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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• The assessment of brackish water 
effluent discharge as an alternative to 
conventional brine outfall is considered

• Numerical modeling reveals key differ
ences in hydrodynamics and plume 
patterns induced by hypo- and hyper
saline discharges.

• Indicators of plume spreading show that 
hypersaline discharge tends to increase 
stagnation in enclosed inlet

• The method provides insights into sus
tainable desalination in vulnerable 
coastal sites
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A B S T R A C T

The potential of coastal springs has recently been explored as an alternative water source for desalination plants. 
Unlike conventional seawater-fed facilities, this approach produces a brackish effluent. Our study aims to 
investigate the environmental implications of the discharge of such brackish water from a planned desalination 
facility in a vulnerable coastal area of Southern Italy. We employ numerical modeling of hydrodynamics and 
plume dispersion to compare two scenarios: (1) discharge of hyposaline brackish water, as envisaged by the 
proposed approach; and (2) discharge of hypersaline brine, as in traditional plants. Year-long simulations reveal 
key differences between the two scenarios. We introduce and discuss two relevant metrics for assessing plume 
impacts: the eddy diffusivity, which quantifies mixing efficiency, and the characteristic time scale, which links 
plume length scale to ambient current speed. Our main findings highlight (i) how differences in plume density 
alter local hydrodynamics; (ii) the extent to which plume spreading time and length scales differ, with conse
quent variation in potential ecosystem impacts. Results suggest that brackish effluent management could 
represent a more sustainable alternative for coastal desalination, minimizing environmental risks. In contrast, 
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hypersaline plumes may require offshore release to reduce ecological impact. Although this study is region- 
specific, the proposed framework is applicable to other coastal areas facing similar desalination challenges.

1. Introduction

Freshwater scarcity is a critical challenge in many regions, particu
larly in areas with limited natural water resources and growing demands 
due to urbanization and climate change. This is expected because of 
factors such as longer periods of droughts, excessive freshwater with
drawal, seawater intrusion with salinization of coastal aquifers, all 
amidst rising global population, living standards and industrialization. 
Soni et al. [1] report that approximately 66 % of the global population 
encounters water shortage for a minimum of one month annually. To 
tackle freshwater shortage, the last decades witnessed an exponential 
increase of desalination plants installed worldwide, reaching more than 
19,000 plants in 2020 [2]. At present, seawater desalination represents a 
viable solution to bridge the growing gap between natural freshwater 
availability and demand, with a global production rate of 99 million 
cubic meters per day [3]. Moreover, as a limitless and climate- 
independent resource, it enhances clean water availability in coastal 
areas with scarce or overused supplies. It is recognized as essential for 
achieving the United Nations’ Sustainable Development Goal 6 on sus
tainable water management and sanitation [4].

The growing reliance on desalination as a solution to supplement 
traditional water supplies has raised concerns about the environmental 
impacts of waste discharges on ecosystems. Among various disposal 
methods for desalination concentrate (such as deep-well injection, 
evaporation ponds, and treatment at wastewater facilities), sea brine 
disposal remains the most cost-effective option. However, discharging 
concentrate into the sea creates a dense hypersaline plume that sinks 
and spreads along the seabed, altering the physical and chemical 
properties of receiving waters. This can degrade water quality, affect 
local fisheries, and harm benthic marine organisms adapted to stable 
salinity environments [5]. To mitigate these impacts, the design of 
desalination plants and outfalls must consider the physical, chemical, 

and biological characteristics of the local marine environment. Thor
ough preliminary research, which includes assessments of marine cir
culation, wave conditions, and water quality, is crucial. Mathematical 
modeling is often used to predict the effects of brine discharge and 
optimize outfall design, ensuring minimal environmental harm while 
meeting water demands [6–8]. Site-specific factors such as bathymetry, 
currents, and temperature influence the extent of damage, making 
advanced design methodologies essential. Proper planning and the use 
of advanced design methodologies are essential to minimize potential 
harm. For instance, the use of submarine pipelines equipped with dif
fusers for brine discharge is a well-established practice. Thus, one 
challenge for the desalination industry is to develop new water resources 
without increasing pressure on the marine environment [9]. The other is 
to provide a significant environmental advantage also in terms of 
groundwater conservation.

Recently, efforts have been made to explore alternative sources, 
including the utilization of coastal springs with relatively low salinity 
levels that require only minimal desalination. This alternative to 
seawater intake offers several benefits. It avoids critical issues such as 
marine shells clogging intake structures, seasonal water currents and 
tides bringing suspended matter that complicate filtration, dust storms 
fertilizing coastal waters leading to algal blooms, and the persistent 
problem of membrane fouling. Additionally, the wastewater discharged 
after desalination has a very low salinity content, offering multiple 
environmental benefits: reduction of environmental stress by mini
mizing the impact on marine organisms and benthic habitats; improved 
ecosystem health and biodiversity as it avoids altering the natural 
salinity gradient critical for coastal ecosystems; higher dilution capacity. 
This novel approach thus aligns well with sustainable marine manage
ment goals [4].

The present paper focuses on the case study of the Taranto munici
pality in southern Italy (Fig. 1) located along the Ionian Sea, in Puglia 

Fig. 1. Target area showing the location of the brackish water outflow (17.164◦ E, 40.505◦ N) and the meteo-oceanographic monitoring station (Station O, 17.127◦

E, 40.277◦ N). Source: Google Earth.
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region, where some coastal springs have been identified as a key po
tential source for a novel desalination plant, especially due to sufficient 
capacity, existing infrastructure, and strategic location near major water 
distribution networks. This realization could alleviate the pressure on 
existing aquifers, improve the resilience of the region’s water supply 
system, reduce the risk of environmental degradation associated with 
excessive groundwater extraction and align with the protection mea
sures outlined in the Regional Technical Regulations of the Water Pro
tection Plan [10].

The present study aims at evaluating the environmental implications 
of discharging desalinated brackish water into the neighbouring coastal 
area, considering that the balance between the need for alternative 
water sources and the protection of coastal and marine ecosystems re
quires sustainable water management practices. In fact, the coastal area 
of Taranto is a valuable yet delicate resource, impacted by both natural 
changes and human activities. It experiences substantial pollution from 
heavy industry and military shipyards [11–13] that poses significant 
ecological risks to marine life and human health [11,14]. Despite being 
subject to urban and industrial waste as well as heavy naval traffic, the 
hydrogeological features of Taranto’s coast have supported a diverse 
range of transitional habitats and high biodiversity [15].

Considering that coastal managers require simple, transferable 
metrics to gauge ecological risk, here we define two such indicators: the 
horizontal eddy diffusivity, which quantifies lateral mixing efficiency, 
and the characteristic time scale, which links the plume’s spatial extent 
to the ambient current speed. These metrics enable direct comparison 
across sites and support threshold-based decision making. Thus, our 
findings are expected to contribute to broader discussions on the inte
gration of desalination in regions facing similar water scarcity chal
lenges, especially in the Mediterranean, while highlighting the 
importance of minimizing the environmental footprint of such in
terventions and also to increase awareness on the necessity of regional 
adaptation strategies.

2. Regional context and target site description

Despite the existing hydraulic infrastructure network across the 
entire region providing a certain management flexibility for water dis
tribution, Puglia remains an area historically prone to water crises. 
Analyses of the volumes stored in its four main reservoirs have shown an 
increasingly frequent occurrence of critical hydrological years over the 
last thirty years. A significant factor contributing to this phenomenon is 
ongoing climate change, which undoubtedly negatively affects the res
ervoirs’ capacity to recharge. This is compounded by a growing demand 
for water resources due to increasing anthropic pressure. In recent years, 
the main artificial reservoirs that supply Puglia have recorded filling 
levels well below their maximum storage capacities. Today’s water 
scenario in Puglia, therefore, sees its main source of supply, the large 
reservoirs, increasingly in crisis, leading to excessive exploitation of the 
aquifer system. Of the total 17,000 l/s, almost 25 % comes from 
groundwater extraction, whose reserves are already overexploited for 
irrigation purposes.

In summary, the geographic features of Puglia, which naturally lack 
permanent watercourses and abundant groundwater systems, suggest 
that a promising solution could be the potential use of coastal springs, 
which have lower salinity levels and require less intensive desalination 
than seawater, making them ideal for providing additional water vol
umes with limited environmental impact. Tara Spring stands out as the 
most suitable option. With a usable flowrate of 400 l/s from its main 
spring, it is the most abundant in the region [16]. Historically used for 
irrigation, it already has existing capture and lifting infrastructures, 
which would reduce the costs associated with the necessary works. 
Additionally, the use of the Tara spring for irrigation has significantly 
decreased in recent years, leaving a substantial portion of the resource 
available for other uses, such as potable water. Moreover, the Tara 
spring is located near a strategic infrastructure hub for the supply of the 

entire southern part of the region.
The proposed desalination plant treating water from the Tara River 

should have the following main features. The water should be extracted 
near the existing intake facility, utilizing submerged electric pumps 
installed within the intake channel of the Tara River springs. The water 
quality has been assessed based on the parameter limits set by Italian 
Legislative Decree 31/2001, which governs water intended for human 
consumption. Monitoring actions conducted by regional authorities 
identified exceedances only for parameters related to salinity, namely 
hardness, electrical conductivity, sodium, and chloride. Pollutants of 
clear anthropogenic origin, such as nitrates, fluorides, hexavalent 
chromium, and vanadium, were consistently found at concentrations 
below the drinking water limits [17]. To meet the plant’s needs, the 
current flow rate from the Tara spring will be augmented by incorpo
rating contributions from the available secondary springs, allowing the 
total expected flow rate to reach 1000 l/s. It is estimated that at full 
capacity, the plant could produce approximately 19.87 million m3 

yearly. The plant features parallel processing lines based on Ultrafil
tration and Reverse Osmosis (RO). All feedwater undergoes ultrafiltra
tion, with the RO permeate being remineralized using a blend of post- 
ultrafiltration water. The expected recovery rate of the plant is 
approximately 70 %, resulting in the production of 680 l/s of potable 
water for the city and 320 l/s of waste. It would be discharged by gravity 
into the sea in the port area. The salinity of the brackish discharge is 
expected to be 7 psu (practical salinity unit), compared to an average 
ambient salinity of 38.5 psu in the discharge area. Regarding other 
physicochemical characteristics, the discharged water is anticipated to 
comply with the standards set by Italian Legislative Decree 152/2006, as 
amended. The proposed discharge location in this study is situated 
within the port area, specifically in a narrow inlet. While this setting 
may appear disadvantageous (since it constrains plume dispersion and 
limits dilution) it was recommended by regional authorities for technical 
and economic reasons, as it enables the use of existing conduits. The 
geographical coordinates of the site are 17.164◦ E, 40.505◦ N, as shown 
in Fig. 1.

3. Methods: Numerical model and implemented runs

The numerical simulations have been executed by using the nu
merical model MIKE 3FM distributed by the Danish Hydraulic Institute 
[18]. The model, largely used in coastal hydrodynamics and oceanog
raphy, solves the three-dimensional time-dependent conservation 
equations of momentum and mass, adopting the explicit finite difference 
method. Current velocities and thermohaline data necessary for its 
implementation have been derived from the products of CMEMS 
(Copernicus Marine Environment Service. Specifically, data have been 
extracted from the Mediterranean Sea Physics Reanalysis dataset [19] 
having horizontal grid resolution of 1/24◦ (~ 4.2 km) and 72 unevenly 
spaced vertical levels (i.e. the MEDSEA_ ANALYSIS_ FORE
CAST_PHY_006_013 database has been adopted). The atmospheric data, 
time- and space-varying, used as initial and boundary condition are 
wind velocity [m/s], atmosphere pressure [Pa], total cloud cover [%], 
solar radiation [J/m− 2], air temperature [◦C]). They have been extrac
ted by ERA5 dataset developed through the Copernicus Climate Change 
Service [12]. The turbulent closure model adopted in the MIKE 3FM 
model relies on the k-ε formulation for the vertical direction [20] and 
the Smagorinsky formulation for the horizontal plane [21].

The model had already been applied in numerous previous studies, 
utilizing field measurements [6,13,22]. In particular, based on sensi
tivity analyses conducted for the year 2020 in the Mediterranean 
domain [15], we performed the present simulation using the calibration 
parameters derived from those analyses: a seabed roughness of 0.1 m, a 
wind drag coefficient of 0.02, and a constant Smagorinsky coefficient of 
0.6 [13]. As detailed in the results’ section, the model validation has 
been carried out using salinity (S) data collected in the Mar Grande basin 
(Fig. 1) through a meteo-oceanographic station installed and managed 
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by the LIC (Laboratory of Coastal Engineering) research unit at the 
Polytechnic University of Bari. A detailed description of this station is 
available in previous research by the same authors [11,12,23].

Fig. 2 shows, as an example, the monthly-averaged surface currents 
for January 2020 and June 2020, derived from CMEMS data. This 
selected domain covers a portion of the Ionian Sea that significantly 
exceeds our target site. This is because the available CMEMS data, 
characterized by a relatively coarse spatial resolution, are suited for 
describing processes at a regional scale. In this way, they result infor
mative, revealing some typical and recurring hydrodynamic structures. 
For instance, in January, the coastal circulation is anticlockwise, with an 
anticlockwise gyre forming in the northwest part of the Ionian Sea and 
two less intense clockwise gyres forming along the northern (our target 
area) and northeast coasts, respectively. In June, the overall circulation 
remains predominantly anticlockwise along the deeper bathymetric 

contours. Along the northern and northeastern coasts, two clockwise 
gyres persist, while the anticlockwise gyre in the northwestern part of 
the area weakens. This regional information is particularly useful for 
defining the background scenario for our numerical simulations. How
ever, to account for processes occurring at much finer spatial scales, as 
required in our case, the CMEMS data, acquired over the broader Ionian 
domain, have been used as input and boundary conditions to force the 
MIKE 3FM model on a smaller domain (Fig. 3), featuring a typical spatial 
resolution ranging from 50 to 100 m (local scale).

As previously mentioned, two different discharge conditions have 
been considered, applying the same annual meteomarine, hydrody
namic, and thermohaline forcings to the selected domain. The desali
nated discharge flow rate was set at 320 l/s at the outfall point, with 
geographical coordinates 17.164◦ E, 40.505◦ N (or analogously 
2,703,368 m E and 4,485,969 m N in Gauss-Boaga coordinates). The 

Fig. 2. CMEMS monthly-averaged superface currents: a) January 2020, b) June 2020. The red dot indicates the location of the outflow (17.164◦E, 40.505◦N). Same 
scale for velocity vectors in both panels. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Domain for the MIKE 3FM model application, with location of the outflow. The box indicates the area that is zoomed in for the simulation results in the 
following section. Gauss Boaga and geographycal coordinate systems shown.
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only difference between scenarios is the salinity of the discharged flow. 
This is because, given the brackish nature of the hypothesized discharge, 
local authorities have proposed releasing the effluent at the surface, 
treating it similarly to a river discharge, in order to take advantage of 
existing infrastructure.

Nonetheless, we conducted dedicated numerical simulations to 
evaluate the viability of this configuration, under two salinity scenarios. 
In Test LS (low salinity), the outflow salinity was set at 7 psu, repre
senting the novel desalination plant concept. In Test HS (high salinity), 
the salinity was set at 50 psu, a value higher than that of the receiving 
body, as typically occurs in conventional desalination plants. Moreover, 
for each case, we considered two configurations: surface discharge, as 
suggested by the authorities, and bottom discharge at a depth of 11.3 m, 
corresponding to the local seabed. Therefore, four simulations were 

conducted: bottom discharge (Tests LS1 and HS1) and surface discharge 
(Tests LS2 and HS2).

Another discharge is present in the inlet, originating from the cooling 
system of a big industrial complex. Although historically significant, its 
flow rate has been drastically reduced in recent years due to decreased 
production. As this discharge could contribute to plume dilution, it was 
deliberately excluded from our simulations in order to consider the most 
conservative and potentially critical scenario.

According to national guidelines (Legislative Decree 152/2006), 
salinity increases from brine discharge must not exceed 5 % above 
ambient seawater salinity within a 50 m radius of the outfall. To meet 
this requirement, best practice recommends a submarine pipeline with a 
diffuser to enhance mixing and dilution, since a point-source hypersa
line release could otherwise be non-compliant. We nevertheless 
included Tests HS1 and HS2 as reference cases, to compare directly with 
the brackish scenarios and to represent possible plant malfunctions. The 
results (see Results section) confirm that even these point-source re
leases satisfy the regulatory constraint on average. Howeve, to explore 
further mitigation options, we also simulated Test HS3, in which the 
hypersaline plume is released far offshore, at bottom, via a submarine 
pipe and diffuser. While this configuration is not part of the initial 
planning considerations, this scenario helps assess the benefits of 
discharge in a less confined, higher-current environment.

4. Results

4.1. Numerical model validation

As written in section 3, the model has been validated by using data 
measured in year 2020 by the meteo-oceanographic station in Mar 
Grande (Fig. 1). Among the different measured parameters, the station 

Fig. 4. Comparison of the amplitude spectra of salinity measured at Mar 
Grande station and salinity output from the model (Test S0) over a selected 
period (February 15 – April 30).

Fig. 5. Test LS1, time-averaged velocity maps. Left column: horizontal surface layer; Gaus Boaga Coordinates. Right column: selected vertical section along the inlet 
(IP1 – IP2). Top row: winter season; Bottom row: summer season.
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also collected salinity (S) data by means of a CTD probe, located at 2.5 m 
from the sea surface, with a sampling frequency of one hour [11,12]. 
Based on the necessity to have a complete and continuous salinity time 
series for the analysis, an additional validation test of the MIKE 3FM 
model has been carried out for a selected period (i. e. February 15 – April 
30), considering the actual real conditions, namely in the absence of any 
plant discharge (Test S0). The salinity parameter has been focused on, as 
in our case we particularly aim at describing the advection and mixing 
process of the plant discharge. The obtained statistics reveal a good 
agreement between measured S and S modelled at the same depth, 
providing a relative error of 2 % for the mean value and of 2.2 % for the 
rms (root mean square) value. Carrying out the validation also in the 
frequency domain, we have computed the amplitude spectra for salinity, 
both field and modelled ones, as shown in Fig. 4. They show a very 
satisfactory matching as for amplitudes and for frequency, especially at 
greater time scale, that is in the range (one month - one week), so 
capturing the main features of salinity variations in the long term.

4.2. Inlet release: Hydrodynamics and plume spreading

The results of Test LS1 and Test LS2 clearly show that the plume, 
discharged throughout the simulated year with a salinity of 7 psu, is 
positively buoyant. Particularly for Test LS1, once released at the bot
tom, it tends to rise to the surface, acting as a destabilizing buoyancy 
flux for the local vertical density distribution [24]. As a result, plume 
dispersion and dilution occur largely at the surface, for both Test LS1 
and Test LS2, driving the circulation in the inlet and specifically 
inducing a surface flow directed offshore. This flow inhibits the entry of 
the branch of the clockwise gyre established in the northern area of the 
domain. Conversely, near the bottom, the same branch is not prevented 
from entering the inlet. Thus, an anticlockwise circulation cell forms 

along the longitudinal section of the inlet. This behavior is consistently 
observed during both winter and summer periods.

As an example, Fig. 5 for Test LS1 and Fig. 6 for Test LS2 illustrate 
these trends, showing salinity maps overlaid with velocity vectors for 
the average winter and summer conditions. For each seasonal condition, 
these figures display a zoomed view of the results at the surface in the 
horizontal plane (panels a, c) and in the longitudinal section (panels b, 
d) along the inlet P1-P2, as specified in the horizontal map.

It is evident that in Test LS1, the higher vertical mixing during 
winter, along with the more homogeneous distribution of temperature 
and salinity throughout the water column, leads to a more uniform 
vertical plume mixing (Fig. 5b) compared to the summer period 
(Fig. 5d). When the plume is released at the surface (Test LS2), the lower 
salinity concentration remains more confined to the upper layer near the 
release point and gradually spreads along the inlet without affecting the 
entire water column. In the longitudinal section of the inlet, within the 
first 400 m from the outflow point, the plume’s behavior is similar under 
both winter and summer conditions for both Test LS1 and Test LS2. 
However, at greater distances, the vertical salinity gradient is smoother 
in summer than in winter. In summer, lower salinity remains more 
confined to the upper half of the water column due to stronger summer 
stratification. This effect is even more pronounced in Test LS2.

Fig. 7 and Fig. 8 display the seasonal average salinity maps and ve
locity vectors for Test HS1 and Test HS2 (analogous to Figs. 5 and 6), 
respectively. In contras to both Test LS1 and Test LS2, in Test HS, the 
hypersaline plume (discharged with a salinity of 50 psu) is evidently 
negatively buoyant. As a result, it tends to remain confined to the bot
tom where it was released in Test HS1 (Fig. 7) and sinks toward the 
bottom in Test HS2 (Fig. 8), consistently acting as a stabilizing buoyancy 
flux for the local vertical density distribution. Consequently, the hy
drodynamics in the inlet, driven by the discharge, is characterized by an 

Fig. 6. Test LS2, time-averaged velocity maps. Left column: horizontal surface layer; Gaus Boaga Coordinates. Right column: selected vertical section along the inlet 
(IP1 – IP2). Top row: winter season; Bottom row: summer season.
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outflow at the bottom, while at the surface the flow primarily enters the 
inlet. A resulting clockwise circulation arises in the longitudinal section 
of the inlet, especially evident in the winter period (Fig. 7b and Fig. 8b), 
while in summer, the circulation appears extermely weak on average 
(Fig. 7d and Fig. 8d). As previously noted, under Legislative Decree 152/ 
2006, salinity must not exceed ambient seawater levels by more than 5 
% within a 50 m radius of the discharge point. A hypersaline plume 
discharged at 50 psu from a single point, whether at the surface or near 
the seabed, might therefore appear counterproductive or potentially 
non-compliant. In our study, however, the legally permitted maximum 
salinity is 40.43 psu (i.e., 5 % above the average seawater salinity of 
38.5 psu). On average, this threshold is never exceeded in either Test 
HS1 or Test HS2, as measured values consistently remain below the limit 
(see Figs. 7b,d and 8b,d).

Notably, the two LS scenarios, particularly Test LS1, result in slightly 
higher current velocities than the HS cases, both at the surface and 
bottom (as seen in the comparison between Figs. 5b, d, 6b, d, and 
Figs. 7b, d, 8b, d). In summer, the HS tests exhibit the weakest currents 
at both the surface and bottom (Figs. 7d and 8d). Thus, in terms of 
current magnitude, brine discharge has a much stronger impact in 
summer, reinforcing seasonal stratification and further inhibiting local 
circulation (Fig. 7d). This leads to more stagnant conditions, making the 
inlet a potential hotspot requiring careful management.

4.3. Inlet release: Dispersion time and length scales

For all tests, the numerical model outputs have been further pro
cessed and analyzed within the inlet. Based on and extending Taylor’s 
theory of particle dispersion in the Eulerian framework [25,26], the 
annual time series of horizontal plane velocity, uH(t), at each point along 
the longitudinal axis of the inlet, was used to compute the 

autocorrelation function RUH. Subsequently, the integral of the auto
correlation function up to the first zero-crossing was assessed, providing 
the so-called macro timescale τH [26–28]. This metric is highly infor
mative as it gives a rough measure of the time taken by a fluid particle to 
become decorrelated from its initial state, thus representing the tem
poral scale of the largest eddies and thus serves as a useful ecological 
indicator.

As an example, Fig. 9 displays the autocorrelation function of surface 
and bottom velocity at a selected point in the inlet (i.e., the midpoint of 
the IP1-IP2 longitudinal axis) for all tests. At this location, the surface 
timescales are 42 h for Test LS1, 37 h for Test LS2, 50 h for Test HS1, and 
25 h for Test HS2. At the bottom, the resulting timescales are 32 h for 
Test LS1, 38 h for Test LS2, approximately 11 days for Test HS1, and 40 h 
for Test HS2.

This result is significant as it further indicates that, in contrast to the 
LS scenarios, the HS scenario leads to a more stagnant condition espe
cially at the bottom, with the hydrodynamics characterized by large, 
slowly circulating coherent structures. This condition is even more 
pronounced when the hypersaline plume is directly released at the 
bottom (Test HS1). This tendency is evidently unfavorable for the 
dispersion of the hypersaline plume. Conversely, in the case of the 
hyposaline plume, large eddies promote more rapid mixing at both 
surface and bottom, enhancing a more efficient transport of tracers and 
ensuring a more rapid renewal of water within the inlet. In terms of the 
release depth, it is evident that only in the case of the surface discharge 
of the hyposaline plume (Test LS2) the dispersion remains largely 
confined to the surface layer. In contrast, for all other scenarios, the 
dispersion extends to the bottom as well. This aspect is particularly 
significant when considering the preservation of specific ecological 
species that inhabit benthic habitats.

As previously stated, the adopted numerical model uses the 

Fig. 7. Test HS1, time-averaged velocity maps. Left column: horizontal surface layer; Gaus Boaga Coordinates. Right column: selected vertical section along the inlet 
(IP1 – IP2). Top row: winter season; Bottom row: summer season.
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Smagorinsky formulation to calculate the horizontal eddy viscosity. 
This, in turn, determines the horizontal diffusivity KH through the 
Prandtl number (assumed to be 1 in the model). In any way, we can get 
KH also by multipling the integral time scale τH by the time-averaged 
variance of the velocity uH, in the horizontal plane [26,28]. In Fig. 10, 
referring to the surface as an example, the trend of KH along the longi
tudinal axis of the inlet (IP1-IP2) is shown. It is evident that, throughout 
the entire inlet, KH is higher at each point in both LS cases compared to 
the HS cases, or at least equal. Outside the inlet, in the larger domain 
where additional hydrodynamic factors come into play, the opposite 
occurs, with KH values higher in the HS tests. The values of KH have 
order of magnitude O(104-106 cm2/s) consistent with those deduced in 
other field surveys [26,29,30]. The trend of Fig. 10 further justifies the 

faster spreading at surface of the negatively buoyant plume within the 
inlet. Consequently, KH diffusivity serves as a valuable indicator of 
environmental status. Once the plume exits the inlet, the diffusivity is 
initially dampened but then increases again as particles become trapped 
by the circulation structures established in the larger domain.

4.4. Open sea release of the hypersaline plume

In Test HS3, we evaluate the case in which the 50 psu hypersaline 
plume, rather than being discharged within the inlet, is instead 
conveyed offshore via a bottom submarine pipe terminating with a 
diffuser. The diffuser outlet is located approximately 3 km from the 
coastline, along the inlet’s main axis, at 40.48◦ N, 17.13◦ E (that is 

Fig. 8. Test HS2, time-averaged velocity maps. Left column: horizontal surface layer; Gaus Boaga Coordinates. Right column: selected vertical section along the inlet 
(IP1 – IP2). Top row: winter season; Bottom row: summer season.

Fig. 9. Autocorrelation function of surface and bottom velocity, at the midpoint of the longitudinal transect IP1-IP2 of the inlet, for both LS tests and HS tests.
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2,700,200 m E, 4483500 m N in Gauss-Boaga coordinates), where the 
water depth is roughly 20 m (Fig. 11). Technical constraints on system 
installation are beyond our scope; here, we focus on how this offshore 
release alters plume spreading compared to the inlet point release. Thus, 
Fig. 11 presents horizontal salinity maps for average winter conditions 
at the bottom (a) and surface (b), and for average summer conditions at 
the bottom (c) and surface (d).

In the winter case, currents at this offshore release site exhibit higher 
velocities than those within the inlet. Consequently, plume mixing and 
dispersion occur more rapidly and intensely, remaining confined to a 
relatively small area. For instance, Fig. 11a shows that, near the bottom, 
salinity slightly exceeds ambient values, with a maximum increase of 
approximately 0.5 % psu over an area of less than 1 km2. A similar weak 
anomaly is evident at the surface (Fig. 11b). Overall, the localized 
salinity excess appears to be quickly incorporated into the broader 
background pattern of increasing salinity observed along the southeast- 
to-northwest axis of the domain.

In the summer case, bottom salinity near the diffuser reaches about 
38.8 psu (a relative increase close to 0.8 %), which remains comparable 
to background values at the entrance to the Mar Grande basin (Fig. 11c). 
Although the salinity increase is minimal, the affected area at bottom is 
more extensive in summer than in winter and stretches toward the 
northern part of the domain. From bottom to surface, the plume’s in
fluence diminishes progressively (Fig. 11d).

It should be noted that the salinity scale in Fig. 11 is intentionally 
adjusted to enhance plume visibility and emphasize seasonal patterns. 
Accordingly, it differs from the scale adopted in Figs. 5–8, where the 
minimal salinity variations would otherwise be scarcely detectable. In 
fact, compared with Tests HS1 and HS2, Test HS3 produces lower 
salinity anomalies near the release point throughout the entire modelled 
period, and, as expected, the inlet remains completely unaffected. 
Therefore, if technically and economically feasible, this offshore release 
strategy could serve as a valid alternative to inlet discharge of a 
hyeprsaline plume, enabling its rapid mixing and dilution without 
significantly impacting the coastal environment. Specifically, for Test 
HS3 the computed macro-timescales (at a distance from the discharge 
comparable to that considered in the inlet release cases) are approxi
mately 26 h at the bottom and 23 h at the surface, while the horizontal 
diffusivity is on the order of 106 cm2/s at both surface and bottom.

5. Discussion

Roberts et al. [31] suggested that using groundwater desalination 
could be a more sustainable alternative to seawater desalination, though 
its feasibility depends on the availability of suitable groundwater re
sources. One key advantage is the potential reduction in energy costs, 
along with the discharge of water that has a lower salinity than 
seawater. While lower energy consumption is a clear benefit, the release 
of brackish water into marine environments raises new environmental 
concerns, shifting the focus from hypersaline brines to hyposaline 

effluents [32]. To explore this issue, we conducted numerical simula
tions using the MIKE 3FM model [18]. After validating the model with 
field data, we simulated four different scenarios in a target domain of the 
Ionian Sea maintaining the same boundary and initial conditions but 
varying the salinity of the discharged flow. Specifically, we examined 
both hypersaline (HS tests) and hyposaline (LS tests) effluents, consid
ering surface and bottom release configurations within a coastal inlet, in 
accordance with stakeholder requirements, and assessed their respective 
impacts on hydrodynamics and, by extension, on the marine ecosystem. 
For completeness and comparison, we also included a scenario involving 
the release of hypersaline water in offshore conditions via a submarine 
pipeline equipped with a terminal diffuser. The following important 
aspects have emerged in terms of ecological and management implica
tions, which can be extended to a broader and more general context, 
beyond the specifics of our local application.

5.1. Salinity as a key variable for ecosystem health

Salinity is a fundamental environmental factor shaping marine eco
systems, influencing species distribution, physiological processes, and 
ecosystem dynamics across all trophic levels [33,34]. Changes in salinity 
(whether due to climate change, freshwater input, or anthropogenic 
activities such as desalination discharges) can drive significant ecolog
ical shifts in both coastal and open-ocean systems. Coastal ecosystems, 
in particular, are highly sensitive to even minor salinity fluctuations, 
especially in times of climate change. In fact, climate change is ampli
fying salinity extremes: freshwater-dominated regions are becoming 
fresher, while high-salinity regions are becoming saltier due to changes 
in precipitation, evaporation, and circulation patterns [34,35]. These 
shifts are particularly pronounced in coastal areas, where complex land- 
sea interactions influence salinity dynamics, potentially forcing species 
to relocate while favoring more adaptable or tolerant organisms and 
disadvantaging others [34].

Our findings highlight the ecological implications of both hypersa
line (HS tests) and hyposaline (LS tests) discharges, as they alter local 
hydrodynamics and, consequently, ecosystem functioning. Additionally, 
interactions between plume density and hydrodynamics can influence 
sediment transport, resuspension, and deposition, directly impacting 
benthic habitats, nutrient cycling, and associated organisms.

Referring to the release within the inlet, our results indicate that 
during summer, when water column stratification is strongest, hyper
saline discharges intensify stagnation by reinforcing stratification, 
reducing vertical mixing, and exacerbating oxygen depletion in bottom 
waters [26]. This process could be particularly harmful to benthic 
communities, including key species such as crustaceans and mollusks, 
which play essential roles in nutrient cycling and food web stability. 
Bivalves are highly susceptible to salinity increases because of their low 
mobility and narrow physiological tolerance. The combination of 
elevated salinity and low oxygen availability creates stressful conditions 
that can lead to habitat degradation, reduced biodiversity, and shifts in 

Fig. 10. Trend of surface horizontal diffusivity along the longitudinal transect IP1-IP2 of the inlet.
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community composition, even altering population dynamics and local 
fisheries [36]. Fish larvae and juveniles could also be at risk, as even 
moderate salinity elevations, such as those caused by hypersaline dis
charges, can impair development and increase mortality due to their 
limited osmoregulatory capacity during early life stages. On the con
trary, euryhaline benthic invertebrates and estuarine polychaetes 
tolerate salinity drops, often using low-salinity areas as nurseries and 
expanding their range [37].

Seagrass meadows, marsh grasses, and mangrove ecosystems are 
especially vulnerable to salinity fluctuations. Green algae like Ulva 
Lactuca. and seagrasses such as Ruppia cirrhosa thrive in low-salinity 
conditions while other seagrass species can tolerate short-term salinity 

changes. The Mediterranean seagrass Posidonia oceanica serves as a key 
bioindicator of environmental change, being especially vulnerable to 
both increased and reduced salinity. These fluctuations can cause 
physiological stress and lead to dieback, particularly if the plants are 
already under pressure from pollution and climate change [38].

Coral distribution and health are also affected by salinity shifts. 
Corals generally tolerate high salinity and may even show reduced 
bleaching susceptibility under such conditions [39], whereas lower 
salinity has more detrimental effects by reducing respiration and 
photosynthetic rates. Overall, we can remark that although isolated 
salinity shifts may not be the primary driver of ecosystem decline, they 
can contribute to functional impairment, particularly when combined 

Fig. 11. Test HS3: Average horizontal maps of salinity and currents: (a) bottom layer, winter case; (b) surface layer, winter case; (c) bottom layer, summer case; (d) 
surface layer, summer case.
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with other stressors such as ocean warming and acidification [40].
If we now consider the values obtained for the indicators KH and τH 

in both the hypersaline and brackish discharge scenarios, the following 
can be deduced. Taking into account possible tolerance thresholds, it is 
generally recognized that a salinity deviation of up to 5 psu from 
ambient conditions can be tolerated by benthic communities, provided 
that horizontal mixing is sufficiently high (KH > 104 cm2/s) and expo
sure durations are short (τH  < 48 h), thereby preventing prolonged 
physiological stress [36,37]. Based on these criteria, Test HS3 can be 
considered the most environmentally neutral solution, posing virtually 
no significant ecological risk. Among the inlet release scenarios, devel
oped in response to stakeholder input, Test LS2 emerges as the option 
with the lowest overall impact on the ecosystem.

5.2. Implications for coastal management

It is evident that if coastal ecosystems, which provide essential ser
vices vital for human well-being, are negatively impacted by desalina
tion plant effluents, their degradation will result not only in 
environmental loss but also in significant economic consequences [41].

Thus, the ecological risks associated with both hyposaline and hy
persaline discharges highlight the need for effective management stra
tegies to balance desalination needs with ecological sustainability.

In order to minimize the ecological effects in the near field, tradi
tional desalination plant outfalls have been designed to optimize mixing 
and dilution of the brine with the ambient waters (e.g., using approaches 
such as diffusers or pre-mixing with power-plant cooling water), to 
promote a rapid reduction of salinity excess in the immediate discharge 

Fig. 11. (continued).
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area [42]. However, our findings for HS case indicate that hypersaline 
discharge may exacerbate stratification and consequently stagnation, 
leading to localized hotspots of environmental stress. For example, 
enhanced stratification could inhibit nutrient exchange and reduce 
productivity, directly affecting ecosystem services such as fisheries and 
aquaculture. In contrast, the discharge of brackish waters (LS cases) 
appears to promote more water mixing and mitigate stagnation risks, 
helping sustain ecosystem services and biodiversity, particularly during 
summer months when marine ecosystems are already under stress.

Certainly, along with the need to minimize localized salinity ex
tremes, additional management actions are necessary and can be sum
marized in two key tasks: i) monitoring and regularly tracking salinity, 
currents, and ecological indicators especially in sensitive habitats, such 
as seagrass meadows or coral reefs, to detect early signs of stress and 
emerging hotspots [9]; ii) integrating climate adaptation strategies in 
marine spatial planning, that is accounting for projected salinity shifts 
for developing effective conservation strategies, taking into account 
seasonal and climatic variability.

Regarding the first task, monitoring programs can be designed to 
track the proposed metrics in real time, and adaptive management 
thresholds can be set accordingly. Because both indicators KH  and τH 
derive from routinely measured salinity and flow data, our framework is 
readily transferable to other coastal desalination sites. Moreover, 
monitoring should extend beyond the discharge from desalination pro
cesses to include the groundwater systems from which water is extrac
ted. In our case, it is equally important to assess the characteristics of the 
aquifer feeding the Tara spring system. This system lies in a geologically 
complex area with two aquifers: a shallow one in terraced marine de
posits and a deeper, artesian one in Cretaceous carbonates. The latter, 
which feeds the spring, is overlain by clay layers and floats above 
intruding seawater, leading to salinity stratification [17]. Salinity vari
ations depend on the balance between the freshwater lens and seawater 
intrusion, highlighting the need for detailed hydrogeological studies and 
long-term monitoring, especially in light of climate change impacts on 
sea level and groundwater quality. We would like to clarify that no 
additional water extraction beyond existing conditions is required to 
supply the proposed plant. No increased exploitation of the aquifer is 
anticipated compared to the current situation. The Tara system today, 
including the main spring and several smaller springs, already provides 
a volume that naturally discharges at the surface, sufficient to supply the 
total flow rate necessary for the plant.

By proactively addressing these challenges, we can help maintain the 
ecological integrity of coastal and marine systems while balancing the 
growing demand for desalinated water alongside other anthropogenic 
modifications to the coastal environment.

6. Conclusion

In this study, we analyzed the potential impacts of discharging 
hyposaline effluent, rather than traditional brine, from a desalination 
plant located in a highly vulnerable coastal area. Using a numerical 
model, we investigated four scenarios involving discharges within an 
inlet: hyposaline water released at the bottom (Test LS1), hyposaline 
water released at the surface (Test LS2), hypersaline water released at 
the bottom (Test HS1), and hypersaline water released at the surface 
(Test HS2). An additional scenario (Test HS3) considered the discharge 
of hypersaline water into the open sea via a submarine pipeline with a 
diffuser.

For inlet releases, the results show that plume salinity significantly 
influences local hydrodynamics. In particular, hypersaline discharges 
intensify stagnation, reinforce summer stratification, and reduce water 
renewal, especially near the bottom during warmer months. By contrast, 
in the offshore release scenario (Test HS3), the hypersaline plume’s ef
fect is minimal: rapid mixing and dispersion driven by local bottom 
currents limit salinity increases to 0.5 % in winter and 0.8 % in summer, 
relative to ambient conditions. These results suggest that, where 

feasible, offshore diffuser systems should be prioritized for hypersaline 
discharges.

This findings are further supported by two ecologically relevant 
metrics, i.e. the horizontal eddy diffusivity KH and the macro time scale 
τH, used to assess the impact of desalination plumes on marine habitats. 
Their simplicity, based on commonly available field measurements, 
makes them practical tools for integrated monitoring and management. 
This indicator-based approach provide a consistent and transferable 
method for evaluating discharge impacts across diverse coastal settings.

Given the central role of salinity in shaping marine ecosystems, 
particularly under climate change, its variability must be closely 
monitored and considered in marine spatial planning. This study un
derscores the importance of numerical modeling for evaluating 
discharge scenarios and guiding environmentally sound design choices. 
Integrating model-based insights into regional management plans can 
help mitigate ecological impacts. Future research should prioritize long- 
term monitoring to assess the combined effects of desalination and 
climate change, and to define ecological thresholds of tolerance.
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