
Ocean Dynamics (2026) 76:25
https://doi.org/10.1007/s10236-026-01778-8

RMSEpeaks	� RMSE evaluated only at high- and low-tide 
peaks

RMSEspring	� RMSE evaluated only at high- and low-tide 
peaks during spring-tide

RMSEneap	� RMSE evaluated only at high- and low-
tide peaks during neap-tide

1  Introduction

Estuaries  are dynamic, highly productive ecosystems 
governed by complex interactions between marine and 
riverine processes (Savenije 2012). Accurate short-term 
forecasting of hydrodynamic conditions in these envi-
ronments is essential for both scientific understanding 
and applied management. In operational oceanography, 
forecasting systems that merge real-time observations 
with numerical models provide a framework to quantify 
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predictive uncertainty and to support diverse societal 
applications (Kourafalou et al. 2015).

Over the past decades, operational forecasting systems 
have become key tools to support estuarine and coastal 
management worldwide. In South America, real-time fore-
casting platforms developed for the highly urbanized Santos 
estuary (Brazil) have shown the value of integrating numer-
ical models and observations to predict short-term water 
levels and storm tides affecting port operations (Costa et al. 
2020; Mendes et al. 2019). Comparable initiatives exist in 
other regions, including the New York Harbor Observing 
and Prediction System in North America, which provides 
real-time water level and circulation forecasts for navigation 
safety (Georgas et al. 2009; Georgas and Blumberg 2010), 
and the European Storm Surge Forecasting System, which 
delivers regional-scale surge predictions for coastal risk 
management across multiple countries (Fernández-Mont-
blanc et al. 2019). These examples illustrate the growing 
role of operational forecasting in estuarine environments, 
where tidal dynamics interact with regulated freshwater 
inputs and meteorological variability on short timescales 

(Müller-Navarra and Bork 2011; Kourafalou et al. 2015; 
NOAA CO-OPS 2020).

Operational forecasting systems may focus on differ-
ent components of the coastal environment, including 
hydrodynamics, waves, water quality, and biogeochemical 
processes, depending on observational availability and man-
agement priorities (Kourafalou et al. 2015). Among these, 
water level forecasting remains a cornerstone of operational 
estuarine systems due to its direct relevance for navigation 
safety, flood risk, and coastal management (NOAA CO-
OPS 2020).

The Guadalquivir estuary, located in the southwestern 
Iberian Peninsula, exemplifies a highly regulated, navi-
gable system where hydrodynamic uncertainty has both 
scientific and practical consequences. The estuary extends 
approximately 100 km to the Alcalá del Río dam, narrowing 
from 1 km at its mouth to barely 100 m at its head, with an 
average channel depth of 6.5 m (Donázar-Aramendía et al. 
2018). The 80 km navigable waterway includes the Port of 
Sevilla (Fig. 1B), the only inland commercial port in Spain. 
Freshwater discharge, which is heavily regulated by human 

Fig. 1  (A) Map of the Guadalquivir estuary displaying the Delft3D 
computational grid and the tide-gauge observation sites of PdE (yel-
low circles) and SAIH (orange circles). The positions of the Brazo de 
la Torre, Alcalá de Guadaira and Gergal tributaries, together with the 

upstream Alcalá del Río dam and the Port of Sevilla, are also marked. 
(B) Enlargement of the grid stretch that connects the estuary with the 
Port of Sevilla lock
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intervention, averages around 20 m³·s, but can occasionally 
exceed several thousand m³·s during sporadic flood events 
(Bermúdez et al. 2021). Under typical low-flow conditions, 
the estuary exhibits a mesotidal regime dominated by the 
principal lunar tidal constituent M2 (Álvarez et al. 2001; 
Díez-Minguito et al. 2012a; Muñoz-López et al. 2024). 
Human interventions—including river regulation, land 
reclamation, meanders cutoffs, and infrastructure develop-
ment—have altered the hydrodynamic response (Ruiz et al. 
2015; Díez-Minguito et al. 2012a), producing a damped, 
partly reflected semidiurnal tide whose amplitude changes 
following a V-shape pattern along the channel (Díez-Min-
guito et al. 2012b, 2013; Muñoz-López et al. 2024). Climate 
change and future morphological interventions could inten-
sify these alterations (Couto et al. 2024). Recent numerical 
studies on tidal propagation and resonance dynamics in the 
Guadalquivir Estuary (Siles-Ajamil et al. 2019; Muñoz-
López et al. 2024) further highlight the need for robust, 
short-term forecasting systems that can be embedded within 
real-time operational workflows.

In the Guadalquivir Estuary, the implementation of an 
operational forecasting system is particularly critical due 
to its navigational, agricultural, and environmental con-
straints. In this context, accurate short-term water level 
forecasts are particularly critical for navigation through the 
80 km tidal waterway upstream of the port, where safe tran-
sits depend on reliable under-keel-clearance estimates and 
on the scheduling of lock operations at the port of Sevilla 
(Fig.  1B). While the astronomical tide can be predicted 
years in advance, the meteorological contribution—often 
only a few centimeters but sometimes much larger—
remains uncertain beyond a few days. Forecasts are also 
valuable for the extensive rice-growing areas bordering the 
middle and lower estuary, where they support the optimi-
zation of freshwater releases and extractions to minimize 
salinity stress on crops (Moral Ituarte 1993; Muñoz-López 
et al. 2025). In addition, water level predictions inform 
dredging campaigns required to maintain channel depth 
and provide guidance for fisheries and environmental man-
agement in the region (Ruiz et al. 2015).

Against this background, this study presents the develop-
ment and implementation of an operational real-time hydro-
dynamic forecasting system for the Guadalquivir Estuary. 
The system provides 72-h water level forecasts updated 
twice daily, integrating astronomical tides and meteorologi-
cal forcing, and is validated against a network of tide gauge 
observations.

The paper describes the operational framework, its skill 
assessment, and the strategies adopted to address uncertain 
forcings. Although the model also resolves velocity, temper-
ature, and salinity fields, the current lack of systematic real-
time observations for these variables limits their operational 

validation, which is discussed together with future exten-
sions of the system.

2  Methodology and system architecture

2.1  Observational data sources

Water level observations from nine tide gauge stations pro-
vide spatially representative coverage of the Guadalquivir 
estuary. Four radar gauges belonging to the Puertos del 
Estado (PdE, hereinafter) REDMAR network (yellow dots 
in Fig. 1 A) are located along the navigable reach, and their 
data are freely accessible at https://portus.puertos.es. ​A​d​d​
i​t​i​o​n​a​l​l​y​, the Automatic Hydrological Information System 
for river flood management (SAIH hereinafter, ​h​t​t​p​​s​:​/​​/​w​w​
w​​.​c​​h​g​u​​a​d​a​l​​q​u​i​​v​i​r​​.​e​s​/​s​a​i​h), belonging to Guadalquivir ​H​y​d​r​
o​g​r​a​p​h​i​c Confederation, provides five real-time gauges in 
the middle and upper estuary (orange dots in Fig. 1 A). For 
the present analysis, we use the seven stations that remained 
fully operational throughout 2024; the Puntal and Caseta 
gauges, which were intermittently offline, were excluded 
(see Fig. S1 of the Supplementary Material), following the 
quality-control criteria described in Muñoz-López et al. 
(2024). These data are systematically collected via auto-
mated protocols and databases provided by regional moni-
toring networks.

Discharges observations are also supplied by SAIH. 
Approximately 80% of the total inflow originates from the 
Alcalá del Río dam (Bermúdez et al. 2021), with an average 
release of 20 m³·s, while the Brazo de la Torre, Alcalá de 
Guadaira, and Gergal tributaries contribute approximately 
0.35, 0.75, and 0.80 m³·s, respectively.

2.2  Numerical model configuration

The operational forecasting system employs the Delft3D 
hydrodynamic model, the same model as in Muñoz-López 
et al. (2024, 2025). A detailed description can be found in 
those studies; here we summarize the main aspects relevant 
to the present implementation. The Delft3D-Flow software 
package (Deltares 2022) is a robust, widely used numeri-
cal modeling tool capable of solving three-dimensional 
shallow-water and transport equations. The computational 
domain extends from 5° 58′ W to 6° 34′ W and from 36° 
39′ N to 37° 31′ N (Fig. 1 A), discretized with a curvilin-
ear grid following the Arakawa-C scheme and a vertical 
sigma-coordinate system of ten layers. Horizontal resolu-
tion ranges from ~ 300 m in the ocean to a few meters in the 
tributaries. Bathymetry is provided by the Port of Sevilla. 
Along the 80-km navigable reach, it is surveyed frequently, 
yielding very detailed and regularly updated bathymetry, 
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subdomains (see Fig. S3 of the Supplementary Material), 
which keep approximately the same number of nodes to be 
computed. This parallelization reduces run time by a factor 
of ~ 37 compared to the non-parallel configuration. Each tile 
runs on a single thread and provides the real-time bound-
ary conditions for the adjacent tiles, while additional threads 
coordinate communication and file output. The model is 
executed on a high-performance computing machine with 
24 physical cores, 64 GB RAM, 8 GB GPU capacity.

2.3  Model calibration and validation

The calibration of the hydrodynamic model follows the 
methodology established by Muñoz-López et al. (2024), 
using an identical model configuration, which is briefly 
summarized here. Harmonic analysis was performed on the 
available water level observations, and the resulting har-
monic constants were compared to those derived from the 
numerical model. Differences in the amplitude of the domi-
nant M2 tidal constituent were less than 3 cm throughout the 
estuary, with phase discrepancies under 10 min (see Fig. 2 in 
Muñoz-López et al. 2024). Model performance was further 
assessed using time series of observed and simulated water 
levels at two monitoring stations situated in the lower and 
upper reaches of the navigable stretch of the Guadalquivir 
estuary (see locations in Fig. 1, Muñoz-López et al. 2024). 
Agreement was high, with Pearson correlation coefficients 
of 0.981 and 0.985, and root mean square errors (RMSE) of 
1.3 cm and 1.1 cm, respectively. Velocity data collected at an 
intermediate estuarine location, also showed strong agree-
ment with model results, with RMSE values below 5 cm/s 
(see Fig.  3 in Muñoz-López et al. 2024). These measure-
ments were obtained during a dedicated field campaign and 
are therefore not available in real time. The salinity compo-
nent of the model has also been satisfactorily validated in 
Muñoz-López et al. (2025), further supporting the robust-
ness of the model configuration and its suitability for simu-
lating hydrodynamic processes in the Guadalquivir estuary.

whereas upstream of Sevilla, where commercial traffic is 
absent, bathymetric data is older and sparser, introducing 
higher modelling uncertainty. A detailed visualization of the 
numerical bathymetry is shown in Fig. S2 of the Supple-
mentary Material.

Background horizontal viscosity and diffusivity have 
been set to 1 m²/s and 10 m²/s, respectively (Deltares 2022), 
while no background values were used for the vertical com-
ponents. Bottom stress was represented using the 3D for-
mulation of the Chézy friction coefficient, which is directly 
linked to the riverbed roughness length ks (see Muñoz-
López et al. 2024 for details). A constant roughness length 
of ks = 1.5 × 10⁻⁴ m for all the domain, provide the best 
agreement between model outputs and observations under 
low-discharge conditions.

The model integrates multiple forcings:

	● Astronomical tide imposed at the ocean boundary using 
harmonic constants (Muñoz-López et al. 2024).

	● Meteorological tide retrieved from the operational NIV-
MAR model (Álvarez Fanjul et al. 2001) at the ocean 
boundary, which is used as sub-inertial water level 
corrections.

	● Temperature (20-year daily average from SAIH) and sa-
linity (36.7 g/kg at the mouth; 0.1 g/kg for freshwater) 
are set as boundary conditions.

	● Wind stress and atmospheric and radiative forcing at the 
free surface data retrieved from the operational HAR-
MONIE-AROME numerical weather prediction model 
(Ruiz Pacheco et al. 2018) operated by the Spanish State 
Meteorological Agency and interpolated to the spatial 
grid.

	● Freshwater discharges in the cells attached to freshwater 
sources (see Fig. 1A).

To enhance computational efficiency and operational 
usability, the model runs in parallelized mode. The main 
924 × 375 × 10 nodes regular domain is split into 12 

Fig. 2  Schematic representation of the temporal distribution of model 
simulations. Each simulation includes a 36-h hindcast (blue shade) and 
a 72-h forecast (green shade), executed every 12-h. The diagram also 

indicates the timing of model initialization (red line), execution (yel-
low line), and publication of forecast outputs (light green line) on the 
web platform
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2.4  Operational forecasting workflow

The operational configuration distinguishes between exter-
nally-supplied forcings, integrated in real time from exter-
nal providers, and internally-prescribed forcings that can be 
generate without outside input. The latter group includes 
the astronomical tide imposed at the ocean boundary and 
the climatological temperature and salinity fields applied 
at the open boundaries. The externally-supplied forcings 
comprise the meteorological tide from NIVMAR, regulated 
freshwater releases at the Alcalá del Río dam and the main 
tributaries provided from the SAIH, and the surface wind 
and heat-flux fields delivered by the HARMONIE-AROME 
atmospheric forecast.

The model runs automatically every 12-h using a leapfrog 
temporal structure, consisting of a 36-h hindcast (retrospec-
tive simulation) and a 72-h forecast (forward simulation), as 
illustrated in Fig. 2. This configuration is synchronized with 
the operational cycle of the NIVMAR model, from which 
the 72-h forecast meteorological contribution is obtained. 
Custom algorithms ensure robustness in the integration of 
external data and handle potential gaps in forcing inputs. 
For instance, if meteorological tide data are unavailable 
likely due to NIVMAR failure, the algorithm replaces the 
missing segment with a zero-valued fictitious series. Atmo-
spheric forcing from HARMONIE-AROME is available 
for the first 48-h; the remaining 24-h are filled by repeat-
ing the last available day of radiative forcing, while wind is 

Model performance should be interpreted considering 
the underlying bathymetric features, which play a funda-
mental role in estuarine hydrodynamics. In systems such as 
the Guadalquivir Estuary, bathymetry is not only spatially 
heterogeneous but also temporally variable due to anthro-
pogenic interventions and natural sediment dynamics (Ruiz 
et al. 2015; Megina-Martínez et al. 2023). The consistency 
between the bathymetry used by the model and the actual 
bathymetric conditions during the observation period is 
therefore a key factor controlling validation results. When 
the model is forced with outdated bathymetry, both model 
skill and the harmonic characteristics of the observed sig-
nal may be affected, particularly in the upper estuary where 
bathymetric surveys are less frequent. Conversely, once the 
model is calibrated, local bathymetric modifications such 
as maintenance dredging have a comparatively irrelevant 
impact on the overall consistency of the hydrodynamic solu-
tions, as shown by additional sensitivity analyses included 
in Section S2 of the Supplementary Material. Nevertheless, 
other types of morphological alterations, such as the open-
ing of new channels or the reconnection of the estuary with 
adjacent tidal flats, may locally affect tidal dynamics and 
cannot be considered negligible (Siles-Ajamil et al. 2019; 
Muñoz-López et al. 2025). In addition, flood events can 
substantially modify the fluvial regime by redistributing 
sediments and inducing bathymetric changes, thereby influ-
encing estuarine dynamics both during and after the event 
(Losada et al. 2017).

Fig. 3  Comparison of the water level modeled by the operational model (solid blue) and the observed level (dashed orange) for the period 15 
September – 15 October 2024
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values. RMSE computed over the full time series is nor-
malized by the tidal range over a reference period with 
complete or nearly complete data at all stations (2022–
2023; see Fig. S1 of the Supplementary Material), while 
RMSEpeaks is normalized by the mean observed high-
tide peak height over the same reference period.

	● Alert thresholds. During every hindcast cycle, if RM-
SEpeaks at Bonanza (mouth), which is the tide gauge of-
fering the longest and more robust time series, exceeds 
12.5?cm or if r falls below 0.9, the run is flagged, and an 
automatic email alert is sent to system operators. This 
threshold-based monitoring transforms forecast verifi-
cation into a real-time quality-control process.

All forecasts, observations, and skill scores are archived 
systematically, enabling retrospective evaluation and pro-
gressive refinement of the forecasting system.

3  Results

This section presents an evaluation of the operational model 
performance. We first assess water level forecast skill over a 
one-month evaluation period using bulk statistical metrics. 
We then examine four consecutive 72-h forecasts cycles 
covering a 20-day operational period, in order to illustrate 
phase coherence and amplitude accuracy at representative 
sites. A sensitivity experiment evaluates the robustness of 
the system to uncertain forcings. Finally, we summarize the 
alert thresholds implemented in the system, indicating when 
they are triggered and the conditions that cause the alerts.

3.1  Forecast skill assessment

3.1.1  Validation against tide gauges

Figure 3 compares observed (dashed orange line) and simu-
lated (solid blue line) water levels at seven tide-gauge sites 
along the Guadalquivir Estuary, from the closure dam at 
Alcalá del Río to the mouth at Bonanza, over a continu-
ous 30-day period. The operational model reproduces the 
semidiurnal tidal signal and spring–neap modulation with 
high fidelity across the estuary, with only minor amplitude 
differences at the two most upstream stations.

The corresponding skill metrics are summarized in 
Table  1. Model error increases gradually in the upstream 
direction, with RMSE values ranging from 11.8  cm 
at Bonanza (6.6% of the local tidal range) to 19.9  cm at 
Alcalá del Río, corresponding to a maximum relative error 
of approximately 10% of the tidal range. Errors evaluated 
at tidal extremes remain moderate, with RMSEpeaks below 
the 15  cm alert threshold at all stations and normalized 

set to zero. Freshwater inputs are used up to real-time and 
extended into the forecast period using the mean value of 
the 36-h hindcast period. This strategy ensures continuous 
and uninterrupted model operation.

In Fig. 2, the red line indicates the start of the automated 
workflow. Four hours later (yellow line), after a buffer 
period set to ensure that all external providers (NIVMAR, 
HARMONIE-AROME and SAIH) have completed their 
latest cycles and published the required data, the simulation 
is run. Following the simulation, post-processing and qual-
ity-control routines are applied, and the resulting products 
are uploaded to the web interface (light green line) in less 
than one hour. The entire workflow, from data collection to 
web publication, requires ~ 35 min of computational time.

2.5  Forecast outputs and skill assessment

Every 12-h cycle, the operational system produces a full 
72-h water level forecast on the model grid and at seven tide 
gauges where real-time observations are available. Although 
the model also provides three-dimensional velocity, tem-
perature, and salinity fields (Muñoz-López et al. 2024, 
2025), only water level forecasts are currently disseminated 
in this initial operational release. At present, operational 
forecast verification is therefore limited to water level, as 
no real-time current velocity observations are available in 
the estuary. The additional 3D variables are archived inter-
nally for potential future integration. Forecast verification is 
performed for each simulation and structured around three 
components that provide quantitative skill metrics:

	● Direct water level comparison. One month of opera-
tional output is compared with observations from the 
seven tide-gauge stations. The selected interval, 15 Sep-
tember – 15 October 2024, chosen here as an illustrative 
example, corresponds to a period with complete records 
and without major flood pulses that could disturb the 
tidal regime.

	● Bulk statistics. Root-Mean-Square Error (RMSE) and 
the Pearson correlation coefficient (r) are computed fol-
lowing the framework described by Costa et al. (2020). 
In addition, three complementary metrics are introduced 
to better characterize errors at tidal extremes: RMSE-
peaks, defined as the RMSE evaluated only at high- and 
low-tide peaks; RMSEspring, computed considering only 
peaks during spring-tide periods; and RMSEneap, com-
puted analogously for neap-tide periods. These metrics 
help to disentangle phase-lag and amplitude-related er-
rors and to assess model performance under different 
tidal-energy conditions. To facilitate comparison across 
stations with different tidal amplitudes, error metrics 
are expressed both in absolute terms and as normalized 
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Figure 4 illustrates four consecutive 72-h forecasts (col-
ored lines) and corresponding observations (black line) at 
three representative stations: Sevilla (upper reach), Veta La 
Palma (middle reach), and Bonanza (lower reach). Each 
forecast begins after its 36-h hindcast (vertical markers), 
together spanning a 20-day period of continuous operation. 
Forecasts remain phase-locked with observations, without 
discernible timing drift, even at the upstream limit of navi-
gation (Sevilla). Peak-to-trough tidal ranges are accurately 

differences consistently below 9%, with an average value of 
7.1%. Comparable or slightly lower error levels are obtained 
when RMSE is computed separately for spring (RMSEspring) 
and neap (RMSEneap) tide conditions. Finally, Pearson cor-
relation coefficients are consistently high (r ≥ 0.97), indicat-
ing strong phase agreement between modeled and observed 
water levels. Overall, these results demonstrate that the 
operational system maintains robust performance across 
different tidal regimes.

Table 1  Root-Mean-Square error (RMSE) computed over the complete time series, normalized RMSE (NRMSE), pearson correlation coefficient (r), 
RMSE evaluated at high- and low-tide peaks (RMSEpeaks) and its normalized value (NRMSEpeaks), together with RMSE values computed separately 
for representative spring-tide (RMSEspring) and neap-tide (RMSEneap) periods, at each tide-gauge station for the period 15 September–15 October 
2024
Stations RMSE (cm) NRMSE (%) r RMSEpeaks (cm) NRMSEpeaks (%) RMSEspring (cm) RMSEneap (cm)
Alcalá del Río 19.9 10.0 0.971 14.9 7.6 13.4 12.9
Isla Cartuja 18.2 8.8 0.979 10.9 7.1 10.9 10.8
Sevilla 17.4 9.0 0.985 12.9 8.7 11.2 13.0
Isla Mínima 10.8 6.9 0.991 8.6 6.9 5.1 9.3
Poblado 11.9 8.6 0.991 9.8 7.4 7.5 7.8
Veta La Palma 10.6 7.8 0.987 7.9 8.9 6.9 7.6
Bonanza 11.8 6.6 0.994 8.6 3.7 5.2 4.9

Fig. 4  Direct comparison of observed water levels (black line) and 
simulated water levels (colored lines) from four test simulations over 
a 20-day operational period at three tide gauges that represent the 
navigable part of the Guadalquivir estuary. Each simulation includes 
a 36-h hindcast followed by a 72-h forecast. Vertical lines indicate the 
forecast start times. Sevilla is used as the upstream reference rather 

than Alcalá del Río, since the operational system is intended as a nav-
igation-support tool and the estuary ceases to be navigable for large 
vessels upstream of the Port of Sevilla lock system (see Fig. 1B). The 
remaining tide gauges exhibit similar results and are therefore included 
only in the Supplementary material (Fig. S4)
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These results demonstrate that forecast skill is only mar-
ginally affected by these simplified boundary assumptions, 
confirming the robustness of the operational strategy.

3.2  Automated alerting system

Forecasts are complemented by an internal alerting proto-
col. At the end of each cycle, two indicators are evaluated at 
Bonanza tide gauge (PdE network): RMSEpeaks and Pearson 
correlation (r) computed over the observed and modeled 
hindcast water level series, both indicators already used for 
the validation in Section 3.1.1.

If either indicator falls outside established thresholds 
(RMSEpeaks > 12.5 cm or r < 0.9) the simulation is automati-
cally flagged on the diagnosis files, and an email is sent to 
the duty forecaster. The 12.5 cm tolerance corresponds to 
an internal operational criterion derived from long-term sta-
tistics at both stations: it represents roughly 8–10% of the 
typical spring-tide range in mid-estuary, making it sensitive 
enough to detect meaningful forecast degradations, yet large 
enough to avoid false alarms caused by sensor noise. The 
0.9 correlation threshold helps identify the remaining fail-
ures due to severe phase shifts between the observed and 
modeled outputs, which the RMSEpeaks metric often masks.

captured, typically within ± 10 cm at Bonanza and Veta La 
Palma and within ± 13  cm at Sevilla. These findings are 
consistent with Table 1, where the mean RMSEpeaks remains 
below 15 cm and the Pearson correlation exceeds 0.97 for 
all forecasts. This skill is spatially homogeneous and does 
not deteriorate from one forecast cycle to the next, confirm-
ing that the current operational configuration setup provides 
stable and reliable 72-h water level predictions.

3.1.2  Robustness to uncertain forcings

Operational forecasts require assumptions for forcings 
beyond the nowcast window. Dam releases are fixed at their 
36-h hindcast average, and wind fields are set to zero beyond 
48-h. To test the sensitivity of this approach, an experiment 
was performed where observed discharge and wind were 
imposed over the full 72-h forecast horizon (Fig. 5).

Results indicate that discharge variability of 0–30 m³·s⁻¹ 
(instead of the constant 9 m³·s⁻¹ mean) modifies water lev-
els by ± 4 cm near the dam (light grey line in Fig. 5A), a 
signal attenuated to < 2 cm at Isla Mínima (light grey line in 
Fig. 5B) and negligible downstream. Suppressing moderate 
5–10 m·s⁻¹ winds beyond 48-h introduces differences < 1 cm 
at Bonanza (light grey line after hour 14:00 in Fig.  5C). 

Fig. 5  Panels A–C compare observed water levels (black line) with 
two model runs at three representative tide gauge stations: Blue line 
is the output of the operational configuration used in daily produc-
tion, whereas dashed orange line is the output of a sensitivity run in 
which observed wind and dam discharge are applied for the full 72-h 
instead of being replaced by the hindcast period mean (discharges) and 
zero-wind assumption beyond 48-h (see text for details). Light grey 

curves show the absolute difference between the two runs (scale on 
the right axis). Panel D shows the time-dependent discharge released 
at the Alcalá del Río dam used in the sensitive run (orange line) and 
the hindcast period mean value routinely applied in the operational 
forecast window (blue line). Panel E shows the observed wind speed 
used in the sensitive run (orange line) and the operational zero-wind 
assumption beyond the first 48-h (blue line)
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tidal reflection and non-linear distortion from enhanced fric-
tion are strongest (Díez-Minguito et al. 2012a, b; Muñoz-
López et al. 2024). However, these secondary components 
are almost an order of magnitude weaker than the prevailing 
M₂, and their contribution to water level prediction error is 
operationally negligible, particularly downstream of Sevilla, 
where the discrepancies become even smaller. No system-
atic timing drift was detected between successive 12-h fore-
cast cycles, indicating that spatial consistency and temporal 
stability are preserved throughout the 72-h forecasts. Taken 
together, these results demonstrate that the present opera-
tional configuration provides stable, accurate water level 
predictions suitable for real-time operational applications in 
the Guadalquivir estuary.

Sensitivity tests demonstrate that the treatment of 
unknown future forcings (i.e., dam discharge held at its 
hindcast mean and zeroing wind stress beyond 48-h) adds 
errors of less than 4 cm in predicted water levels, well inside 
the system’s intrinsic uncertainty envelope. Therefore, for 
short forecasts (less than 72-h) under usual low-discharge 
conditions, the lack of a fully deterministic discharge or a 
high-precision 72-h wind forecast does not significantly 
affect the accuracy of the water level prediction, thus con-
firming the robustness of the system under uncertain inputs. 
Consequently, the operational system supplies reliable 
water‑level forecasts for port‑specific activities, such as 
optimizing each vessel’s transit, selecting entry and depar-
ture times and adjusting speed in each reach, or defining 
dredging windows for channel maintenance.

Although the Guadalquivir estuary operational system 
meets accuracy targets under the low-discharge regime 
(< 200 m³·s⁻¹) that prevails for more than 70% of the year 
(Losada et al. 2017), the estuary is also subject to short-dura-
tion river pulses that can exceed 400 m³·s⁻¹ at the Alcalá del 
Río (Bermúdez et al. 2021). Field evidence shows that such 
events inject very high suspended-sediment concentrations, 
which in turn increase vertical stratification and amplify the 
tidal signal, sometimes preventing a full return to pre-flood 
baseline levels (Wang et al. 2014; Losada et al. 2017). Com-
parable challenges have been documented in other estuar-
ies, such as the Santos estuary (Brazil), where Mendes et 
al. (2019) highlighted the importance of updating discharge 
inputs and bottom-stress parameterization to preserve fore-
cast skill during floods. For the Guadalquivir estuary, a sim-
ilar operational strategy will likely be required: when dam 
releases exceed a configurable threshold (e.g., 400 m³·s⁻¹), 
transitioning to a high-turbidity regime through adjustment 
of bottom-roughness coefficients will be essential to main-
tain forecast reliability, particularly during extreme events 
when robust guidance is most critical.

3.2.1  Frequency of alerts

Between 30 April 2024 and 25 June 2025, 843 forecast 
cycles were completed, generating 94 alerts (≈ 11% of runs). 
These alerts fall into three categories:

	● Major river discharges (> 200 m³·s⁻¹ at Alcalá del Río) 
that abruptly alter the water column inducing a regime 
shift likely due to high-suspended sediment concentra-
tions that discharge triggers and distort the tidal dynam-
ics (< 3.5% of all alerts).

	● Sustained winds (> 10  m·s⁻¹), typically during storms 
and peak discharges, destabilizing water level signals 
(< 1.5%).

	● Unexplained or isolated events, likely related to sensor 
fouling or accidental disturbance (< 7%).

Thus, ~ 40% of the warnings can be traced to well-defined 
hydrometeorological forcings, while the remainder likely 
reflects a combination of undocumented sensor anoma-
lies and residual model limitations These results highlight 
the importance of further calibration and development of 
advanced quality-control filters. At the same time, they con-
firm that the present thresholds are selective, scientifically 
justified, and operationally effective.

4  Discussion and conclusions

4.1  Discussion

The Guadalquivir operational forecasting system achieves 
operational skill levels comparable to, or in some respects 
exceeding, those reported for other estuarine forecasting 
services (Müller-Navarra and Bork 2011; Elbe estuary, Ger-
many; Costa et al. 2020; and Mendes et al. 2019; Santos 
estuary, Brazil), supporting reliable decision-making in nav-
igation and logistics. Forecast accuracy tends to decrease 
slightly toward the estuary head, a pattern attributable to the 
coarse bathymetric data in the upper reaches. Under typical 
low-discharge conditions (less than 200 m³·s⁻¹) RMSEpeaks 
remains below 15 cm across the estuary, and below 10 cm 
within the navigable reach. These values represent only 
6–10% of the characteristic tidal range in the mid-estuary, 
confirming that predictions meet the accuracy required for 
operational applications.

The harmonic constituent analysis corroborates these 
bulk statistics. The dominant semidiurnal tide is accurately 
reproduced, whereas greater scatter occurs in diurnal and 
overtide constituents, particularly at the estuary head where 
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	● Forecast skill for decision support. The root-mean-
square error evaluated only at high- and low-tide peaks 
(RMSEpeaks) in predicted water level remains below 
15 cm throughout the estuary, and under 10 cm within 
the navigable reach (Table 1), only 6–10% of the repre-
sentative tidal range in the mid-estuary, providing ample 
safety margins under the low-discharge regime that pre-
vails for more than 70% of the year.

	● Temporal stability. No systematic timing drift is de-
tected between successive 12-h forecast cycles. The 
72-h predictions maintain accurate space-time coher-
ence of the dominant semidiurnal tide throughout the 
estuary, demonstrating the robustness of the operational 
configuration.

	● Treatment of unknown forcings. Holding river dis-
charge at its hindcast mean during the forecast and 
zeroing wind stress beyond 48-h introduces some ad-
ditional uncertainty, but the impact on predicted wa-
ter level is always smaller than 4 cm, well inside the 
model’s intrinsic uncertainty, demonstrating that this 
pragmatic approach is adequate for short-term water 
level forecasting.

Taken together, these results demonstrate that the forecast-
ing system—integrating the hydrodynamic core, forcing 
strategy, and automated alert protocol—provides a reliable 
real-time decision-support tool for the Guadalquivir estuary 
under typical low-discharge conditions. Its modular archi-
tecture represents a transferable reference for operational 
estuarine forecasting worldwide, bridging physical model-
ing with applied oceanography.

4.4  Future work and integration opportunities

The present water level centered operational framework 
should be regarded as a nucleus rather than an end point. In 
line with the call by Kourafalou et al. (2015) for “continu-
ous development of innovative methodologies and tools” in 
coastal-shelf forecasting, several forthcoming extensions 
could further enhance the Guadalquivir estuary operational 
system:

	● Enhanced observational network. Densification of the 
monitoring system through radar gauges and bottom-
mounted current profilers would close spatial gaps, im-
prove model calibration, and facilitate early detection of 
forecast drifts. In this context, the Port of Sevilla is cur-
rently working to expand the observational component 
of the operational system, including the deployment of 
real-time current measurements, which will enable sys-
tematic validation of modeled velocities in future sys-
tem updates.

4.2  Limitations

Few limitations qualify the present findings:

	● The current operational configuration is developed 
for low-to-moderate freshwater discharges (less than 
200  m³·s⁻¹) which dominate the Guadalquivir estuary. 
However, major flood releases (more than 400 m³·s⁻¹) 
can rapidly increase suspended-sediment concentra-
tions, alter vertical stratification and, therefore, require 
event-specific retuning of bottom-friction and turbidity-
related parameters.

	● Treatment of river discharges is simplified: beyond the 
hindcast window the model assumes constant mean val-
ues. This pragmatic strategy has been shown to preserve 
forecast skill under the low-to-moderate discharge con-
ditions that dominate the system, but forecast reliability 
decreases when dam releases deviate markedly during 
short-lived high-flow events. Access to short-term (e.g., 
2-day) discharge forecasts from the basin authority 
(SAIH) would therefore improve performance during 
such severe episodes.

	● Bathymetric data in the upper reaches upstream of Se-
villa are sparse, forcing a coarse mesh representation 
that partly explains the larger discrepancies in simulated 
water level near Alcalá del Río dam.

	● Real-time gauge data occasionally contain gaps or spu-
rious spikes (UNESCO-IOC 2020). Although obvious 
outliers are manually filtered, residual errors can still af-
fect short validation windows.

	● The present configuration neglects wind forcing beyond 
48-h and does not include sediment-transport or biogeo-
chemical modules. These omissions are consistent with 
the short-range, water level forecasting focus of the 
system and do not compromise its hydrodynamic skill. 
However, they restrict direct applicability to morpho-
dynamic or ecological studies, where extended forcings 
and coupled processes would be required.

Taken together, these simplifications constrain the system’s 
applicability for environmental-quality and morphodynamic 
studies under high-discharge conditions, but remain fully 
acceptable for short-range operational water level forecast-
ing, which is the primary focus of the present study.

4.3  Conclusions

The operational forecasting system developed for the Gua-
dalquivir estuary fulfils—and in many respects surpasses—
the accuracy requirements not only for short-term navigation 
guidance but also for broader applications in operational 
oceanography and estuarine management:
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tem has been designed with a modular architecture that 
enables the future integration of visualization tools and 
decision-support layers. A prototype web-based inter-
face illustrating this potential is described in Section S3 
of the Supplementary Material, while the present study 
deliberately focuses on the validation of the hydrody-
namic core and its operational robustness.

	● Coupled process modeling. Linking the hydrodynamic 
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would support applications to morphodynamic evolu-
tion and dispersal of sediments or pollutants.
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algorithms to flag or discard anomalous gauge readings 
prior to statistical evaluation would prevent spurious 
spikes—often induced by sensor noise, clock drift, or 
temporary fouling (UNESCO-IOC 2020)—from dis-
torting performance metrics.

Together, these enhancements would not only reinforce the 
robustness of the Guadalquivir estuary operational system 
but also position it as a flexible framework for estuarine 
forecasting more broadly, aligned with international efforts 
in operational oceanography.
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