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 A B S T R A C T

This study presents the first structured and comprehensive analysis of wave–current interactions at microtidal 
river mouths, a topic often overlooked in estuarine flood studies. Using long-term observations and modeling 
from the Misa River (Italy), we reveal how opposing currents significantly alter incoming sea waves, through 
processes such as wave blocking, steepening, and infragravity wave upriver propagation, leading to increased 
flood risk and morphological changes. A key contribution of this work lies in the detailed physical analysis of 
wave–current interaction mechanisms, developed through a combined theoretical and observational approach. 
The superposition of opposing flows and wave fields modifies wave propagation, bottom boundary layer 
dynamics, sediment transport, and energy dissipation at river mouths. Observations at the Misa River from 
monitoring system showed a shift from frequent moderate floods to fewer but more intense events. This change 
triggered cyclical sediment dynamics and mouth bar reshaping, driven by alternating low-flow accumulation 
and flood-induced erosion. The upriver propagation of IGWs, typically linked to tidal forcing, was detected 
despite negligible tides, confirming the dominant role of wave–current interactions. These dynamics, also 
documented at other microtidal rivers (e.g., Rhône, Mississippi), govern key processes such as sediment 
transport, nearshore wave patterns, and compound flooding. When river floods coincide with high sea levels, 
due to storm surge or sea level rise, the extent of flooding can increase substantially, particularly in low-lying 
urban areas. We give evidence of such process through the results of a novel numerical analysis performed at 
the Misa River estuary. The paper is an elaboration of the keynote lecture given by the first Author on the 
same topic at the 38th International Conference on Coastal Engineering.
1. Introduction

Wave–current interactions play a fundamental role in estuarine and 
coastal dynamics, influencing hydrodynamic processes across a wide 
range of spatial and temporal scales. Estuarine cities are increasingly 
exposed to flood hazards that result from the interaction of marine 
and riverine forcings, a phenomenon that is further exacerbated by 
climate change (Lyddon et al., 2024; Bevacqua et al., 2020). These 
interactions can occur in the presence of either opposing or following 
currents, each exhibiting distinct physical mechanisms that shape wave 
propagation and energy distribution. However, while these interactions 
are often mentioned in studies, the combined effect of river discharge 
and sea waves at river mouths is still insufficiently understood from a 
fundamental point of view. This study addresses this gap by proposing 
an integrated interpretation of estuarine dynamics from the viewpoint 
of wave–current interaction. Through a detailed exploration of the 
involved physical processes, supported by both original observations 
and literature, we aim to highlight how wave–current interactions drive 
many estuarine phenomena, including flooding, sediment dynamics, 
and morphological evolution.

∗ Corresponding author.
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In this study, we first introduce the theoretical foundations gov-
erning wave behavior over both opposing and following currents. 
We subsequently focus our analysis on the opposing current case, 
as it is particularly relevant in microtidal environments, where it 
exerts a dominant influence on sea-river interactions. In contrast, in 
macrotidal systems, opposing and following currents contribute with 
comparable significance. Under average conditions, microtidal river 
mouths represent highly dynamic environments where the interplay 
between riverine and marine forcings continuously modifies estuarine 
morphology and hydrodynamics. A comprehensive understanding of 
these processes requires bridging the classical divide between river and 
coastal dynamics, as estuarine systems inherently integrate both in-
fluences. Under extreme conditions, wave–current interactions become 
critical in amplifying flooding hazards. In particular, the simultaneous 
occurrence of high river discharge and elevated sea levels, expected 
to become more frequent due to climate change (Bevacqua et al., 
2019), can substantially increase the risk of compound flooding in low-
lying estuarine areas (Muñoz et al., 2020; Zscheischler et al., 2020). 
To develop effective response and mitigation strategies, it is crucial 
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to pinpoint the fundamental mechanisms driving these interactions. 
Identifying and quantifying these key processes will enable a bet-
ter prediction of flood dynamics and support the implementation of 
targeted adaptation measures. This paper investigates sea-river inter-
actions at microtidal river mouths, with a specific focus on their role 
in exacerbating flooding risks.

The study has two main objectives: to identify the key signatures 
of wave–current interactions under opposing flow conditions and to 
assess how these interactions eventually lead to an increased risk of 
flooding in estuarine environments. In the second part of the paper, 
we present evidence from multiple case studies of river mouths in 
microtidal environments, highlighting the variability of wave–current 
interactions and their effects. A particular focus is given to the Misa 
River, where long-term monitoring has provided valuable insights into 
the interplay between sea forcing and fluvial dynamics, making it a 
representative test site for studying these processes. Observations made 
at this natural-scale laboratory are used to illustrate sea-river dynamics 
at river mouths and support theoretical findings discussed in the first 
part of the paper. For its characteristics, the Misa River was also chosen 
as a case study for the ‘‘Mitigation and Adaptation in Resilient Coastal 
and estUarine integrated unitS - MARCUS’’ project, focusing on wave–
current interactions at river mouths. Preliminary results of the project 
are presented here, including an experimental study on wave blocking 
and a numerical analysis for the assessment of compound flooding, also 
considering the effect of climate change.

Among the variety of dynamic processes that govern these inter-
actions, including river discharge, different wave modes (wind waves, 
infragravity waves), sediment transport, density-driven circulation, and 
atmospheric conditions (e.g. ‘‘atmospheric rivers’’), in this study, we fo-
cus on the detailed mechanics of the interaction between river currents 
and wind-generated sea waves. To this aim, we provide a thorough 
analysis of these interactions, placing particular emphasis on wave 
blocking, drawing from both our own modeling and field observations, 
as well as from published literature. The interaction between river cur-
rents and wind-generated sea waves plays a central role in controlling 
key processes such as the transport of passive tracers (e.g., sediments 
and pollutants) (Roco et al., 2024; Baldoni et al., 2022; Zhang et al., 
2021), the morphological evolution of river mouths (Baldoni et al., 
2021; Gao et al., 2018; Zăinescu et al., 2021), and the flooding of 
adjacent low-lying estuarine areas (Wahl et al., 2015; Green et al., 
2025). The focus of the study is on microtidal environments so that 
the influence of tidal forces can be deemed as secondary or negli-
gible with respect to the effects of river current, storm surge levels, 
wind-generated sea waves and their interactions.

Beyond clarifying the main scope of the paper, we also briefly 
recall what we do not analyze in any details (as this would entail a 
significantly more extensive treatment). This is related with:

• the atmospheric forcing known as ‘‘Atmospheric Rivers’’, which 
can lead to extreme rainfall events over river catchments and 
related flooding (e.g. Sioni et al., 2023);

• density-related dynamics, like density stratification (e.g. Valle-
Levinson, 2010), salt intrusion (e.g. Liu et al., 2019; Bellafiore 
et al., 2021) and evolution of turbidity maxima (e.g. Postacchini 
et al., 2023) at river mouths.

Building on the keynote lecture delivered by the first Author at 
the 38th International Conference on Coastal Engineering, this work 
provides a deeper exploration of sea-river interactions in estuarine 
environments, emphasizing their significance in the context of both 
present-day variability and future climate-driven changes.

2. Wave–current interaction

2.1. Space-uniform currents

In agreement with the most acknowledged original studies of wave–
current interactions at sea, our analysis starts from the simplest con-
ditions of a horizontally and vertically uniform current and moves to 
2 
Fig. 1. Dispersion relation in the (𝑘, 𝜎) space (black line). Single solution for 
the waves only case (point E) and multiple solutions for waves with opposing 
current (points A and C) and waves with following current (points B and D). 
The red curves give the dispersion relation including nonlinear terms for small 
(continuous line) and larger (dashed line) wave heights.

more complex conditions of horizontally-varying (refraction theory) 
and vertically-varying currents. In the simplest conditions of a hori-
zontally and vertically uniform current, this equivalent to still water 
viewed from a reference frame moving with the current velocity, thus 
inducing a change in frequency by Doppler shift (Peregrine, 1976) 
according to: 
𝜎 = 𝜔 − 𝐔 ⋅ 𝐤 (1)

where 𝜎 is the wave frequency relative to current, 𝜔 is the wave angular 
frequency, 𝐔 is the current velocity, 𝐤 is the wavenumber and the 
symbol ⟨⋅⟩ represents the dot product. The wave celerity (𝐶𝜔), the wave 
celerity relative to the current (𝐶𝜎) and the wave group celerity (𝐶𝑔) 
can be computed as: 

𝐶𝜔 = 𝜔∕𝑘; 𝐶𝜎 = 𝜎∕𝑘; 𝐶𝑔 = 𝑑𝜎
𝑑𝑘

(2)

The Doppler shift is such that the dispersion relation for linear waves 
becomes: 
(𝜔 − 𝐔 ⋅ 𝐤)2 = 𝜎2 = 𝑔𝑘 tanh 𝑘ℎ (3)

where ℎ is the water depth and 𝑔 is the gravitational acceleration. 
Eq. (3) allows for multiple solutions obtained by intersecting the plane 
𝜔 − 𝐔 ⋅ 𝐤 with the surface of revolution ±𝜎 = ±

√

𝑔𝑘 tanh 𝑘ℎ in the 
(𝐤, 𝜎) space (Peregrine and Jonsson, 1983). Fig.  1 illustrates this for 
the collinear case (𝐔 ⋅ 𝐤 = 𝑈𝑘) and for 𝑘 > 0 (positive wave direction). 
In case of waves only (𝑈 = 0) the wavelength (𝐿) is obtained from the 
dispersion relation (case E in Fig.  1).

When a current is added, two different solutions are obtained, for 
short and long waves, respectively. The long wave solutions, associated 
to the smaller values of 𝑘 (points A and B in the Figure), close to point 
E, are the first met by increasing the slope 𝑈 , while points C and D are 
the solutions associated to shorter waves (larger values of 𝑘). Among 
the long wave solutions, an opposing current decreases the wavelength; 
point A is associated to a larger value of 𝑘. On the contrary, for a 
following current (point B) an increase in wavelength is obtained due 
to the smaller value of 𝑘.

Focusing on the opposing current situation, if small values of |𝑈 | are 
considered, cases A and C can be obtained. The wave group celerity 
of Eq.  (2), can be seen as the slope of the dispersion relation curve 
in Fig.  1. Recalling that 𝐶𝜔 ≥ 𝐶𝑔 regardless of the water depth, case 
A corresponds to the situation in which 𝐶 ≥ 𝐶 > |𝑈 |. This means 
𝜔 𝑔
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that both single waves and energy propagate upstream overcoming 
the current. For case C which only exists for small enough waves (for 
larger waves the intersection 𝐶 does not occur, see also Section 2.1.2), 
the condition 𝐶𝑔 ≤ |𝑈 | is achieved. In this case, wave energy is 
swept downstream by the current as also single waves in shallow water 
conditions (𝐶𝜔 = 𝐶𝑔). Since the energy flux for waves 𝐶𝜔 is directed 
downstream, these waves must be generated upstream from where they 
are present (Suastika, 2004). They represent waves reflected at the 
blocking point, where they have the same wavelength as the incident 
waves (A=C). Moving downstream the current weakens, so that C 
shifts to larger wavenumber (the reflected waves shorten). The A=C 
condition is associated to 𝐶𝑔 = |𝑈 |, here the wave blocking condition 
is achieved due to the effect of the current velocity that blocks the 
upstream propagation of the wave energy, thus inducing also reflection 
(relatively small waves) or breaking (large enough waves). For larger 
values of the current velocity no waves propagate against the current. 
An interesting example of intense wave blocking is that occurring at 
Seymour Narrows (British Columbia, Canada). There, the tidal current 
entering the Narrows is accelerated because flowing N-S across a very 
narrow gap (750 m) between the Vancouver Island and the mainland. 
The result is an extremely fast current that blocks the opposing (S-N) 
waves and can also sweep them back (www.youtube.com/watch?v=
yVW6XclyBak).

Since the 1980’s, several authors studied the influence of the cur-
rents on water waves. Brevik (1980) experimentally studied wave–
current interaction in a flume. His studies were mainly conducted in 
intermediate waters (ℎ∕𝐿 ≈ 0.13) where the typical ‘‘deep water’’ 
behavior was observed with nonlinear waves (0.33 < 𝜀 < 0.60), 
being 𝜀 the wave nonlinearity (𝜀 = 𝐻∕ℎ), and a uniform current 
profile (𝑈 = 37 cm∕s). His results showed that the opposing current 
reduces the wavelength and, being the energy transfer limited, the 
wave becomes higher and more skewed. The opposite behavior is found 
for a following current. Wave amplitude dispersion is disregarded while 
frequency dispersion is very strong. Such behavior is only observed 
in deep to intermediate waters, where the importance of the main 
nonlinear effects is relative. For this reason, the following sections are 
aimed at understanding the effects due to nonlinear triad interaction 
(Section 2.1.1) and wave amplitude dispersion (Section 2.1.2).

2.1.1. Triad interaction
The behavior of the wavelength can be considered independent 

from both wave nonlinearity (𝜀) and depth regime (ℎ∕𝐿), increasing 
for a following current and decreasing for an opposing current. Unlike 
that, the wave height (𝐻) undergoes a more complex behavior because 
of the mode-mode interactions between wave components depending 
on the phase mismatch (𝛿𝑘) between triads. Triad interactions occur 
among waves with angular frequencies and wavenumbers such that:
𝜔1 ± 𝜔2 = 𝜔3 (4)
𝑘1 ± 𝑘2 = 𝑘3 (5)

This means that if component 3 satisfies the linear dispersion relation, 
the interaction is resonant and a one-way transfer of energy from 
components 1 and 2 to component 3 is obtained (Armstrong et al., 
1962). This condition is achieved in very shallow waters when waves 
are nondispersive and their wavenumber only depends on water depth. 
For nearly shallow waters, component 3 does not satisfy the dispersion 
relation, the interaction is quasi-resonant and the transfer of energy can 
go back-and-forth because of the mismatch in the phase speed (Phillips, 
1960; Hasselmann, 1962). The difference between the expected reso-
nant wavenumber and the actual wavenumber at frequency 𝜔3 gives 
rise to a wavenumber mismatch defined as: 
𝛿𝑘 = |𝑘1 ± 𝑘2| − 𝑘3(𝜔3) (6)

Such mismatch represents the distance from the exact resonance and 
it determines the intensity of the energy exchange between wave 
3 
components. A zero mismatch is only obtained in very shallow waters 
and implies a one-way transfer of energy (resonant interaction) over 
a short evolution distance. For weakly dispersive waves (𝛿𝑘 ≪ 1), a 
small variation of phase relations between waves occurs, thus inducing 
a significant net energy transfer over several wavelengths. In deep 
waters, waves are strongly dispersive, phase relations vary rapidly and 
a negligible energy transfer between wave components occurs. A more 
detailed and comprehensive discussion on nonlinear wave interactions 
can be found in Eldeberky (1997).

The presence of a current on waves also influences the interac-
tion between triads, due to its influence on the dispersion relation 
given in Eq.  (3). Fig.  1 shows that an opposing current increases 
the wavenumber and reduces the wavelength (from point E to A). 
In this case, the relative depth (ℎ∕𝐿) increases, thus increasing the 
phase mismatch and reducing the amount of energy transfer between 
harmonics moving away from the shallow water condition. On the 
contrary, a following current increases the wavelength (point B) and 
the resulting waves propagate in relatively shallower depths where the 
phase mismatch is smaller and interactions are stronger.

The presence of higher harmonics increases with respect to what 
is expected for the no current case as also observed by Chen et al. 
(1999). In their study, a 3rd order Stokes wave (𝜀 = 0.2) propagates 
in nearly-shallow waters (ℎ∕𝐿 = 0.08) with a current of 𝑈∕

√

𝑔ℎ = 0.15. 
They found that, for the following current case, the phase mismatch 
lengthens the beatlength by 86% and increases the second harmonic 
amplitude by 20%. The opposite behavior is found for the opposing cur-
rent case, in which a reduction of 57% in beat-length and of 14% in the 
second harmonic amplitude is observed. This mechanism has an impor-
tant effect on the overall wave height. Numerical experiments of Kumar 
and Hayatdavoodi (2023) show that the mode-mode interactions lead 
to a wave height behavior in shallow waters (ℎ∕𝐿 = 0.01 and 0.2 < 𝜀 <
0.4) opposite to that occurring in deep waters. The wave component at 
the primary frequency (𝐻1) is found to behave like in the deep water 
conditions (e.g. increasing/decreasing for opposing/following current, 
respectively). However, the first harmonic (𝐻2) is mainly influenced 
by mode-mode interactions and its amplitude shows a decrease for 
opposing current and an increase for following current. Given the large 
relative importance of super-harmonics in shallow waters, the overall 
wave height follows the behavior of its first harmonic, highlighting the 
importance of triad interaction over linear dispersion in this situation.

2.1.2. Wave amplitude dispersion
Another nonlinear effect that must be taken into account when 

studying the interaction between current and waves at the wave block-
ing condition is amplitude dispersion. It is well known that larger 
waves propagate with higher celerity and this effect can be taken into 
account by using a higher-order dispersion relation such us the one 
given in Chawla and Kirby (2002) for 3rd order Stokes waves:

𝜎 =

√

𝑔𝑘 tanh (𝑘ℎ)
[

1 + (𝑘𝑎)2
(

8 + 4 cosh 4𝑘ℎ − 2 tanh 2𝑘ℎ
8 sinh 4𝑘ℎ

)]

(7)

where 𝑎 is the wave amplitude. Such nonlinear dispersion relation can 
be represented in the 𝑘 − 𝜎 plane by the two red curves, computed 
for a lower (continuous line) and a higher (dashed line) value of wave 
amplitude. Its main effect on wave–current interaction refers to the 
wave reflection condition for the opposing current case (point C in Fig. 
1). In particular, for increasing values of wave height, the reflection 
condition (second intersection between the nonlinear dispersion rela-
tion and the 𝜔 + 𝑘|𝑈 | line) moves to higher values of 𝑘. This means 
that the wavelength of reflected waves is reduced for increasing wave 
height. A further increase in wave height (red continuous line), can lead 
to the reversal of the concavity of 𝜎(𝑘) and the reflection condition, in 
which both energy and waves are swept by the current, is not achieved.

The experiments of Chawla and Kirby (2002) were run for nonlinear 
waves (0.066 < 𝜀 < 0.282 in intermediate waters (0.26 < ℎ∕𝐿 < 0.37) 
against a uniform current with 𝑈 = 0.53 m∕s and they found that 
nonlinear effects of amplitude dispersion are only important close to 
wave blocking or wave breaking.

http://www.youtube.com/watch?v=yVW6XclyBak
http://www.youtube.com/watch?v=yVW6XclyBak
http://www.youtube.com/watch?v=yVW6XclyBak
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2.2. Horizontally varying currents (refraction theory)

In most common cases, the current velocity is not uniformly dis-
tributed along its section. As an example, focusing on estuarine dy-
namics, river plumes assume different shapes (e.g. arched, elongated, 
trapped) immediately after exiting the river mouth (Garvine, 1995; 
Yankovsky and Chapman, 1997; Osadchiev and Zavialov, 2019; Baldoni 
et al., 2022). The condition of the horizontal variation of the current 
can be described by the wave ray theory (Peregrine, 1976; Chao, 1993), 
with the assumptions that (i) the wave phase 𝐤 ⋅ 𝐱 − 𝜔𝑡 is a smooth 
function and (ii) waves are small. The wave action (𝐴), of wave action 
flux (𝐵) and of wave angular frequency (𝜔) are defined as follows 

𝐴 = 𝐸∕𝜎 = 1
2
𝜌𝑔𝑎2

𝜎
𝐁 = (𝐔 +𝐂𝐠)𝐴 𝜔 = 𝐔 ⋅ 𝐤 + 𝜎(𝑘, ℎ)

(8)

where 𝐸 is the wave energy and 𝑎 is the wave amplitude. Given these 
definitions, the Ray equations can be written as (e.g. Peregrine, 1976; 
Peregrine and Jonsson, 1983):
[ 𝜕
𝜕𝑡

+ (𝐔 + 𝐂𝐠) ⋅ ∇
]

𝑘𝑖 = − 𝜕𝜎
𝜕ℎ

𝜕ℎ
𝜕𝑥𝑖

− 𝑘𝑗
𝜕𝑈𝑗

𝜕𝑥𝑖
(9)

[ 𝜕
𝜕𝑡

+ (𝐔 + 𝐂𝐠) ⋅ ∇
]

𝜔 = 𝜕𝜎
𝜕ℎ

𝜕ℎ
𝜕𝑡

+ 𝑘𝑗
𝜕𝑈𝑗

𝜕𝑡
(10)

[ 𝜕
𝜕𝑡

+ (𝐔 + 𝐂𝐠) ⋅ ∇
]

𝐴 +
[

∇ ⋅ (𝐔 + 𝐂𝐠)
]

𝐴 = 0 (11)

Eqs.  (9) and (10) are used to trace wave rays, while Equation (11), 
expressing the conservation of wave action between rays, is used to 
compute the wave amplitude.

Simple refraction due to underwater topography occurs when the 
water depth ℎ changes in time and space, as expressed by the first 
terms on the right-hand side of Eqs. (9) and (10). In this case, the 
orthogonals to the wave crests (i.e., lines parallel to 𝐤) represent the 
direction of wave travel. In the presence of a current (not parallel to 
waves), the ray direction differs from the direction of the wavenumber 
vector, thus rays are not orthogonal to wave crests. Wave rays are in the 
direction of travel of the absolute group velocity (equal to the vector 
sum of current and the relative group velocity). For a nonzero angle 
between the wavenumber vector and the current a change in current 
leads to some refraction of the waves (Peregrine, 1976). The effect of 
a horizontally and temporally varying current can be observed from 
Eqs. (9) and (10), respectively: when waves propagate onto a faster or 
slower flow, 𝜔 remains constant, but 𝐿 either increases or decreases; 
on the other hand, if the flow accelerates or decelerates, 𝜔 increases or 
decreases, the Doppler effect.

As a simple example, one can consider a current 𝑈 = 𝑈 (𝑥), de-
scribing a flow in channels and rivers where the velocity varies in 
response to the depth ℎ(𝑥) and slope of the bottom. If waves travel 
parallel to the current, it is 𝐔 ⋅ 𝐤 = ±𝑈𝑘. Since the current is steady, 𝜔
along rays remains constant (Eq. (9)). Further, conservation of the wave 
action (Eq. (11)) implies that the wave action flux 𝐵 is also constant, 
so that if 𝑈 + 𝐶𝑔 approaches zero, which means the wave blocking 
condition is reached, the wave amplitude unrealistically increases: the 
analytical solution by wave action conservation fails at the blocking 
point, prescribing a divergent amplitude. Such singularity in amplitude 
has led to the assumption that waves break before reaching the blocking 
velocity (Peregrine, 1976). This is true for sufficiently steep waves, but 
the case can also occur in which waves are reflected in the vicinity of 
the blocking point, as shorter waves, and rapidly decay. In such sit-
uation, the phase velocity is directed upstream while energy transport 
velocity is directed downstream (Suastika, 2004). This happens because 
the blocking point corresponds to a caustic of rays and there is a set of 
rays being swept downstream (Peregrine and Jonsson, 1983).

Many experimental tests have been performed to observe wave 
blocking by an adverse current. Suastika (2004) tested both periodic 
and random waves traveling towards a current. He found that incident 
4 
waves shorten and steepen as they advance on the adverse current, con-
sistent with theoretical predictions. If the steepness exceeds a maximum 
value (𝐻 ≈ 0.1𝐿), waves may break on the adverse current, with the 
rear face being steeper than the forward one, contrary to what happens 
during depth-induced wave breaking (Peregrine and Jonsson, 1983). In 
the experiments, wave reflection due to blocking was also observed: 
the water surface became corrugated due to shortened reflected waves 
propagating downstream from the blocking point. The surface pattern 
on incident and reflected waves does not show a clear structure of 
nodes and antinodes like for the case of simple reflection due to a 
vertical wall.

These results were observed for both periodic and random waves. 
Moreover, random wave tests allowed to capture the narrowing of 
the wave spectra, as higher-frequency components got blocked by the 
current, and the shift of the spectral peak to lower frequencies. For a 
partial blocking, such shift did not occur (Suastika, 2004).

Chen et al. (1998) simulated monochromatic linear waves (𝜀 <
0.023) propagating against a current in a channel with a submerged 
bar, i.e. from deep waters (ℎ∕𝐿 = 0.53) to intermediate waters (ℎ∕𝐿 =
0.12). They observed both amplitude increase and wavelength reduc-
tion approaching the blocking point, in agreement with the theoretical 
solution obtained by the principle of wave action. Again, such theory 
fails close to the blocking point, since in reality the wave amplitude 
does not go to infinity. As previously discussed, waves are either 
reflected back or break. When bichromatic waves are considered, the 
longer mode continues to propagate upstream of the blocking location, 
leading to frequency downshifting.

2.3. Vertically varying currents (shearing effects)

The vertical variation of the velocity profile plays a critical role 
in characterizing the dynamics of the flow. When waves interact with 
currents, the velocity distribution within the water column deviates 
significantly from that of a purely wave-driven or current-driven flow. 
These deviations arise from the complex interplay of forces at the 
boundaries, including the influence of surface waves, the frictional 
interaction at the seabed, and the turbulent processes within the fluid. 
Understanding these vertical velocity profiles is essential for predict-
ing the transport of momentum, energy, and mass in natural and 
engineered aquatic systems.

There are two primary cases of interest: (1) wind stresses acting 
at the surface and (2) frictional stresses exerted at the bottom (Pere-
grine, 1976). The transfer of momentum from these boundary forces 
into the fluid body is mediated through a combination of viscous 
stresses, which dominate in regions of laminar flow, and turbulent 
Reynolds stresses, which become significant in turbulent regions. As 
noted by Umeyama (2005), the turbulent Reynolds stresses play a 
critical role in shaping the Eulerian-mean velocity profile. Umeyama 
(2005) observed that for a mean current velocity of approximately 
12 cm/s, the wave height decreases in both following and opposing 
wave–current scenarios, reflecting a dynamic redistribution of energy. 
For waves propagating in the same direction as the current, the mean 
velocity near the free surface is reduced when compared to the loga-
rithmic velocity profile typical of current-only conditions. Conversely, 
in cases where waves oppose the current, the mean velocity near the 
free surface is enhanced relative to the logarithmic profile. These effects 
underscore the nonlinear nature of wave–current interactions and the 
importance of accounting for turbulent stresses in the analysis. Building 
upon the understanding of vertical velocity profiles in wave–current 
interactions, laboratory experiments have provided valuable insights 
into the complex dynamics involved.

Kemp and Simons (1982) conducted experimental studies in a lab-
oratory channel with both rough and smooth beds, investigating the 
interaction between gravity waves and a following turbulent current. 
For a flow depth of approximately 20 cm and a mean velocity of 
18.3 cm/s, their findings demonstrated that the boundary layer (BBL) 
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Fig. 2. Effect of waves over a current in terms of BBL thickness and bottom shear stress. Panel a: following current; Panel b: opposing current.
Source: Adapted from Kemp and Simons (1982, 1983).
thickness (𝛿) is reduced in the presence of following waves, with 
the mean velocity below the wave trough level decreasing. This phe-
nomenon was attributed to the enhanced energy dissipation of larger 
wave heights, which transfers energy into the current. Above the 
BBL, the mean flow velocity was observed to increase, resulting in a 
deviation from the expected logarithmic profile. Shear stresses at the 
smooth boundary adhered to a linear combination of wave and current 
effects, indicating the persistence of superposition principles in certain 
stress mechanisms.

In their subsequent study, Kemp and Simons (1983) investigated 
the interaction between waves and an opposing current under sim-
ilar experimental conditions. They observed that the boundary-layer 
thickness increases in the presence of opposing waves, with a notable 
amplification of the mean flow velocity below the wave trough level. 
This adjustment was accompanied by an increased decay rate of wave 
height in space, faster for opposing currents compared to following 
ones. Turbulence levels near the bed were significantly amplified, 
particularly in a layer approximately two roughness heights above the 
bed, where periodic vortex ejections contributed to elevated Reynolds 
stresses. Beyond this layer, turbulence levels over the smooth bed were 
comparable to current-only conditions, indicating a reduced influence 
of the opposing waves further away from the boundary.

The main findings obtained for both following and opposing cur-
rents by Kemp and Simons (1982, 1983) are illustrated in Fig.  2.

Here, the effect of the waves over an existing current is shown in 
terms of BBL thickness and bed friction (𝜏). In this figure, the subscript 
𝑤𝑐 refers to the wave plus current test while 𝑐 refers to the current 
only test. The bed friction by interacting nonlinear waves and currents 
is always larger than that due to currents alone, and for opposing 
currents is larger than for following currents and it increases with wave 
steepness. However, conditions exist for which the wall shear stress due 
to waves and currents is smaller than those of current alone (𝜏𝑤𝑐 <
𝜏𝑐) (Lodahl et al., 1998). This occurs when waves can re-laminarize 
the current, i.e. the combined flow is wave dominated (𝑈𝑤 ≳ 𝑈) and 
the oscillatory component of the flow is in the laminar flow regime 
(𝑅𝑒𝑤 < 1.5 ⋅ 105). All the above has important bearings of sediment 
mobility and transport.

The wave-induced stresses, are also responsible for the deviations 
from the logarithmic profile. Huang and Mei (2003) have shown ana-
lytically that the near-surface velocity of an otherwise uniform current 
is reduced by following waves, but is increased by opposing waves as 
the consequence of second order effects of wave–current interaction. 
The mean velocity profile 𝑈 (𝑧) deviates from the logarithmic profile 
due to wave-induced stresses, as described by the following compact 
equation, adapted from Huang and Mei (2003): 

𝑈 (𝑧) =
𝑈∗
𝜅

ln
(

𝑧
𝑧𝑟

)

+ ∫

𝑧

𝛿
(𝜏𝜐𝑇 ± 𝜏𝛼𝑐 + 𝜏𝐸𝐷

+ 𝜏𝐵 + 𝜏′′𝜐𝑇 )𝑑𝑧 (12)

where 𝑈∗ is the friction velocity, 𝜅 is the von Kàrmàn constant and 𝑧𝑟 is 
the roughness height. The other terms represent different wave-induced 
shear stress contributions such as:
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• 𝜏𝜐𝑇  represents the distortion of the vertical profile of the eddy 
viscosity (𝜐𝑇 ) by free surface oscillation. This term is the most 
significant; it is always negative and it is large at surface;

• 𝜏𝛼𝑐  is the wave-induced change of friction velocity. Positive sign 
for following current, negative sign for opposing and nul at the 
surface;

• 𝜏𝐸𝐷
 is the wave damping which is always positive and large at 

surface;
• 𝜏𝐵 is the wave-induced Reynolds stress from BBL. it is always 
negative and large at surface. It typically cancels out 𝜏𝐸𝐷

;
• 𝜏′′𝜐𝑇  is the curvature of eddy viscosity which is always positive and 
large at surface.

For following currents, negative stresses decrease surface current ve-
locity and positive stresses increase it. For opposing currents, negative 
stresses increase surface current velocity and positive stresses decrease 
it. This boundary-layer analysis with depth-dependent eddy viscosities 
allowed to explain the velocity profile experimentally observed by 
other authors (Kemp and Simons, 1982, 1983). For opposing currents, a 
reduction in velocity near the bottom and an increase near the surface, 
relative to the logarithmic current-only profile, are accurately predicted 
for the mean velocity. The opposite behavior is observed for following 
currents.

The same problem was investigated by Tambroni et al. (2015) using 
a perturbation approach, which assumes small wave steepness and 
considers current velocities to be of the same order of magnitude as 
the amplitude of velocity oscillations induced by wave propagation. 
The proposed model is relatively simple and supported by experimen-
tal measurements. At the leading-order approximation, wave–current 
interaction occurs primarily within the BBL due to the small ratio 
of boundary layer thickness to wavelength. At second order, waves 
alter the mean current profile through the momentum flux induced by 
velocity oscillations. As noted by Huang and Mei (2003), the resulting 
mean shear stresses near the free surface oppose the direction of wave 
propagation, leading to a reduction in mean current for following waves 
and an increase for opposing waves. Both the works of Huang and Mei 
(2003) and Tambroni et al. (2015) focused on the core region and on 
the bottom boundary layer.

Olabarrieta et al. (2010) developed a numerical model to include 
the variation of the free surface elevation due to the wave motion, in or-
der to extended the analysis in the area the wave crest and trough. They 
confirmed the presence of a surface boundary layer in the upper part 
of the water column, which influences the flow structure throughout 
the entire water column. Between the wave crest and trough, the flow 
increases in the following cases and decreases in the opposing ones. 
This behavior is driven by the Stokes drift, the wave-induced mass flux 
in the direction of wave propagation.

As a summary, a qualitative sketch of the vertical velocity profile 
for following/opposing currents is reported in Fig.  3. These results 
highlight the intricate interplay between wave-induced and current-
driven forces and their role in shaping the velocity profiles and stress 
distributions in wave–current interactions. Together with the obser-
vations of Umeyama (2005), they emphasize the critical influence of 
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Fig. 3. Qualitative velocity profile in combined wave and current condition. The dashed line represents the reference logarithmic profile for current only 
conditions. Panel a: following current; Panel b: opposing current.
wave directionality on boundary-layer dynamics and the redistribution 
of momentum and energy within the water column.

2.4. Wave blocking

A strong opposing current can partially or completely block wave 
propagation in a specific condition. The current can block the upstream 
wave energy propagation if when its velocity is equal to waves’ group 
celerity (condition A=C in Fig.  1). The blocking condition is obtained 
when the line and the curve in 𝑘 − 𝜎 plane are tangent (see Fig.  1). 
Such condition occurs when the curve and the line pass through the 
same point and have the same derivative, according to the following 
equations: 

|𝑈 | = 𝐶𝑔 = 𝑑𝜎
𝑑𝑘

= 𝑛(𝑘)𝐶𝜎 = 𝑛(𝑘)
𝜎(𝑘)
𝑘

(13)

𝜔 + 𝑘|𝑈 | = 𝜎(𝑘) (14)

where 𝑛 is the wave group number computed as: 

𝑛(𝑘) = 1∕2
(

1 + 2𝑘ℎ
sinh 2𝑘ℎ

)

(15)

After some algebra, the following equation in 𝑘 is obtained: 
𝜔 = 𝜎(𝑘)(1 − 𝑛(𝑘)) (16)

This equation can be solved numerically to obtain the abscissa 𝑘∗ of the 
point of tangency and, then, the ordinate 𝜎∗ from the dispersion rela-
tion. Rearranging Equation (14) it is possible to compute the blocking 
velocity as: 

|𝑈 | = 𝜎∗ − 𝜔
𝑘∗

(17)

If a simple case is considered with constant water depth and velocity 
(ℎ = ℎ(𝑥) and 𝑈 = 𝑈 (𝑥)), the dot product 𝐔 ⋅ 𝐤 = 𝑈𝑘 gives 𝜔 as a 
constant values along rays (Eq. (9)). Further, the conservation of wave 
action (Eq. (11)) gives a constant wave action flux (𝐵 = (𝑈+𝐶𝑔)

1
2
𝜌𝑔𝑎2

𝜎 =
𝑐𝑜𝑛𝑠𝑡). Moving towards blocking conditions, the factor 𝑈 + 𝐶𝑔 goes to 
zero, thus leading to an increase of the wave amplitude 𝑎. This leads 
to a shortening and a steepening of incident waves while advancing 
on the adverse current, as also confirmed by the visual observations 
of Suastika (2004).

Similar experiments on the interaction between a shoaling wave and 
an opposing current are currently being conducted in the flume of the 
University of Parma by the research group led by Prof. Sandro Longo, 
within the activities of the ‘‘Mitigation and Adaptation in Resilient 
Coastal and estUarine integrated unitS - MARCUS’’ project. The flume 
is 10 m long, 0.30 m wide, and has a 1∕74 slope designed to facilitate 
wave shoaling and the gradual reduction of current velocity as the 
water depth increases. The main experimental characteristics have been 
chosen to reproduce, through Froude scaling, the dynamics evolving at 
microtidal river mouths, with specific focus on the Misa River (see in 
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the following). An example of a wave blocking condition is shown in 
Fig.  4. In this case, a regular wave train with 𝐻 = 𝑋𝑚 and 𝑇 = 𝑋𝑠, 
generated at a water depth ℎ = 𝑋𝑚, encounters an opposing current 
induced by a constant flow rate of 𝑄 = 𝑋𝑙∕𝑠. This results in a mean 
velocity of 𝑈 = 𝑋𝑚∕𝑠 at the blocking point. Fig.  4 also illustrates 
the wave deformation caused by the current. As waves propagate over 
the sloped bottom, they experience progressively stronger opposing 
currents in shallower waters. Consequently, the wavelength decreases, 
along with a reduction in wave height, due to shallow-water effects and 
nonlinear interactions.

Chen et al. (1998) improved the numerical modeling of wave cur-
rent interaction trough an enhanced Boussinesq approach. Numerical 
simulations on the wave blocking of linear waves (𝜀 < 0.023) evolving 
from deep waters (((ℎ∕𝐿)𝑠ℎ𝑜𝑟𝑡 = 0.53) onto the intermediate waters of 
a bar ((ℎ∕𝐿)𝑠ℎ𝑜𝑟𝑡 = 0.12) were performed. Monochromatic short waves 
were blocked by an opposing current with velocity |𝑈 | > 𝐶𝑔 and their 
length decreased. The application of the analytical solution by wave 
action conservation was found to fail at wave blocking, prescribing a di-
vergent amplitude. In addition, a frequency downshifting was observed 
over the blocking point. A potential longer wave mode ((ℎ∕𝐿)𝑙𝑜𝑛𝑔 =
0.03) over the bar superimposed on the previous short wave mode was 
not blocked by the opposing current. As a final effect, only longer waves 
(lower frequencies) could propagate beyond the blocking point, leading 
to a decrease in the dominant frequencies of the propagating waves past 
this point, thereby causing some frequency ‘‘downshifting’’.

3. Sea-river interactions at microtidal river mouths

By definition, microtidal environments are characterized by a tidal 
range (𝑇𝑅) of less than 2 m, distinguishing them from mesotidal 
(2 m < 𝑇𝑅 < 4 m) and macrotidal (𝑇𝑅 > 4 m) systems (e.g. https:
//www.aviso.altimetry.fr/). Microtidal regimes dominate the major-
ity of coastal areas worldwide, making them a prevalent feature of 
global river mouths (Fig.  5, adapted from https://www.aviso.altimetry.
fr/). Studying microtidal systems simplifies the analysis by partially 
excluding tides as a major forcing factor. The three primary forces 
acting on river mouths—river discharge, sea waves, and tides—can be 
reduced to a dual interaction between river flow and waves, streamlin-
ing the interpretation of dynamics. Excluding funnel-shaped estuaries, 
characterized by linear sand ridges and where vertical stratification 
is influenced by flow reversal with significant tidal influences also 
narrows the scope to systems where river discharge and wave action 
dominate (Galloway, 1975). Microtidal river mouths can exhibit a wide 
range of morphodynamic behaviors depending on the relative influence 
of fluvial discharge and wave forcing. Traditionally, these systems have 
been classified according to the fluvial dominance ratio (𝑟) defined as: 

𝑟 =
𝑄𝑟 (18)
𝑄𝑠,𝑚𝑎𝑥

https://www.aviso.altimetry.fr/
https://www.aviso.altimetry.fr/
https://www.aviso.altimetry.fr/
https://www.aviso.altimetry.fr/
https://www.aviso.altimetry.fr/
https://www.aviso.altimetry.fr/
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Fig. 4. A periodic incident wave train blocked by an adverse current as observed by Longo and his research group in the wave–current flume of the University 
of Parma.
where 𝑄𝑟 is the river sand flux and 𝑄𝑠,𝑚𝑎𝑥 is the maximum littoral 
sediment flux at the mouth (Nienhuis et al., 2015).

Values of 𝑟 > 1 have been associated with fluvially influenced 
mouths, which generally exhibit prominent prodeltas shaped by sed-
iment deposition from river outflows, while 𝑟 < 1 typically describe 
wave-influenced ones, characterized by flattened profiles due to wave-
driven sediment removal and redistribution alongshore.

However, the morphological outcomes of these settings are far more 
complex than a simple binary classification suggests. The r index pro-
vides only a first-order quantification of potential forcing balance and 
does not account for processes such as river-mouth sediment bypassing 
or the role of antecedent topography and inherited delta morphology. 
As discussed by Anthony (2015) and confirmed by recent numerical 
studies (e.g., Zăinescu et al. (2024)), wave and river processes interact 
through non-linear feedbacks that depend on sediment availability, 
deltaic geometry, and shoreline orientation. Strongly wave-influenced 
mouths do not necessarily develop flattened or alongshore-smoothed 
profiles. Many large deltas such as the Danube and the Rhône exhibit 
substantial wave reworking while retaining protruding delta lobes or 
spits shaped by long-term interactions between riverine sediment sup-
ply and wave redistribution (Zăinescu et al., 2021, 2024; Sabatier and 
Anthony, 2015; Boudet et al., 2017).

The core principles of our analysis are inherently applicable to 
wave–current interactions in general and allow to generalize the under-
standings to environments characterized by a limited tidal range. This 
broader applicability is supported by numerous examples drawn from 
the literature, which include both large-scale (Mississippi, Rhone, Pearl, 
Delaware) and small-scale (Maipo, Misa, Umgeni, Breede, Shoalhaven) 
microtidal rivers, represented, together with their tidal range, in Fig. 
5. Moreover, Table  1 reports the main characteristics of each system. 
The interaction between river discharge and sea waves is critical in 
shaping both the average and extreme dynamics at microtidal mouths, 
as described in the following sections.

In particular, these examples have been used to reinforce our anal-
yses and interpretations of the observed phenomena: (1) wave steepen-
ing and breaking at the Rhône and Misa rivers and wave refraction at 
the Mississippi and Misa rivers (Section 3.2.1); (2) upriver propagation 
of infragravity waves at the Maipo and Misa rivers (Section 3.2.2); 
(3) river plume deflection by waves at the Maipo and Misa rivers 
(Section 3.2.3); (4) mouth bar migration at the Rhône and Misa rivers 
(Section 3.3.1); and (5) compound flooding driven by wave–current 
interactions at the Breede and Misa rivers (Section 3.3.2).

The Misa River was selected as one of the test sites because it 
represents a real-world natural laboratory equipped with an integrated 
monitoring system that captures the interactions between river and 
marine forcings. This system includes a video-monitoring station, an 
X-band radar, a tide gauge, and several hydrometric sensors, providing 
high-resolution datasets that have been partly used in this manuscript. 
These observations have also supported previous numerical modeling 
7 
Fig. 5. Global map of tidal range showing the locations of the analyzed 
large-scale (red) and small-scale (yellow) rivers. Letters ‘‘R’’ and ‘‘W’’ indicate 
river-dominated and wave-dominated mouths, respectively.
Source: Adapted from Aviso+ https://www.aviso.altimetry.fr/.

studies investigating the wave–current interplay at the Misa River 
mouth, including its influence on plume dynamics and mouth-bar evo-
lution (Baldoni et al., 2022, 2021). Results presented in Sections 3.2.3
and 3.3.1 derive from those earlier modeling efforts, whereas Sec-
tions 3.2.1 and 3.3.2 introduce new applications developed within 
the present study. All the analyses were performed with the Delft3D 
numerical suite, dynamically coupling the modules responsible for the 
simulation of water circulation driven by tides, waves, and river inflow 
(FLOW), and wave propagation and transformation (WAVE) (Deltares, 
2025a,b). The domain discretization was identical for all applications 
except for the preliminary compound-flooding analysis presented in 
Section 3.3.2, for which the Flexible Mesh version of Delft3D was 
employed (Deltares, 2025c).

Two grids were nested for WAVE computations. The larger grid ex-
tended up to a depth of 10 m, with 30 m resolution; the smaller grid had 
a variable resolution, ranging from 8 m offshore to 3 m inside the river. 
For the FLOW model, two grids were connected through the domain 
decomposition approach. The outer grid was obtained by reducing the 

https://www.aviso.altimetry.fr/
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Table 1
Characteristics of the microtidal estuaries shown in Fig.  5: main river, basin area, mean annual discharge (𝑄), tidal range, mean annual wave 
height (𝐻𝑠) and storm surge. References are shown in the first column. Data for the Misa River derived from observations. Values of 𝐻𝑠 at a 
water depth 𝑑 were retrieved from the Copernicus dataset ‘‘Global Ocean Waves Reanalysis’’: https://doi.org/10.48670/moi-00022.
 Main river Basin area 𝑄 Tidal range 𝐻𝑠 Storm surge 
 km2 m3∕𝑠 m m m  
 Misa (IT) 383 4 0.6 (max) 0.39 (𝑑=12) 0.8  
 Rhône (FR) (Sabatier et al., 2009) 96 500 1710 0.3 (mean) 0.54 (𝑑=11) 1  
 Mississippi (USA) (Mikhailov and Mikhailova, 
2010; Levin, 1993)

3 238000 16790 0.35 (mean) 0.73 (𝑑=10) 3–5  

 Maipo (Chile) (Roco et al., 2024; Flores et al., 
2022; Winckler et al., 2017)

15 000 30 1.5 (max) 1.32 (𝑑=44) 2  

 Breede (ZA) (James et al., 2018; Kupfer et al., 
2022; Rautenbach et al., 2020)

12 600 56 2 (max) 2.15 (𝑑=35) 0.9  

 Umgeni (ZA) (Gerritsen et al., 2019; Cooper, 2002; 
Rautenbach et al., 2020)

4439 21 2 (max) 1.58 (𝑑=35) 0.6–0.9  

 Shoalhaven (AUS) (Kumbier et al., 2018; Ji et al., 
2025)

7150 27 1.5 (max) 0.96 (𝑑=23) 0.85  

 Pearl (CN) (Li et al., 2023; Yuxing et al., 2020) 353100 10000 1.4 (mean) 0.25 (𝑑=17) 1–2  
 Delaware (USA) (McKeon and Piecuch, 2025; Xiao 
et al., 2021)

37 568 330 1.5 (mean) 0.4 (𝑑=9) 0.6–1.8  
WAVE larger grid by some cell lines at the boundaries, while the inner 
grid coincides with the WAVE smaller grid. For the compound flooding 
model (Section 3.3.2), the WAVE domain was discretized with two 
nested grids with 15 m and 5 m resolution, covering depths up to 10 m. 
The FLOW grid was instead characterized by unstructured meshes, with 
a resolution ranging from 50 m in the offshore and inland regions not 
interested by flooding, to 2.5 m inside the river.

For all the applications, timeseries of wave parameters (𝐻𝑠, 𝑇𝑝 and 
direction) were used to force the WAVE module, while the FLOW 
boundary conditions included: (i) a total-discharge time series applied 
at the river boundary; (ii) a water-level forcing at the offshore bound-
ary; and (iii) a Neumann-type condition at the cross-shore boundaries. 
For the plume analysis, an additional input concentration was also 
prescribed at the river boundary.

For morphodynamic simulations (e.g.; those for the mouth bar and 
plume analyses), the riverbed was characterized by a mixture of sed-
iment ranging from 100% cohesive material at the upriver section, to 
100% sand just outside of the river mouth, accordingly to the observed 
site characteristics. A small amount of gravel was also considered at 
the mouth bar location. Sand and gravel were characterized by a 
median diameter of 0.18 mm and 6 mm, respectively, while cohesive 
material was described through (i) critical shear stresses for erosion 
and sedimentation of 0.3N∕m2 and 0.4N∕m2, respectively, (ii) erosion 
parameter of 1e−04 kg∕m2∕s and (iii) settling velocity of 0.1mm∕s. The 
Manning coefficient was set to 0.015-0.02m1∕3∕s and 0.07m1∕3∕s in the 
wet and dry areas, respectively. Models were calibrated and validated 
in terms of water levels, depth-averaged velocity and wave propagation 
with data from the monitoring system and offshore buoys. For further 
details, the reader is referred to Baldoni et al. (2022, 2021).

The processes influencing the dynamics at the river mouths ex-
hibit varying levels of energy and complexity. These dynamics can be 
broadly classed into two main types: the average or baseline dynamics, 
which represent the typical behavior of the key phenomena and their 
interactions under normal conditions, and the more energetic and 
intense dynamics associated with extreme events, such as floods, storm 
surges, or high-energy wave activity, as well as a combination of more 
of them. Understanding both the average and extreme dynamics is 
crucial to comprehensively analyze the interplay of hydrodynamic, sed-
iment transport, and morphological processes in these highly dynamic 
environments. The average dynamics can be influenced by short- and 
long-wave propagation, river plumes and wave refraction. Among the 
high energy processes, particular attention must be given to the inlet 
morphology with the associated formation, migration and expulsion of 
mouth bars into the sea, and the effects of compound flooding. Field 
observations of the main phenomena occurring at river mouths are 
presented in the following sections.
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Although our analysis focuses on the cross-shore interactions be-
tween riverine and wave-induced flows, a brief description of longshore 
processes is also given, since they play a key role in shaping the 
morphology of river mouths.

3.1. The longshore component of river mouth morphodynamics

Alongshore processes controls not only the local balance between 
fluvial and marine sediment fluxes, but also governs key morphological 
outcomes such as mouth migration, sediment bypassing, and the devel-
opment of mouth-attached spits (Anthony, 2015; Sabatier and Anthony, 
2015). These processes are particularly relevant for coastal stability 
along adjacent shorelines, as sediment exchanges across river mouths 
can either nourish or starve neighboring coasts.

The interplay between river discharge and longshore currents cre-
ates a highly dynamic and non-linear system. At energetic river mouths, 
strong riverine outflows can locally suppress or redirect longshore 
transport, while during low-flow conditions, wave-induced currents 
tend to dominate, promoting the alongshore redistribution of sedi-
ments (Zăinescu et al., 2021; Boudet et al., 2017). Morphological feed-
backs associated with mouth bar dynamics further complicate this pic-
ture, often leading to alternating phases of mouth closure and opening, 
or to the formation of large spits extending downdrift from the mouth, 
as observed in several deltaic systems such as the Rhône (Sabatier and 
Anthony, 2015; Boudet et al., 2017), the Danube (Zăinescu et al., 2021, 
2024) and the Ebro (Jiménez et al., 1997).

The conceptual and numerical modeling of river–wave interac-
tions at river mouths has increasingly emphasized the critical role 
of the longshore component in shaping morphodynamic outcomes. 
Longshore currents, generated by obliquely incident waves, act as an 
efficient mechanism for sediment redistribution, controlling sediment 
bypassing across river mouths and the development of mouth-attached 
spits (Sabatier and Anthony, 2015; Boudet et al., 2017). These cur-
rents interact dynamically with river outflows, producing alternating 
dominance patterns in which either river jets or wave-driven longshore 
transport prevail (Zăinescu et al., 2021). Such interactions determine 
whether sediment is trapped near the mouth, bypassed downdrift, or 
reworked into mouth bar and spit systems, thus exerting first-order con-
trol on the stability and morphology of the river mouth zone (Anthony, 
2015).

Numerical experiments and field observations in the Rhône and 
Danube deltas (Boudet et al., 2017; Zăinescu et al., 2024) have shown 
that the efficiency of sediment bypassing and long-term morpholog-
ical evolution depend on the relative magnitude of riverine versus 
wave-induced sediment transport. When longshore fluxes exceed fluvial 

https://doi.org/10.48670/moi-00022
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export, sediment tends to accumulate downdrift, fostering spit elonga-
tion and partial mouth closure; conversely, during periods of high river 
discharge, jet expansion can temporarily interrupt longshore trans-
port and promote seaward sediment export. This shifting dominance 
highlights the inherently non-linear character of wave–river coupling.

Despite significant advances in process-based modeling (e.g.,
Delft3D), the representation of longshore sediment dynamics remains 
limited by the difficulty of resolving wave–current feedbacks, surf-
zone turbulence, and rapidly changing mouth geometries (Dodet, 2013; 
van der Westhuysen, 2012). The recent work by Zăinescu et al. (2024) 
demonstrates that even with reduced complexity, numerical mod-
els can reproduce realistic patterns of longshore current balances 
and sediment bypassing, yielding morphologies consistent with field 
observations. However, given the strong spatio-temporal variability 
and morphological feedbacks involved, conceptual and empirical ap-
proaches (Anthony, 2015) continue to provide essential frameworks for 
interpreting longshore-driven morphodynamics at river mouths.

3.2. Average dynamics

3.2.1. Short-wave evolution
The interaction of waves with opposing currents at river mouths 

results in increased wave amplitude, wave blocking, and, ultimately, 
wave breaking. A portion of the wave energy is reflected seaward, while 
the direction of wave propagation is altered due to refraction. The 
following examples demonstrate how these processes coexist at river 
mouths, along with the evolution of wave refraction.

River-sea interaction can produce striking wave phenomena, as 
observed at locations such as the Umgeni River mouth in Durban, 
South Africa. Here, the fronts of incoming sea waves often adopt a 
characteristic V shape due to the interaction with the river outflow 
(see www.youtube.com/watch?v=PkEfhRii-AI). This setting provides a 
clear example of wave blocking, where opposing currents reduce the 
group velocity of incoming waves, potentially halting their progression. 
Additionally, wave reflection is noticeable, as part of the wave energy is 
directed back towards the sea, while wave refraction, driven by varying 
current velocities across the river mouth, manifests itself as a change in 
wave direction. These processes interact dynamically, creating a unique 
environment where the interplay between river outflow and sea waves 
can be distinctly observed.

Wave blocking and breaking phenomena at the mouth of the Rhône 
River have been investigated by Sabatier et al. (2009), highlighting 
the role of river discharge in modulating coastal wave dynamics. Two 
scenarios were compared: the first (case 1) representing the simulta-
neous occurrence of a 1-year return period river discharge and storm 
waves (𝐻𝑠 = 3 m, 𝑇𝑝 = 7.5 s and 𝑄 = 3000 m3∕s); and the latter 
(case 2), featuring the same storm waves but with no river discharge 
(𝐻𝑠 = 3 m, 𝑇𝑝 = 7.5 s and 𝑄 = 0 m3∕s). They used the Numerical Model 
for simulating Longshore current-Current–Wave interaction (NMLong-
CW model) to compute the longshore sediment transport (LST) given 
a specific bathymetric profile, the wave characteristics and the river 
discharge.

The results of the model in terms of wave height and LST for the two 
cases are reproduced in Fig.  6a and the bathymetric profile is plotted in 
Fig.  6b. The presence of the river current in case 1 was found to signif-
icantly attenuate wave energy, reducing the offshore significant wave 
height from 2.6 m to 2.1 m. Consequently, the LST rate also decreased 
from 0.07 m3∕m∕s to 0.05 m3∕m∕s when river flow blocks the waves in 
the mouth sector. Notably, due to the high wave nonlinearity (𝜀 ≈ 0.7), 
the interaction between the river outflow and the incoming waves led 
to wave breaking rather than reflection, emphasizing the dominant role 
of nonlinear processes in such river-mouth environments.

Similar interactions occur at small-scale rivers, such as the Misa 
River in Senigallia, Italy, which serves as a test site for the ‘‘Mitigation 
and Adaptation in Resilient Coastal and estUarine integrated unitS 
- MARCUS’’ project and is here used as reference for a number of 
9 
Fig. 6. Panel a: Wave height and LST for the two cases. Panel b: Bathymetric 
profile. Reprinted from Connecting large-scale coastal behavior with coastal 
management of the Rhône delta, 2009, Vol. 107 (1-2), Sabatier F., Samat O., 
Ullmann A. and Suanez S., Geomorphology, Pages 79–89.
© 2008 with permission from Elsevier.

analyses. Footage from the SGS videomonitoring station (www.morse.
univpm.it), included in the Supplementary Content (Video 1), clearly 
illustrates the complex wave dynamics at this location. Here, the inter-
action between river outflow and incoming waves results in noticeable 
wave refraction, as the waves bend and change direction due to the 
varying current patterns. In addition to refraction, wave steepening 
and breaking can be observed as the incoming waves encounter the 
opposing river current, causing the waves to become steeper and even-
tually break. These processes, in combination, highlight the dynamic 
and ever-changing conditions at the river mouth. To further investigate 
this behavior, Delft3D numerical simulations were performed for the 
Senigallia test site. Simulations were run under two scenarios: one 
with waves alone (W) and another one forced with both waves and 
an opposing river discharge (W+Q). Wave characteristics from a real 
storm that occurred in the area were used (𝐻𝑠 = 5.22 m, 𝑇𝑝 = 8.39 s, 
and 𝜃 = 20◦ N, where 𝜃 indicates the wave direction). A moderate river 
discharge of 100 m3∕s was also considered in the waves on opposing 
current (W+Q) test. Simulations results confirmed the observed wave 
dynamics. The increase in wave steepening is shown in Fig.  7.

In the left panel, the wave steepness for the wave-only test is 
displayed, while the right panel shows the steepness for the waves 
combined with the river current. Although the numerical model used 
for this simulation is not ideally suited to highlight such phenomena 
due to its phase-averaged nature, a remarkable increase in wave steep-
ness is observed at the river mouth and waves are able to propagate 
inside the river for a shorter distance. When the opposing current is 
present, the wave steepness doubles compared to the wave-only case. 
This is due to the simultaneous reduction in wavelength and increase 
in wave amplitude. In addition, Fig.  8 confirms intense wave breaking 
by inspecting wave dissipation. The area where the majority of wave 
dissipation occurs corresponds to the visual observations obtained from 
the SGS monitoring system (Video 1 in Supplementary Content).

Another phenomenon observed as a result of the numerical simula-
tion is wave refraction. Its effect is represented by the difference in 
the mean Cartesian direction of propagation between the wave-only 

http://www.youtube.com/watch?v=PkEfhRii-AI
http://www.morse.univpm.it
http://www.morse.univpm.it
http://www.morse.univpm.it
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Fig. 7. Wave steepness at the Misa River mouth. Left panel: wave only (W). Right panel: wave and opposing current (W+Q).
Fig. 8. Wave dissipation at the Misa River mouth. Left panel: wave only (W). Right panel: wave and opposing current (W+Q).
test and the test with opposing current, as shown in Fig.  9. Positive 
values indicate a counter-clockwise rotation of the velocity vectors 
when an opposing current is present, while negative values correspond 
to a clockwise rotation. The result of this current-induced refraction is 
that the wave vectors tend to be directed more towards the center of 
the river mouth. This effect is due to the term 𝑘𝑗

𝜕𝑈𝑗
𝜕𝑥𝑖

 in Eq.  (9).
A similar behavior is observed in large-scale systems, such as the 

case of the Mississippi River. Sorourian et al. (2020) used the fully-
coupled FVCOM-SWAVE model to investigate wave–current interac-
tions. They found that waves on the shelf side of the inlets are in-
fluenced by the gyre currents induced in the Louisiana Bight, which 
lead to wave refraction. These currents include the Mississippi River 
plume, alongshore current, and tidal jet in the Barataria Pass. The 
FVCOM-SWAVE model predicts a reduction in significant wave height 
inside the Louisiana Bight, attributed to current-induced refraction 
and the wave-stretching effect caused by the clockwise gyre from the 
Mississippi plume. The wave dynamics at the mouth of Barataria Pass 
are influenced by both the intensity of the jet velocity and the local 
wind direction, resulting in wave steepening and partial wave blocking 
10 
when the current is opposing, and a reduction in wave height when the 
current is following. During ebb flow, the opposing current can increase 
wave height by approximately 20%, while the following current can 
lead to a decrease in wave height of up to 15% on the seaward side of 
Barataria Pass.

3.2.2. Long-wave upriver propagation
Long waves, usually in the form of Infragravity Waves (IGW), are 

characterized by wave periods in the range ≈ 25 − 250 s. In tidal 
estuaries they have been widely observed (Uncles et al., 2014; Bertin 
and Olabarrieta, 2016). The tide is dominating the process so much that 
no upriver propagation is observed during ebb stages. However, obser-
vations of IGW upriver propagation in microtidal systems are becoming 
more frequent. In such environments, the tide only modulates the 
upriver propagation of IGW, which is mostly favored by storm surge. 
Some examples are here reported to highlight the filtering of high-
frequency modes by wave blocking and breaking, with a consequent 
frequency downshifting.
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Fig. 9. Difference in wave direction between the wave only (W) and the wave 
with opposing current (W+Q) tests at the Misa River mouth.

For the Misa River, IGW are found to travel upriver during a 
storm, with celerity in the range (3.6 − 5.5) m∕s, which is typical of 
nonlinear long waves. The propagation can extend up to about 15 times 
the swell length and get enhanced by tide-induced increase in water 
depths (Melito et al., 2020). Fig.  10 shows the wave energy upriver 
propagation during a sea storm event. The total wave energy strongly 
dissipates due to wave breaking before entering the river mouth, as 
shown in panel a. Swell waves (panel b) follow a similar behavior, the 
combined action of depth-induced wave breaking and opposing river 
current enhanced by rainfall drastically reduces short wave energy. On 
the contrary, IGW propagated upstream (panel c). The percentage of en-
ergy related to long waves with respect to the maximum offshore total 
wave energy increases moving upriver, showing an overall frequency 
downshifting. Such upriver propagation of IGWs is typically associated 
with large flood tidal stages. Therefore it is especially noteworthy given 
the negligible tidal excursion in the area due to the fact that such 
propagation.

Flores et al. (2022) investigated the interaction between IGW and 
the plume dynamics of the Maipo River, a small river discharging into 
a high-energy surf zone along the Chilean coast. Their study found that 
the plume exiting the river mouth is deflected alongshore by wave 
action. Using cross-shore timestack analysis, the surf zone edge and 
the plume edge were identified, along with their oscillatory motion 
corresponding to the frequency of IGW. ADCP measurements revealed 
that a significant portion of the spectral energy at the plume edge 
resides in the infragravity band. The inlet dynamics, including plume 
behavior and surf zone width, were found to be strongly influenced by 
IGW. This modulation appears to result directly from a time-varying 
breakpoint, which drives both surf zone and river mouth dynamics.

3.2.3. River plume and wave refraction
River plumes are largely governed by river discharge (𝑄) and wind 

stress. However, significant is also the role of waves and tides, which 
enter the river mouth and can stir the riverbed sediment putting 
in suspension large quantities of fine sediment. At microtidal rivers 
this action is largely due to sea waves, which are seen to provide a 
significant bed shear stress also for weak river discharges.

The monitoring system at the Misa River mouth provided valuable 
insights into the role of waves in influencing river plumes. Videomon-
itoring observations revealed the formation of plumes even in the 
absence of significant river discharge events. Starting with the plume 
11 
tracking from images, Baldoni et al. (2022) studied the Misa River 
plume evolution, focusing on its generation and transport mechanisms. 
The combination of observations with information derived from numer-
ical modeling allowed to better assess the effect of different forcing. 
Several Delft3D morphodynamical simulations were run, activating 
alternatively the river discharge or the wave forcing, with different 
intensities. The riverbed was mainly characterized by cohesive sedi-
ments, with critical shear stress for erosion equal to 0.3N∕m2. Apart 
from the main role of the river flow in the generation and consequent 
offshore expansion of the plume, wave activity was found to increase 
bed shear stress within the river mouth, reaching the critical threshold 
for bed erosion and sediment suspension, which ultimately leads to 
plume generation. Moreover, as wave intensity increases, wave-driven 
alongshore currents become stronger, pushing the plume alongshore 
and significantly reducing its offshore extent. Fig.  11, adapted from Bal-
doni et al. (2022), shows the plume front generated by four different 
wave conditions (𝐻𝑠 = 2 m and 4 m for two wave directions, 90◦N 
and 20◦N). The plume is defined as the area where the sediment 
concentration exceeds a reference concentration typical for the Adriatic 
Sea (0.05 kg∕m3). Results shown in Fig.  11 confirm that waves are 
responsible of 1) stirring sediments at the river mouth, generating 
plumes (as observed from the videomonitoring products) and 2) moving 
the plume alongshore as the wave-driven currents intensify.

Roco et al. (2024) used in-situ observations collected at the Maipo 
River mouth to examine the interplay between river outflow and inci-
dent wave forcing, which affects the distribution of freshwater along 
the coastline. Their findings revealed that wave–current interactions 
cause wave fronts to bend and refract in response to the opposing river 
outflow, particularly during the late ebb phase (left panel in Fig.  12). As 
waves propagate shoreward and interact with the plume jet, the wave 
fronts undergo refraction and steepening.

The right panel of Fig.  12 presents a schematic illustration of 
wave front propagation against a plume, which is characterized by a 
maximum velocity 𝑈2 along the jet’s centerline. At a specific longshore 
distance, another reference line (denoted by subscript 1) can be identi-
fied where the plume’s influence is negligible, such that 𝑈1 = 0 m∕s. At 
the centerline, the wave celerity changes due to the opposing currents 
(𝐶𝜔2 = 𝐶𝜎2 − 𝑈2). Wave fronts bend and refract due to the opposing 
river outflow. For wave fronts normal to the wave current direction, 
the wavelength at a certain location 𝐿𝑗 can be computed by numerically 
solving the following Equation (Jonsson and Skovgaard, 1978): 
√

ℎ
𝐿2

tanh 2𝜋
𝐿2

ℎ =

√

ℎ
𝐿0

(

1 +
𝑈2𝑇
𝐿1

)

(19)

As a consequence, at location 2, where 𝑈2 > 𝑈1 = 0, the wavelength 
𝐿2 is smaller than the undisturbed wavelength (𝐿1) at the same water 
depth.

3.3. Extreme dynamics

3.3.1. Inlet morphology and mouth bar dynamics
Microtidal rivers can transport significant amounts of sediments, 

which contribute to the formation of bend bars and mouth bars. In the 
absence of waves, a mouth bar typically forms just seaward of the river 
mouth, at a distance approximately twice the river width. This process 
is driven by the expansion of the river jet into the sea, leading to a re-
duction in flow velocity and enhanced sediment deposition (Fagherazzi 
et al., 2015).

The dynamics of mouth bars, however, can be strongly influenced 
by the action of waves and longshore processes, especially in wave-
influenced deltas, where bars can be eroded or migrate alongshore, 
with sedimentation patterns depending on the river–wave energy bal-
ance (Zăinescu et al., 2024). Littoral transport, driven by wave-induced 
currents, interacts with river outflows and shapes coastal morphol-
ogy (Anthony, 2015). High and oblique incident waves enhance long-
shore circulation and promote sediment bypass from river mouths to 
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Fig. 10. Total wave energy (panel a), percentage of swell wave energy (panel b) and of IG wave energy (panel c) relative to the maximum incoming. In panel 
d, the comparison between the astronomical tide at Ancona (black line) with the tidal level measured at Ancona harbor (dotted line) is reported.
Source: Adapted from Hydrodynamics at a microtidal inlet: Analysis of propagation of the main wave components, 2020, Vol. 235 (106603), Melito L., Postacchini 
M., Sheremet A., Calantoni J., Zitti G., Darvini G., Penna P. and Brocchini, M., Estuarine, Coastal and Shelf Science.
© 2020 with permission from Elsevier.
Fig. 11. Plume edge associated to different wave heights and directions. Blue and red lines identify the plume edge for simulations forced with 2 m and 4 m 
wave height (at 12 m water depth), respectively. Green arrows show the wave incoming direction, 90◦𝑁 (left panel) and 20◦𝑁 (right panel).
Source: Adapted from A comprehensive study of the river plume in a microtidal setting, 2022, Vol. 275 (107995), Baldoni A., Perugini E., Penna P., Parlagreco 
L. and Brocchini, M., Estuarine, Coastal and Shelf Science.
© 2022 with permission from Elsevier.
adjacent coasts, while low waves approaching normal to the shoreline 
tend to generate diverging longshore currents over the mouth bar crest, 
interrupting the longshore circulation (Zăinescu et al., 2021). Intense 
river discharge dissipates wave energy via blocking and refraction, 
disrupting wave-induced longshore currents. The resulting hydraulic 
groyne effect favors bedload stabilization and accumulation, promoting 
river-mouth bar formation (Anthony, 2015).

In the small-scale system of the Misa River, river currents are found 
to dominate over wave-induced processes (Baldoni et al., 2021). The 
Misa River, characterized by a torrential flow regime, can transport 
substantial sediment loads, with peak discharges of approximately 
800m3∕s during 100-year return period flood events. The mouth bar 
dynamics was, first, studied through observations from the monitoring 
12 
system operating at the Misa River estuary and, then, simulated using 
the Delft3D modeling suite. Simulations were forced only by river 
discharge, only by waves and by their combination, reproducing an 
observed event. The riverbed composition was mainly characterized 
by cohesive material, with the percentage of fine sand increasing in 
the last 300 m of the river. Both observations and modeling show 
that the evolution of the mouth bar is predominantly controlled by the 
river discharge. A relatively frequent discharge, such as that associated 
with a 1-year return period, can induce a downriver bar migration of 
50–100 m, typically resulting in the expulsion of the bar out of the river 
mouth. On the other hand, strong wave events, corresponding to a 10-
year return period, can result in a smaller and slower upriver migration 
of 25–30 m, comparable with the Misa River cross section width. The 
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Fig. 12. The left panel shows the refracted wave fronts due to the interaction with an opposing current adapted from Roco et al. (2024). The right panel shows 
a sketch of wave refraction due to wave–current interaction.
Fig. 13. Non-exceedance probability of the river discharges in the Misa River 
for the periods 2005–2022 (black) and 2013–2022 (red).

real-case event shows that, even when the river current acts simultane-
ously with waves, its influence dominates, eroding the bar and pushing 
sediments seaward. These contrasting behaviors highlight the complex 
interplay between riverine and marine processes in shaping mouth 
bar dynamics. Frequent river discharges exert sustained control over 
sediment transport and deposition, causing the mouth bar to migrate 
seaward as sediment is progressively delivered to the coastal zone. On 
the other hand, rare but energetic wave events disrupt this process 
by eroding the mouth bar and redistributing sediments landward via 
wave-induced turbulence and currents.

A support to the above dynamics comes from recent hydrological 
trends observed at the Misa River. An analysis of the river discharges 
recorded at the Misa gauging station was performed over two different 
periods: the entire observation record (2005–2022) and its second half 
only (2013–2022). Results shown in Fig.  13 reveal that for discharges 
below 100m3∕s, the trend remains substantially unchanged between 
the two datasets. Above this threshold, however, the curves diverge. In 
particular, the dataset corresponding to the second period associates, 
for each discharge value, a lower non-exceedance probability (P). This 
indicates that the likelihood of exceeding the same discharge value 
is higher when the analysis is limited to the most recent part of 
the dataset. This pattern, characterized by extended periods of low 
flow during which the mouth bar can migrate upriver, interrupted by 
13 
few but intense floods capable of flushing the bar out of the mouth, 
amplifies the mechanisms connected to the cyclic mouth-bar evolution.

A similar behavior is observed at the mouth of the Rhone River, 
where Grain-Size Trend Analysis (GSTA) has been employed to inves-
tigate sediment-transport mechanisms (Maillet et al., 2011). During 
weak flood events, characterized by low river discharge, sediment 
transport is primarily confined to the inner part of the river mouth, 
coinciding with the location of the mouth bar. However, during ex-
treme flood events, such as those with a 50-year return period, the 
river’s influence extends to the eastern part of the mouth, and the 
mouth bar is expelled further seaward. This observation underscores 
the critical role of flood magnitude in controlling sediment transport 
pathways and mouth bar dynamics. Under low-discharge conditions, 
sediment deposition remains localized, facilitating mouth bar stabiliza-
tion and growth. In contrast, extreme flood events significantly increase 
the river’s sediment-carrying capacity, enhancing sediment dispersion 
across a broader area and forcing the mouth bar to migrate outward.

3.3.2. Compound flooding of river mouth areas
Flooding events in coastal and estuarine areas result from complex 

interactions between multiple physical drivers. Among these, com-
pound flooding has gained increasing attention in recent years due 
to its potential to exacerbate extreme water levels and increase flood 
risk. Unlike traditional approaches that analyze individual drivers in 
isolation, compound flooding considers the interplay between different 
hydrodynamic processes, particularly at the interface of riverine and 
coastal systems.

In this study, we focus on the physical aspects of surface flows 
to enhance the understanding of compound flooding dynamics. Our 
analysis deliberately excludes atmospheric forcing mechanisms such as 
atmospheric rivers, which are known to contribute to extreme precip-
itation but fall beyond the scope of this work. Similarly, we do not 
address hyporheic flows or bio-ecological processes, as our emphasis 
remains on hydrodynamic interactions rather than subsurface or eco-
logical components. As anticipated in the Introduction, a key aspect of 
our investigation is the river-sea interaction, which plays a crucial role 
in modulating flood conditions in estuarine and deltaic environments. 
The combined effects of river discharge and sea levels can create highly 
nonlinear responses, leading to extreme water levels that are difficult 
to predict using conventional flood assessment methods. Understanding 
these interactions is essential for improving flood hazard assessments 
and developing more effective mitigation strategies, particularly in the 
context of climate change and sea level rise.

Kupfer et al. (2022) investigated compound flooding from tides, 
river discharge (Q), and waves (W) using Delft3D model at the Breede 
Estuary, in South Africa. No storm surge contribution was considered 
because it is assumed to be relatively small compared to other flood 
drivers in most South African estuaries. The comparison between com-
pound (STWQ), waves-only (STW), and discharge-only (STQ) scenarios 
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highlights key differences in flood extent and controlling mechanisms. 
Results indicate that the flood extent is primarily controlled by river 
discharge (Q) rather than waves (W). Specifically, Q exerts the greatest 
influence in the upstream section, while W play a dominant role in 
the mouth area. Flooding at the river mouth is largely driven by wave 
setup, which results from wave–current-induced breaking.

A similar approach was applied to the Misa River, Italy. A numerical 
model based on Delft3D-FM was used to simulate compound flooding 
driven by river discharge, tide, storm surge, waves, and sea level rise 
(SLR). In the present study, a parametric approach was employed 
to evaluate the impact of the primary flood drivers, river discharge 
and storm surge. This represents a preliminary phase of the work; a 
more detailed analysis, currently in progress, will rely on the statistical 
occurrence of the main forcings of compound flooding.

An unstructured grid, extended 3 km in both alongshore and cross-
shore directions, was built to run the FLOW module. The resolution 
varies from a maximum of 50 m, offshore and in marginal areas not 
affected by flooding, to a minimum of 2.5 m inside the river. For the 
wave propagation, two structured grids were nested: the outer one, 
with resolution of 15 m, extends up to 10 m water depth; the inner 
one, with 5 m resolution, stretches as far as 6 m water depth. The 
FLOW and WAVE modules were online coupled to let them interact 
in a dynamic way. The bathymetry was created combining multiple 
sources of information, always prioritizing the most resolved dataset: 
a survey of the final river stretch and estuarine area of March 2024 
(0.1 m), a digital terrain model (DTM) of the Misa River basin of 
May 2024 (0.5 m), a survey of the coastal area of Senigallia of 2022 
(2 m), EMODnet bathymetry for the offshore region (∼80 m). Four 
different hydrodynamic simulations were performed to assess the flood 
extent under a combination of factors. The duration of each simulation 
was 2 days. The choice of forcing factors is parametric; therefore, 
even though they represent plausible extreme values for the study site 
under the effect of climate change, their combination is not derived 
from specific statistical analyses. For the choice of the intensity of 
each factor we relied on climate change adaptation studies already 
performed in the Marche Region (Baldoni et al., 2025, 2024), where the 
forcing were projected to 2070 under a SSP5-8.5 scenario (Arias et al., 
2021). The focus of the present preliminary study is on the relative 
role of river discharge and storm surge, the latter here considered 
as the main contributor to the sea superelevation. Therefore, in this 
phase, wave characteristics and SLR were kept constant across the 
different tests. A scenario without tide was also simulated to verify the 
marginal influence of such forcing in a microtidal environment. The 
WAVE model was forced at the offshore boundary with a triangular 
timeseries of JONSWAP spectra, with the peak, occurring after one 
day, characterized by 𝐻𝑠 = 5 m, 𝑇𝑝 = 9 s and 𝑑𝑖𝑟 = 30◦𝑁 , values 
that can be associated with a 20-year return period (Baldoni et al., 
2025). According to previous studies conducted in the area (Baldoni 
et al., 2025, 2024), SLR due to climate change was projected to 2070 
under the SSP5-8.5 scenario of the IPCC 6th Assessment Report (Arias 
et al., 2021). The corresponding SLR value, obtained from the NASA 
Sea Level Projection Tool (https://sealevel.nasa.gov/ipcc-ar6-sea-level-
projection-tool), is 0.36 m. For the FLOW model, a constant water 
superelevation, equal to the sum of SLR and storm surge, was super-
imposed to a sinusoidal tidal timeseries with a 0.3 m amplitude. Such 
tide represents an extreme condition at the Misa River estuary, where 
the tidal range rarely exceeds 0.6 m. To evaluate the effect of an 
extreme storm surge, two values were chosen: 1 m, corresponding to 
a 20-year return period, and 1.5 m, associated with a return period 
exceeding 200 years (Baldoni et al., 2025). Moreover, a triangular 
discharge timeseries was imposed at the model river section. Peaks 
of river discharge were chosen as values occurring on average once a 
year at the Misa River. This choice was made to limit the dominance 
of such factor on the flooding: the selection of extreme discharges 
would have led to flooding almost entirely determined by the river 
14 
Table 2
Test characteristics for compound flooding simulations.
 ID Q Tide Surge SLR 𝐻𝑠 𝑇𝑝 𝐷𝑖𝑟  
 (m3∕𝑠) (m) (m) (m) (m) (s) (◦N) 
 1 150 0.3 1.0

0.36 5.0 9.0 30.0

 
 2 150 0.3 1.5  
 3 150 0.0 1.0  
 4 250 0.3 1.0  

Fig. 14. Compound flooding extension due to different forcings reported in 
Table  2: Case 1 (a), Case 2 (b), Case 3 (c), Case 4 (d).

overflowing, making it difficult to distinguish the role of varying sea 
level. The characteristics (maximum values of the forcing) of the sim-
ulations are summarized in Table  2. The Manning coefficient varied 
from 0.020 s∕m1∕3 to 0.070s∕m1∕3, respectively for sandy/riverbed and 
urbanized areas. The resulting flood extent is illustrated in Fig.  14, 
where the flooded area is colored according to water depth in each 
computational cell.

The highest water levels are observed along the shoreline, with 
significant water accumulation also occurring near the river and along 
the railway. Notably, when a large volume of water overtops the 
riverbanks before reaching the railway, the railway embankment acts 
as a barrier, preventing the water from draining into the sea. As a result, 
water levels rise further, exacerbating flooding in the affected area.

The analysis of different scenarios highlights that tide levels alone 
have a limited impact on flood extent within the urban area (compari-
son between scenarios 1 and 3). Tidal fluctuations do play a role in the 
inundation of coastal zones, increasing the extent of beach flooding. 
It should be noted that the tidal forcing used for the simulations is 
characterized by tidal range of 0.6 m, value that is rarely exceeded 
in the microtidal Misa River estuary. Despite this, the impact of the 
tide on the flood extent remains small if compared to the influence of 
other factors. A more pronounced effect is observed when storm surge 
levels increase (comparison between scenarios 1 and 2). A larger storm 
surge leads to two key consequences: (i) flooding of certain sections 

https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
https://sealevel.nasa.gov/ipcc-ar6-sea-level-projection-tool
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of the harbor area, likely due to overtopping of port infrastructure 
and backflow effects; (ii) an increase in flood extent both in the urban 
area and along the beaches. The contribution of storm surge to urban 
flooding is associated with its role in raising the base sea level, which 
in turn reduces the capacity of river discharge to drain into the sea, 
leading to a more extensive inundation of low-lying areas.

Among the examined drivers, the river discharge appears to have 
the most significant influence on urban flooding. The scenario with 
the highest discharge (scenario 4) results in the maximum flood extent 
within the urban area. This is because an increased river discharge not 
only raises water levels within the river channel but also enhances the 
likelihood of overflow and lateral flooding.

The onset of flooding is primarily controlled by the interplay be-
tween river discharge and sea levels. A key observation is that an 
increase in river discharge leads to an earlier initiation of flooding. This 
occurs because higher river discharge results in a faster rise in water 
levels within the channel, accelerating the overtopping or breaching 
of banks and the subsequent inundation of surrounding areas. In other 
words, when discharge rates are elevated, floodwaters propagate more 
rapidly, reducing the time lag between peak river flow and the onset 
of flooding.

In addition to river discharge, sea level variations also influence the 
timing of flood initiation. For a fixed river discharge, higher sea levels 
cause flooding to begin earlier. This is due to the fact that elevated 
sea levels create a backwater effect, reducing the river’s ability to 
efficiently discharge into the sea. As a result, water accumulates more 
rapidly within the river system, triggering earlier flood conditions. This 
mechanism is particularly relevant in coastal and estuarine environ-
ments, where even moderate sea level fluctuations, due to storm surge, 
SLR, or tide, can significantly alter flood dynamics.

The combined effect of these factors suggests that flood risk assess-
ment should account for both fluvial and marine contributions, as their 
interaction can modulate not only the flood extent but also its tim-
ing, with implications for early warning systems and flood mitigation 
strategies.

The presented analysis represents a preliminary evaluation of the 
effect of synchronous factors on the estuarine flooding. It provides 
information on the relative influence of river discharge and storm 
surge, although not accurately representing realistic or statistically 
based scenarios. A more in-depth analysis of the statistical occurrence 
of multiple factors is needed to better describe the input actions. More-
over, a more refined grid and bathymetry are needed to better represent 
buildings and obstacles to the flow and, consequently, reliable flooded 
areas.

Large-scale meteorological systems, like tropical cyclones contribute 
to an increasing flood hazard. This is particularly true along the coasts 
of Delaware, where the risk is further exacerbated by the interac-
tion between Delaware River discharge and hurricane-induced storm 
surge. Kerns and Chen (2023) investigated the compound effects of 
rainfall, storm surge, and river discharge using a high-resolution cou-
pled atmosphere-wave-ocean model (Unified Wave Interface-Coupled 
Model, UWIN-CM) along with observational data from buoys and tide 
gauges. Their study, focused on the flooding caused by Hurricane Irene 
and Tropical Storm Lee, highlighted the dominant role of storm surge 
in influencing flood water levels within the Delaware River. While 
intense rainfall combined with a moderate storm surge results in only 
minor flooding, a larger storm surge, even with lighter rainfall, leads 
to significantly more extensive flooding. This suggests that, in coastal 
and estuarine environments, storm surge can be the dominant driver of 
flooding, often outweighing the contribution of rainfall alone.

Tropical cyclone-induced flood hazards resulting from both storm 
tide and river discharge were also investigated by Kumbier et al. 
(2018). Their study focused on the low-pressure cyclone that impacted 
the Shoalhaven Estuary in southeastern Australia in June 2016 (Fig. 
15). The findings demonstrated that a flood risk assessment considering 
15 
only storm-tide flooding would have significantly underestimated the 
total flood extent by approximately 30%. This underscores the necessity 
of incorporating both fluvial and coastal contributions when evaluating 
flood hazards in estuarine environments. During the event, the river 
discharge reached 𝑄 = 3560 m3∕ s, while storm surge levels at the 
estuary rose to 0.85 m. Offshore wave conditions were characterized 
by significant wave heights and peak periods of 𝐻𝑠 = 9 m and 𝑇𝑝 =
15 s. The storm tide played a critical role in impeding river discharge, 
effectively blocking its outflow and leading to an extensive flooded area 
of 43.5 km2 (see Fig.  16).

The comparison between the observed flood maps and the modeled 
flood maps obtained using Delft3D highlights key dynamics governing 
the flood extent and distribution. The analysis underscores the fun-
damental role of including river discharge in numerical simulations 
to accurately capture flooding patterns. Results reveal that upriver 
flooding is predominantly controlled by river discharge, as high flow 
rates lead to overbank flooding and water spreading across adjacent 
floodplains (see also for comparison Fig.  14, panel d). In contrast, 
flooding at the river mouth is primarily influenced by storm tide, where 
the combined effects of storm surge and wave setup can significantly 
elevate water levels, in agreement with the flooding results obtained 
from the numerical simulations conducted in the present study (Fig. 
14). Bai et al. (2023) combined satellite and field observations with the 
advanced high-resolution baroclinic wave–current model (SCHISM) to 
investigate storm surge and flooding at the Pearl River Estuary in Shen-
zhen, China, during the 2017 Hato Super Typhoon, which inundated an 
area of 37 km2. Tropical cyclones increase flood hazards for Shenzhen 
City, a situation exacerbated by the interaction between the Pearl River 
discharge and Typhoon-driven surge. Numerical modeling of the Super 
Typhoon Hato flood using SCHISM demonstrated the major influence 
of the Pearl River discharge on water levels in the estuary.

All the above highlights the fundamental need to take into account 
sea-river and wave–current interactions for the assessment of the risk 
of flooding of estuarine, low-lying ares, often hosting cities, human 
settlements and important infrastructures.

4. Conclusions

This study highlights the crucial role of wave–current interactions in 
the sea-river dynamics that evolve at river mouths, particularly in mi-
crotidal environments, where the tidal forcing is relatively weak com-
pared to other hydrodynamic drivers. These interactions significantly 
influence both wave dynamics and sediment transport, ultimately shap-
ing the morphological evolution of river mouths and affecting flood 
dynamics.

One of the key processes observed is the modification of incom-
ing sea-swell waves due to the presence of opposing river currents. 
Wave steepening, blocking, reflection, breaking, and refraction caused 
by these currents contribute to a filtering effect on incoming waves, 
altering their energy distribution. Notably, infragravity waves (IGWs) 
can propagate upriver, and the interaction with river currents can also 
induce longshore wave deflection, modifying nearshore wave patterns.

Furthermore, opposing river currents lead to the thickening of the 
bottom boundary layer (BBL) and an intensification of bed friction. 
This process enhances sediment mobilization and transport at the river 
mouth, resulting in the formation of larger sediment plumes and the 
growth of mouth bars. The evolution of these features is driven by the 
interplay between riverine and marine forces, where river discharge 
plays a dominant role in shaping mouth bars, while incoming waves 
tend to flatten and spread sediment plumes along the coast.

Another key finding is that flooding at river mouths is strongly 
dependent on the synchronicity between river discharge and storm-
induced coastal water levels, including wave setup and storm surge. 
When high river discharge coincides with elevated sea levels, flood 
extent increases dramatically, exacerbating coastal inundation risks. 
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Fig. 15. Aerial photographs showing the flood extent of the June 2016 storm event at the Shoalhaven Estuary. Figure reproduced from Kumbier, K., Carvalho, 
R.C., Vafeidis, A.T. and Woodroffe, C.D., ‘‘Investigating compound flooding in an estuary using hydrodynamic modeling: a case study from the Shoalhaven River, 
Australia’’, Nat. Hazards Earth Syst. Sci., 18, 463–477, 2018, licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).

Fig. 16. The left panel shows in dark blue the flood extent of the June 2016 storm event in the lower Shoalhaven floodplain. The right panel shows the 
modeled maximum flood extents including (in blue) or excluding (in orange) river discharge. Figure reproduced from Kumbier, K., Carvalho, R.C., Vafeidis, A.T. 
and Woodroffe, C.D., ‘‘Investigating compound flooding in an estuary using hydrodynamic modeling: a case study from the Shoalhaven River, Australia’’, Nat. 
Hazards Earth Syst. Sci., 18, 463–477, 2018, licensed under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/).
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This highlights the need for an integrated approach in flood haz-
ard assessments, taking into account both fluvial and marine forcing 
mechanisms.

Overall, these findings emphasize the complex and interconnected 
nature of river-sea dynamics. A more holistic approach to estuarine 
flood prediction and management is needed, given the critical role of 
wave–current interactions. First and foremost, it is essential to properly 
account for the combined effects of all forcing mechanisms acting at 
river mouths, particularly in relation to their contribution to flooding 
events. This necessitates further research both on the statistical char-
acterization of compound phenomena, such as the use of copula-based 
multivariate statistics involving river discharge, wave parameters, and 
sea levels, and on the physical mechanics of wave–current interactions, 
including the role of vertical current shear on wave transformation and 
vice versa. From an applied perspective, this improved understanding 
can lead to more accurate predictions, a more resilient design of 
coastal infrastructures and improved risk mitigation strategies. It is 
essential that policymakers and coastal managers consider all major 
drivers of estuarine flooding, particularly in low-lying areas, by inte-
grating both hydrodynamic and morphodynamic processes into flood 
risk assessments and coastal management strategies.
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