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Abstract. The study presents a dynamic analysis of
the present-day behavior of salinity concentration in the
Guadalquivir estuary and evaluates the impact of anthro-
pogenic pressures on the dynamics of the horizontal salin-
ity gradient. A one-dimensional (1D) hydrodynamic model
with an advection and dispersion module is used to study the
effects of human pressure involved in the salinity concentra-
tion along the estuary. The observations, which correspond
to continuous measurements taken during different oceano-
graphic campaigns from 2021 to 2023, show an excessive
salt intrusion in the estuary (with salinities of 5 psu at 60 km
from the mouth) compared to the idealized situation when
anthropogenic water withdrawals are absent. This highlights
the need to include a water withdrawal term in the simu-
lations to accurately reproduce the system’s real behavior,
thereby reflecting the magnitude of anthropogenic pressures.
The model successfully reproduces the observations when
this forcing factor is included. Under constant low-flow con-
ditions, experiments show that increasing water withdrawals
leads to an increase in the horizontal salinity gradient up-
stream. Similarly, under constant water withdrawal condi-
tions, a decrease in the horizontal salinity gradient is ob-
served when freshwater flows exceed 40 m3 s~!. Variations
in anthropogenic pressures, such as water withdrawals for
agriculture or the saline industry and reductions in freshwa-
ter flow, play a fundamental role in the evolution of salin-
ity along the estuary. Under the current circumstances, the
Guadalquivir estuary requires an urgent regulation of these

uses in order to avoid further damage to the aquatic ecosys-
tems.

1 Introduction

Estuaries are considered one of the most valuable and threat-
ened ecosystems in the world (Lopes et al., 2024). Under op-
timal conditions, estuary mouths are biologically more pro-
ductive than rivers and adjacent ocean zones because of the
high concentration of nutrients that stimulates higher primary
productivity (Miranda et al., 2017). The characteristics of es-
tuarine communities are strongly and directly linked to phys-
ical parameters, such as temperature, turbidity, and salin-
ity (Dauvin, 2008). These coastal regions play a key role
in supporting significant socioeconomic and environmental
activities, serving as essential nursery habitats on continen-
tal shelves and providing invaluable ecosystem services to
other ecological systems (Dondzar-Aramendia et al., 2018).
However, estuaries have been severely degraded by anthro-
pogenic activities. In recent decades, land use for agricul-
ture and changes in channel geomorphology for navigation
and other purposes have altered the natural hydrodynamics,
morphology, and water quality conditions of these systems
(Sirviente et al., 2023; Gomiz-Pascual et al., 2021). Water
abstraction for activities such as irrigation, domestic use, and
industrial activities is the most significant factor contributing
to the degradation of these ecosystems (Algaba et al., 2024).
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The Guadalquivir River estuary (GRE) (Fig. 1) is a pos-
itive estuary, in which the freshwater discharges from the
basin are sufficient to compensate for evaporation losses (EI-
liot and McLusky, 2002; Diez-Minguito et al., 2013; Losada
et al., 2017). It is generally considered a well-mixed estu-
ary, though this characteristic can change during periods of
high discharge, when mixing conditions deviate from the typ-
ical pattern (Alvarez et al., 2001). It is a meso-tidal estuary
with semi-diurnal tidal components being the most energetic
(Alvarez et al., 2001). Flowing into the Atlantic Ocean, this
estuary is one of the most important socioeconomic areas in
southern Spain. It extends 110 km from its mouth in Bonanza
to its head at the Alcald del Rio dam (Fig. 1a), with the first
85 km being navigable, making it the only navigable river in
Spain (Navarro et al., 2011).

The dam (black triangle in Fig. 1) strongly regulates fresh-
water input to the estuary by blocking upstream tidal waves,
creating a closed boundary in this semi-enclosed channel and
causing the tidal wave to arrive with sufficient energy to re-
flect and interact with the incident wave (Diez-Minguito et
al., 2012). The largest freshwater input (80 %) to the estu-
ary is through the dam, the last point in the extensive net-
work of reservoirs that regulate the GRE basin. This estuary
is characterized by low-flow conditions (< 40 m3s~1) most
of the time (75 % of the year), where tidal dominance and
well-mixed conditions prevail (Siles-Ajamil et al., 2019). In
contrast, during high-flow conditions (> 400 m3 s_l), tidal
propagation is disrupted, increasing the potential energy of
the water column and decreasing saline intrusion (Diez-
Minguito et al., 2013; Ruiz et al., 2015).

The GRE is highly valued for its rich biodiversity and
serves as a critical habitat for several economically impor-
tant marine species. It plays a crucial role in feeding coastal
areas along the Gulf of Cadiz, promoting high levels of pri-
mary productivity in the region (Ruiz et al., 2015; Cafavate
et al., 2021). However, it is also a source of economic and
environmental conflict due to the coexistence of multiple ac-
tivities (salt production; agriculture — especially rice, which
requires large amounts of freshwater — fishing; and naviga-
tion). Extensive human modification of the estuary has led to
a significant reduction in the original marshes and a reduction
in their original length to accommodate agricultural and nav-
igational needs (Ruiz et al., 2017). This high anthropogenic
pressure has caused changes in both the hydrodynamics and
morphology of the system, favoring the constant degradation
of the ecosystem (Mendiguchia et al., 2007; Ruiz et al., 2015;
Siles-Ajamil et al., 2019; Sirviente et al., 2023).

The detrimental effects of anthropogenic activities have
been demonstrated in other estuaries around the world.
Alcérreca-Huerta et al. (2019) show that the construction of
a dam system in the estuary of the Grijalva River (Mexico) in
1959 altered the hydrological regime, reducing the seasonal-
ity of water discharge and decreasing the amount of available
freshwater. This, together with changes in land use (more
agricultural land, less mangrove cover, and less vegetation),
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leads to variations in salinity concentration, with saline in-
trusion observed up to 46 km upstream, with salinity lev-
els reaching 32.8 psu. Studies such as Huang et al. (2024),
based on numerical simulations using a three-dimensional
(3D) model, show that anthropogenic activities, in particular
the regulation of freshwater flows by infrastructure projects,
are drastically changing the dynamics of saline intrusion in
the Changjiang River estuary (China). This study shows how
an increase in freshwater flows (due to releases from the
Three Gorges Reservoir) mitigate the advance of saline intru-
sion. However, water withdrawals in the city of Yangzhou as
part of the implementation of the “East Route” of the South—
North Water Transfer Project will inevitably lead to a reduc-
tion in inflow during the dry season, resulting in an increase
in saline intrusion in this system by approximately 6—7 km.
This relationship between salinity and freshwater flow was
previously observed by Webber et al. (2015), who assessed
the effects of the Three Gorges Dam, the South—North Water
Transfer Project, and local water withdrawals on the prob-
ability of intrusion in the Changjiang River estuary. They
conclude that these projects will increase the probability of
saline intrusion and suggest that water management should
be adapted to mitigate the risk.

This estuary has been extensively studied in terms of
chemical contamination (e.g., Grimalt et al., 1999; Gomez-
Parra et al., 2000; Riba et al., 2002) and fisheries (e.g., Baldé
and Drake, 2002; Fernandez-Delgado et al., 2007; Gonzalez-
Ortegén and Drake, 2012). Other studies have focused on
biogeochemical aspects (e.g., Navarro et al., 2011; Ruiz et
al., 2013, 2015, 2017; Huertas et al., 2018) and microplas-
tic transport (Bermudez et al., 2021). However, only a few
studies have focused on the hydrodynamic aspects (Alvarez
et al., 2001; Diez-Minguito et al., 2012, 2014; Losada et
al., 2017). According to Siles-Ajamil et al. (2019), using a
linearized multichannel analysis model, an increase in the
mean channel depth leads to both increased tidal height and
salt intrusion. In a more recent study, Sirviente et al. (2023)
used numerical simulations to show a significant current am-
plification of the M2 tidal wave at the head of the estuary.
This amplification exceeded the amplitude of the wave at the
mouth of the estuary due to channel deepening. The authors
also showed altered tidal current dynamics characterized by
increased intensity at the mouth of the estuary, potentially
leading to greater saline intrusion.

The vertical salinity structure in the Guadalquivir estuary
is characterized by intense mixing that prevents the forma-
tion of significant gradients in salinity and temperature, re-
sulting in a homogeneous distribution of water properties
(Garcia-Luque et al., 2003; Diez-Minguito et al., 2012). The
low average flow of the river, combined with the high tidal
prism resulting from the wide tidal range and shallow chan-
nel depth, contributes to the Guadalquivir estuary being a
well-mixed estuary with very low vertical gradients in salin-
ity and temperature (Garcia-Lafuente et al., 2012). This type
of well-mixed estuary is characterized by a uniform distribu-
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Figure 1. (a) Geographic region of the study area. Xo represents the starting section of the simulations; the white triangle indicates Bonanza
point. The blue, green and yellow stars represent the sample points for campaigns MG1, MG2, and MG3, respectively. The dam is marked
with a black triangle. (b) Depth profile and (c) width profile (m) along the entire channel (km) obtained by the 2019 nautical chart developed
by the Hydrographic Institute of the Spanish Navy. The dashed gray lines represent the position of each sampling point.

tion of salinity, facilitated by strong tidal currents that prevent
stratification. Similarly, the vertical circulation shows a rela-
tively uniform current pattern during low-flow periods, with
no significant changes in velocity or flow direction at differ-
ent depths (Losada et al., 2017). The hydrodynamic model
presented by Sirviente et al. (2023), validated with different
observations recorded both at the surface and at depth, shows
that there are no significant variations in velocities at differ-
ent depths; therefore, the presence of significant stratifica-
tion is unlikely, which favors the homogeneous distribution
of salinity in the water column.

Salinity is the main environmental factor determining the
spatial distribution of species in estuaries (Marshall and El-
liott, 1998). Therefore, it is essential to have a clear under-
standing of the behavior of this variable. In the GRE, salinity
presents a clear horizontal gradient that decreases upstream
(Gonzilez-Ortegén et al., 2014). Regarding salinity struc-
ture, the decrease in freshwater flows in the GRE has trig-
gered the gradual salinization of the system. Based on data
from a real-time monitoring network (Navarro et al., 2011),
Diez-Minguito et al. (2013) found that salinity distribution is
controlled by non-tidal transport, Stokes transport, and tidal
pumping. These authors suggested that the effective longitu-
dinal dispersion coefficient is dependent on the length of the
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system, with a higher mean value upstream. They also an-
alyzed the estuarine recovery response to strong discharge
conditions (usually short but intense regimes), proposing
that the displacement of saline intrusion towards the mouth
causes an increase in stratification. The authors proposed a
net propagation speed of 4cms™! for the saline intrusion
within the estuary.

Reyes-Merlo et al. (2013) assessed the relative influence
of climatic forcings (freshwater discharge, tidal currents, and
wind) on saltwater intrusions in the GRE using Markov chain
Monte Carlo simulations. They argued that under low-flow
regimes, saline intrusion depends more on mean tidal fluctua-
tions than on river discharge. They also proposed tidal pump-
ing and baroclinic circulation as the drivers of salt transport.
Their results indicate that the mean length of salt intrusion
would increase by approximately 8 % under the expected
scenario of a 15 % decrease in freshwater discharge over the
next 15 years.

Using a linear analytical model, Siles-Ajamil et al. (2019)
explored the effects of management alternatives on salinity
distribution, with channel deepening and marsh recovery po-
tentially affecting tidal wave propagation and salinity. The
authors argue that the mean salinity distribution shifts up-
stream, increasing the maximum salinity gradient, saline in-
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trusion, and M2 tidal salinity generated by the advection of
the mean salinity gradient. These studies collectively high-
light the dynamic nature of salinity in the Guadalquivir es-
tuary, influenced by both natural and human factors. How-
ever, there is a lack of information on the temporal and spa-
tial variability in the saline intrusion in the GRE, as well as
the impact of anthropogenic pressures. Biemond et al. (2022)
investigate the impact of freshwater pulses (brief periods of
high river flow) on estuarine saline intrusion in the GRE.
They constructed an idealized 3D nonlinear model based on
the model of MacCready (2007) but not based on Pritchard
equilibrium. The model features constant width and depth, as
well as constant viscosity and diffusivity coefficients in space
and time. The new model demonstrates that the intensity and
duration of the pulse are the primary factors controlling the
reduction in salt intrusion, with tidal force having a relatively
minor influence. Additionally, the time required for saline in-
trusion to return to its initial position is found to be depen-
dent on the river discharge following the pulse rather than the
distance the intrusion has traveled upstream.

Constant dredging (Gallego and Garcia Novo, 2006;
Donazar-Aramendia et al., 2018) and cultivation fields over
the last decade have caused changes in the behavior of the
saline intrusion. This, coupled with the limited contribution
of freshwater from the dam, leads to high salinity levels in
the upper reaches of the river.

According to Algaba et al. (2024), the primary wa-
ter abstractions in the Guadalquivir River basin are irri-
gation (88 %), domestic uses (10 %), industrial activities
(1.1 %), and energy production (0.9 %). This indicates that
the Guadalquivir basin is subject to constant human pres-
sure, which modifies the ecological flow rate of the system.
Therefore, it is necessary to characterize the actual state of
the saline intrusion and the effects of anthropogenic pressure
on the GRE.

Obtaining in situ measurements over time and space is a
challenging task that is often not feasible. Therefore, numer-
ical simulations capable of replicating the current state of es-
tuarine salinity intrusion are essential for understanding the
system and developing management strategies for its preser-
vation.

This article provides an analysis of the current state of
saline intrusion in the GRE and evaluates the impact of an-
thropogenic pressures on the behavior of the saline intru-
sion. This study represents the first attempt to analyze the
impact of anthropogenic water withdrawals on estuary hy-
drodynamics and the associated saline intrusion. To achieve
this, we used a realistic one-dimensional (1D) model which
includes a hydrodynamic module (Sirviente et al., 2023)
and an advection—dispersion module. This model was cal-
ibrated and validated using observations gathered during
multiple oceanographic campaigns conducted from 2021 to
2023. Measurements were taken continuously during both
upstream and downstream voyages of the ship, with sam-
pling points along the river monitored over different time pe-

Ocean Sci., 21, 515-535, 2025

riods (hours to days). We conducted various numerical exper-
iments, designing scenarios with different freshwater inputs
and degrees of water withdrawals, to perform a comprehen-
sive simulation-based analysis.

2 Methodology

The analysis is based on a 1D hydrodynamic model capable
of realistically simulating tidal-fluvial dynamics (sea surface
elevation and tidal current velocity), coupled with an advec-
tion and dispersion transport model to simulate salinity con-
centration along the GRE. The hydrodynamic module has
been previously calibrated and validated with a high reliabil-
ity (Sirviente et al., 2023). This article presents an analysis
of salinity behavior along the GRE. In this context, in situ
observations collected from several short-duration oceano-
graphic campaigns conducted during the dry seasons from
2021 to 2023 will be employed for the calibration and valida-
tion of the advection and dispersion module. Once calibrated
and validated, the model is used to analyze saline intrusion
behavior under different freshwater flow and anthropogenic
pressure scenarios (Sect. 3). Anthropogenic pressures are de-
fined as water volume reductions (water withdrawals) caused
by diverse activities, such as water use in adjacent crop fields,
water losses due to flow modifications in estuary channels or
avenues, or illegal wells.

2.1 Data source

During the years 2021, 2022, and 2023, several oceano-
graphic campaigns were conducted along the GRE during
dry months (low or negligible rainfall and reduced freshwa-
ter flow). These short-term campaigns provided observations
at different times along the estuary (Table 1). Measurements
were obtained from a conductivity sensor installed on the
oceanographic vessel UCADIZ, which recorded data every
minute as the ship traveled upstream of the GRE (MG1, from
5 to 73 km from the mouth; MG2, from 5 to 73 km from the
mouth; MG3, from 5 to 60 m from the mouth; MG4, from
5 to 80km from the mouth) and downstream of the GRE
(MG3, from 10 to 58 km; MG4, from 7 to 65 km). This val-
idation strategy, which will be further justified in Sect. 3.1,
allowed for simultaneous validation of the simulation out-
puts in both space and time. The observations corresponding
to each vessel trip were taken at different points and time in-
stances as the vessel ascended or descended along the GRE.
Once the simulations corresponding to each campaign for
validation are obtained, the same time instances as each ob-
served data point are used. Additionally, model points are
used as close as possible to the observed points, with small
differences between them (Fig. S1 in the Supplement). This
ensures that the same points and time instances as the ob-
served data are compared (tidal phase lag are contemplated in
our simulations). Additionally, short-term observations col-
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lected from fixed stations (Fig. 1a) were analyzed to validate
the time variability in the simulations throughout the tidal cy-
cles at various points along the river. Specific sample points,
dates, and time lengths of the observations are detailed in Ta-
ble 1.

CTD profiles collected from the same sampling stations as
the thermosalinograph data (Table 1) for campaigns MG,
MG2, and MG3, as depicted in Fig. la, are also utilized.
These profiles facilitate the analysis of the vertical charac-
teristics of the water column.

2.2 Numerical hydrodynamic module description

The hydrodynamic module used in this study was described,
calibrated, and validated by Sirviente et al. (2023). This 1D
module integrates a system of long-wave equations along an
elongated channel (Godin and Martinez, 1994).

ou ou on  klulu

e T )
ot ox ax (h+n)

A% _ 2 @)
hor ox

The first equation represents the balance of along-channel
forces per unit mass, while the second ensures volume con-
servation. Here, u represents along-channel current velocity
(m s_l), t denotes time, x denotes the along-channel posi-
tion (m), k is the bottom friction coefficient (k = 0.003), n
is sea level elevation above mean sea level (m), 2 (m) de-
notes average bottom depth across the channel below mean
sea level, b represents the across-channel width (m), and
A = (h+n)b is the instantaneous cross-sectional area across
the channel. The spatiotemporal distributions of 1 and u
variables were derived by the numerical integration of these
equations using an explicit finite-difference scheme (leapfrog
type) (Dronkers, 1969).

The GRE is assimilated to a 110km channel extending
from its mouth (x = 0) to the head (x = L). For the numer-
ical integration of the independent variables (x,t), the val-
ues Ax =25m and Ar =1s are set, yielding a Courant—
Friedrichs—Lewy coefficient of 0.39, which ensures numer-
ical stability.

The channel cross-sections are approximated by rectan-
gles, where the sides are defined by the across-channel av-
eraged bottom depth A (x) and channel width b(x). Sea level
predictions, based on harmonic constants derived from the
harmonic analysis of sea level during 2019 at Bonanza sta-
tion (data provided by Puertos del Estado, PdE), were used
to force the simulation at the open boundary near Bonanza
(Fig. 1a). A no-flow boundary condition normal to the section
of the Alcala del Rio dam was also prescribed. The module
considers the contributions from three tributary flows, A33
(Rivera de Huelva), HO9 (Alcalé del Rio), and A50 (Zufre),
whose flow rates are not negligible. Hourly data of the tribu-
tary flows, covering the 7 d of simulation for each campaign
(Sect. 2.1 and 2.2) and 15 d (for Sect. 2.3), were provided by
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the Guadalquivir Hydrological Confederation (Guadalquivir
SAIH, https://www.chguadalquivir.es/saih/, last access: 25
March 2024) and used as freshwater flow input.

To account for water volume withdrawals from the estuary,
a parameter called “sink” (denoted by §) was introduced. It
represents the thickness (m) of a water slide of horizontal
area equal to b - Ax, the horizontal area contained between
each pair of transversal sections. This parameter is subtracted
at each integration time step At from the previously com-
puted n value. This is equivalent to withdrawing a water vol-
ume b - Ax - § at each integration time step Ar. The suitable
value of § for each pair of transversal sections is determined
together with the validation of the advection and dispersion
model, as explained in Sect. 3.1.

The bathymetry used is the most recently available one,
obtained from the 2019 nautical chart provided by the Hydro-
graphic Institute of the Spanish Navy (Instituto Hidrografico
de la Marina, IHM). This information was used to determine
the average depth and width of the transverse channel at each
of the equally spaced transverse sections of the GRE, with a
distance of Ax = 25 m between sections.

2.3 Numerical advection and dispersion module
description

A 1D advection and dispersion module was developed to
simulate the evolution of salt concentration within the estu-
ary. To discretize the advection and diffusion terms with re-
spect to space and time, a numerical integration of the across-
channel-averaged 1D transport equation is

0 0 d [ 0
E(AS)+5(AMS)=D£ [a (AS)j|, (3)

where S is the salinity concentration (psu); ¢ is the time coor-
dinate; x is the along-channel coordinate (m); u is the along-
channel current velocity (m g1 ), D is the turbulent diffusion
coefficient (m>s™!); and A = (h + )b is the instantaneous
across-channel section, where 7 is the sea level elevation
above the mean sea level (m), & (m) is the across-channel
averaged bottom depth below the mean sea level, and b is the
cross-channel width.

The numerical scheme incorporates the multidimensional
positive definite advection transport algorithm (MPDATA)
(Smolarkiewicz and Margolin, 1998), which is a type of
finite-difference discretization of the advective term to pre-
vent excessive numerical diffusion in the model. The tech-
nical characteristics of the algorithm make it suitable for
problems involving complex geometries and inhomogeneous
flows (Smolarkiewicz and Szmelter, 2005).

The sea level elevation (1) and current velocity (1) were
simulated by the hydrodynamic module and implemented as
inputs in the transport module, thus developing a 1D model

.. . 2
for the GRE. A free-transmission condition (gx—ﬁ =0) at the

open boundary and a reflection condition (% =0) at the
channel edge were imposed as boundary conditions.
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Table 1. Information about the salinity data (psu) records collected along the Guadalquivir estuary during different oceanographic campaigns.
The sample point locations are shown in Fig. 1a. The temporal resolution of each measurement is indicated as A¢. “Up” and “down” for
vessel trips refer to upstream (from Xo to the dam) and downstream (from the dam to Xo) of the GRE.

Campaign  Station Date Time interval At
MG1 Vessel trip (up) 20/09/2021 5h Minute
MG1 P1 21/09/2021 9h Hour
MG1 P2 23/09/2021 10h Hour
MG1 P3 24/09/2021 10h Hour
MG2 Vessel trip (up) 31/01/2022 6h Minute
MG2 P1 01/02/2022 10h Hour
MG2 P2 02/02/2022 10h Hour
MG2 P3 03/02/2022 10h Hour
MG2 P4 04/02/2022 10h Hour
MG?2 P5 05/02/2022 9h Hour
MG3 Vessel trip (up) 19/07/2022 6h Minute
Vessel trip (down) ~ 20/07/2022-21/07/2022  4h Minute
MG3 P1 19/07/2022-20/07/2022  25h Hour
MG3 P2 20/07/2022-21/07/2022  25h Hour
MG3 P3 21/07/2022-22/07/2022  11h Hour
MG4 Vessel trip (up) 17/10/2023 &h Minute
Vessel trip (down)  18/10/2023 4h Minute

As an initial condition for the numerical integration, a
salinity profile following a logistic function was established.
This was unique for each simulation according to the char-
acteristics of the observations, starting all of them from a
value of 36 psu at the mouth and becoming 0 from 85 km un-
til 110 km from the mouth. Likewise, the module was forced
in a section near Bonanza (Fig. 1a), specifying an appropriate
temporal variation in the salinity calculated as a function of
the current («) in this section and derived from the available
observations.

The horizontal dispersion coefficient was calculated using
the equation proposed by Bowden (1983). For sufficiently
long diffusion times, an effective coefficient of longitudi-
nal dispersion K,. may be defined for a simple case as
Ko = (U? Hz)/(30 K,), where U is the current intensity, H
corresponds to mean depth, and K is the coefficient of ver-
tical eddy diffusion (assumed to be uniform throughout the
depth).

This calculation was carried out for all the campaigns con-
sidered in the analysis to ensure the use of a constant dis-
persion appropriate to the system. The results indicate that
the maximum constant dispersion, based on the intensity of
the current speed and depth, is 150 m?> s~!. Given the lack of
comprehensive observational data on the coefficient’s vari-
ability across the estuary, it was determined that a constant
value would be an adequate representation of the general
conditions. This selection of a constant dispersion coefficient
is based on the assumption that lateral dispersion is homo-
geneous and that strong tidal currents will induce vertical
mixing, thereby rendering advection the dominant process
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in the behavior of the saline intrusion. The Peclet number
(Pe), defined as uL /D, measures the relative contribution
between the nonlinear advection and horizontal dispersion,
where u is an averaged (in time and along the whole estu-
ary) absolute value of the along-channel gradient of veloc-
ity, L is the estuary length, and D corresponds to the hor-
izontal dispersion coefficient (Deng et al., 2024). Taking a
value u = 0.5m s~ !, extracted from realistic simulations per-
formed with the hydrodynamic module, and the values L =
107 kmand D = 150 m? s~! yields a value Pe = 356, clearly
indicating a dominance of the advective transport rate over
the diffusive one.

Numerous studies in the literature have demonstrated that
models with a constant dispersion coefficient are capable of
accurately reproducing salinity distributions (e.g., Lewis and
Uncles, 2003; Brockway et al., 2006; Gay and O’Donnell,
2007, 2009; Xu et al., 2019; Siles-Ajamil et al., 2019;
Biemond et al., 2024). This choice not only maintains the
stability of the model, avoiding numerical instabilities, but
also ensures that the results are consistent with theoretical
expectations and experimental observations. Finally, model
validation with observational data has demonstrated that em-
ploying this constant coefficient is an effective method for ac-
curately reproducing the essential characteristics of the sys-
tem, thereby supporting this approach within the context of
the present study (Table 2).

In addition, a sensitivity analysis was carried out with dif-
ferent dispersion coefficients to optimize this parameter as
much as possible. In our 1D model, which simplifies the
equations governing the balance forces, volume conserva-
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tion, and advection—dispersion processes, a dispersion coef-
ficient exceeding 200 m? s~ ! leads to numerical instabilities.

As previously mentioned, logistic approximation is used
as the initial condition. This approximation varies for each
simulation due to the differences observed in the records (dif-
ferent months and years).

During the calibration process it became necessary to in-
clude in the simulations the processes responsible for reduc-
ing the volume of water (sinks) in the channel. Although
these sinks have similar values across campaigns, they are
unique to each campaign and serve as the basis for the ini-
tial condition, which represents the effect of the sinks over a
given period of time. The rationale for including this condi-
tion is explained in detail in Sect. 3.1.

3 Results and discussion

In this section, the main results obtained with the numer-
ical model are presented, focusing on evaluating the dy-
namics of the horizontal salinity gradient in the GRE. As
previously mentioned, the hydrodynamic module validation
can be found in Sirviente et al. (2023). Initially, the out-
comes from the experimental validation are presented. Sub-
sequently, numerical experiments were conducted to assess
the impact of saline intrusion resulting from changes in fresh-
water inflow and in water volume reductions along the GRE.

The salinity profiles obtained from the CTD profiles show
a strong vertical mixing of the water column throughout the
whole period and at all points (see Figs. S2, S3, and S4). Very
reduced vertical salinity gradients can be observed, which al-
lows us to conclude that the vertical behavior of the water
column in the GRE is homogeneous under the conditions of
these campaigns, allowing the use of a 1D model to simulate
the salinity concentration along the river.

3.1 Effect of horizontal dispersion and water
withdrawal on the horizontal salinity gradient in
the estuary

First, the model is used to analyze the effect of horizontal
dispersion on the development of the horizontal salinity gra-
dient. To this end, experiments were conducted considering
only the effect of horizontal dispersion, representing the nat-
ural behavior of the system without any additional interven-
tion. Subsequently, experiments incorporating the presence
of sinks were carried out, simulating a reduction in the water
volume of the channel.

Figure 2 shows the observed horizontal salinity gradient
during the MG3 campaign (upstream and downstream trips)
along with simulations corresponding to a 13 d period. This
figure compares the simulated horizontal gradients under dif-
ferent conditions: Fig. 2a and b consider only the effect of
horizontal dispersion; Fig. 2¢ and d include both horizon-
tal dispersion and a uniform reduction in water volume ()
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that are constant in time and space; and finally, Fig. 2e and
f incorporate horizontal dispersion along with time-varying
sinks (8). It is important to emphasize that all times shown in
Fig. 2 correspond to moments when tidal behavior matches
the observations at each location during the reference period.
The simulations shown in the figure represent salinity con-
centrations generated by the model at each observation time,
corresponding to the nearest possible point to the vessel’s
sampling location.

When analyzing the behavior of the horizontal salinity
gradient along the estuary, considering only horizontal dis-
persion, it becomes clear that the system cannot reproduce
the observed salinity concentrations from the different cam-
paigns. Even when the dispersion coefficient is increased
to 190m”s~! (Fig. 2a and b) — the highest dispersion co-
efficient that can be used with this model without causing
numerical instability — the observed concentrations do not
match.

Considering only the effect of horizontal dispersion, it can
be observed that the system tends to slightly increase the
salinity concentration over time in almost all sections of the
river up to 45 km from the estuary. Beyond this point, the be-
havior becomes almost linear, with very low salinities close
to 0 psu. These results show that if only the effect of horizon-
tal dispersion is considered, the system is unable to reproduce
the observed salinity range.

This highlights the need to include processes in the simu-
lations that significantly enhance the horizontal salinity gra-
dient. These processes may include those capable of reduc-
ing water volume. Considering only natural effects, such as
evaporation or the small natural channels present in the es-
tuary, would not generate a sufficient volume reduction to
account for the high salinity range observed along the river
during the different campaigns. Therefore, it is necessary to
consider anthropogenic processes such as water withdrawal
for agricultural, industrial, and urban uses; illegal wells; and
the creation of secondary channels and marshland reductions.
Together, these natural and anthropogenic processes lead to
a reduction in water volume, which could be responsible for
the high salinity concentrations observed in the inner part of
the estuary.

The parameter § is a key factor in quantifying the effect of
extractions and minor contributions to water volume along
the river. It encompasses all the natural and anthropogenic
processes that influence water volume, such as agricultural
abstraction, industrial use, small side channels, and evapora-
tion. § represents an average value between these two actions,
and for our study it was positive, indicating that on average
extractions exceed the contributions from smaller channels
that drain into the main channel.

However, there is an inherent uncertainty in estimating §
due to the complexity of accurately quantifying the amount
of water withdrawn from the channel. The Guadalquivir sys-
tem is heavily influenced by human activities (high levels of
agriculture, industry, dense population in nearby areas, port
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operations, etc.). In addition, numerous illegal water with-
drawals have been documented. This makes it difficult to ob-
tain accurate data on water withdrawals within the estuary, as
both the specific locations and volumes of water withdrawn
are unknown.

When a constant water volume reduction term (§ =
0.005 mm) is applied uniformly in time and space (Fig. 2¢
and d), representing a consistent volume removal across the
estuary over 13 d of simulation (df = 1 s and dx = 25 m), the
system produces higher salinity concentrations over time,
closely matching the observed salinity range. This demon-
strates the importance of including § in the numerical model
to simulate the high salinity concentrations observed along
the GRE accurately. The amount of water removed in this ex-
periment during the 13 d of simulation was 47.36 x 10%m?3,
which is not excessive when compared to the amount of wa-
ter needed to irrigate, for example, a rice field of 32000 ha?
(the actual extent of the involved rice field), which requires
384.0 x 10%m? of water consumption.

Figure 2c and d show that a certain period of time is re-
quired for the sinks to effectively influence the system and
produce salinity values close to those observed. Figure 2e
and f show experiments where a stronger sink (6 = 0.01 mm)
is applied to all sections during the first 3 d of the simulation,
after which it is relaxed, and § = 0.001 mm is imposed for
the remaining 10d. These simulations closely replicate the
observed horizontal salinity gradient, highlighting the im-
portance of incorporating the temporal variation in sinks to
achieve realistic salinity simulations.

These experiments underscore the necessity of including
key parameters in simulations, as the horizontal salinity gra-
dient would otherwise not reach observed values. As shown
in Fig. 2, a certain duration of sink activity is required for the
simulated salinity concentrations to approach the observed
range. Therefore, it is essential to define an initial condition
that considers this progression, allowing the simulation to
adequately capture the evolution of water withdrawals and
their effects on salinity over time. This approach is particu-
larly supported by the data presented in Fig. 2e and f, where
applying a stronger ¢ initially followed by a weaker § suc-
cessfully reproduces the observed behavior.

To define these initial conditions effectively, it is essen-
tial to consider that observations from different oceano-
graphic campaigns were collected at varying times (months
and years). This implies that each simulation, corresponding
to a specific time period, will have a slightly different initial
condition due to the variations in the characteristics of the
system over time. This approach emphasizes the importance
of adjusting the initial conditions according to the temporal
differences observed in the data, allowing for a more accurate
representation of the system’s behavior during each period
considered.

It is important to emphasize that this numerical model, al-
though simple, has been designed as a very useful tool for
studying the hydrodynamic and physicochemical properties
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of the estuary. As a high-resolution 1D model, it is optimized
to simulate relatively short time periods, ensuring high com-
putational efficiency. The model is particularly effective at
representing specific moments in time and extrapolating to
a given time interval. Although it is designed to simulate
shorter time periods, it can be used for longer simulations
provided that similar conditions are maintained, such as low-
discharge regimes where the water column is well mixed and
vertical gradients are homogeneous. However, in situations
with significant stratification, alternative approaches would
need to be considered, as 1D simulations would not be suit-
able to accurately simulate the estuary.

3.2 Experimental validation of the salt transport and
dispersion model

During the model validation phase, it was found that the ex-
tension of the saline intrusion into the interior of the estuary
coming from the data measurements was much greater than
those simulated using only the flow data provided by official
sources. Hence, we became aware that significant undocu-
mented water withdrawals were occurring during the differ-
ent campaigns (as has been described in Sect. 3.1).

Considering that the intensity, spatial location, and tempo-
ral variability in these withdrawals are unknown, the numeri-
cal models had to undergo an ad hoc experimental validation
for each campaign (MG1, MG2, MG3, and MG4). As men-
tioned before, for each numerical integration, an initial salt
concentration field was defined using a logistic function that
was determined by the behavior of the observations. The pro-
cedure begins by establishing a § value in the hydrodynamic
model, then the model is run, and later the resulting u and
n outputs in the advection and dispersion model are used to
fit the salinity observations. The value of § was determined
empirically through sensitivity analysis until the best-fitting
simulation was obtained.

The experimental validation determined that the simu-
lated salinity values that best fit the observations are those
presented in the following lines. In MG1, a constant sink
6 =0.0015mm was implemented in all sections and time
steps. For MG2, § = 0.0005 mm was applied uniformly from
0 to 22 km and from 42 to 85 km. From 22 to 42km it was
increased to § = 0.0045 mm. In MG3 and MG4, a uniform
sink of § = 0.00225 mm and § = 0.0012 mm was employed
throughout all the sections, respectively. The slightly higher
sinks between 22 and 42 km for MG2 can be justified by the
location of crop fields (Fig. 1a) and secondary channels.

Figure 3 shows the behavior of the longitudinal observa-
tions collected, demonstrating the high accuracy of the sim-
ulations (including &) in replicating the observed data and
demonstrating a robust fit across all campaigns. It is im-
portant to note that the simulations presented in this figure
represent the simulated salinity concentration generated by
the model at each time instance of the observations, corre-
sponding to the nearest possible point to the sampling lo-
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Figure 2. Comparison of observed and simulated salinity during the MG3 vessel trips. Panels (a) and (b) show simulations including only
horizontal dispersion for upstream (a) and downstream (b) vessel trips, with observations in black. Panels (c) and (d) show simulations
incorporating the § term for the entire simulation period as a constant value, and (e) and (f) are the simulation including a time-varying §.
Observations are shown in black for upstream (¢, ) and downstream (d, f) vessel trips.

cation of the vessel (Fig. S1). We analyze the discrepancies
between observations and simulations (including sinks). For
MG1 (Fig. 3a), there are some discrepancies in the first 6 km,
where the model overestimated the salinity concentration,
and between 10-18 and 30-50 km, where it slightly underes-
timates observed salinity. In MG2 (Fig. 3b), the model shows
a slight overestimation within the first 22 km, followed by
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a slight underestimation between 22 and 42 km. Regarding
MG3, the observations collected on 19 July 2022 indicate
a minor underestimation across all kilometers of the GRE
(Fig. 3c). In contrast, the model indicates a slight overesti-
mation of salinity between 45 and 60 km for the simulation
corresponding to the vessel’s downward voyage (Fig. 3d).
For the MG4 campaign, the simulation for 17 October 2023
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Table 2. Determination coefficient at 95 % confidence level, root
mean square error (RMSE) for salinity (psu), Nash—Sutcliffe effi-
ciency coefficients, and Student’s ¢ values for each oceanographic
campaign.

Campaign R? RMSE NSE P value

(Pyalue 0.0) (Student’s ¢)
MG1 0.99 136  0.99 0.53
MG2 0.99 146 098 0.75
MG3 0.99 1.86  0.96 0.08
MG3_B 0.99 0.70  0.99 0.80
MG4 0.98 1.34 098 0.19
MG4_B 0.97 0.81 099 0.45

(Fig. 3e) shows a very slight underestimation of salinity con-
centrations, while for 18 October 2023 (Fig. 3f), the model
slightly overestimates the observations of 19 October 2023.
The differences between simulations (including &) and ob-
servations near the mouth of the estuary can be explained
by their proximity to the model boundary conditions, which
generates a disturbance that can add noise in the first kilo-
meters of the simulation. The discrepancies found between
30 and 60km can be attributed to the crop fields adjacent
to the channel (it is the area where more crop fields are
located on both sides of the GRE). The October 2023 ob-
servations show particularly notable results. While all ana-
lyzed observations correspond to low-flow regimes (QOmg1 =
8m>s!, Omga = 12m3s™!, Omgs =8m?s™ 1), the MG4
campaign recorded the lowest flow, with an average of just
QMG4 =3m3s L. Despite these conditions, salinity levels in
the upper estuary were remarkably high, reaching values of
5 psu at 70 km from the mouth. These high concentrations are
anomalous and could be caused by eventually stronger water
withdrawals further along the river.

The black lines in Fig. 3 represent the simulation without
considering the inclusion of the sinks. As can be observed,
they show a much lower horizontal salinity gradient com-
pared to the one observed in all the campaigns.

The good agreement between observations and simula-
tions is shown in Table 2. Correlation coefficients higher than
0.95 are obtained for all simulations, along with small root
mean square errors (RMSEs). The Nash—Sutcliffe efficiency
(NSE) coefficient is used to evaluate the variability in the
observations explained by the simulation. Values close to 1
indicate that the model is able to reproduce the observations.
Similarly, the inequality between the series has been assessed
as not significant, indicating that there are no significant dif-
ferences between them (Student’s ¢, Table 2). Therefore, it
can be said that the transport model can reproduce the salt
concentration along the Guadalquivir with high reliability.

Based on the analysis of the data from the different sta-
tionary sampling stations, it can be inferred that there is a
strong relationship between the two sets of data. This is evi-
dent from the high coefficients of determination obtained for
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the measurements taken at MG3 P1, MG3 P2 and MG3 P3
(see Fig. 1), which were all greater than 0.80. The RMSE
for each sample was also relatively small (see Fig. S9).
Furthermore, a similar agreement was obtained for stations
MG2 P1 to MG2 P5 (Fig. 1), with R? values greater than
0.70 and RMSE:s of less than 1 psu. However, for the sam-
ple points of MG1 (Fig. 1), the coefficients of determina-
tion were lower (R? values greater than 0.7 for MG1 P1 and
MGT1 P3 but moderate correlation for MG1 P2, R? = 0.5),
and the RMSE was higher (values less than 2 psu) for all sta-
tions (see Figs. S6 and S7, respectively). At stations MG1
and MG?2, the model overestimated the signal, with smaller
differences observed at stations in the upper and middle parts
of the estuary and larger differences at stations in the lower
part of the GRE.

It is worth noting that the introduction of sinks into the
model provides only a rough approximation of the actual
way in which withdrawals occur on both spatial and temporal
scales. These sinks, which are assumed to occur at a constant
rate over time, only partially resolve this uncertainty. The ac-
tual volume of water removed is unknown. This uncertainty
may be behind this slight overestimation of the model. Other
sources of uncertainty could be the salinity increases caused
by drainage from the marshes to the channel mouth. These
waters, enclosed in extremely shallow marshes, may experi-
ence salinity increases due to evaporation before being dis-
charged into the estuary. In addition, water drained from crop
fields, such as during rainy periods, can bring additional con-
centrations of salt due to the presence of fertilizers carried by
the water from the soil of the crop fields. Despite this, consid-
ering the overall consistency of the validations and statistical
analyses, we can assert that the model demonstrates a good
level of reliability in reproducing the salinity concentrations
along the GRE.

3.3 Saline intrusion behavior in the observation
campaigns

Figure 4a—d display the salinity at 2 m depth recorded by the
thermosalinograph of the vessel while sailing along the estu-
ary in the center of the channel in September 2021 and Jan-
uary 2022 (Table 1). As illustrated, the saline intrusion ex-
tends beyond 30 km in both cases, exceeding 20 psu at 20 km.
The highest concentrations are found at the mouth of the es-
tuary, with values close to 36 psu. This observation confirms
the basic premise of our modeling approach, in which we in-
corporate an initial condition by imposing a temporal salinity
fluctuation calculated as a function of current velocity. This
is based on the salinity benchmark of 36 psu at the open sea
mouth. In September 2021 (Fig. 4a), concentrations below
5 psu are obtained from approximately 50 km onwards, while
for January 2022 (Fig. 4d), these concentrations are observed
from 40 km onwards.

Model simulations that included water withdrawals
(Fig. 4b—e) closely resembled the observed behavior of the
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Figure 3. Comparison between the observations (blue line) and the simulations including sinks (red line) and the simulations not including
sinks (black lines) of the salinity (psu) for the whole channel for different campaigns (Table 1).

saline intrusion. In general, simulations including this fac-
tor can effectively replicate the observed salinity. However,
when sinks were not considered (Fig. 4c and f), the simu-
lated salinity was significantly lower than the observed val-
ues. Note that concentrations of practically 0 psu were ob-
tained from 30 km onwards. This configuration could be re-
garded as the natural state of the saline intrusion, unaltered
by anthropogenic intervention.

These results remained consistent throughout all the com-
parisons with experimental data examined (shown in Figs. S8
and S9). At this point of the analysis, on the one hand, it is
clear that including these water withdrawals is necessary to
accurately simulate salt transport throughout the GRE. On
the other hand, the existence of these sinks reveals the signif-
icant impact that the usage of water, such as those demanded
by the adjacent crop fields or other domestic needs, gener-
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ates on the horizontal salinity gradient. It is important to note
that even though the actual consumption and consumers of
the estuarine water remain unknown, the model detected that
a clear deficit of water had been produced in the estuary dur-
ing the analyzed periods. As previously pointed out, a hori-
zontal salinity gradient beyond 30 km from the mouth would
not occur if the consumed water (not only by anthropic ac-
tivities but also by natural processes) had been compensated
for by an increased flow from the dam. In this sense, the ap-
plied analysis methodology could be used to check, using
the vessel-based observations and the described numerical
simulations, the degree of alteration of the horizontal salin-
ity gradient at a given time. This can be done by comparing
the observed and simulated salinity gradient in the absence
of sinks as a reference.
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Figure 4. Salinity concentration maps (psu) of the Guadalquivir River estuary from the oceanographic campaigns MG1 and MG2 on
20 September 2021 (a, b, ¢) and on 30 January 2022 (d, e, f), respectively. Observational data are shown in (a) and (d). Simulations in-
cluding water volume reductions are presented in (b) and (e). Panels (¢) and (f) correspond to model simulations without sinks.

3.4 Tidal cycle dynamics this, we conducted a simulation extended over 15d (15—

30 July 2022) using the same model configuration presented
Once the reliability of the model had been confirmed by  in Sect. 3.1 for the MG3 campaign. This period was se-
the results of the experimental validation presented in the lected because it comprised records of observations dis-
previous sections, it was used to simulate the dynamics of tributed throughout the spring—neap tidal cycle, allowing for
the saline intrusion during a Spring_neap tidal Cyc]e‘ To do the validation of the simulations. A spin-up of 3d is neces-
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sary to stabilize the initial conditions and achieve realistic
outputs.

We focused on two 24 h periods to describe the dynam-
ics of the horizontal salinity gradient during different phases
of the semi-diurnal cycle (Fig. 5a). A lag of about 1.5h was
observed between tidal height and salinity profiles (Fig. 5a),
which means that the maximum and minimum salinity con-
centration values coincide with moments just before high and
low tide, respectively. Figure 5b and d show a gradual de-
crease in salinity values upstream.

In Fig. 5a, it can be observed that the maximum salinity
levels occur near the high water slack, while the minimum
salinity levels are recorded around the low water slack. Fig-
ure 5b shows the progression of the saline intrusion during
neap tides (A). Using the 5 psu isohaline as the boundary for
the horizontal salinity gradient, it can be seen that the maxi-
mum salinity extends up to 63 km from the mouth, while the
minimum values of this isohaline do not exceed 56 km. In
contrast, during spring tides (B) (Fig. 5¢), as expected, higher
salinity values are observed throughout all sections of the es-
tuary compared to neap tides. The 5 psu isohaline extends
up to 72km from the mouth, while the minimum values do
not exceed 65 km. This shows a difference of approximately
5-8 km between the moments of maximum and minimum in-
trusion, this displacement being higher for spring tides than
neap tides.

In the same way, when comparing the behavior during
spring tides to neap tides, we can observe a difference of
8km between the minimum values and up to 10km be-
tween the maximum values. Therefore, there is an oscilla-
tion of approximately 10 km between spring and neap tides.
During spring tides, the horizontal salinity gradient reaches
higher concentrations further upstream compared to neap
tides, where both the maximum and minimum salinity val-
ues are lower. This finding is consistent with the results sug-
gested by Diez-Minguito et al. (2013), who documented a
net displacement of approximately 10 km between spring and
neap tides.

These results suggest that the constant anthropogenic pres-
sure on the estuary has caused a change in saline intrusion,
resulting in higher salinity levels upstream of the river com-
pared to the records of previous studies, such as that of
Fernandez-Delgado et al. (2007). In this study, it was found
that over a 6-year period (1997-2003), the 5 psu isohaline
boundary was located near 25 km at low tide and at 35 km at
high tide. The 18 psu isohaline limit was also found to be 5
and 15 km upstream of the river mouth at low and high tides,
respectively.

3.5 Discussion of the main anthropogenic pressures
driving the horizontal salinity gradient

The natural flow regime of the Guadalquivir estuary has un-

dergone significant changes due to different human activities
in the basin (Bramato et al., 2010; Lee et al., 2024). Future
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projections indicate a reduction in freshwater flow for this
estuary by the end of the 21st century (Lee et al., 2024).
Agricultural activities, land demand, and the channelization
of the estuary for navigation purposes have collectively con-
tributed to significant changes in its geomorphology (Ruiz et
al., 2015). The construction of the Alcala del Rio dam has
affected tidal propagation, and multiple water uses — includ-
ing agriculture, human needs, and industry — have resulted in
a 60 % reduction in freshwater inflows (Contreras and Polo,
2010).

The results from previous numerical simulations clearly
suggest that human activities (and also natural processes) de-
veloped in the estuary, along with the decrease in the fresh-
water inputs, are behind the excessive saline intrusion. It is
not possible to simulate the behavior of the horizontal salin-
ity gradient along the river without adding these effects. As
previously mentioned, river discharges into estuaries are reg-
ulated mainly for economic reasons: power generation, irri-
gation, and freshwater supply to populations located near the
basin (Vieira and Bordalo, 2000; Jassby et al., 2002). This
freshwater use leads to a decrease in estuarine water volume
and thus to increased saline intrusion. In recent years, fresh-
water discharges to the estuary have been reduced by more
than 50 % on average, and during dry periods, freshwater in-
put is almost completely controlled by the Alcald dam (Baldé
et al., 2005; Fernandez-Delgado et al., 2007).

The model used in the present study, which accurately re-
produces the current salinity along the river, has shown that
without the introduction of water withdrawals, the system
would not achieve the salinity presented in the observations.
This fact highlights the need to understand the effects that
changes in the amount of these water withdrawals, along
with changes in freshwater flow, could exert on the horizontal
salinity gradient behavior. For this purpose, different numer-
ical experiments were designed for various freshwater flows
and water sinks. The resulting simulations will be compared
with those obtained in the two 2022 campaigns, MG2 and
MGS3, under the real freshwater flow presented for these time
periods and sink values previously determined in Sect. 3.2.

3.5.1 Changes in freshwater flows

The freshwater discharge observed in MG2 and MG3 are, re-
spectively, 0 =12 m3s~!and 0=28 m?3 s~!; these values
were used as reference values. Five experiments were con-
ducted under the following different freshwater flows:

i. original freshwater flow (Qmag2 = 12m3s1; OmMaG3 =
gm3s1);

ii. observed freshwater flow reduced by 50 % (Qmac2 =
6m*s™!; Omgz =4m’s™");

iii. observed freshwater flow set to zero;
iv. observed freshwater flow increased by 50 % (QOma2 =

18m3s~1; OomaG3 = 12m3s™h;
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Figure 5. (a) Superposition of tidal height (m) and salinity (psu) simulated time series at Bonanza throughout 15 d of July 2022. Dashed lines
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v. observed freshwater flow increased up to Q=
40 m3 s~! established as the low-flow condition, fol-
lowing Diez-Minguito et al. (2012);

vi. yearly average freshwater flow of 185 m> s~!, following
Costa et al. (2009) and Morales et al. (2020).

The resulting simulations were analyzed at two specific mo-
ments of the tidal cycle at Bonanza station: the resulting
simulations were analyzed at two specific moments of the
tidal cycle at Bonanza station: at high water slack (continu-
ous lines) and at low water slack (discontinuous lines), which
closely correspond to maximum and minimum salinity val-
ues, respectively (Fig. 6a and b). The original freshwater flow
presented in both campaigns (MG2 and MG?3) is used as the
reference case (Experiment i). A 50 % reduction in freshwa-
ter flow (ii) presented for the MG2 simulation barely differs
from the current state (Fig. 6¢, blue lines), with a maximum
difference of 0.5 psu for both tidal instances. The highest
increase is found in Experiment (iii) (Fig. 6c, cyan lines),
where the freshwater flow is canceled. As seen in Fig. 6c,
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maximum changes do not exceed 0.9 psu. During low water
slacks, when minimum saline intrusion occurs, the zone with
the highest differences for both experiments is within the first
20km from the mouth. Conversely, during high water slack
moments, the maximum saline intrusion is present, this zone
moves by approximately 10 km with respect to the position in
maximum low water slack moments, and the highest salinity
differences oscillate from 15 to 30 km.

These results confirm those of Sect. 3.4, showing a shift in
the horizontal salinity gradient of about 10km between the
maximum and minimum saline intrusion. For MG3 (Fig. 6d),
the same behavior can be observed. The differences between
reducing the freshwater inputs by 50 % (Experiment ii) or
100 % (Experiment iii) show approximately the same salinity
concentration as the simulation including the actual freshwa-
ter inputs (Experiment i) during this campaign. In this case,
it can be seen that the areas with the greatest differences are
between 10 and 40 km for both tidal moments and for both
experiments, with the maximum differences for experiments
(i1) and (iii) being 0.3 and 0.6 psu, respectively. The small
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increases observed in the horizontal salinity gradient when
reducing freshwater input at the head were expected, as the
original freshwater flow during these campaigns was very
low.

Greater differences were found in experiments (iv), (v),
and (vi), where the responses, as expected, were reversed
(Fig. 6e and f), indicating a reduction in the horizontal salin-
ity gradient. Increasing the flow by 50 % (Experiment iii)
had no effect in any of the cases (MG2, MG3), with prac-
tically negligible differences (not exceeding 0.3 psu). How-
ever, a freshwater flow of 40m3s~! (Experiment v) pro-
duced a maximum difference of 2 psu for MG2 and 2.2 for
MG3, although these differences practically vanished 40 km
upstream from the mouth (Fig. 6e and f, green lines).

In addition, Experiment (vi) (Fig. 6e and f, pink lines)
shows the behavior of the horizontal salinity gradient cor-
responding to yearly average freshwater flows. These exper-
iments present the largest differences with respect to the ref-
erence periods. Maximum differences of up to 10 psu are ob-
tained for both tidal periods and both campaigns. For MG2,
differences are observed within the first 40 km, and for MG3,
the differences between both experiments are observable be-
yond 80 km from the river mouth. In the upper part of the
river, the salt concentration was lower, with differences of
less than 3 psu. This indicates that under this flow condition,
there is a lower salt concentration along the estuary, showing
that the horizontal salinity gradient is less pronounced in this
freshwater regime than in the reference case.

These results suggest that, under conditions of high fresh-
water flows, the saline intrusion from the Gulf of Cadiz is
blocked by freshwater flow, resulting in a reduction in the
salinization of the estuary. Low-flow conditions prevail over
75 % of the year (Diez-Minguito et al., 2012).

3.5.2 Changes in the water volume sinks

To evaluate the effect of decreasing or increasing the wa-
ter withdrawals from the GRE, four experiments were con-
ducted, taking the sinks established in the validation of the
numerical model for MG2 and MG3 campaigns as a refer-
ence:

1. reference § (IMG20_22 km = 0.0005 mm, MG227_47km =
0.0045 mm, MG242_35 km = 0.0005 mim, MG30_85 km =
0.00225 mm)

ii. § decrease by 15% (MG2p_22km = 0.000425 mm,
MG225_42km = 0.0038 mm, MG247-85km =
0.000425 mm, MG3_g5km = 0.0019 mm)

iii. § decrease by 50% (MG2p_22km = 0.00025 mm,
MG222_42 km = 0.00225 mm, MG245_85km =
0.0005 mm, MG3¢_g5xm = 0.0011 mm)

iv. 6 increase by 15% (MG20p-22km = 0.000525 mm,
MG222_42 km = 0.0052 mim, MG242_85 km =
0.000575 mm, MG3_g5km = 0.0026 mm)
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v. § increase by 50% (MG2p-22km = 0.00075 mm,
MG225 42 km = 0.0067 mm, MG247-85km =
0.00075 mm, MG3(_g5km = 0.0034 mm)

vi. 6 increase by 100% (MG2p_22km = 0.001 mm,
MG27 40km = 0.009 mm, MG245_g5km = 0.001 mm,
MG30_g5km = 0.0045 mm).

Reducing the sinks by 15 % (Experiment ii) produces a de-
crease in salinity of up to 0.4 and 0.5 psu for MG2 and MG3
(Fig. 7c and d, black lines), respectively, over both analyzed
tidal phases (Fig. 7a and b). Similarly, a greater reduction
(50 %, Experiment iii) in these sinks would result in a slight
decrease in the horizontal salinity gradient along the GRE,
with differences reaching 1.3 psu for MG2 and 1.6 psu for
MG3 (Fig. 7c and d, red lines). It should be noted that the
largest differences occur in the area with the highest vari-
ability in the salinity gradient, defined as the zones where
the gradient changes most significantly between tidal phases
(1040 km) while small differences are obtained further up-
stream, closer to the head of the estuary (70—85 km).

Analyzing the salinity profiles during the high water slack
in Bonanza (maximum salinity), the regions with the largest
differences for the MG2 time period (Fig. 7c, solid lines) are
located between 12 and 35km from the estuary mouth for
experiments (ii) and (iii). For the minimum salinity instant,
the zone of maximum differences extends from the mouth to
25 km upstream (Fig. 7c, dashed lines).

For July 2022 (Fig. 7d), during Experiment (ii), the zones
of maximum differences extend 10-30km from the mouth
for both tidal phases. For Experiment (iii), these zones ex-
tend from 10-50km during high water slack and from the
mouth to 50km during low water slack (minimum salinity
concentration). Therefore, it can be observed that reducing
these sinks slightly decreases the salinity gradient, resulting
in less saline intrusion into the system.

Conversely, an increase in the sinks leads to higher salin-
ization of the estuary, especially in the inner part of the
river. It must be noted that these are idealized experiments
designed to understand how the horizontal salinity gradi-
ent would respond to increased water withdrawal, potentially
linked to greater anthropogenic pressures (e.g., increased wa-
ter extraction for crop fields, proliferation of illegal wells, or
the creation of new secondary river channels to divert water
for anthropogenic purposes).

Referring to Fig. 7e, it can be observed that a 15 % or 50 %
increase in water withdrawal (experiments iv and v, respec-
tively) leads to a gradual increase in salinity, with maximum
differences of 0.7 psu (Experiment iv) and 1.4 psu (Experi-
ment v) for both tidal phases analyzed. Doubling the water
withdrawal along the entire channel (Experiment vi) results
in a more pronounced increase, with salinity concentration
differences of almost 3 psu throughout the estuary (Fig. 7e,
green lines). The areas of greatest change during periods of
maximum saline intrusion are between 10 and 40km from
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differences between each experiment and Experiment (i).

the mouth, while during periods of minimum saline intru-
sion, the most affected areas are within the first 30 km.
Similarly, for the July 2022 analysis period, Experiment
(iv) shows the smallest differences and behaves almost iden-
tically to the reference case (Experiment i), with a maximum
increase of only 0.5 psu. However, in this case, Experiment
(v) shows an increase of nearly 2 psu, while Experiment (vi)
records maximum increases of up to 3.5 psu. The areas of
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greatest discrepancy during periods of minimum saline in-
trusion are located within the first 40 km from the mouth,
while during periods of maximum intrusion these areas ex-
tend from 10 to 60 km upstream. Notably, in Experiment (vi),
the changes also affect the mouth of the estuary during the
maximum salinity moment.

It is important to highlight that these differences remain
relatively small due to the low intensity of the implemented
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sinks. This is particularly relevant for Experiment (vi), where
the largest volume of water is removed and the threshold for
more significant changes is revealed. In other words, more in-
tensive sinks will lead to an increase in the salinity gradient,
resulting in much greater saline intrusion into the estuary.

The most affected areas are those near agricultural fields.
An increased salinity gradient will result in greater saliniza-
tion of the water, which will directly affect these fields that
rely on water from the main channel for irrigation. This phe-
nomenon will affect not only agricultural activities, but also
all other socioeconomic and environmental activities that de-
pend on the estuary.

The selected times correspond to the moments of maxi-
mum and minimum salinity in Bonanza; however, the tidal
phase lag along the estuary must be taken into account. This
will result in slightly higher or lower salinity concentrations
at the exact moments of maximum and minimum salinity at
each point along the river.

These findings underscore the significant impact that
changes in water volume sinks can have on the salinity dy-
namics of the Guadalquivir estuary. Reducing the sinks leads
to a decrease in salinity, mitigating the extent of the horizon-
tal salinity gradient, while increasing the sinks amplifies it,
pushing higher salinity concentrations upstream. This sensi-
tivity to water sinks emphasizes the importance of managing
water usage to control salinity levels in the estuary, which is
crucial for maintaining ecological balance and water quality.

The relationship between saline intrusion, freshwater
flows, and the effect of water withdrawals is consistent with
findings from other estuaries where changes in freshwater
flow regimes have been shown to directly influence the hor-
izontal salinity gradient. For instance, Alcérreca-Huerta et
al. (2019) demonstrated an increase in the horizontal salin-
ity gradient, with high salinities reaching up to 46 km from
the mouth in the Grijalva River estuary, as a result of re-
duced freshwater discharge due to dam construction. Simi-
larly, using a model to analyze the relationship between salin-
ity and freshwater flow in the Yangtze River estuary, Webber
et al. (2015) showed that reduced freshwater flow leads to
greater salt intrusion. In essence, the lower and more pro-
longed the freshwater discharge, the greater the probabil-
ity of more intense and prolonged salt intrusion. Huang et
al. (2024) in the Changjiang estuary showed that the hori-
zontal salinity gradient in the Changjiang estuary could be
limited by controlled and sufficiently high freshwater flows
from the Three Gorges reservoir. Extrapolating these find-
ings to the GRE, it is clear that under high-flow regimes, or
if enough freshwater is released, saline intrusion could be
halted by the substantial volume of freshwater flowing down
the estuary, counteracting tidal forces.

The effect of water withdrawals, although not in the exact
form presented in this study, has been proposed by Huang et
al. (2024). These authors analyzed the effect of water with-
drawals through three experiments where the volume of wa-
ter withdrawn was increased from 0 to 500m>s~! and fi-
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nally to 1000 m> s~!, resulting in an increase in the horizon-
tal salinity gradient of approximately 6—7 km (at high water
slack and low water slack, respectively) further into the es-
tuary. These withdrawals directly affect the freshwater flow,
reducing its volume. These results are consistent with the
findings of this study, where water withdrawals are made di-
rectly from the channel under low-flow conditions, leading
to excessive salinization of the Guadalquivir. It is shown that
the greater the volume of water withdrawn, the greater the
horizontal salinity gradient is.

The high salinity concentrations associated with the saline
intrusion have direct and detrimental impacts on the ecosys-
tem. These impacts include altering water column properties
such as turbidity, affecting primary production, and affect-
ing crop fields and domestic water use. Moreover, these ef-
fects extend beyond the ecosystem to impact the ecosystem
services and associated socioeconomic aspects in this coastal
area. Therefore, this study highlights the importance of estab-
lishing a much higher ecological freshwater flow to mitigate
salt intrusion, alongside strict control of water withdrawals
in the estuary.

4 Conclusions

The nonlinear 1D numerical model used in this study, which
incorporates realistic variations in channel width and bot-
tom depth (average values across the channel), as well as
withdrawals originating from the system, has demonstrated
a highly satisfactory performance achieved through an ex-
tensive process of calibration and validation. This process
includes comparing simulations with numerous observations
of salinity at various points along the estuary.

The changes in freshwater flow (Q) lead to slight varia-
tions in the current situation within the GRE. A decrease
or increase in Q results in slight increases or decreases in
salinity concentration. Significant reductions in the horizon-
tal salinity gradient were observed only at moderate to high
discharges (above 40 m?3s~1). However, the main driver in-
fluencing the behavior of the horizontal salinity gradient un-
der the low-freshwater regime is the water withdrawals from
the estuary, whose main cause could be related to anthro-
pogenic activities.

The experiments conducted, based on idealized condi-
tions, provide insight into the magnitude of anthropogenic
pressures on the salinization of the GRE. The current state re-
veals an excessive saline intrusion into the GRE, as indicated
by the advection and dispersion numerical model incorpo-
rating a sink parameter (§) to simulate the effect of water
volume withdrawals from the inner estuary. Thanks to this
parameterization we can define a reference situation which
would correspond to a situation where no sinks (§ = 0) are
considered. This reference situation would represent the ideal
functioning of the estuary with a minimum horizontal salin-
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ity gradient that would never reach more than 25 km from its dient can be attributed to water withdrawals from the es-
mouth. tuary, where the main source of this water withdrawal can
The changes in freshwater flow (Q) result in slight vari- be attributed to anthropogenic activities taking place in this
ations from the current situation. A decrease/increase in Q coastal system.
slightly increases/decreases salinity concentration. Only at Furthermore, the impact of anthropogenic activities ex-
moderate to high discharges (above 40 m> s~!) was a signif- tends beyond salinity. Upstream, various physicochemical
icant reduction in the horizontal salinity gradient observed. and biological variables, such as nutrients, organic matter,
However, under the low-flow regime the main mechanism and contaminants, may also accumulate. The removal of
driving the observed behavior of the horizontal salinity gra- the salt intrusion from the estuary depends on the mag-
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nitude of freshwater discharge. Moderate discharges (100—
200m?> s~ 1) typically shift the salt intrusion to the estuary
mouth and reduce tidal currents in the upper estuary. In con-
trast, significantly higher discharges (approximately 1 order
of magnitude greater) are required to dampen tidal currents
throughout the entire estuary. Under such conditions, accu-
mulated substances at the estuary mouth can be exported into
the Gulf of Cadiz.
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