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A B S T R A C T   

Surface and groundwater salinization are becoming a significant challenge to inland water quality, negatively 
affecting people and ecosystems in coastal areas. Even if rivers provide critical pathways for seawater intrusion, 
this salinization phenomenon has received relatively little attention compared to other salinization mechanisms. 
To assess the distribution of salinity along the final reach of the Volturno River (Italy), an entire hydrologic year 
was modeled using the HEC-RAS software. The model was fed with high resolution time-series measurements 
(time interval of 10 min) of water surface elevations at both river mouth and Cancello Arnone (a hydrometric 
station located 13 km inland). Field observations and remote sensed data were used to perform the hydrody-
namic analysis. The model showed good performance indicators (R2 

= 0.878, NSE = 0.870, and MAE = 0.037 m) 
and well caught hydrometric variation over the simulation period. The tidal component was affected by dissi-
pation moving upstream and showed the capability to shape the salinity profile during dry periods. Whereas 
during wet periods, even if a strong tidal component is present, the profile is totally regulated by the river 
discharge. The analysis of the salinity distribution, modelled via the Water Quality module, revealed the massive 
contribution of the river discharge in limiting seawater intrusion. A correlation between intrusion events and 
hydrometric stages was established over twenty years (2002–2022), showing a consistent trend between intru-
sion occurrence and the surface water storage anomaly in the lower Volturno River calculated by Global Land 
Data Assimilation System (GLDAS) model. Although the 1D approach here used may lead to uncertainties in the 
reproduction of the involved hydrodynamic and salinization processes, the results are useful for the under-
standing of seawater intrusion in rivers, and may be utilized to study seawater intrusion in aquifers.   

1. Introduction 

Seawater intrusion (SWI) and more generally surface and ground-
water salinization could negatively affect water quality and ecosystems 
in coastal areas all over the world (Klassen & Allen, 2017; Parizi et al., 
2019; Cao et al., 2021; Mastrocicco & Colombani, 2021). Freshwater 
supplies’ contamination (Werner et al., 2013), premature deterioration 
of co-existing infrastructure (Luo et al., 2015), eutrophication of surface 
water bodies (Weissman & Tully, 2020), soil salinization, and stress/ 
death of salt-intolerant species including crops and forests (Kirwan & 
Gedan, 2019) are triggered by salinization, impacting people’s health 
and livelihoods (Shammi et al., 2019). SWI may occur directly along 

coastal aquifers or via surface water bodies connected to the sea that 
provide critical pathways for seawater to travel upstream and salinize 
the adjacent groundwater body (Tully et al., 2019). As a matter of fact, 
surface- and ground-water interaction is considered to have significant 
effects on water resources salinization (Ferguson & Gleeson, 2012; Cao 
et al., 2020), although surface-water salinization has received relatively 
little attention compared to groundwater salinization mechanisms 
(Shalem et al., 2015; Shalem et al., 2019; Setiawan et al., 2023). The 
salinity distribution along a river strongly depends on the geometry of 
an estuary, but also on the freshwater discharge that counteracts SWI, 
being it induced either by the long-distance upriver propagation of the 
main tidal constituents (Melito et al., 2020; Postacchini et al., 2020) or 
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by the short distance traveled by the shorter wind/swell waves during 
sea storms, leading to strong river-sea interactions up to some hundreds 
of meters from the mouth (Ralston et al., 2008; Nguyen et al., 2012; 
Postacchini et al., 2023). Moreover, the interaction of tides with river 
discharge directly affects SWI limiting freshwater availability (Hoitink & 
Jay, 2016; Savenije, 2012). In estuaries, it is notoriously hard to esti-
mate this discharge and subsequently to predict the parameters that 
determine the mixing behavior depending on it (Cai et al., 2015). Thus, 
the spectral distribution analysis of water-levels at selected river cross- 
sections may be relevant to elucidate tidal propagation inland (Zhang 
et al., 2018; Postacchini et al., 2020). 

In the last decades numerical modeling has been widely used to 
manage water resources allowing the organization of many available 
information (Loucks & van Beek, 2017). Water quality modeling is 
increasingly recognized as a fundamental tool for acquiring valuable 
information for optimal water resources management (Fan et al., 2009). 
Over the years, several water quality models have been developed using 
different software (Rauch et al., 1998), including basic water quality 
indices and user-friendly approaches (Wang et al., 2005; Haddout et al., 
2017), but even more complex water quality criteria and methods 
(Reichert et al., 2001; Pelletier et al., 2006; Tung & Yaseen, 2020). 
Complex simulation models can involve multiple parameters, often not 
measured or reported, requiring abundant monitoring data for the 
estimation, calibration, and verification of model parameters. Hence, 
the use of complex models for water quality simulation could be difficult 
(Lindenschmidt, 2006) and limited to highly monitored sites. While 
simplified one-dimensional (1D) approaches have been often applied to 
model water flow and water quality both in rivers and lakes (Doulgeris 
et al., 2012; Ahmed, 2014; Haque et al., 2021; Thanh et al., 2023; Miller, 
2023). Even if this approach simplifies the complex interactions 
involved in the river salinization process, it allows for efficient and 
robust simulation, making it feasible to analyze extensive high- 
resolution time series data (time interval of 10 min) and providing 
valuable insights into the salinization dynamics while balancing the 
computational complexity and data requirement. Few studies used HEC- 
RAS to quantify SWI along rivers so far (Haddout et al., 2017; Ijaz et al., 
2019; da Silva et al., 2020), while the majority employed it to pursuit 
other objectives, often coupling it with other computer programs 
(Tamiru & Dinka, 2021; Muñoz et al., 2022; Postacchini et al., 2022). 
Since SWI will likely be exacerbated by climate change projections of sea 
level rise, increased frequency and intensity of sea storms, tides and 
reduced river flows (Anderson & Lockaby, 2012; Tully et al., 2019), the 
combined modeling and spectral analysis here proposed is crucial for an 
optimal management of estuarine and coastal areas (Demirel, 2004) 
providing valuable understandings of the river salinization dynamics. 

Following this rationale, this study aims to assess the salinization 
dynamics along the Volturno River (Southern Italy) performing: i) a 1D 
hydrodynamic model to evaluate the hydraulic regime over the hydro-
logic year, ii) a spectral analysis to infer sea-river interactions and up-
river tide propagation, and iii) a 1D water quality model to estimate the 
salinity concentration distribution along the river and to find a rela-
tionship between SWI events and critical hydrometric stages over 20 
years (2002–2022). 

To the best of our knowledge, there are no studies in literature 
combining 1D HEC-RAS modeling and spectral analysis to study river 
salinization mechanisms, especially considering an entire hydrologic 
year. 

2. Materials and methods 

2.1. Study area and model set up 

The Volturno River is the sixth-longest river in Italy and the longest 
in Southern Italy, with a length of 175 km and an estimated mean 
discharge of 43 m3s− 1 for the period 2011–2040 (Copernicus, 2023). 
The catchment basin of the river has an area of ~5,550 km2, crossing a 

huge area of the Campania region. The temperate and pleasant climate 
made this territory famous and renowned also for the woods and the 
extraordinary landscape with historical, cultural, and agricultural tra-
ditions unique in the world. Today, as it has been in the past, significant 
agricultural activity continues to thrive in this region, making it one of 
the primary pillars of the Campania region’s economy (Triassi et al., 
2022). The last reach of the river is characterized as sandy natural 
stream, while the prosper agricultural tradition enriches the river 
floodplain with vegetation and cultivated area at the overbanks. 

Precipitation, hydrometric levels, and other parameters are contin-
uously monitored by the Centro Funzionale Multirischi (2023) of the 
Civil Protection Agency of the Campania Region along the course of the 
river. This work focuses only on the last reach of the river (Fig. 1) 
starting at Cancello Arnone (CA) river gauge and ending at the mouth of 
the river (~13 km). To retrieve topographic information and represent 
the Volturno alluvial plain morphology, a digital terrain model (DTM) 
with spatial resolution of 2x2 m cells was used (Busico et al., 2021). 
Projections relative to the EPSG: 32,633 coordinate system were fixed in 
GIS environment and the merged DTM was imported in RAS-Mapper 
interface. The HEC-RAS efficiency of model analysis and refinement 
was increased by granting the use and visualization of geospatial data 
(Ackerman et al., 2010), allowing to exploit national open online 
datasets to set up the model. The model geometry was built up sketching 
the final reach of the river, together with the left and right overbanks 
and cross sections in RAS-Mapper environment (Fig. 1). 

Actual cross-sections retrieved from the local basin authority in.dwg 
format were processed in GIS environment and imported in RAS-Mapper 
as shapefiles. Levees were placed on topographical elevations according 
to the DTM and the Google Earth 2014 view. Bridges have been added 
into the model questioning Google Earth 2014 view for the bridge deck 
width and for the number and dimension of piers. In the bridge 
modeling, a value of 1.2 and 0.95 was assigned to drag and pier shape 
coefficients (HEC, 2022), respectively, accounting for the circular shape 
of the bridge piers. Finally, the contraction/expansion coefficients have 
been set in both the upstream and the downstream sections of all the 
bridges by accounting for a value of 0.3 and 0.5, respectively, as sug-
gested in HEC (2022). These coefficients are particularly important if 
bridges are present since the bridge piers influence the flow motion at 
both upstream and downstream locations. 

2.2. Hydrodynamic analysis 

Salinity distribution is influenced by the hydrodynamic regime, 
which in turn highly depends on the river morphology (Haddout et al., 
2017). Thus, the hydrodynamic regime was first studied performing a 
1D unsteady flow simulation. In the hydrodynamics module, HEC-RAS 
solves the following 1D equations of continuity and momentum (Brun-
ner, 2010): 

∂Q
∂x

+
∂A
∂t

− ql = 0, (1)  

∂Q
∂t

+
∂(q2/a)

∂x
+ gA

∂h
∂x

= gA

{[
nQ

AR2/3

]2

− β0

}

(2)  

where Q is the discharge; A is the cross-sectional area; x is the distance 
along the channel; t is time; ql is the lateral inflow per unit of length; g is 
the acceleration of gravity; h is depth; β0 is the bottom slope; n is the 
Manning’s roughness coefficient; and R is the hydrodynamic radius. The 
Manning’s roughness coefficient was spatially disaggregated into two 
values only, accounting for both the sandy natural channel and the 
vegetation and cultivated areas at the overbanks. This approach was 
used by many hydraulic modeling studies (Horritt and Bates, 2001; 
Aronica et al., 2002; Werner et al., 2005; Jung et al., 2012; Savage et al., 
2016) and is broadly justified by Werner et al. (2005) who found that 
there is little benefit in applying spatially distributed roughness 
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parameters. 
The software requires the user to insert boundary conditions into the 

model and to specify the bridge modelling approach. Stage hydrograph 
boundary conditions were assigned to the most upstream (CA river 

gauge) and the most downstream (mouth of the river) cross-sections 
(Fig. 1), considering a temporal resolution of 10 min to infer tidal in-
fluence on river stage variation. Time series of Tyrrhenian Sea level data 
at Gaeta and Naples mareographs were downloaded from Servizio 

Fig. 1. Satellite view showing the main features of the study area (top panel) and RAS-Mapper view of the model area (bottom panel).  
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Mareografico Nazionale (SMN) of the Istituto Superiore per la Prote-
zione Ambientale (ISPRA), while river stages at both CA and Castel 
Volturno (CV) river gauges were downloaded from CFM. 

For computing losses through the bridge, the energy-based method 
(standard step method) was selected, which treats a bridge in the same 
manner as a natural river cross-section, except that the area of the bridge 
below the water surface is subtracted from the total area, and the wetted 
perimeter is increased where the water is in contact with the bridge 
structure (HEC, 2022). The simulation plan was set to run the model for 
the entire hydrologic year (2014) selecting an output temporal resolu-
tion of 10 min, in accordance with the boundary conditions. 

2.3. Spectral analysis 

The hydrodynamic analysis outputs, together with the data collected 
by CA and CV river gauges and mareographs, were exploited to infer 
tidal propagation upriver and its relationship with SWI. A MATLAB code 
has been used to calculate the spectral density of both input and output 
data throughout the whole hydrologic year. In this way, the interactions 
occurring within the channel between tidal forcing and river discharge 
can be individuated, thus supporting the analysis of the distribution and 
propagation of the salinity concentration throughout the river (see 
section 2.4). 

2.4. Water quality analysis 

Modeling salinity evolution was achieved using the Water Quality 
module included in HEC-RAS, which is based on the 1D transport 
equation (advection–dispersion equation) of a conservative constituent 
(Brunner, 2010): 

∂(AC)
∂t

+
∂
∂x

(VAC) =
∂
∂x

[

DxA
∂C
∂x

]

(3)  

where C is the salinity concentration; Dx is the longitudinal dispersion 
coefficient; V is the flow velocity. Velocity and water level were calcu-
lated earlier in the hydrodynamic analysis module, which is linked to the 
water quality module. 

The salinity concentration was simulated as single parameter in the 
general constituent simulation module (GCSM), which requires the user 
to insert boundary and initial conditions values of salinity concentra-
tions and the longitudinal dispersion coefficient (D) which in HEC-RAS 
is calculated by default using the Fischer’s equation (Brunner, 2010): 

D = 0.011
w2v2

dv* (5)  

where v is the longitudinal velocity; w is the stream top width; d is the 
hydraulic depth; and v* is the shear velocity. 

A freshwater salinity concentration value of 0.4 g/L, based on the 
analysis of the historical major ions concentrations at the Capua 
measuring station (ARPAC, 2023) was assigned to the upstream 
boundary (CA) and a seawater salinity value of 38 g/L was assigned to 
the downstream boundary at the river mouth (Sorgente et al., 2020). 

Values of 8x10-11 m2/s and 50 m2/s were assigned as lower and 
upper limits of D, which was computed using Eq. (5). The minimum 
value is representative of the sole molecular diffusion coefficient in 
water and the maximum value was sourced from Zheng & Huai (2014) 
that compiled a series of representative D values for rivers. Such an 
approach allowed for a longitudinal spatial distribution of the coeffi-
cient based on the hydrodynamic parameter’s calculation at each cross- 
section. The simulation plan was set to run for the entire hydrologic year 
2014 according to the unsteady flow simulation. 

In addition, reasonable intrusion events at CA river gauge were 
investigated for an extended period (2002–2022), calculating the yearly 
SWI time occurrence as the percentage of days of the year during which 
a specified value of hydrometric stage is exceeded. To establish a 

correlation between SWI and hydrometric stages, three critical hydro-
metric stages (Hcrit) were identified through water quality analysis. 
These critical stages were the minimum Hcrit = -0.37 m addressing the 
initial transition from fresh to brackish water, the maximum Hcrit =
-0.55 m indicating the point where the water became brackish, and the 
averaged Hcrit = -0.46 m calculated between the previous ones. 

2.5. Remote sensing dataset and water quality dataset 

To better characterize the SWI events and support the simulation, 
both remote sensing and water quality datasets were downloaded and 
compared with the water quality analysis results. The open-source web 
application called GRACE Groundwater Subsetting Tool (GGST) 
(McStraw et al., 2022) was interrogated to retrieve the surface water 
storage anomaly in the lower Volturno basin calculated by the GLDAS 
model (Rodell et al., 2004). GLDAS includes three separate land surface 
models: Noah, VIC, and CLSM, each of them producing an output for 
simulated surface water components (Rodell et al., 2004). The anomaly 
was computed subtracting the mean-centered on values from 2004 to 
2009 and then averaging across the three GLDAS models to produce a 
component anomaly dataset. A time series was generated for the CA 
location, using the Marker Icon tool embedded in the GGST web appli-
cation. Available precipitation data at CV and Grazzanise (located about 
17 km inland) rain gauges were downloaded from CFM and the average 
monthly, seasonal, and yearly cumulated precipitation were calculated. 
The surface water quality database of the Environmental Protection 
Agency of Campania Region (ARPAC, 2023) was interrogated to retrieve 
electrical conductivity (EC) at 20 ◦C and dissolved chloride (Cl-) moni-
tored at CA from 2001 to 2020. Beside the ARPAC dataset, four addi-
tional EC data collected in 2014 during a large field campaign were 
retrieved from an internal database (Busico et al., 2018). 

3. Results 

3.1. Model performances and sensitivity analysis 

The hydraulic model calibration was based on the comparison be-
tween simulated and measured water elevation at CV river gauge 
(Fig. 1), aimed at the optimal choice of Manning’s roughness coefficient. 
Google Earth view together with literature values (Sturm, 2021) and 
field surveys were used to choose the appropriate coefficients fitting 
with both riverbed material and land cover. A further operation aimed at 
optimizing the software outputs was the correct selection of the channel 
bank stations and levees, for a suitable representation of the river flow 
dynamics. Best model performance indicators (R2 = 0.878, NSE = 0.870, 
and MAE = 0.037 m) were retrieved considering values of the Manning’s 
roughness coefficient of 0.03 and 0.1 for the channel and the overbank 
regions, respectively (Fig. 2a). Such values reflect the characteristics of 
the Volturno River accounting for the sandy natural stream, with 
vegetation and cultivated area at the overbanks (Sturm, 2021). The 
plotted stage hydrograph shows that the model well catches hydro-
metric variations due to both seasonal and tidal forcing along the river 
(Fig. 2b). To better highlight differences between wet and dry periods, a 
zoom in of both observed and calculated water levels was represented, 
selecting two different weeks within the simulated period (Fig. 2c and 
Fig. 2d). 

A sensitivity analysis was performed to elucidate the uncertainties on 
Manning’s roughness coefficient (Tab. 1). 

A physically based range of values (Sturm, 2021) was used ac-
counting for both the sandy natural channel (0.026–––0.035) and the 
vegetation and cultivated areas at the overbanks (0.04–––0.2). The re-
sults (Table 1) highlighted a very weak sensitivity of the parameter with 
negligible differences on all the model performance indicators with 
respect to the calibrated model. 
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3.2. Tidal forcing and spectral analysis 

To better understand the role of marine forcing along the Volturno 
River, the water level signals at CA and CV river gauges together with 
the signal at the mouth of the river were filtered out of periods in the 
12–24 h range. Then, the original and de-tided signals have been plotted 
together (Fig. 3a-c). The main outcome was that the tidal component 
could be considered negligible at CA (Fig. 3b), with the original and de- 
tided signals almost overlapping. Conversely, the tide played an 
important role at CV and at the mouth of the river (Fig. 3a and Fig. 3c). 
The dependence of each signal on the tidal constituents can be better 
seen in Fig. 3d and 3e, where the tidal component recorded at the mouth 
has been plotted against the same component recorded at CA and CV, for 
both the selected wet (Fig. 3e) and dry (Fig. 3f) periods. The data related 
to CV fall around the bisector, demonstrating a strong correlation with 

the tidal forcing, especially during the dry period (Fig. 3e). Conversely, 
the tidal component recorded at CA showed a weak dependence on the 
tidal forcing during both the analyzed periods. As the data slightly 
moved away from the bisector, the correlation with the tidal forcing at 
both CA and CV resulted to slightly decrease during the wet period, 
showing the capability of the Volturno River discharge to affect tidal 
propagation. 

The role of the tide is better highlighted by the spatial distribution of 
the spectral density, which is illustrated in Fig. 4, for both wet and dry 
periods. Fig. 4a and Fig. 4c give a detailed overview and quantification 
of the spectral distribution at specific cross-sections, these being located 
either downstream (solid lines) or upstream (dashed lines) respect to CV. 
During both periods, spectral peaks appeared in correspondence with 
the semi-diurnal tidal constituent frequency (f = 1/12 Hz, rightmost 
black vertical lines), while a smoothed and lower peak appeared close to 
the diurnal constituent frequency (f = 1/24 Hz, leftmost black vertical 
lines). While the spectral density decreased rapidly after the semi- 
diurnal peak in the lower part of the river (solid lines), the farther 
cross-sections were characterized by a smoother decrease (dashed lines), 
indicating an energy redistribution over higher frequencies and a gen-
eral reduction of the tide influence. The spatial evolution of the spectral 
energy is clearly visible in Fig. 4b and Fig. 4d where the macro-features 
during both periods are similar. In particular, the semi-diurnal constit-
uent was strong enough to propagate up to CA and the spectral density 
related to higher frequencies increased moving upriver. 

Fig. 2. Scatter Diagram (a) and comparison between HEC-RAS-calculated and CFM-observed river stages (b) with one week magnification for the wet and dry 
periods (c and d). Model performance indicators (R2, NSE, and MAE) were calculated and represented in panel a. The vertical dashed lines refer to the instants 
selected for the salinity profile analysis, i.e., 21st of January at 00:00 and 12th of July at 00:00 (see section 3.3). 

Table 1 
Sensitivity analysis results of the physically based perturbation on Manning’s 
roughness coefficient.  

Manning’s roughness coefficient R2 NSE MAE [m] 

Channel Min 0.026 0.877 0.869 0.037 
Max 0.035 0.878 0.870 0.037 

Floodplain Min 0.04 0.877 0.869 0.037 
Max 0.2 0.878 0.869 0.037  

M. Gaiolini et al.                                                                                                                                                                                                                                



Journal of Hydrology 626 (2023) 130289

6

While the wet period was typified by a high spectral density at low 
frequencies (Fig. 4a) due to the low-frequency nature of floods, the dry 
period was more affected by the tidal intrusion, being the semi-diurnal 
peak (Fig. 4c) of an order of magnitude higher than that observed dur-
ing the wet period (Fig. 4a). This was associated with the relatively low 
energy at low frequencies, being the floods almost inexistent (Fig. 4c). 
Furthermore, the frequency dispersion was much more evident during 
the wet period, being the spectral density at high frequencies (f > 10- 

4 Hz) increased of about three orders of magnitude between the lower 
reach locations (e.g., at CV, shown by the solid black line) and the upper 
reach locations (e.g., at a distance from the mouth of 12.43 km, see the 
red dashed line). Such patterns are also illustrated in the color maps 
(Fig. 4b, Fig. 4c, and Fig. 4d), where the differences in the spatial evo-
lution of the spectral density at different frequencies are clearly visible, 
especially at low frequencies (f < 10-4 Hz) and at the semi-diurnal peak 
(f ~ 2.3⋅10-5 Hz). 

3.3. SWI assessment 

To graphically represent the salinity concentration distribution along 
the last reach of the river, HEC-RAS water quality spatial plot was 
questioned. Two snapshots within the wet and dry weeks (Fig. 2) were 
selected, to investigate SWI during both a high flow period (21st January 
2014) and a low flow period (12th July 2014). The profiles were 
sketched in red, including the 6- and 12-hours after profiles (blue and 
green dashed lines) to infer tidal oscillation influence (Fig. 5). The 
salinity profile and schematic plot show the spatial distribution of the 
salinity concentration along the river to vary throughout the year, being 
affected by both tidal fluctuations and river discharge. During the 
selected low flow period, the salinity profile shows a periodic adaptation 
of the concentration at the mouth of the river according to the tidal 
oscillation (Fig. 5b). Such a behavior tends to reduce while moving 
upstream. During the high flow period, such oscillation cannot be 
detected (Fig. 5a) because of the dominance of the river discharge, 
which can be seen as the SWI controlling factor. A salinity concentration 

Fig. 3. Original (light blue) and de-tided (orange) signals recorded at a) the CV river gauge, b) the CA river gauge, and c) the mouth of the river; Scatter plots of the 
tidal component recorded at the mouth vs. those measured by CA (red circle) and CV river gauges (blue circle) for both the wet and the dry period (d and e, 
respectively), highlighted by the grey bands in panel a, b, and c. (For interpretation of the references to color in this figure legend, the reader is referred to the web 
version of this article.) 
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threshold of 5 g/L (dotted red line) was considered to map the SWI front 
moving upriver, accounting for the presence of brackish water into the 
river (Mayer et al., 2005). The water quality analysis clearly showed an 
advance of the seawater propagation front up to 2.2 km from the mouth 
during the high flow period, distance at which the salinity profile went 
below the concentration threshold line (Fig. 5a). During the low flow 
scenario, the salinity profile was always above the concentration 
threshold line (Fig. 5b), with concentration of almost 8 g/L at CA (~13 

km inland). 
The salinity concentration was plotted together with the river 

discharge at CA river gauge, where salinity concentration measurements 
were performed during 2014 (Fig. 6, upper panel). This analysis allowed 
an estimate of the pivotal contribution of the discharge to SWI. 
Accordingly, salinity concentration measurements in 2014 tend to rise 
when the river discharge is lower, as expected, thou their scarcity do not 
allow a proper validation of the model. 

Fig. 4. Spectral density of the water level signals at selected cross-sections (a) and its spatial evolution from CA to the mouth (b) during the wet period, and for the 
dry period (c and d), as identified in Fig. 2. The vertical black lines show the frequency referring to the diurnal and semi-diurnal tidal constituents, while the 
horizontal lines in panels b and d indicate the location of the cross-sections used in panels a and c. 
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To further test the model results, Fig. 6 shows the GLDAS monthly 
surface water storage anomaly and its trend fitted via the locally esti-
mated scatterplot smoothing (LOESS) algorithm. The latter is often used 
to infer trends from monthly and seasonal data (Apaydin et al., 2021). In 
the analyzed period, there was a decreasing trend of the GLDAS surface 
water storage anomaly, which was accompanied by the increase in EC 
and Cl- concentration at CA. 

With the aim of investigating reasonable intrusion events at CA river 
gauge for a longer period, yearly SWI time occurrence was calculated as 
the percentage of days of the year during which a specified value of 
hydrometric stage is exceeded. A correlation between SWI and hydro-
metric stages was established using 3 critical hydrometric stages (Hcrit), 
and the CFM database was questioned again to download daily river 
levels from 2002 to 2022 at CA, which were compared to each Hcrit to 
determine SWI time occurrence in each year (Fig. 7). 

The upper and lower error bars represent the SWI yearly percentage 
of time calculated using maximum and minimum Hcrit. Such analysis 
shows a persistent SWI occurrence within the analyzed period, with 
peaks in the dry years characterized by low surface water storage 
calculated by GLDAS. However, the yearly SWI time occurrence did not 
reveal a clear increasing or decreasing trend over the years. To explore 
the eventual correlation among precipitation, SWI time occurrence and 
GLDAS anomaly, the Pearson correlation coefficient at the monthly, 
seasonal, and yearly levels was calculated (Table 2). A slightly negative 
correlation with the SWI events, precipitation and GLDAS anomaly ap-
pears at the yearly time step with values of − 0.64 and − 0.65, 
respectively. 

4. Discussion 

The hydrodynamic analysis provides a good estimate of the river 

hydraulic regime over the simulation period yielding favorable results 
for the calibration process with physically based Manning’s roughness 
coefficient values. However, it must be stressed that this study focused 
just on the final reach of the Volturno River not including the entire 
basin. Such a constraint leads the model to undervalue the runoff 
feeding the river during precipitation events and to a consequent un-
derestimation of the hydrometric stage during wet periods up to about 
20 cm (Fig. 2c). Conversely, the model is much more accurate during dry 
periods (Fig. 2d). 

The investigation of marine forcing revealed that the tidal compo-
nent was negligible at the CA river gauge, while significant at the CV and 
river mouth gauges (Fig. 3). The spectral analysis further shows a 
dissipation of the tidal effect moving upriver, linking it to its capacity of 
affecting the salinity profile calculated by HEC-RAS along the river 
during low flow periods (Fig. 5b). However, even if tides played an 
important role at CV during high flow periods, the salinity profile did not 
change along with tidal oscillations (Fig. 5a), highlighting the impor-
tance of Volturno River discharge in controlling SWI. Under such 
perspective, low flow conditions lead to an almost unchanged propa-
gation of the tidal forcing up to CA, with small changes occurring at 
higher frequencies (Fig. 4c, d). Conversely, high flow conditions lead to 
a gradual reduction of the marine contribution (in particular the semi- 
diurnal tidal constituent), which becomes almost negligible at about 
10 km from the mouth, and to a flow-energy redistribution towards 
higher frequencies (Fig. 4a, b). Such behavior agrees with what is 
typically observed in the sea, when short waves break over a submerged 
breakwater, the spectral density smooths and the energy is redistributed 
towards higher frequencies (Battjes & Beji, 1991). The interaction be-
tween tidal forcing and river discharge was instrumental in compre-
hending the distribution of salinity concentration across the river, as 
reported by Zhang et al. (2018). 

Fig. 5. Salinity profile and associated schematic plot snapshot for the 21st of January at 00:00 (a and c) and the 12th of July at 00:00 (b and d). The salinity profile 
after 6 h (blue dashed lines) and after 12 h (green dashed lines) are also shown (a and b) together with the considered salinity concentration threshold of 5 g/L 
(dotted red line). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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The inverse correlation between SWI and Volturno River discharge 
(upper panel in Fig. 6) was also highlighted comparing yearly SWI time 
occurrence with both precipitation and GLDAS anomaly (Fig. 7). The 
correlation analysis at the yearly time step suggested an increase in SWI 
events in years with decreased precipitation and lower Volturno River 
discharge, in accordance with literature (Prandle, 2004; Brockway et al., 
2006; Liu et al., 2007; Anderson & Lockaby, 2012). Such a comparison 
with remote sensing and water quality datasets independently supported 
the simulation results considering the scarcity of flow discharge data. 

The fact that Cl- concentrations mimic the EC trend could be 
considered a direct proof that SWI reached CA since 2012. This agrees 
with the decreased estimated mean discharge of 43 m3s− 1 for the period 
2011–2040 (Copernicus, 2023), which halved respect to the historical 
discharge in the’70 s of 95 m3s− 1 (Greco, 2012). Moreover, it can be 
noticed that EC and Cl- were almost constant at CA in the decade 
2002–2012, while started to increase from 2013, as also highlighted by 
the LOESS algorithm; this could be linked to the GLDAS surface water 
storage anomaly that reached the tipping point of zero in 2012 as 
highlighted by the LOESS algorithm. Unfortunately, the monitoring 
program at CA was halted from 2019 and no other data are available 
from the ARPAC database to further corroborate the actual trend. 

The yearly trend analysis highlighted that an increase of SWI was 
evident in years characterized by decreased precipitation and Volturno 
River discharge. This is a common feature often found in literature 
(Nguyen et al., 2012; Guerra-Chanis et al., 2019). A clearer negative 
correlation was advisable at the seasonal and monthly scale among SWI 
percentage and discharge, although the link was no longer evident for 

the precipitation events, that cannot be directly related to the SWI 
percentage occurrence. This could be explained by the fact that using 
seasonal and monthly precipitation data depicts the run-off contribution 
of the coastal area, which is contributing little to the Volturno River 
discharge (Greco, 2012); on the other hand, the yearly precipitation 
trend was more similar to the whole Volturno watershed, which in turn 
was the driver of the Volturno River discharge. 

Hence, it must be emphasized that the Volturno River plain was 
studied predominantly to assess groundwater salinization processes 
(Mastrocicco et al., 2019; Busico et al., 2021; Schiavo et al., 2023) or to 
focus on groundwater quality due to pollution (Corniello and Ducci, 
2014), while only few studies were focused on surface waters (Isidori 
et al., 2004; Sorgente et al., 2020) and no studies nor reports have so far 
estimated the salinity gradient along the Volturno River despite this is 
the largest river in Southern Italy. This is a rule rather than an exception 
in the whole Mediterranean area. Thus, a continuous measurement of 
physical–chemical parameters needs to be included within the moni-
toring network to better assess SWI spatial and temporal variations in 
rivers. 

4.1. Limitations 

While this study provides valuable insights on river salinization 
mechanism, it is essential to acknowledge limitations and uncertainties 
when interpreting the results. 

The use of a 1D modeling approach inherently simplifies the repre-
sentation of the complex interactions involved in the river salinization 

Fig. 6. In the upper panel, the calculated discharge (blue line), calculated salinity (red solid line) and observed salinity (black dots) are shown for the hydrological 
year 2014. In the lower panel, the GLDAS surface water storage anomaly (blue line) with its confidence interval (shaded blue area), the EC (red line) and Cl- 

concentration (violet line) at CA are shown over 20 years (2001–2020). Dashed lines are the fitted GLDAS anomaly and the EC data trendline, according to the LOESS 
algorithm. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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processes and may lead to some level of loss in capturing the full 
complexity of the phenomena under investigation. 

The geometry of the cross-sections was assumed to remain constant 
throughout the simulations. This assumption might not fully account for 
potential changes in river morphology or bed configurations that could 
impact salinity distribution patterns. 

The spatial disaggregation of the coefficient into two values for the 
channel and overbanks, while common in hydraulic modeling studies, 
might not capture localized variations in roughness conditions and their 
influence on the overall system behavior. 

The water quality package integrated within the HEC-RAS software 
does not account for variable-density transport simulation. Therefore, 
the model’s capability to accurately simulate salinity dynamics under 
varying densities induced by seawater intrusion and freshwater 
discharge, may be limited. 

While these limitations need to be acknowledged, the study aims to 
provide a contribution to the understanding of SWI in rivers. By 
considering these constraints, researchers can better interpret the im-
plications of the findings and identify areas for potential improvements 
in future studies. For example, if the aim is to use such results as input 
boundary conditions to feed complex density-dependent solute trans-
port models (e.g., SEAWAT or FEFLOW) to study SWI in aquifers, the 
assumptions here made can be considered as valid given that the tem-
poral resolution of groundwater models is usually at the monthly scale 
or larger and the spatial scale of aquifers are often very large. 

5. Conclusions 

A HEC-RAS 1D model was calibrated and validated to investigate the 
dynamics of SWI in the Volturno River. The calibrated model well 
catches the hydrometric variations due to tidal oscillations and seasonal 
changes over a whole hydrologic year. The SWI profile varied 
throughout the year, being affected by both tidal fluctuations and river 
discharge, with an advance of the SWI front up to 2.2 km during the high 
flow period and to more than 13 km during the low flow period. 

A strong and an absent correlation with the tidal component was 
revealed at CV and CA, respectively. Moreover, the profile showed a 
strong salinity dependency on the tidal oscillation during low flow pe-
riods. While during wet periods, that oscillation cannot be detected 
because of the dominance of the river discharge as SWI controlling 
factor. 

The correlation between SWI and critical hydrometric stages, found 
via modelling, allowed a better understanding of the SWI occurrence at 
CA over twenty years (2002–2022). Such analysis showed a persistent 
SWI occurrence within the analyzed period, with peaks in the dry years 
characterized by low surface water storage calculated by GLDAS. 

The proposed modelling framework to retrieve key parameters (e.g., 
critical river water stages) and back calculating the SWI over longer 
times could be applied to similar coastal environments. As the SWI 
events would likely increase over time at the global scale, the proposed 
methodology could represent a useful tool to find simple relationships 
between widely monitored parameters (river water levels) and SWI and 
could serve as a starting point to define robust water resources man-
agement plans in coastal areas. 
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