3 ml DW to prepare different concentrations
of each fraction. All measurements of biochemical contents
were conducted in duplicates.

2.3.1. Determination of protein content

The protein content was analyzed spectrophotometri-
cally at 650 nm according to the method described by
Lowry et al. (1951), using standard salt-free bovine serum
albumin.

2.3.2. Determination of carbohydrates content
Total carbohydrates content was assayed by phenol-sulfuric
acid method (Dubois et al., 1956).

2.3.3. Determination of sulfate content

Sulfate content was determined turbidimetrically after
acid hydrolysis with 0.5 M HCl by barium chloride-gelation
method using K,504 as a standard (Dodgson and Price, 1962).

2.3.4. Monosaccharaides composition of isolated
polysaccharides

Polysaccharides fractions (0.1 g) were hydrolyzed with 50
ml trifluoro-acetic acid (10 M) at 80°C for 12 h. After filtra-
tion, neutral sugars in hydrolyzed samples were analyzed by
Agilent 1260 infinity HPLC Series (Agilent, USA), equipped
with Phenomenex®Rezex RCM-Monosaccharide column (300
mm x 7.8 mm) operated at 80°C with Refractive Index de-
tector operated at 40°C. The uronic acids were quantified
by using HPLC (Knauer, Germany) with Rezex® column for
organic acids analysis (300 mm x 7.8 mm). At 214 nm, UV
detector was set. Reference sugars (glucosamine, sucrose,
glucose, galactose, mannose, rhamnose, fructose, galactur-
onic acid, glucuronic acid) were used to identify the chro-
matographic peaks.

2.4, Structural analysis

2.4.1. Determination of "H NMR spectra

For "H NMR spectra, approximately 5 mg of each of the
FpwNaOH, FycNaOH, and FgpraNaOH fractions were dissolved
solely in deuterated water (D,0), and the spectrum was ac-
quired at ambient temperature (198.1 K) using FT-NMR spec-
trometer at 300 MHz using Bruker NMR spectroscopy.

2.4.2. Fourier transform infrared (FT-IR)

Fourier transform infrared (FT-IR) spectra of obtained frac-
tions were acquired in transmission mode at wave numbers
ranging from 400 cm~" to 4000 cm~" using FT-IR Spectrome-
ter (Bruker Platinum ATR Vertex 70).
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2.5. Bioactivity of polysaccharides fractions

2.5.1. Antimicrobial bioassay

Three gram-negative bacterial strains were examined as
pathogens, namely Aeromonas hydrophila, Vibrio damsela,
and Vibrio fluvialis from National Institute of Oceanography
and Fisheries, Alexandria, Egypt (Microbiology Lab.).

A volume of 15 ml of the sterilized media (nutrient agar
CM 3 Oxoid) for bacteria was poured into sterile capped
test tubes and were allowed to cool in a water bath. A
0.5 ml of inocula (108 CFU for bacteria) was added, and
finally poured onto a sterile Petri dish for solidification
(Mtolera and Semesi, 1996).

The well-cut diffusion technique was used to evaluate
the antimicrobial activity (El-Masry et al., 2000). In nutri-
ent agar plates inoculated with the tested microorganisms,
wells have been done using a sterile 0.7 cm cork borer. Dif-
ferent concentrations (35, 50, 65, 75, 112 and 150 mg/ml)
of the extracted polysaccharides were transferred into each
well. The experiments were performed in triplicate. All
plates were subjected to 4°C incubation for 2 h. The plates
were incubated latterly at 37°C for 24 h. The results were
obtained by measuring the inhibition zone diameter for each
well and expressed in millimeters.

2.5.2. Antifouling activity

A volume of 100 ml sterilized seawater (filtrated and then
autoclaved) was mixed separately with each fraction of
prNaOH, FHaNaOH, and FEDTANaOH (50, 100, and 150 mg/l)
in a conical flask containing cover glass and then was sup-
plied with the fouling bacteria Escherichia coli. The mix-
ture was incubated overnight at 30°C. Afterwards, the cover
glasses were dyed with crystal violet solution (0.4%) for 10
minutes, then washed with water, and dried at room tem-
perature and checked under the microscope. One flask was
prepared without any fractions and was kept as a control
(Kumaran et al. 2011).

2.5.3. Total antioxidant capacity

The determination of total antioxidant capacity was also
conducted spectrophotometrically on various fractions at
695 nm using phosphomolybdenum reagent according to the
method described by Prieto et al. (1999). The antioxidant
activity was expressed as L-ascorbic acid equivalents (LM
AAE/g).

2.5.4. Anti-inflammatory activity

The anti-inflammatory activity was studied using the inhi-
bition of albumin denaturation technique (Mizushima and
Kobayashi, 1968; Sakat et al., 2010) with minor modifica-
tions. Two concentrations of each fraction of the extracted
polysaccharides were prepared (25 and 50 mg/l). A volume
of 2.25 ml of bovine serum albumin (BSA) (5%, w/v aque-
ous solution) was added to 0.25 ml of each fraction, con-
trol (without extract), and standards. Samples, control and
standard solutions (Diclofenac sodium Voltaren® ampoule
Novartis Pharma 1000 j.g/ml) were adjusted to pH 5.5 using
a small amount of 0.1 M HCl or 0.1 M NaOH. The solutions
were incubated at 37°C for 30 min and then transferred to
70°C water bath for 10 min. Following incubation, the so-
lutions were left to cool down at room temperature (25°C)
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then 5 ml of phosphate buffer was added to the above solu-
tions. The turbidity of the above solutions was measured by
using a UV-Visible spectrophotometer at 660 nm (UNICO-UV
Visible Spectrophotometer Model UV-2000 USA). The inhibi-
tion % was determined for protein denaturation as follows:

Inhibition% =[{Abscontrol_Abssample/standard }/Abscontrol] x100
(M

The activity of each fraction was compared with three
concentrations (100, 250 and 500 j.g/ml) of the standard
commercial anti-inflammatory agent ‘Diclofenac sodium’.

2.5.5. Statistical analysis

Three microbial species (A. hydrophila, V. damsela and V.
fluvialis) were randomly distributed as main plots accord-
ing to the split-split plot design. Six concentrations (35,
50, 65, 75, 112, and 150 mg/ml) occupied sub-plots and six
fractions (F-lpw, F-lpci, and F-lgpta, FpowNaOH, FycNaOH, and
FepraNaOH) were assigned in the sub-sub plots. Statistical
analyses of the experimental data were performed accord-
ing to Gomez and Gomez (1984) by using the Statistical Anal-
ysis System (SAS, 2007) version 9.1.3. Comparison between
treatment means was carried out by using the least signifi-
cant differences at the 0.05 level of probability (LSDg gs).

3. Results and discussion

3.1. Biochemical composition of different algal
fraction

The yield and the chemical composition of crude polysac-
charides fractions obtained from U. fasciata varied ac-
cording to the extraction media (Table 1). The total ex-
traction yield for polysaccharides (F-1+F-1I) was found to
be 11.81% (w/w of algae dry weight) for water extract
which was higher than that of EDTA and HCl fractions
being 10.03 and 9.72%, respectively. The yield of F-lyc
and F-lgpra (2.38 and 3.29%) was lower than FycNaOH and
FepraNaOH (7.34 and 6.74%), respectively, whereas the DW
fractions showed the inverse pattern (Table 1). Polysac-
charides extraction at pH<pKa decreases its solubility
(Kidgell et al., 2019). This explains the decrease in F-lyq
yield % (2.38%). FycNaOH and FgpraNaOH demonstrated high
yield % (Table 1). This is attributed to an increase in solu-
tion solubility at pH levels greater than pka (Kidgell et al.,
2019; Robic et al., 2009b). In this study, the total extrac-
tion yield (%) ranged from 9.72 to 11.81%, which was within
the ranges reported by Lahaye and Robic (2007), Hernandez-
Garibay et al. (2010), and Wahlstrom et al. (2020). This vari-
ation in extraction yield may be due to environmental vari-
ation (Kidgell et al., 2019), seaweed species, and extraction
procedures (Costa et al., 2010; Kaeffer et al., 1999).

The highest sulfate content was recorded for F-lyg
(21.38%) followed by F-lgpra (17.13%), and F-lpw (14.92%),
with respect to F-1l; FpwNaOH showed the highest sul-
fate content (15.03%) followed by FycNaOH (12.73%), and
FepraNaOH (7.76%). The present study showed higher sul-
fate content in polysaccharides of F-l¢ than that of other
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Biochemical composition of different algal fractions of Ulva fasciata.

Table 1

Monosaccharides composition

Sulfate

Proteins

Total carbohydrates

Soluble carbohydrates

Yield

Fractions

Glucosamine Uronic acid

Galactose Rhamnose

Glucose

%

11.23
11.70
11.06
12.67
19.30
15.23

51.79
ND
ND
ND
ND

0.76
0.61
0.68
1.81
1.20
1.77

0.11

ND
0.14
ND
ND
0.76
ND

14.92
21.38
17.13
15.03
12.73
7.76

1.20
1.89
0.33
1.68
1.30
2.44

63.90

0.61
1.13
0.75
0.48
0.42
0.33

Water 6.02

HCl

F-|

0.17
0.25
0.59
0.65
1.34

12.62
11.99
15.06
21.91

2.38
3.29
5.79
7.34
6.74

EDTA
Water
HClL

F-1l

58.30

76.65

EDTA
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fractions while Wahlstrom et al. (2020) found that the ex-
traction of polysaccharides using HCl resulted in low sulfate
content. This variation may be caused by extraction con-
ditions such as the acid concentration, temperature, and
solid/liquid ratio.

The protein content did not differ significantly between
F-1 and F-1l for water (1.20 and 1.68%) and HCl (1.89 and
1.30%) extracts, respectively while in case of FgpraNaOH
contained a higher amount of protein content (2.44%) than
F-1 (0.33%). Since proteins were released by the break-
ing of hydrogen bridges in the alkaline solution, FgpraNaOH
had higher protein content than the corresponding F-lgpta
(Robic et al., 2008). Proteins, in general, are an impurity
that may occur in the extracts (Glasson et al., 2017).

The total carbohydrates range was 11.99—63.90% for F-
I and 15.06—76.65% for F-II. F-1l exhibited higher values of
total carbohydrates than F-1, except for F-Ipy. The total car-
bohydrates content in FgpraNaOH was 76.65% followed by F-
Ipw (63.90%). In case of F-lpy, extraction media resulted in a
low salt content of algal biomass, which decreased polysac-
charide aggregation properties, in addition to the exposure
of cell wall components through osmotic shock, resulting
in a high yield percent and total carbohydrates content
(Kidgell et al., 2019).

In addition, monosaccharides; galactose, rhamnose, and
uronic acids were detected at all fractions, with concen-
trations varying from 0.11 to 1.34%, from 0.61 to 1.81%
and from 11.06 to 19.30%, respectively. Cell wall rigid-
ity can be increased by the presence of large quanti-
ties of rhamnose-containing polysaccharides (Rashidi and
Trindade, 2018). The presence of glucose and glucosamine
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below the detection limit was noticed in most fractions.
The recorded concentrations for glucose were 0.14 and
0.76% in F-lyc, and FycNaOH, respectively. According to
Wahlstrom et al. (2020), polysaccharides extracted in acid
media had higher glucose content. Glucosamine concen-
trations of 51.79 and 58.30% were indicated for F-lpw and
FepraNaOH, respectively. Glucosamine (an amino sugar) was
reported by Rashidi and Trindade (2018) as a component of
cell wall polysaccharides from Chlorophyta. In general, se-
quential extracts (F-Il) using alkaline media showed higher
monosaccharides content than F-I.

3.2. 'H NMR spectra of FpywNaOH, FycNaOH, and
FeptaNaOH extracts

'H NMR spectra of FpywNaOH, FucNaOH, and FgpraNaOH are
shown in Figures 1, 2, 3. The methyl proton of the «-L-
rhamnosyl residues was observed in the range of 1.23—1.26
ppm. The signals of the ring protons appeared at the range
of 3.28—4.18 ppm. O-acetyl group was detected in fractions
FowNaOH and FgpraNaOH at 2.49 and 2.49 ppm, respectively.
The overlapping signals in the spectra of "H NMR gave
an indication for the complex form of polysaccharide. The
signals of ring and methyl protons in the current study
have been mentioned for polysaccharide from Ulva sp.
by Hernandez-Garibay et al. (2010) and Lahaye and Ro-
bic (2007). The observed O-acetyl group found in FpyNaOH
and FgpraNaOH may be considered as a part of the structure
of polysaccharide or as an impurity (Monsur et al., 2017).
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Table 2 Assignments of infrared bands to the corresponding functional groups in different fractions of Ulva fasciata.

Fractions Functional groups
cm™!
O-H Cc=0 Cc=0 C-0-S C-0-C Pyranose Ring &S=0 C-H
F-I Water 3197 1672 - 1054 981 603-427
HCl 3399-3526 1620 1493-1451 1109 752 696-668-598
EDTA 3335 1617 1397 1081 - 614-492
F-l Water 3331 1669 - - 1075 - 616-488
HCl 3351 1629 1421 1217 1033 847-789 592
EDTA 3347 1668 - - 1080 - 634-611-497
F-Ipw
.-!_f
F-Tual
F-Iepra
T (%)
FpwNaOH
C=0 \l/
1629 cm’ C;O-S S=0
FuaNaOH 1217 em® 847 & 789 cm™!
FEDTANaOH

Wavenumber (cm™)

Figure 4 FITR spectra in different fractions (F-1 and F-11) using different extraction media.

3.3. FT-IR spectra for fractions | and Il

The infrared spectra for F-1 and F-l1l showed nearly sim-
ilar signals, except for F-lyc and FycNaOH which were
more complex (Table 2 and Figure 4). The broad sig-
nals in the range of 3526 to 3197 cm~' were attributed
to the stretching vibrations of OH groups. The stretch-
ing bands that appeared at 1672 to 1617 cm~" were as-

signed to the carboxylate group (C=0). The other weak
stretching bands of carboxylate group (C=0) appeared for
F-lhci(1493—1451 cm™"), F-lgpra (1397 cm™'), and FyNaOH
(1421 cm~") (Robic et al., 2009a; Yaich et al., 2017). The
signal band shown at 1217 cm~' was attributed to the
stretching band of the sulfate ester (C-O-S) in FycNaOH
(Wahlstrom et al. 2020). Two additional signals at 849 and
789 cm~" were pointed to sulfates (5=0) in the polysaccha-
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ride (Hernandez-Garibay et al., 2010; Pengzhan et al., 2003;
Ray and Lahaye, 1995; Robic et al., 2009a).

The spectra showed strong signal bands at 1054, 1109,
1081, 1075, 1033, and 1080 cm~" in F-1py, F-lyc, F-lepma,
FpowNaOH, Fyc(NaOH, and FgpraNaOH, respectively, this may
be due to the overlapping of C-OH side group and C-O-C
glycosidic bond as well as the sugar ring.

The other bands in the range of 1000—750 cm~' related
to sugar cycles (pyranose ring). The stretching bands (700—
400 cm~") were assigned to C-H group in all fractions.

FncNaOH showed better defined spectrum than those of
other fractions (Figure 4). This may be due to the stretch-
ing bands of the sulfate ester (C-0O-S) and sulfate groups
(5=0) in the polysaccharide (Hernandez-Garibay et al.,
2010; Robic et al., 2009a) which indicates the presence of
sulfated polysaccharides, typical for ulvan in this fraction
(Li et al., 2018). Extraction at pH less than pKa plays a sig-
nificant role in the selectivity of ulvan over other macro-
molecules. Moreover, the addition of HCl solution (0.1N) to
the U. fasciata promotes ulvan release in the sequential ex-
traction using NaOH. Similar observation was recorded by
Hernandez-Garibay et al. (2010).

In our study, sulfated polysaccharides consist mainly of
rhamnose, sulfate groups, and uronic acid in FucNaOH.
Method of extraction, geographical distribution, maturity,
environmental condition, and seasonality, may affect the
amount of each monosaccharide residue or the arrangement
of the polysaccharide, resulting in different ulvan structures
(Alves et al., 2013; Lahaye and Robic, 2007).

3.4. Antimicrobial activity of polysaccharides

The results of the antimicrobial activity of polysaccha-
rides showed significant differences based on the media of
extraction (F'l[)w, F'lHCl; F'IEDTA; FDwNaOH, FHc[NaOH, and
FeptaNaOH) (Table 3 and 4). Currently, the microbial species
V. damsela was the most susceptible to FpwNaOH, with in-
hibition zone (30 mm) at a concentration of 112 and 150
mg/ml, followed by A. hydrophila and V. fluvialis both with
inhibition zone (22 mm) at 150 mg/ml (Table 3). This was
supported by the results of statistical analysis, where the ef-
fect of FpwNaOH on V. damsela, A. hydrophila, and V. fluvi-
alis showed the mean of 14.83, 14.61 and 7.83, respectively
(Table 5). The efficiency of FpwNaOH as solvent was sup-
ported by the mean of 12.42, whereas the mean of the as-
cending concentrations for all fractions (35, 50, 65, 75, 112
and 150 mg/ml) showed ascending increase mean from 1.72
to 2.88, 4.50, 10.33, 13.0 and 15.64, respectively (Table 5).
The antibacterial activity of polysaccharides was promising,
where all the fractions inhibited the three tested bacteria
with a different degree. The fraction of FpyNaOH was the
most effective one for V. damsela followed by A. hydrophila
and V. fluvialis. In contrast, Paulert et al. (2007) reported
that polysaccharides extracted from U. fasciata did not
show any antibacterial activity against different bacte-
rial strains (Escherichia coli, Staphylococcus aureus, Pseu-
domonas aeruginosa, Bacillus cerus, Micrococcus luteus,
Xanthomonas campestris, and Erwinia carotovora). This dif-
ference may be attributed to the different method for
polysaccharides extraction as well as different bacterial
strain. Despite of the same macroalgae species U. fasciata,
the discrepancies between the results may be explained on
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Inhibition zone (mm) of microbial growth by different concentrations of algal extracts from Ulva fasciata.

Table 3

Vibrio damsela

Vibrio fluvialis

Aeromonas hydrophila

Fractions

Fraction concentration (mg/ml)

35

Fraction concentration (mg/ml)

35

Fraction concentration (mg/ml)

35

150
13
15
15
30
15

112
12
15
14
30
14

75

65

50

150
18
12
15
22

112

75
17

65

50

150
13
14
20
22

112
13
13
15
15
13
12

50 65 75

10
10

10
14
13
10

15

12
12
13
15
13
12

11

10

Water 10

HCl

F-|

12

12
10

14
13
15

13
12
13

0

EDTA
Water
HClL

14
12

13

10

12

F-1l

17

14
12

0

EDTA
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Table 4 Mean squares of antimicrobial activity of the extracted Ulvan in different media as affected by type of fraction,
concentration, microbial species, and their interactions.

Source of variations

Degrees of freedom (df)

Mean squares

Replica

Microbial species (A)
Error of A
Concentration (B)

Interaction between A and B

Error of B
Fraction (C)

Interaction between A and C
Interaction between B and C

Interaction between A, B, and C

Interaction between E and C

2
2
4
5
10
30
5
10
25
50
180

110.206
434.410
3.095
1800.588"*
60.254*
3.910*
484.943*
80.610**
40.761*
52.361**
1.236

** The value is highly significant at 0.01 probability level.

Table 5 Means of antimicrobial activity of the extracted Ulvan in different media as affected by type of fraction, concen-
tration, microbial species, and their interactions.

Microbial species Conc. Fractions Microbial Microbial Conc.
F-IDW  F-IHCl F-1EDTA F-IDW F-IlHCl F-1lEDTA *Conc.

Aeromonas hydrophila 35 10 0 0 12 9 0 5.16¢

50 10 10 0 13 10 0 7.169

65 11 10 0 14 12 0 7.834

75 12 12 13 15 13 12 12.83P

112 13 13 15 15 13 12 13.50°

150 13 14 20 22° 14 12 15.272°
Aeromonus* fraction 11.50> 9.83¢  8.0°f 14.612  11.83> 6.0" 10.292
Vibrio fluvialis 35 0 0 0 0 0 0 oh

50 0 0 0 0 0 0 oh

65 0 12 0 0 0 0 2.0¢8

75 15 9 13 12 13 0 10.33¢

112 17 9 14 13 15 0 11.33c

150 18 12 15 220 17 9 15.5
Vibrio* fraction 8.33¢ 7.08 7.08 7.83f 7.50¢ 1.501 6.52¢
Vibrio damsela 35 0 0 0 0 0 0 oh

50 0 0 0 9 0 0 1.508

65 0 0 12 10 0 0 3.66f

75 10 14 13 10 0 0 7.83¢

112 12 15 14 302 14 0 14.16°

150 13 15 15 302 15 9 16.162
Vibrio* fraction 5.83" 7.338 9.0d 14.832  4.83 1.50} 7.22°
Con* fraction
35 3.330 ok ok 4.0 3.0 0ok 1.72f
50 3.331 3.331 ok 7.33 3.33 ok 2.88¢
65 3.66) 7.33 4.0 8.0 4.0 (0} 4.50d
75 12.33F  11.66" 13.0°f 12.33F  8.66" 4.0 10.33¢
112 14.0°  12.33F  14.33%  19.33> 14.0° 4.0’ 13.0°
150 14.66% 13.66° 16.66° 23.55%  15.33¢  10.0¢ 15.642
Fraction 8.55° 8.05¢ 8.0¢ 12.422  8.05° 3.04

Note: LSDg gs5: between microbial spp. = 0.66; between fractions = 0.42; between concentrations = 0.77; between microbial
spp. x fraction = 0.46; between microbial spp. x concentration = 1.34; between concentration x fraction = 1.03; between mi-
crobial spp. x fraction x concentration = 1.79

Means followed by the same letter (s) are statistically equal according to LSDg g5 values.
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FHC]NaOH 50 m, /l)

FEDTANaOH (50 mg/l)

Figure 5
Escherichia coli as fouling microorganism.

the basis of the strong influence of environmental factors
on different metabolites produced by algae (Selvin and Lip-
ton, 2004). Species of Vibrios are pathogenic to human and
marine organisms (micro flora, fish, shellfish, and penaeid
shrimp). Vibrios also cause food borne diseases as well as
the death of farmed fish species, leading to significant eco-
nomic losses (Damsgard et al., 2004; FDA, 1992). Moreover,
A. hydrophila is beta-haemolytic bacteria and produced cy-
totoxins (Scoglio et al., 2001).

3.5. Antifouling activity of polysaccharides

The results of polysaccharides as an antifouling agent
showed that FpwNaOH in descending concentration order
(150, 100, 50 mg/l) was the most effective fraction in in-
hibiting the formation of a bacterial film on the cover glass,
which is the first step of the biofouling process compared
with the control. On the other hand, the other two frac-
tions (FycNaOH, and FgpraNaOH) showed negligible antifoul-

Frie;NaOH (100 mg/1)

FEDTANaOH (100 mg/l)
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FrieNaOH (150 mg/l)

FEDTANaOH (150 mg/l)

Antifouling activity at different concentrations of polysaccharides for FpyyNaOH, FcNaOH, and FgptaNaOH extracts using

ing activity (Figure 5). Marine macroalgae could be an inter-
esting antifouling agent, since they are an untapped source
of bioactive compounds (Plouguerné et al., 2014), particu-
larly polysaccharides (Arciola et al., 2003; Capo et al., 2009;
Morra, 2005).

Gadenne et al. (2013) performed an adhesion as-
say by applying sulfated polysaccharides, ulvan against
Pseudomonas aeruginosa which showed that immobilized
polysaccharides on titanium surface strongly decreased by
about 90% the adhesion of this microorganism. Furthermore,
Gadenne et al. (2013) tested three pre-treated polysaccha-
rides against Staphyloccoccus aureus. The better antifouling
surface was that of a desulfated ulvan, showing that the ab-
sence of the sulfate group discouraged the bacterial adhe-
sion. The current results agreed with these findings, since
the FpwNaOH was the most effective fraction in inhibiting
the formation of a bacterial film which confirmed the previ-
ous mentioned antimicrobial activity. In general, the molec-
ular weight, charge density, degree of sulfate content, prop-
erties of structure and conformation affect the antimicro-
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Table 6 Antioxidant capacity and anti-inflammatory activity of different algal extracts from Ulva fasciata.

Fractions Antioxidant capacity (uM AAE/g) Anti-inflammatory activity (%)
25 mg/ml 50 mg/ml
F-1 Water 24.8 38.4 53.2
HClL 63.3 71.4 86.3
EDTA 34.4 66.3 *
F-1 Water 48.6 62.9 38.8
HClL 27.5 85.4 88.5
EDTA 26.5 94.0 91.4

bial activity of polysaccharides from seaweed (Silva et al.,
2020).

3.6. Antioxidant activity of polysaccharides

The investigation of the antioxidant capacity of polysac-
charide fractions showed that F-l4c, was the best one
(63.3 wmole AAE/g), followed by FpyNaOH being 48.6
pwmole AAE/g, while F-lpy was the lowest one (24.8
pwmole AAE/g) (Table 6). Previous studies have reported
that the strong antioxidant activity of sulfated polysac-
charides correlated to the degree substitution of sulfate
groups along the polymeric backbone (Massironi et al.,
2019). The antioxidant activity results agreed with
those obtained by Huimin et al. (2005), who found
that the high sulfate content of polysaccharides had a
better antioxidant effect. F-lycc and FpwNaOH showed
the best results which had the highest sulfate con-
tents (21.38 and 15.03% for F-1 and F-Il, respectively)
(Table 1). The least antioxidant capacity was noticed in F-
Ipw with respect to F-1 as it had the least sulfate content
(14.92%) (Table 1). Several studies concluded that the an-
tioxidant activity was directly proportional to the reduction
potential of polysaccharides that depends on the molecular
weight, the type of sugar, the glycoside bond, the degree
of sulfation and site of acetylation (Del Olmo et al., 2018;
Guedes et al., 2013; Kellogg and Lila, 2013; Kosanic¢ et al.,
2015; Raja et al., 2016; Wang et al., 2008).

3.7. Anti-inflammatory activity of polysaccharides

The anti-inflammatory activity of the polysaccharides frac-
tions showed great variations. The increase in the anti-
inflammatory activity with the higher concentration was
the general trend. The FgpraNaOH demonstrated the high-
est activity at both concentrations 25 and 50 mg/l be-
ing 94.0 and 91.40%, followed by FycNaOH being 85.4 and
88.5%, respectively (Table 6). Null activity was observed in
F-lepta at 50 mg/ml. The concentration of standard anti-
inflammatory agent diclofenac sodium at 100 j.g/ml was not
effective, whereas anti-inflammatory activity at 250 and
500 png/ml were equivalent to 75.71% and 88.97%, respec-
tively. Inflammation is caused by the release of chemicals
from tissues and cells that migrate throughout the organ-
ism (Faradila et al., 2020). Polysaccharides from macroal-
gae possess anti-inflammatory properties as reported by
De Jesus Raposo et al. (2014). FgpraNaOH recorded the high-
est anti-inflammatory activities followed by FycNaOH. The
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highest anti-inflammatory activity of FgpraNaOH may be due
to the high content of protein, total carbohydrates, galac-
tose, and glucosamine (Table 1).

4. Conclusion

This study is considered as updated information in Egypt on
the isolation of sulfate polysaccharides from green alga U.
fasciata. The spectrum of "H NMR of (F-1l) demonstrated
the ring and methyl protons signals of polysaccharides.
FucNaOH showed well-defined spectrum than those of other
fractions due to the stretching bands of the sulfate es-
ter (C-0-S) and sulfate groups (5=0) which indicates the
presence of sulfated polysaccharides, typical for ulvan. In
our study, sulfated polysaccharides consist mainly of rham-
nose, sulfate groups, and uronic acid in FyNaOH. The mi-
crobial species Vibrio damsela was the most susceptible to
FowNaOH, followed by Aeromonas hydrophila and Vibrio flu-
vialis with inhibition zones of 30, 22, 22 mm at 150 mg/ml,
respectively. In addition, FpwyNaOH was the most effective
fraction possessing antifouling activity. F-l¢, and FpywNaOH
showed the best results for antioxidant activity which had
the highest sulfate contents (21.38 and 15.03% for F-1 and
F-1l, respectively). The FgpraNaOH demonstrated the highest
anti-inflammatory activity at both concentrations 25 and 50
mg/| being 94.0 and 91.40%, respectively.
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KEYWORDS Abstract Tropical cyclone Amphan is the first super cyclone that happened in the north Indian
Amphan; Ocean in the last 20 years. In this work, multi-platform datasets were used to investigate the
Tropical cyclone; responses of the upper ocean to cyclone Amphan. The most striking response was the cold
Bay of Bengal; wake left by the cyclone spanning the entire Bay of Bengal with an amplitude up to ~4°C.
Sea Surface Satellite salinity observations revealed that the maximum increase in surface salinity was ~1.5
Temperature; PSU on the right side of the track of Amphan. Surface circulation was also observed to be
Salinity; modulated with the passage of a cyclone with a rightward bias in the change in its speed and
Upper ocean direction. The currents observed from a moored buoy showed strong inertial oscillations. Argo
response; observations showed that changes induced by the cyclone occurred up to 150 m depth of the
Mixed layer budget cyclone and ocean heat content in the upper 150 m depth decreased due to the passage of

the cyclone. There was an enhancement of surface chlorophyll concentration (~1.5 mg/m?3)
after the passage of the cyclone, which was centred along the track of the cyclone where
the winds were the highest. Mixed layer heat and salinity budget analysis showed that the
sea surface cooling and increase in salinity was primarily driven by vertical mixing processes,
though horizontal advection contributed meagrely. This study also brings forward the fact that
regional differences exist in the responses of the ocean to the forcing of cyclones.
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1. Introduction

Tropical cyclones are among the most devastating natural
disasters that pose a significant threat to the property and
lives of coastal regions around the world. The Bay of Ben-
gal (BoB) experiences a greater number of cyclones an-
nually compared to the Arabian Sea (Singh et al., 2000;
Singh and Koll, 2020). BoB is prone to cyclones during pre-
monsoon (March, April and May) and post-monsoon (October
and November) seasons. A recent addition was the tropical
cyclone Amphan, which happened in May 2020. Amphan was
the first super-cyclone in the north Indian Ocean that hap-
pened after the super cyclone which occurred in the year
1999.

During the passage of a cyclone, the strong wind
stress imposed by the cyclone produces various responses
in the upper ocean. Cyclones induce intense mixing of
ocean waters that results in entrainment and upwelling
(Price, 1981). The upper ocean responds to strong cyclone
forcing in many ways depending upon the strength, transla-
tion speed and the oceanic preconditions. The implications
of these responses could be manifested in various physi-
cal and biological parameters such as sea surface temper-
ature, salinity, chlorophyll concentration, and ocean cur-
rents. The most striking aspect of the oceanic response
to cyclones is the modulation of the sea surface tem-
perature (Cione and Uhlhorn, 2003; D’Asaro et al., 2007;
Dare and McBride, 2011; Price et al., 1994; Schade and
Emanuel, 1999) and upper ocean temperature structure
(Maneesha et al., 2012). Stronger winds of the cyclones pro-
duce intense oceanic entrainment and upwelling, thereby
deepening the mixed layer.

Sea surface salinity also undergoes variations under cy-
clones, which are also dependant on the underlying oceanic
conditions (Lin et al., 2003; Sun et al., 2010; Sing and
Koll, 2020). In addition to the cyclone induced vertical
mixing of the near surface waters, precipitation due to
cyclones also will have a profound impact on the ocean
salinity. Cyclones also influence upper ocean biological
processes, which result in phytoplankton blooms in the
wake of the cyclone (Babin et al., 2004; Chacko, 2017;
Chacko 2019; Chen et al., 2003; Jayaram et al., 2019;
Walker et al., 2005). The strong cyclonic winds induce Ek-
man transport and subsequently initiate strong upwelling
which brings cold nutrient-rich water towards the surface
(Subrahmanyam et al., 2002). The interaction between the
cyclone and the ocean is very complex and the response
of the ocean is manifested in each parameter differently.
For example, sea surface temperature cooling after a cy-
clone could vary from 1—9 degrees (Black and Dickey, 2008;
Lin et al., 2003; Shang et al., 2001; Sun et al., 2010;
Song et al., 2020). The changes induced by each cyclone
are different and it is worthwhile to study the interactions
and responses of the ocean to cyclones. It is also important
to understand the variations of oceanic parameters and the
environment itself with the cyclone locally.

Each tropical cyclone is unique in its genesis and the sub-
sequent impact it leaves on the ocean that is also equally
singular in nature. Ocean observations enable a detailed
examination of the air-sea interaction processes associated
with a cyclone. A synergistic utilization of satellite as well
as in-situ data sets is thus imperative in understanding the
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changes induced by cyclones. In this study, satellite and in-
situ observations were used to characterize the upper ocean
response to super cyclone Amphan. The present study inves-
tigates the impact of super cyclone Amphan on the compre-
hensive response of the BoB in terms of sea surface winds,
surface and subsurface variability of the temperature, salin-
ity, currents, mixed layer depth, the heat and salt bud-
gets, and chlorophyll concentration. We focus on the de-
tailed processes and underlying dynamics for the rapid up-
per ocean response due to Amphan.

2. Material and methods

The six hourly cyclone track data and wind speeds used in
this study were obtained from Regional Specialized Meteo-
rological Centre (RSMC), India Meteorological Department
(http://www.rsmcnewdelhi.imd.gov.in). To provide a basin-
scale view of the upper ocean response to Amphan, we have
analyzed gridded satellite data products. Daily Advanced
Microwave Scanning Radiometer (AMSR-2) sea surface tem-
perature and rainfall data used in this study were obtained
from http://apdrc.soest.hawaii.edu/index.php. The prod-
uct has a spatial resolution of 25 km x 25 km. Sea surface
height anomalies (SSHA) are used to observe the signatures
of mesoscale eddies. Daily SSHA data from Archiving,
Validation, and Interpretation of Satellite Oceanographic
(AVISO) data with a spatial resolution of 25 km x 25 km
were used. The altimeter products were produced and dis-
tributed by AVISO (http://www.aviso.altimetry.fr/en/data/
products/sea-surface-heightproducts/global/msla-h.html),
as part of the Ssalto ground processing segment. Observa-
tions from a few in-situ platforms were analyzed to provide
insights into the upper-ocean response to Amphan. The
temperature and salinity observations from an Argo float
(WMO ID: 2902230) located at the central Bay of Bengal
were assessed. The Argo float was sampled at an interval of
5 days. The daily surface meteorological and oceanographic
observations from a RAMA buoy (McPhaden et al., 2009)
located at 90°E, 15°N were also used in this study. Obser-
vations from a moored buoy BD8 located at 89°E longitude
and 18°N latitude was used in this study to characterize the
variability of surface and subsurface temperature, salinity
and currents. The moored buoy measures various param-
eters at 3 hourly intervals at various depths. The daily
Soil Moisture Active Passive (SMAP) level 3, sea surface
salinity data with a resolution of 0.33° x 0.33° were used
to explore Amphan induced surface salinity variations. The
daily wind data from Scatsat-1 with a spatial resolution of
0.25 degrees (Mandal et al., 2018) was used to assess the
wind speeds during Amphan. The Visible Infrared Imaging
Radiometer Suite (VIIRS) chlorophyll-a concentration at 4
km x 4 km at 8-day temporal scale was used in this study.
VIIRS is one of the key instruments onboard the Suomi
National Polar-Orbiting Partnership (Suomi NPP) spacecraft.
The daily NCEP Climate Forecast System Version 2 (CFSV2)
flux data products from Asia-Pacific Data Research Centre
(APDRC) with a spatial resolution of 0.25 degrees were used
in this study for the evaluation of mixed layer heat budget.

Mixed layer depth is defined as the depth at which the
density increases by the amount which is equivalent to
the decrease in temperature by 0.8°C from the surface
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cyclone Amphan experienced the peak intensity. The location of the cyclone on each day at 21:00 UTC is indicated by the corre-
sponding dates. The colours on the cyclone track indicate the maximum surface wind speed of the cyclone (knots). The black and
red stars denote the locations of the moored buoy BD8 and Rama mooring respectively. The black cross signs denote the position of

the Argo float (2902230) during May 2020.

(Kara et al., 2000). The Ekman pumping velocity (WE) is cal-
culated as

WE = lCurl(r) (1)
of

where p is the density of the sea water set to 1025 kg /m3, ¢
is the wind stress, f is the Coriolis parameter. The vertically
integrated ocean heat content (OHC) is computed with the
equation,

OHC = pC,,/Tdz 2)
where p and C, are the density and heat capacity of sea wa-
ter for which the values used in this study are 1025 kg/m?3
and 4000 J/kg/K respectively and z is the water depth. In
order to examine the response to Amphan, 7 days before
the Amphan (9—15 May) was considered as the pre-cyclone
period and 7 days after Amphan (21—27 May) was consid-
ered as the post-cyclone period. The difference between
these two periods was chosen to evaluate the response of
the parameters considered.

To examine the relative roles of the various processes
that contributed to the changes in mixed layer temper-
ature and salinity, mixed layer heat and salinity budgets
were evaluated following Rao and Sivakumar (2000) and
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Chacko et al. (2012) using the following set of equations:

0T Quet — Quen aT  aT dh
9t~ hoC, [uax +Vax} H[W"+ dt]
(T —Ty)
x @)

The terms in the equations represent from left to right,
the mixed layer temperature tendency, surface net heat
flux term, horizontal advection term and vertical processes

term.
S  (E-P)S as as dh (S—Sn)
- h —[u&+v&:|—H[wh+E X b

“4)

The terms in the mixed layer salinity budget equation
represent from left to right, the mixed layer salinity ten-
dency, Evaporation minus Precipitation (E-P) term, the hori-
zontal advection term, and the vertical processes term. The
vertical processes are due to a combination of entrainment
at the base of the mixed layer and upwelling. In Egs. (3) and
(4), p is the density of seawater, C, is the specific capacity
of sea water (4000 J/K/kg); T and T, are mixed layer tem-
perature and temperature at a depth 5 m below the mixed
layer (h); S and S, are mixed layer salinity and salinity at
a depth 5 m below the mixed layer (h); u and v are the
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Figure 2 Daily sea surface wind speeds from Scatsat-1 a) be-
fore (10—15, May 2020), b) during (16—20, May 2020) and c) the
difference for (b) minus (a) of cyclone Amphan. The colour con-
tours show the wind speeds, and the arrows show the direction
of the winds at that location.

zonal and meridional currents; wy, is the vertical velocity
at the thermocline below the mixed layer; % is the vari-
ability of the mixed layer depth. Here H is a scale factor
which is taken as 1 if [wy, + %] is positive and 0 if [w, + %
is negative. The net heat flux at the surface (Qne¢) is given
bY Qowi—Qiwg—Qsen—Quat, Where, Qs is shortwave flux, Qs
is longwave radiation, Qs is sensible heat flux, and Q¢ is
latent heat flux. Penetrative solar radiation Qe is the solar
radiation at the base of the mixed layer and it is estimated
as Qpen=Qsws(1—R) e(—h/z), where R =0.58, the radiation
lost by getting absorbed in the upper layers (Paulson and
Simpson, 1977), h the mixed layer depth, and ¢ the attenua-
tion depth. For computing horizontal advection, sea surface
temperature and sea surface salinity gradients are calcu-
lated using AMSR-2 sea surface temperature and SMAP sea
surface salinity as centered differences over a distance of
0.25° from the moored buoy BD8 location.

3. Results
3.1. Tropical cyclone Amphan

Tropical cyclone Amphan originated from a low-pressure re-
gion over east of Sri Lanka in the southeast BoB on 16 May
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2020. It moved north-eastward and intensified into a cy-
clonic storm on 16 May. Afterwards, it moved northwards
and further intensified into a severe cyclonic storm on 17
May. It underwent rapid intensification within a few hours
and became a super cyclone on 18 May. It maintained the
intensity of the super cyclone over west central BoB be-
fore weakening into an extremely severe cyclonic storm
on 19 May. Amphan made landfall across the Sunderbans
and crossed West-Bengal and Bangladesh coasts on 20 May
with maximum sustained wind speeds of 155—165 kmph.
Figure 1 shows the study area as well as track of the super
cyclone along with wind speeds over the BoB. The locations
of the Argo float, moored buoy (BD8) and the RAMA buoy
during cyclone Amphan are also shown in the figure.

The surface wind fields that were prevalent before and
during Amphan are shown in Figure 2. The background
wind speeds before the cyclone (Figure 2a) were predom-
inantly easterly in the central BoB. In the northern BoB
(north of 15°N latitudes), the wind speeds were slightly
weaker (1—4 m/s) than in the southern BoB. Figure 2b shows
the wind speeds during cyclone Amphan wherein, the wind
speeds were significantly higher, reaching >12 m/s all along
the west-central BoB. The magnitude of wind speed was
stronger on the right side of the track of the cyclone. The
anticlockwise circulation of the cyclonic wind fields was
clearly visible in the figure. Post-cyclone, the wind fields
were observed to be reduced to < 8 m/s in the entire BoB
and the direction of the wind vectors were aligned south
westerly in accordance with the prevailing monsoonal wind
systems during that period.

3.2. Upper ocean response to Amphan

The temporal evolution of major atmospheric and oceanic
surface variables obtained from the RAMA buoy are shown
in Figure 3. The sea level pressure before the cyclone was
around 1009 hPa accompanied by moderate winds of 2 to 4
m/s (Figure 3a,b). Before the cyclone, there was no rain-
fall event (Figure 3e) and the air temperature was in the
range 30 to 30.5°C (Figure 3c). The sea surface tempera-
ture was greater than 31°C and the sea surface salinity was
~33 PSU (Figure 3d,f). The effect of the super cyclone could
be clearly inferred from the observations of the buoy dur-
ing 16—20 May. During the passage of Amphan, the sea level
pressure rapidly dropped to 994 hPa on 18 May. The sur-
face winds before Amphan were ~4 m/s which is consistent
with the satellite observations in (Figure 2) that increased
significantly to 15 m/s (Figure 3b). In response to the cy-
clone, the air temperature dropped from 30°C to a minimum
of 27°C, sea surface temperature decreased from the pre-
cyclone value of 31.5°C to 29°C, and the sea surface salinity
increased from 33.17 PSU (15 May) to 33.34 PSU (21 May).
The sea surface cooling was essentially very high ~2°C com-
pared to the pre-Amphan values.

3.3. Sea Surface Temperature

To explore the spatial and temporal features of the surface
ocean response to Amphan, multiple satellite observations
were employed. First, we assessed the response of sea sur-
face temperature using satellite observations. Figure 4 il-
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lustrates the sea surface temperature response due to Am-
phan in the BoB that was evident from AMSR-2 data. Be-
fore the arrival of Amphan, the entire BoB was capped
by warm surface waters, with sea surface temperatures
greater than 31°C (Figure 4a). It was observed that Amphan
originated in the southern BoB, over warmer waters. The
passage of Amphan cooled the ocean surface substantially
(Figure 4b) compared to the pre-Amphan sea surface tem-
perature with distinct magnitudes across the basin. The dif-
ference between the post-cyclone and pre-cyclone sea sur-
face temperature clearly depicted the extent of the cold
wake left by Amphan (Figure 4c). There were many studies
which reported on the strong sea surface cooling by cyclones
(Navaneeth et al., 2019; Qiu et al., 2019), but a cold wake
extending over the entire BoB is a rarity. A strong sea sur-
face temperature cooling spread over a large area with a
slight rightward bias to the track of Amphan could be seen
in Figure 4c. The rightward bias shown in the sea surface
temperature cooling was consistent with the previous stud-
ies (Black and Dickey, 2008; Chu et al., 2000; Yue et al.,
2018). It was mainly due to the fact that the cyclone in-
duced wind stress vector turns clockwise on the right side
of the cyclone track and resonate with the mixed layer cur-
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rent (Cheung, et al., 2013; Price, 1981). Though cooling was
spread over the entire BoB, strong decrease in the sea sur-
face temperature (~4°C) was observed along the central
BoB, where the cyclone exhibited its strongest wind speeds
during its lifetime (see Figure 1).

3.4. Sea Surface Salinity

The sea surface salinity maps before and after Amphan are
shown in Figure 5a and b. Before cyclone (Figure 5a), there
was an east-west salinity gradient in the BoB with higher
salinity (>33.5 PSU) in the western Bay and lower salinity
(Value) in the eastern BoB. The northern BoB showed very
low salinity values (< 30 psu) owing to the high freshwa-
ter influx into the region from the rivers. After Amphan,
the sea surface salinity was observed to have increased (1
PSU) (Figure 5b). Figure 5c illustrates the Amphan induced
salinity changes and it could be observed that sea surface
salinity in the regions right of the track of the cyclone had
increased compared to the left side of the track. The max-
imum salinity increase was ~1.5 PSU to the right side of
the Amphan track along the central Bay. This is consistent
with the observation of Chacko (2018) which reported that
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Figure 4 AMSR-2 sea surface temperature (°C) averaged for
the periods: a) Pre-Amphan (10—15 May), b) post-Amphan (21—
28 May), c) the difference for (b) minus (a). The track of Am-
phan is overlaid on each plot. The dashed lines overlaying on
(c) indicate 2°C isothermal contours.

cyclone Vardah (2016) induced a significant increase of sur-
face salinity on the right side of the storm using SMAP salin-
ity data. In contrast, only a weak drop in salinity (~0.7 PSU)
was found over most regions to the left of the track of Am-
phan. The rainfall rate measured by AMSR-2 (Figure 6) indi-
cates high rainfall along the left of the track of Amphan (3—
6 mm/hr) than the right side of the track. Previous studies
had reported on this asymmetric rainfall distribution during
cyclones is due to the vertical wind shear, topography and
water vapor flux (Burpee and Black, 1989; Chacko, 2018;
Chen et al., 2010; Corbosiero and Molinari, 2003; Yue et al.,
2018). The influx of fresh water from the intense precipita-
tion was responsible for freshening on the left side of the
track.
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Figure 5 SMAP level-3 8-day running mean sea surface salin-

ity (PSU) showing the a) pre-cyclone b) postcyclone and c) post-
cyclone minus pre-cyclone salinity. The location of the Argo
float is overlaid on (c) as green dots (Qiu et al., 2019).
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Figure 6 AMSR-2 measured rainfall rate during the period of
Amphan (16—20 May 2020).
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