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Abstract

The hydrodynamics of river mouths are the result of a complex interaction between river flow, tidal conditions and outlet

geometry. This complex interaction of factors shapes the jet that flows onto the continental shelf and influences the dynamics of

these areas. To gain insight into the response of the jet to different outlet and nearshore geometries and changing river discharge

and tidal conditions, the hydrodynamics of idealised river mouths are simulated numerically. Compared to previous work, the

model includes transient river discharge and tidal conditions and more realistic nearshore geometries. Comparison with classical

jet theory indicates that the model adequately simulates jet hydrodynamics. The results show that both the outlet geometry

and the transient river discharge and tidal conditions have a significant influence on the jet structure and evolution along the

nearshore. For constant river discharge and water level conditions, the results indicate that the nearshore profile plays a key

role in determining the expansion or contraction of the jet. The momentum balance shows that the jet behaviour is related to

the momentum transport and the barotropic terms. In cases where the river discharge and tidal conditions are transient, the

jet alternates between a structure with two velocity maxima at the edges or a single peak in the centre during the tidal cycle.

This alternation occurs as a function of the time along the tidal phase and the time lag between the tidal conditions and the

river hydrograph. The morphodynamic consequences of these two different jet structures are also discussed.
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Abstract13

The hydrodynamics of river mouths are the result of a complex interaction between river14

flow, tidal conditions and outlet geometry. This complex interaction of factors shapes15

the jet that flows onto the continental shelf and influences the dynamics of these areas.16

To gain insight into the response of the jet to different outlet and nearshore geometries17

and changing river discharge and tidal conditions, the hydrodynamics of idealised river18

mouths are simulated numerically. Compared to previous work, the model includes tran-19

sient river discharge and tidal conditions and more realistic nearshore geometries. Com-20

parison with classical jet theory indicates that the model adequately simulates jet hy-21

drodynamics. The results show that both the outlet geometry and the transient river22

discharge and tidal conditions have a significant influence on the jet structure and evo-23

lution along the nearshore. For constant river discharge and water level conditions, the24

results indicate that the nearshore profile plays a key role in determining the expansion25

or contraction of the jet. The momentum balance shows that the jet behaviour is related26

to the momentum transport and the barotropic terms. In cases where the river discharge27

and tidal conditions are transient, the jet alternates between a structure with two ve-28

locity maxima at the edges or a single peak in the centre during the tidal cycle. This al-29

ternation occurs as a function of the time along the tidal phase and the time lag between30

the tidal conditions and the river hydrograph. The morphodynamic consequences of these31

two different jet structures are also discussed.32

Plain Language Summary33

The dynamics of river mouths are determined by a very complex interaction be-34

tween the hydrological characteristics of the basin, the shape of the mouth and conti-35

nental shelf, and the tidal and other marine conditions. Although these dynamics have36

been extensively studied for very simple mouth geometries and constant river discharge37

in the absence of sea level variations, the role of both the geometric parameters of these38

systems and tidally driven temporal variations in discharge and sea level have not been39

systematically analysed. This manuscript analyses, using a process-based numerical model,40

the role played by all these factors in the structure of the jet stream generated at the41

river mouths. The focus is on small basin river mouths, where the temporal variations42

in river discharge have a duration similar to that of the tidal period. The results show43

that the jet structure is mainly determined by the geometry of the continental shelf. In44

addition, the tides play an important role, as the jet structure varies significantly dur-45

ing the tidal cycle. The morphodynamic implications of the results are also discussed46

throughout the manuscript.47

1 Introduction48

River mouths and deltas are areas of significant ecological and socio-economic in-49

terest, containing some of the world’s most valuable ecosystems and densely populated50

areas (Lamb et al., 2012). This has led to the development of important industrial and51

agricultural areas, which often require inland waterways along the river courses that feed52

these mouths. The processes of transport and mixing of nutrients, salinity and sediments53

in these environments are of great importance for the biogeochemical evolution of many54

riverine and marine ecosystems, as well as for the formation of morphologies such as bars55

and deltas. The development of these features generally follows sediment deposition, which56

can occur through natural levee growth and channel elongation, or through deposition57

and vertical aggradation of estuarine bars (Fagherazzi et al., 2015). Furthermore, both58

river mouths and deltas are susceptible to extreme flooding events caused by river dis-59

charge, storm surge or a combination of both (Romero-Mart́ın et al., 2024). The man-60

agement of these extreme events is becoming increasingly challenging due to changes in61

their frequency and intensity caused by climate change (Fernandino et al., 2018). Con-62
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sequently, improving knowledge of the dynamics of river mouths is of fundamental im-63

portance from both an environmental and socio-economic perspective.64

The hydrodynamics of the river mouth is dominated by a confined turbulent jet65

that flows into a basin where waves, storm surges and astronomical tides can modify the66

shape and intensity with which this jet spreads laterally and reduces its seaward veloc-67

ity. The geometry of the outlet and nearshore region also play a key role in the evolu-68

tion of this jet, influencing both the flow structure at the outlet and the propagation ve-69

locity once it enters the shelf. Consequently, the interaction between hydrodynamics and70

sediment is a feedback process in which the jet structure determines the sediment de-71

position, which in turn determines the morphology with the formation of features such72

as bars, which are crucial for the development of deltas.73

To characterise jet hydrodynamics, authors such as Abramovich and Schindel (1963)74

and Özsoy and Ünlüata (1982) developed time-averaged solutions of the integral jet the-75

ory, in which the jet structure is divided into two zones: (1) the zone of flow establish-76

ment (ZOFE) near the outlet, where the flow leaves the channel and expands abruptly;77

and (2) the zone of established flow (ZOEF) far from the outlet, where the flow is sta-78

ble and similarity hypotheses can be applied (Ortega-Sánchez et al., 2008). From these79

pioneering works, this theory has been refined to describe a transition zone between the80

ZOFE and the ZOEF (Ortega-Sánchez et al., 2008), although in the last 15 years the81

focus has been on the use of process-based models to analyse the effects of jet hydrody-82

namics on bar development, analysing the effects of sediment size (Edmonds & Slinger-83

land, 2007), levee formation (Rowland et al., 2010), human activities (Anthony et al.,84

2014; Fan et al., 2006; Besset et al., 2019), bed roughness (Canestrelli et al., 2014) or the85

presence of vegetation (Nardin et al., 2016; Lera et al., 2019).86

In most of these works, simplified outlet geometries were defined using lower chan-87

nel width-to-outlet depth ratios (Canestrelli et al., 2014). Furthermore, numerous stud-88

ies have considered channels with no slope or very gentle slopes flowing into horizontal89

basins (Edmonds & Slingerland, 2007; Leonardi et al., 2015; Nardin et al., 2016). Jiménez-90

Robles et al. (2016) analysed the influence of shelf slope on jet hydrodynamics, defin-91

ing the shelf as a surface with a constant slope. Their results show that this slope plays92

a very important role in the jet structure, and therefore in the formation of bars and their93

final geometry. Shortly afterwards, Jiménez-Robles and Ortega-Sánchez (2018) also anal-94

ysed the role of the river-shelf orientation.95

Regarding the main fluvial and marine drivers, most of these studies consider con-96

stant river discharge conditions and neglect the effect of astronomical tides, storm surges97

and waves. However, works such as Nardin and Fagherazzi (2012) and Nardin et al. (2013)98

have analysed the role of waves in the formation and evolution of estuarine bars, con-99

cluding that waves play an important role in the timing of bar evolution as well as in100

their final geometry. Leonardi et al. (2015) focused on the influence of tides in a simpli-101

fied geometry with a horizontal bottom. They considered two scenarios: one with a con-102

stant river discharge (river-dominated) and the other with oscillating discharge (tidal-103

dominated). In both cases, the impact of the ebb/flood cycles in the channel was repli-104

cated. The results obtained show that in the river-dominated case the tide has a wave-105

like dispersive effect, whereas in the tide-dominated case the effect varies considerably106

depending on the tidal range and river discharge. More recently, Ruiz-Reina and López-107

Ruiz (2021) analysed the short-term evolution of the mouth bar during extreme river108

discharge events, focusing on the role of the phase difference between the peak discharge109

and the tidal level. In this case, an equilibrium beach profile was used for the nearshore110

geometry. Their results showed that this phase plays a key role in the final geometry of111

the river mouth bar developed during the discharge events. Nevertheless, the hydrody-112

namics and jet structure were not analysed, nor was the role of the outlet geometry.113
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This literature review suggests that the interactions between fluvial discharge and114

marine drivers are very complex, although they are crucial for the management of river115

mouths and deltas. Furthermore, despite all the recent advances described above, there116

are still important aspects to be analysed in order to describe the jet structure at out-117

lets. In particular, the impact of more realistic geometries, both in terms of outlet di-118

mensions and platform shape, on the hydrodynamics described for simpler geometries119

remains to be further explored. Additionally, the combined effect of the astronomical tide120

and the role of the time lag between tidal and flow conditions in short river discharge121

events (time scale similar to that of the tide) remains to be determined.122

The main objective of this work is twofold: on the one hand, to analyse the effect123

of mouth characteristics (ratio of outlet depth to channel width) and nearshore geom-124

etry on the jet structure; on the other hand, to analyse the effect of tides and short flu-125

vial discharge pulses on the jet geometry, where their phase difference with the astro-126

nomical tide can influence the jet hydrodynamics. To achieve this goal, a process-based127

numerical model will be used on idealised but realistic geometries, maintaining the chan-128

nel and platform slopes, as well as the outlet shapes commonly observed in small river129

mouths with high seasonal variability and relatively high slopes due to their proximity130

to mountain ranges. This proximity, which limits the size of the hydrological basins, also131

causes the fluvial discharge pulses to be short and may have the same time scale as the132

astronomical tides (Ruiz-Reina et al., 2020; Ruiz-Reina, 2021; Ruiz-Reina & López-Ruiz,133

2021). The manuscript is structured as follows: Section 2 outlines the theoretical basis134

of jet hydrodynamics and how it can be adapted to more complex but more realistic pro-135

files (dynamic equilibrium profile). Section 3 describes the methodology used, while the136

results obtained are presented and discussed in Sections 4 and 5, respectively. Finally,137

the main conclusions are presented in section 6.138

2 Theoretical framework139

Jet theory has been used extensively in recent decades to describe the jet that de-140

velops when a river discharges into a still water basin, with fluvial forces dominating over141

marine forces (Wright, 1977). In particular, the dominant primary force is a combina-142

tion of inertia and turbulent bed friction, i.e. a river discharges into a still body of wa-143

ter with the same density as the incoming river (Fagherazzi et al., 2015), and no buoy-144

ancy effects are considered. At river mouths, the flow can be described by the shallow145

water equations (Özsoy & Ünlüata, 1982; Leonardi et al., 2013) due to the larger ratio146

of channel width to outlet depth (W/h0 > 4, see figure 1). The hydrodynamics of such147

a turbulent jet, also called a shallow bounded plane jet (Fagherazzi et al., 2015), can be148

divided into two zones: (1) a zone of flow establishment (ZOFE), in the vicinity of the149

outlet, characterised by a core of constant velocity and rapid momentum dissipation; and150

(2) the zone of established flow (ZOEF), where the entire jet is dominated by the tur-151

bulent eddies and the centreline velocity decreases with a Gaussian transverse distribu-152

tion of the velocity profile (Özsoy & Ünlüata, 1982; Jirka & Giger, 1992).153

Nevertheless, subsequent works (Ortega-Sánchez et al., 2008) contributed to this
theory, incorporating an additional zone between the ZOFE and ZOEF regions, in or-
der to explain that the transition between them requires a certain length to occur. Al-
though it has not yet been subjected to a comprehensive research, this transitional zone
appears to be primarily dependent on the friction and the longitudinal changes of the
bathymetry and momentum balance. Therefore, based on the streamwise velocity and
the jet structure, three theoretical regions can be considered: i) ZOFE, with constant
velocity along the jet axis; ii) ZOT (zone of transition), with decreasing velocity along
the centre line and iii) ZOEF, with a Gaussian transversal velocity distribution, which
can be approximated with sufficient accuracy for the purposes of this work by the fol-
lowing expression (see figure 1 for the definition of the variables) (Giger et al., 1991), with
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A = − ln(0.5) = 0.693:
u(x, y)

uc(x)
= e−Aζ2

(1)

Regarding the ZOFE and ZOEF regions, an extensive body of work has been de-
veloped for an integral plane jet theory assumed to be incompressible, stationary, depth-
constant and frictionless (Jiménez-Robles et al., 2016). A more complex analysis was de-
veloped by Özsoy and Ünlüata (1982) for ebbing flows at microtidal inlets, incorporat-
ing the effects of bottom friction to analytically solve the depth-averaged equations of
motion under the assumptions of quasi-steadiness and self-similarity. The equations of
motion (mass and along channel momentum balance) for the jet are (Özsoy & Ünlüata,
1982):

∂(hu)

∂x
+

∂(hv)

∂y
= 0 (2)

∂(hu2)

∂x
+

∂(huv)

∂y
= −f

8
u2 +

1

ρ

Fxy

∂y
(3)

where h is the water depth, u and v are the depth-averaged velocity components in the
x and y directions (figure 1), ρ is the water density, Fxy is the depth-integrated turbu-
lent shear stress, and f is the friction factor, which can be expressed as a function of the
Chezy number (f = 8g/C2

z ). To solve equations 2 and 3 along the channel centreline
(y = 0, figure 1) and obtain uc(x) = u(x, 0), the velocity distribution u(x, y) is assumed
to be self-similar with respect to the normalised coordinate ζ = y/b(x), where b(x) is
the half-width of the jet, which facilitates the integration of the equations of motion. Ac-
cording to Abramovich and Schindel (1963), the velocity field is parameterised as fol-
lows, where F (ζ) = u(x, y)/uc(x):

F (ζ) =


0 1 < ζ(
1− ζ

1.5
)2

0 < ζ < 1; ζ =
ζ − r/b

1− r/b

1 ζ < 0

(4)

where r(x) is the core width which vanishes at x = xs, the boundary between ZOFE154

and ZOEF. The integration of equations 2 and 3 is based on the assumption that u(x, y)155

and Fxy decrease as y increases, but with consideration of a lateral entrainment veloc-156

ity ve = v(x, y)|y→∞ = auc, where a is the entrainment coefficient. When the follow-157

ing normalised variables are introduced (Özsoy & Ünlüata, 1982):158

ξ =
x

b0
; µ =

fb0
8h0

; H(ξ) =
h

h0
; R(ξ) =

r

b0
; B(ξ) =

b

b0
; U(ξ) =

uc

u0
; (5)

two ordinary differential equations are obtained for both regions:159

d

dξ
(I1HBU) = aHU (6)

d

dξ
(I2HBU2) = −µI2BU2 (7)

where b0, h0, and u0 are respectively the half-width, depth and velocity at the outlet.160

The non-dimensional flow establishment distance is expressed as ξs.161

From this point on, the analysis and subsequent comparisons are limited to the so-162

lution for the streamwise velocity along the axis in the ZOEF region. Consequently, the163

numerical constants I1 and I2 can be obtained as 0.450 and 0.316 (Özsoy & Ünlüata,164

1982), respectively, after integrating Fn(ξ) between 0 and 1 (n = 1, 2). The solution165
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Figure 1. a) Definition sketch of a horizontal bounded jet. b) Zone of Flow Establishment

(ZOFE), Zone of Established Flow (ZOEF) and Zone of Transition (ZOT). Q is the river dis-

charge, h0 is the outlet depth, η0 is the water level at the outlet, W is the mouth width, b0 is the

mouth half-width, u0 is the mean outlet velocity, uc(x) is the jet velocity along the axis, u(x, y)

is the streamwise velocity, b(x) is the jet half-width, and xs is the flow establishment distance.

Panel c) shows the three considered nearshore profiles.

of the ODE system for this ZOEF region (equations 6 and 7), and hence the jet struc-166

ture, is strongly dependent on the nearshore profile geometry H(ξ). Previous works mainly167

analysed turbulent jet hydrodynamics for horizontal beds, where H = 1 (Edmonds &168

Slingerland, 2007; Nardin & Fagherazzi, 2012; Leonardi et al., 2015), or for sloping beds169

with constant slope m, where H = 1 + νξ and ν = mb0/h0 (Jiménez-Robles et al.,170

2016). However, these are simplified geometries of the nearshore profile that in nature171

presents a variable slope with a cross-shore variations of the water depth that can be de-172

scribed by its equilibrium shape h(x) = Ax2/3 (Dean & Dalrymple, 2004), where A is173

the profile scale factor, a dimensional parameter that mainly depends on the sediment174

size. This elliptical profile, after non-dimensionalisation, is expressed as H = 1+kξ2/3,175

where k = Ab
2/3
0 /h0. The solution of the ODE system for the ZOEF region using a fi-176

nite difference scheme described in the Supporting Information is implemented to ob-177

tain uc for the three geometries described above. These results are used to validate the178

simulations performed with the depth-averaged 2D hydrodynamic model for steady-state179

conditions (still water level and constant river discharge) shown in section 4.1.180

3 Material and methods181

3.1 Physical scenarios182

The physical scenario in which the numerical model was implemented represents183

a straight channel flowing into a basin representing the continental shelf. To analyse the184

role of the mouth geometry on the jet structure, three parameters were varied: (1) the185

width of the channel W ; (2) the depth of the channel at the outlet with respect to the186

mean sea level (hereafter MSL) h0; and (3) the geometry of the continental shelf.187

The channel geometry was defined with a rectangular cross section perpendicular188

to the shoreline orientation. This channel has a width of Wi = (100, 200, 500) m and189

a longitudinal slope of Ss = 0.002. The lateral edges of the section are vertical walls190

with a height greater than 4 m at each section to prevent overtopping and to ensure mass191
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conservation between the upstream boundary condition and the mouth. The depth of192

the outlet is h0i=(1, 3) m. The length of the channel is 2.5 km, which ensures that the193

tidal excursion can be simulated correctly while avoiding the numerical effects of the up-194

stream boundary condition (figure 2).195

The shoreline is straight and the geometry of the beach profile was defined as (1)196

a horizontal bottom with depth h0i; (2) a bottom with constant slope S = 0.05; and197

(3) a bottom with the equilibrium elliptical shape defined by Dean and Dalrymple (2004)198

(see Ruiz-Reina and López-Ruiz (2021) for further details). This elliptical shape is con-199

cave and therefore more realistic in the shallower part of the continental shelf. Finally,200

the platform is extended to the offshore boundary of the domain (figure 2) with max-201

imum depths above 50 m. The combination of Wi, h0i and platform geometries config-202

ures a set of 18 physical scenarios (see table 3.3).203

3.2 Model description204

The numerical model implemented to solve the hydrodynamics of the jet is Delft3D205

(Lesser et al., 2004), which is widely used to analyse the hydrodynamics of river mouths206

(Edmonds & Slingerland, 2007; Nardin & Fagherazzi, 2012; Nardin et al., 2013; Nien-207

huis et al., 2016; Boudet et al., 2017; van de Lageweg & Feldman, 2018; Gao et al., 2019).208

This model is capable of solving transient flows using the shallow water equations. In209

this case, buoyancy, ocean waves, Coriolis and wind effects are neglected using a depth-210

averaged version of the model in agreement with previous theoretical, experimental and211

numerical works (Lamb et al., 2012; Jiménez-Robles et al., 2016).212

The model solves the shallow water equations for unsteady, incompressible, tur-213

bulent flow using a finite difference scheme. The continuity and horizontal momentum214

equations are:215

∂η

∂t
+

∂hu

∂x
+

∂hv

∂y
= S (8)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= −g

∂η

∂x
+Mx + g

u
√
u2 + v2

C2
z,uh

+ ϵH

(
∂2u

∂x2
+

∂2u

∂y2

)
(9)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
= −g

∂η

∂y
+My + g

v
√
u2 + v2

C2
z,vh

+ ϵH

(
∂2v

∂x2
+

∂2v

∂y2

)
(10)

where η is the water level with respect to MSL, t is time, S represents the sources/sinks216

of water, and g stands for the gravitational acceleration. Cf,u and Cf,y are the Chézy217

roughness coefficients in the x and y directions, respectively. The left-hand side terms218

in equations 9 and 10 represent the local acceleration and the advective (momentum trans-219

port) terms, whereas the first, second, third and fourth terms in the right-hand side rep-220

resent the pressure gradient acceleration (barotropic), the external sources or sinks of221

momentum, friction and horizontal Reynolds stresses, respectively, where ϵH is the hor-222

izontal eddy viscosity. For a detailed description of the model the reader is referred to223

Lesser et al. (2004) and Ruiz-Reina and López-Ruiz (2021).224

3.3 Model setup and numerical scenarios225

The physical scenarios described in Section 3.1 were implemented using a regular226

grid of quadrangular cells aligned with the channel axis and the shoreline. To improve227

the efficiency of the simulations, the cell size varies from 100× 100 m2 at the offshore228

boundary to 10× 10 m2 at the outlet and the river channel. This grid was previously229

used by Ruiz-Reina and López-Ruiz (2021), where a sensitivity analysis was conducted230

–7–
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Figure 2. Physical scenarios: a) Plan view of the domain and boundary conditions used; and

3D plots including the bathymetry and the river channel for b) horizontal bottom, c) sloping

bottom and d) elliptical profile.

to ascertain the optimal cell size. In order to meet the stability and accuracy require-231

ments of the numerical scheme, a time step of 1.5 s was used. As in Ruiz-Reina and López-232

Ruiz (2021), constant coefficients were used for the bed roughness (Cz = 55) and the233

background horizontal eddy viscosity (ϵbackH = 1 m2/s) over the computational grid.234

Three types of open boundaries were defined (figure 2): (1) the offshore boundary,235

with water level conditions; (2) the upstream boundary, located in the very upstream236

part of the channel, with river discharge conditions; and (3) two cross-shore boundaries,237

where Neumann-type conditions were used, imposing a zero water level gradient in the238

direction perpendicular to the boundary (Roelvink & Walstra, 2004).239

Depending on the upstream and offshore boundary conditions, three types of sim-240

ulations were defined. The first (Type 1, table 3.3) uses constant river discharge and no241

tides to analyse the role of the outlet and nearshore geometry in the jet structure un-242

der conditions equivalent to those used to define the plane-turbulent jet theory described243

in section 2. In this case, the offshore boundary condition is set to η = 0 throughout244

simulation. The river discharge is defined with a constant discharge rate per unit chan-245

nel width q = Qi/Wi = 2.5 m2/s. As there are three values of Wi among the defined246

physical scenarios, three discharge values Qi = (250, 500, 1250) m3/s were used. Keep-247

ing q constant allows the effect of channel geometry and W/h0 ratio to be analysed with-248

out the results being affected by the different averaged velocities at the outlet section.249

The second type of simulation (Type 2, table 3.3) is used to assess the impact of250

the tide and how it modifies the jet structure. In this case, the river discharge conditions251

are maintained, but at the offshore boundary the water level varies with the astronom-252

ical forcing defined by a single semi-diurnal harmonic with an amplitude of 1 m. Finally,253

in the third type of simulation (Type 3, table 3.3), the role of the river discharge pulses254

in the jet structure is analysed by defining different hydrographs at the upstream bound-255

ary, while at the offshore boundary the conditions defined for Type 2 simulations are main-256

tained. The hydrographs were defined using the SCS (US Soil Conservation Service) method257

for the Chow et al. (1988) shape with a duration of 18 hours, corresponding to one and258

a half complete tidal cycles, and a peak discharge of qp = 2.5 m2/s. According to (Ruiz-259

–8–
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Type Id Profile W (m) h0 (m) Qp (m3/s) Offshore ϕ (rad)

1
111

Horizontal
100

1.0
250 (C)

Still water -121 200 500 (C)
151 500 1250 (C)

1
211

Sloping
100

1.0
250 (C)

Still water -221 200 500 (C)
251 500 1250 (C)

1
311

Elliptical
100

1.0
250 (C)

Still water -321 200 500 (C)
351 500 1250 (C)

1
113

Horizontal
100

3.0
250 (C)

Still water -123 200 500 (C)
153 500 1250 (C)

1
213

Sloping
100

3.0
250 (C)

Still water -223 200 500 (C)
253 500 1250 (C)

1
313

Elliptical
100

3.0
250 (C)

Still water -323 200 500 (C)
353 500 1250 (C)

2

221-T Sloping

200

1.0

500 (C) Tide -
321-T Elliptical 1.0
223-T Sloping 3.0
323-T Elliptical 3.0

3

321-HT

Elliptical 200 1.0 500 (hyd) Tide

0
321-ET π/2
321-LT π
321-FT 3π/2

Table 1. Numerical scenarios: main characteristics. For the river discharge conditions, C

means constant discharge whereas hyd means variable discharge (hydrograph)

Reina & López-Ruiz, 2021), the base time of the hydrographs was the same regardless260

of the peak discharge value. Furthermore, to analyse the importance of the phase be-261

tween the peak discharge at the upstream boundary and the tide at the offshore bound-262

ary, the beginning of the hydrograph was defined at 4 different times, corresponding to263

the peak discharge at high tide, MSL to low tide (ebb tide), low tide and MSL to high264

tide (flood tide). The combination of such different boundary conditions and physical265

scenarios results in a total of 26 simulations (table 3.3). The total duration of each sim-266

ulation is 48 hours, including an initial minimum spin-up interval of 24 hours to limit267

the effects of the prescribed still water initial conditions.268
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4 Results269

4.1 Still water and constant discharge: analysis of the influence of out-270

let geometry and nearshore profile271

4.1.1 Comparison to jet theory272

The numerical modelling was validated by comparing its results in the ZOEF re-273

gion with those obtained with the numerical solution of the Özsoy and Ünlüata (1982)274

equations (jet theory) for Type 1 simulations (Table 3.3), assuming entrainment coef-275

ficients similar to those used by Jiménez-Robles et al. (2016). A first examination of each276

simulation (figure 3) shows that the centreline velocity begins to decrease as soon as the277

jet enters the nearshore region. This observation is consistent with the results of Jiménez-278

Robles et al. (2016) and Nardin et al. (2013), who claimed that the ZOFE region can279

be neglected in such cases. Consequently, for each simulation, there exists an initial length280

of decreasing velocity and changing jet structure from the edges to the axis, which can281

be considered as an evidence of the existence of a transition region (ZOT).282

The first row in figure 3 shows the results of the simulations performed with h0 =283

1 m. For those with a horizontal bottom geometry, it can be observed that there is a poor284

fit between the model results and the values predicted by the jet theory, especially for285

larger widths (W ). These differences may be due to the decrease in the predicted role286

of friction as W/h0 increases. In fact, it has been found that by reducing the parame-287

ter µ (eq. 5) in the Özsoy and Ünlüata (1982) equations by a certain percentage (85%,288

70%, 40% for W = [100, 200, 500] m, respectively) both results converge.289

In the case of sloping bottom simulations there are notable differences with respect290

to those with a horizontal bed. For cases with h0 = 1 m, the velocity profile obtained291

with the numerical model has a local maximum at about ξ = 2.0, from which the ve-292

locities decrease, highlighting the development of the ZOT in the initial part of the jet293

as it enters the nearshore. This maximum is related to the length of transition required294

for the jet to fully develop as a consequence of the balance between jet contraction and295

its energy dissipation as it advances along the nearshore profile, as shown in the next sec-296

tion. This shape of the velocity profile is more pronounced for simulations with W =297

(200, 500) m, showing the influence of W on the jet structure in the ZOT region. In com-298

parison with the jet theory solutions, a good fit can be observed from ξ = 4.0. The sim-299

ulations with sloping bottom and h0 = 3 m agree with these results, although in these300

cases the velocity profile is constantly decreasing for W = 100 m, while it shows a slight301

increase for W = 200 m, and for W = 500 m a relative maximum of the velocity is302

observed in the vicinity of ξ = 1.5.303

The elliptical profile simulations show velocities very similar to the previous slop-304

ing bottom results, with a local maximum velocity observed at ξ = 1.5−2.5. The sim-305

ilarity of these results shows that the variable slope of the elliptical nearshore profile does306

not affect the shape of the velocity profile at distances close to the outlet. However, it307

can be observed that uc/u0 is higher for the elliptical profile simulations than for those308

with a sloping bottom.309

Regarding the simulations with h0 = 3 m and horizontal geometry, the µ param-310

eter has to be reduced less in the theoretical results to obtain a good fit (about 80% for311

W = 500 m), highlighting a more relevant role of the bottom friction. On the other hand,312

for the sloping and elliptical bottom profiles the fit between the numerical models and313

the jet theory is particularly good from ξ = 4.0−5.0 offshore. Therefore, for the W/h0314

ratios for which the jet theory solution was developed, the numerical model satisfacto-315

rily reproduces the jet behaviour that has been extensively analysed in the literature (Abramovich316

& Schindel, 1963; Özsoy & Ünlüata, 1982; Jirka & Giger, 1992; Fagherazzi et al., 2015).317
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Figure 3. Velocity profiles obtained with the numerical model (solid line) and the jet theory

(dashed line) for h0 = 1 m (first row) and h0 = 3 m (second row) and the horizontal, sloping and

elliptical profiles (first, second and third columns, respectively). The X axis represents the non-

dimensional distance to the outlet, whereas the Y axis represent the non-dimensional streamwise

velocity.

Considering the above results, the numerical model is a valuable and reliable tool318

for the analysis of the jet structure and the hydrodynamics of the river mouth. However,319

its applicability goes beyond that of jet theory, as it can be extended to more complex320

and realistic geometries with higher W/h0 ratios. Furthermore, the results presented in321

figure 3 show that the varying local maximum observed in the velocity profile is asso-322

ciated with the transition of the jet hydrodynamics to full development.323

4.1.2 Streamwise velocity of the jet324

Figure 4 illustrates the depth-averaged velocity contours in the vicinity of the out-325

let for the 18 numerical experiments with a constant river discharge (Type 1). In this326

figure, the distances from the outlet are not non-dimensional to show the velocity iso-327

lines in a more realistic way. The results show that the profile geometry controls the shape328

of the jet: while the horizontal bed shows an expanding jet throughout the domain with329

velocity contours extending away from the jet axis, the sloping and elliptical profiles show330

a jet that contracts near the outlet until it begins to expand at a certain distance. This331

phenomenon was already identified by Özsoy and Ünlüata (1982), who pointed out that332

with increasing depth the jet contracts due to mass conservation. The numerical results333

demonstrate the same behaviour for more complex geometries. Consequently, the im-334

pact of a nearshore environment with increasing depth is to suppress the expansion of335

the jet due to bottom friction, which becomes less dominant.336

For h0 = 1 m and horizontal bed the jet is wider because bottom friction dom-337

inates. In contrast, for h0 = 3 m, the effect of bottom friction diminishes and the jet338
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Figure 4. Streamwise velocity isolines for simulations with constant discharge and still water

in the nearshore region (Type 1 in Table 3.3).
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Figure 5. Transverse distribution of the streamwise velocity along the jet. In red, the velocity

profile for a section located where the jet enters the nearshore area (x=50 m).

reduces its spreading. The jet contraction observed in simulations with sloping and el-339

liptical profiles is comparable, but there are two key distinctions: i) the jet width is slightly340

higher in simulations with elliptical profiles, due to the lower slope of the bed profile from341

a certain distance from the mouth (x = 100 m); and ii) the distance over which the jet342

contraction extends also depends on the bed profile, but the influence of the mouth width343

is more pronounced. Figure 4 clearly shows that the contraction for a width of 500 m344

extends over a greater distance than those with smaller widths.345

This phenomenon is also illustrated in figure 5, which shows the transverse distri-346

bution of the streamwise velocity through a series of cross sections. The maximum ve-347

locities for h0 = 1 m are significantly higher (approximately twice) than for h0 = 3348

m. Furthermore, simulations with h0 = 1 m and W = (200, 500) m show a velocity349

profile with two peaks at the edges of the jet, regardless of the nearshore geometry. How-350

ever, for W = 100 m, the velocity profile appears to show a single peak along the jet351

centre. For h0 = 3 m, simulations with W = (200, 500) m tend to have velocity pro-352

files with a constant value at the top, decreasing towards the jet boundaries, consistent353

with the jet theory description in the ZOEF region. Simulations with a narrower width354

(W = 100 m) clearly show a velocity profile with a peak velocity along the jet centre.355

The similarity of the results for sloping and elliptical geometries can be attributed to the356

value of the longitudinal slope of the nearshore profile, as both profiles have a similar357

slope for the first 100 m. However, beyond this distance, the slope of the elliptical pro-358

file remains lower, implying a shallower bottom depth and leading to a smaller reduc-359

tion in the streamwise velocity and a larger jet width at these distances.360

These results show that W plays a significant role in determining the distance of361

flow establishment and hence the jet structure. Moreover, u0 also has a relevant influ-362

ence and it is closely related to h0, with lower values of h0 associated with higher val-363

ues of velocity. In particular, shallower outlets result in velocity profiles with two peak364
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velocities along the edges of the jet, whereas deeper outlets are associated with veloc-365

ity profiles with a single peak velocity along the jet axis.366

4.1.3 Transverse component of the velocity367

Figure 6 shows the non-dimensional transverse component of the velocity v/uc at368

different sections where the flow is clearly established. The velocity trends observed in369

this figure are consistent with those described in Jiménez-Robles et al. (2016). For the370

horizontal bed cases, the velocity magnitudes are larger, with maxima in the region of371

v/uc = 0.5. In contrast, for the sloping and elliptical profiles and h0 = 1 m, v/uc is372

below 0.1 at both cross sections.373

Figure 6 also shows differences in the flow direction for the horizontal bed simu-374

lation on either side of the jet axis, so that the negative values are on the left and the375

positive values on the right. This sign criterion corresponds to a jet expanding with a376

transverse velocity that has its maximum at a point located at a distance equal to the377

half-width of the jet (ζ = 1) for h0 = 1 m and slightly closer the outlet for h0 = 3 m.378

On the other hand, for the sloping and elliptical profiles, a change of sign is also observed379

in the velocities on either side of the jet, indicating a contracting jet. The two geome-380

tries show a remarkably similar magnitude and shape of the transverse velocity profile381

for simulations with h0 = 1 m and h0 = 3 m. The magnitude of the transverse veloc-382

ity with respect to the streamwise velocity indicates that the jet is weakly contracting,383

resulting in no significant variation in its width. It should be noted that the parameter384

h0 only has a relevant influence for geometries with a horizontal bottom.385

The analysis of the transverse velocity shows that for sloping bottom geometries386

there is a value of slope for which the jet width is constant. As stated by Özsoy and Ünlüata387

(1982), the width of the jet depends, on the balance between the entrainment coefficient,388

µ and ν. Therefore, it depends, mainly, on the bottom roughness and geometry.389

4.2 The effect of the tides390

This section presents a detailed analysis of the influence of the tide on the jet ve-391

locity profile, employing Type 2 simulations. The analysis is limited to cases with W =392

200 m, Q = 500 m3/s and geometries corresponding to the sloping bottom and the el-393

liptical profile (Table 3.3). The horizontal bottom profile was excluded from the anal-394

ysis, as the tidal amplitude is similar to the water depth at the outlet.395

Figure 7 shows the streamwise velocity contours at various stages throughout the396

tidal cycle. As with the results of the Type 1 simulations, the nearshore geometry plays397

a minor role in the velocity distribution. However, the final jet width is slightly larger398

for the simulations with an elliptical nearshore profile, which is a consequence of the shal-399

lower depth. Conversely, the initial depth of the water column, h0, is a significant vari-400

able. Higher values of h0 result in a lower mean exit velocity, u0, which favours the de-401

velopment of a jet with maximum velocity at the axis and a Gaussian transverse distri-402

bution. The tidal conditions emerge as a key factor that plays a significant role in the403

jet structure at the intratidal scale. Focusing on the simulations with h0 = 1 m, for high404

tide conditions, maximum velocity values are observed at the outlet along the edges of405

the jet in sections close to the mouth, although there is a rapid evolution of the jet tak-406

ing a maximum value along the axis. However, for low tide conditions, the existence of407

two local maximum velocities for the cross-channel profiles extends over longer distances408

along the jet path, which means that the development of the jet requires a longer dis-409

tance, approximately twice as long as for high tide. For ebb and flood conditions, iden-410

tical velocities are obtained and show a jet structure similar to that for low tide condi-411

tions. This means that a jet structure with two peak velocities along the edges is pre-412

dominant during the tidal cycle for simulations with h0 = 1 m. In contrast, the results413
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Figure 6. Non-dimensional Transverse component of the velocity at ξ =[4.0-10.0] for simula-

tions with W = 200 m. The velocity is non-dimensionalized with the streamwise velocity along

the axis, and the X-axis is non-dimensionalized with the half-width of the mouth width.

for h0 = 3 m show a tendency towards a jet structure with a single peak velocity along414

the axis for the entire tidal cycle, with the exception of a short area around the mouth415

for low tide conditions. These results emphasise the key role of h0 in the jet structure416

near the outlet.417

The analysis of the evolution during a tidal cycle of the non-dimensional velocity418

along the axis is shown in figure 8. The velocity profiles for both nearshore profiles ex-419

hibit three distinct phases. First, there is a sharp decrease in velocity at a distance less420

than ξ = 1. Second, there is an increase in velocity and a maximum value located in421

a section at a distance ξ = 1.5− 2.0. Third, there is a velocity decrease with decreas-422

ing ratio. Furthermore, there is a significant variation of the velocity with the tidal phase.423

For the cases with h0 = 1 m, the maximum difference observed is uc/u0 = 0.4 at ξ =424

1.2, which implies a variation of more than 100% between maximum and minimum val-425

ues. This difference decreases further away from the outlet but maintains a value around426

uc/u0 = 0.1 at ξ > 5. Furthermore, in low tide conditions, a peak value exceeding uc/u0 =427

1.0 is located downstream of the outlet, which significantly alters the predicted pattern428

in jet theory. This phenomenon is observed for both geometries, though it is more pro-429

nounced in the sloping case.430

For h0 = 3 m, lower variabilities are obtained. In addition, in this case the max-431

imum velocity is located at the outlet; after the outlet the velocity decreases smoothly432

and the profiles are parallel to those of the non-tidal case. In these cases, the maximum433

difference uc/u0 = 0.15 is found at ξ > 0.7, which remains practically constant along434

the jet. These results show that the tide has an outstanding influence on the jet struc-435

ture, with differences in uc/u0 above 100%. These differences, and hence the role of the436

tide, are particularly pronounced in shallow river mouths.437
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Figure 7. Streamwise velocity for Type 2 simulations at four instant during the tidal cycle:

high, low, ebb and flood tide.

Figure 8. non-dimensional time evolution of the velocity profiles. Yellow line corresponds to

the result with constant flow without sea level variation.
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Figure 9. Definition sketch of the phase difference between the peak river discharge and the

tidal level for the analysed simulations.

4.3 Transient river discharge: the role of the phase lag between the hy-438

drograph and the tidal conditions439

This section analyses the results of Type 3 simulations (table 3.3), where the ge-440

ometry is restricted to the elliptical profile with h0 = 1 m and W = 200 m. A hydro-441

graph with a base time of 18 h and a peak discharge of 500 m3/s is defined as the up-442

stream boundary condition. Tidal conditions are maintained at the offshore boundary.443

These forcings introduce a new variable into the analysis of the jet structure: the time444

lag between the instant of peak discharge and high tide at the offshore boundary ϕ (fig-445

ure 9). This delay is measured in terms of the phase of the tidal cycle. Analysis of the446

results showed that the time required for the tidal wave to propagate from the offshore447

boundary to the outlet is negligible.448

The plan view structure of the jet during the peak discharge for the different val-449

ues of ϕ is shown in figure 10. For ϕ = 0, the jet contracts and shows a single peak ve-450

locity on the axis in close proximity to the outlet. Consequently, the velocity profile rapidly451

transitions to a transverse distribution with a single peak velocity on the axis. In con-452

trast, for ϕ = π, two maximum velocity peaks are clearly visible at the edges of the jet453

up to a distance of more than 100 m (ξ = 0.5). At a distance beyond this point, the454

velocity profile evolves to a single maximum on the axis.455

These results are consistent with those presented in the previous section. At high456

water levels the velocity profiles show a single maximum in the centre. Conversely, in457

the context of low water levels, the velocity profiles show two maximum values at the458

edges, extending over a length of approximately ξ = 1.0. In the high water conditions,459

the water depth at the outlet (η0) is greater, resulting in lower mean velocities at the460

outlet, as observed in the simulations with h0 = 3 m.461

To facilitate comparison with previous results, figure 11 shows the non-dimensional462

velocity profile along the axis. A significant variation can be observed between them, de-463

pending on the tidal conditions. When the hydrograph coincides with the high tide, η0464

is higher, leading to a lower value of the outlet velocity (u0), resulting in velocity pro-465

files similar to those of the jet theory, with a single maximum value at the jet axis. On466

the other hand, when the peak of the river discharge coincides with low tide conditions,467

it implies a lower depth (η0), higher velocity at the outlet (u0) and velocity profiles with468
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Figure 10. Streamwise velocity for W = 200 m, h0 = 1 m, elliptical profile, and

ϕ = [0, π/2, π, 3π/2] (coincidence between peak flow and high tide, low tide, ebb tide and flood

tide conditions, respectively).

two peaks at the jet edges. It is also important to note that the maximum velocity is not469

at the outlet in every profile. In fact, it is slightly shifted towards the coast for ϕ = π,470

especially at low tide. In these cases, the profiles are more similar to those with constant471

river discharge (figure 8), as they are associated with a higher velocity at the outlet. In472

addition, for ϕ = π there is also a second relative maximum at ξ = 20−30 associated473

with the advance of the river discharge.474

The significant variation in the shape of the streamwise velocity profiles is also re-475

flected in their cross-sectional distribution (figure 12). Velocity profiles with a Gaussian476

distribution are observed for instants corresponding to high tide, regardless of the value477

of ϕ, whereas two velocity peaks are observed at low tide. In contrast, there are notable478

differences between the velocity profiles corresponding to the simulations with hydrograph479

and tide compared to those with constant discharge and still water. The latter show a480

profile with two maximum velocity values, around 1.0 m/s. For the simulations with ϕ =481

0, all the profiles show velocity values lower than this value and none of them coincide482

with the case of constant discharge and still water. As for the simulations with ϕ = π,483

the simulations with hydrograph and tide show greater similarity with those correspond-484

ing to constant discharge and still water, although a transverse distribution with more485

pronounced peak velocity values is observed.486

5 Discussion487

5.1 Boundaries defining the development of the jet488

As mentioned above, jet theory describes the Zone of Flow Establishment (ZOFE)489

as the part of the jet where the centreline velocity remains constant until momentum dis-490
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Figure 11. non-dimensional velocity along the axis during the entire tidal cycle (ϕ =

[0, π/2, π, 3π/2]; W = 200m; h0 = 1m). Cases with u0 < 0.3 m/s were omitted.

Figure 12. Cross-sectional distribution of velocities at 100 m from the outlet (ξ=0.5), located

in the ZOFE region. Yellow line is added showing the result for the same geometry, correspond-

ing to the simulation with constant discharge and still water. Black line corresponds to transverse

velocity profile at the instant of maximum velocity at the outlet.
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sipation and turbulence generated by edge shear reaches the entire jet (Fagherazzi et al.,491

2015). From this point on, the jet is dominated by turbulent eddies (Zone of Established492

Flow, ZOEF) and leads to a Gaussian transverse velocity distribution. According to pre-493

vious works such as (Ortega-Sánchez et al., 2008), the transition from ZOFE to ZOEF494

does not occur at a fixed location, but take place within a transition region (ZOT) that495

depends on factors such as the geometry or the bottom friction. In this transition re-496

gion, the velocity along the axis begins to decrease and the flow is not completely dom-497

inated by turbulence, resulting in an undefined transverse velocity profile with a clear498

maximum in the centre of the jet.499

The analysis of the results presented in the previous section shows that the veloc-500

ity along the axis does not have a constant value. Its value decreases as soon as it leaves501

the channel, except in certain scenarios where it is even observed to increase. It can there-502

fore be concluded that the velocity structure of the jet at the outlet itself is in the ZOT503

region.504

Conversely, while the theoretical structure described above is observed in some nu-505

merical experiments, the results indicate that a different jet structure can develop de-506

pending on the outlet and nearshore geometries. This structure exhibits two velocity peaks507

at the edge of the jet near the outlet. These two velocity peaks at the edges progress trans-508

versely towards the centre until they reach the axis, and from that point on the Gaus-509

sian profile is observed, as shown in figure 13. Therefore, the establishment of the flow510

is beyond this point of maximum velocity where the two peaks at the sides of the jet con-511

verge. In addition, these differences in the behaviour of the velocity distribution in the512

jet are amplified in the case of mouths with a greater width (W ), a shallower depth at513

the outlet (h0) and a sea profile different from a horizontal plane. In all these cases, the514

location of the relative maximum velocity along the axis was found between ξ = 1.5−515

2.5. Analogous results are observed when tides are set as the offshore boundary condi-516

tion, and even when the river discharge is not constant. The velocity profile can be clas-517

sified into two categories: the first category, which exhibits a single peak at the axis (re-518

lated to high tide), and the second category, which exhibits two peaks at the jet edges519

(related to low tide). Therefore, the categorisation is dependent on the tidal conditions.520

It is clear that different mouth geometries and hydrodynamic drivers lead to dis-521

similar jet velocity structures and turbulence progression from the edges to the jet axis,522

which also influences the location of the beginning of the ZOEF region. Figure 14 shows523

the results for the location of this initial section for the three types of simulations tested.524

As summarised in Fagherazzi et al. (2015), previous works have found that for a525

plane unbounded jet this transition occurs at a distance of apprimately ξ = [4.0−6.0].526

Therefore, the findings presented in this paper for horizontal geometries are in accordance527

with the literature, which demonstrates a considerable degree of variability for the lo-528

cation of the onset of the ZOEF region. The geometries analysed have a very high W/h0529

ratio, with a velocity profile influenced by the upstream section of the channel, which530

significantly affects the jet structure. This contrasts with the initial conditions of other531

studies, where the upstream section of the channel exerts a relatively minor effect on the532

jet structure.533

Nevertheless, a comparable pattern of behaviour and tendency is observed in ge-534

ometries with sloping bottoms and elliptical profiles (i.e. an increase in bottom depth535

along the axis). The wider mouths result in a further location of the ZOEF region in terms536

of non-dimensional distance, with all of them falling within the range of ξ = [1.5−3.0].537

These distances are considerably smaller than those observed for plane unbounded jets.538

Figure 14 also shows the results obtained for each time point during the tidal cy-539

cle for all simulations with constant river discharge. The parameter h0 has a significant540

influence on the outcome. For h0 = 3 m, the ZOEF region remains at the same distance541
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Figure 13. 3D view of the velocity distribution for the case of constant flow, W=200m,

h0 = 1 m, and sloping bottom profile. X-axis and Y-axis are non-dimensional distances related to

the mouth half-width (b0).

throughout the tidal cycle. However, for h0 = 1 m, at low tide conditions, this distance542

is greater, particularly for the elliptical profile simulations. The location of the begin-543

ning is in the interval ξ = [1.5−3.0]. The results of the simulations with tides and tran-544

sient river discharge demonstrate that at low tide conditions, the distance from the out-545

let where the ZOEF region is located increases. This phenomenon is more pronounced546

in the simulation with ϕ = π/2 as this low tide coincides with the peak of the hydro-547

graph. In the case of ϕ = 0, two instants are observed in which the ZOEF region is lo-548

cated at a greater distance: the first corresponds to the peak of the hydrograph and the549

second to the low tide. As in the previous group of simulations, the distance for the be-550

ginning of the ZOEF region is within the interval ξ = [1.5− 3.0].551

Consequently, the location of the beginning of the ZOEF region with non-horizontal552

geometries is located at a shorter distance from the outlet than in the cases with hor-553

izontal bottom. The reduction in the width of the mouth and the increase in the slope554

of the seabed in the nearshore area result in a shorter distance for the location of this555

transition. Conversely, a shallower outlet depth η0 contributes to increasing this distance556

during a tidal cycle, with a maximum value observed during low tide conditions. More-557

over, the transition and, consequently, the jet structure exhibit considerable variation558

throughout the tidal cycle, regardless of the outlet geometry.559

5.2 Momentum balance and jet expansion/contraction560

According to Wright (1977), the main depth-averaged processes that dominate the561

momentum balance in the spreading of river-dominated jets are: (i) inertia and momen-562

tum transport, (ii) turbulent bed friction, and (iii) acceleration due to water level vari-563

ations (the barotropic term). The momentum balance for the simulations performed with564

constant discharge is in agreement with Wright (1977), showing that among the terms565
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Figure 14. Analysis of the location of the onset of the ZOEF region for the three types of

simulations. The top row shows a result for each simulation (Type 1) due to their independence

of time. The lower row shows the results for simulations with tidal influence (Type 2 and 3). A

plot of the water level in the sea region (η) during a tidal cycle is included to clarify the time at

which each result is obtained. This location was determined from a comparison between the non-

dimensional simulated streamwise velocity at each cross section and the ODE solutions deduced

from the jet theory in the ZOEF region, ensuring that the difference between them in the interval

ζ = [−1, 1] does not exceed 5%.
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in equations 9 and 10, these three terms are at least one order of magnitude higher than566

any other. The following paragraphs are devoted to discussing the relationship between567

the balance of these terms and the structure of the jet.568

The magnitudes of these three main momentum balance terms along the channel569

are illustrated in figure 15. In the vicinity of ξ = 0 (the outlet region), the results are570

similar for the sloping and elliptical profile geometries, while they show notable differ-571

ences with the horizontal bed simulation. In the remaining portion of the axis, both within572

the canal and within the marine zone, the results tend to be similar for all geometries.573

With regard to the acceleration due to friction (negative values), it can be observed that574

its influence is limited to a reduced distance in the vicinity of the outlet for non-horizontal575

geometries. In contrast, it extends up to a distance of ξ = 4.0 (x = 400 m) for the576

geometry with a horizontal bed.577

Along the flow axis, there is a balance between friction and hydrostatic pressure578

accelerations for each geometry. This is due to the regular and constant channel geom-579

etry, which corresponds to a uniform flow. Consequently, the acceleration due to iner-580

tial forces (momentum transport) is negligible. In the outlet area, this balance is disrupted,581

resulting in the emergence of significant accelerations, particularly those associated with582

hydrostatic pressure and inertial terms. There are notable differences in the magnitudes583

of these accelerations between the geometry with a horizontal bottom and those with584

sloping and elliptical profiles. In this region, the perturbation of the flow caused by the585

outfall propagates upstream as the flow is subcritical. In the nearshore area, the accel-586

erations tend to decrease to a negligible value. The only exception to this is the accel-587

eration due to friction for the horizontal bed geometry, which is observed to exert influ-588

ence up to a distance of ξ = 4.0 (x = 400 m).589

With regard to the accelerations resulting from hydrostatic pressure and momen-590

tum transport, a pronounced variation in the acceleration is concentrated in a region around591

the outlet in the interval ξ = [−2.0, 1.0], particularly for geometries with sloping and592

elliptical profiles. It should be noted that the signs of the accelerations are different. More-593

over, the values of these accelerations for the h0 = 1 m cases are approximately one or-594

der of magnitude higher than those obtained for the h0 = 3 m simulations. Consequently,595

for the horizontal bed geometries, friction plays a dominant role over a longer extent in596

the nearshore, promoting jet expansion, in a manner analogous to the friction-dominated597

flows described by Wright (1977). Conversely, in the case of variable bed level geome-598

tries, the barotropic and momentum transport terms exert a dominant influence on the599

momentum balance in the vicinity of the outlet, resulting in the contraction of the jet.600

At approximately ξ = 1.0, the balance between barotropic and momentum transport601

is no longer maintained, resulting in the cessation of jet contraction.602

5.3 Jet structure and the development of lateral levees603

The jet structure plays an important role in the morphodynamic evolution of river604

mouths and the development of bars, both at short-term (Ruiz-Reina & López-Ruiz, 2021)605

and long-term (Jiménez-Robles et al., 2016) scales. The changes in the initial bed ge-606

ometry would, in a feedback process, alter the jet structure and, consequently, the hy-607

drodynamics of the river mouth. Nevertheless, the findings presented in this work pro-608

vide some insights that can be employed to establish links with morphodynamic anal-609

yses.610

For instance, it was observed that the width of the mouth exerts a clear influence611

on the transverse profile of the flow velocity, which favours the formation of two peaks612

of maximum velocity at the edges. This phenomenon is more pronounced in cases where613

the bottom depth at the outlet is shallower (h0 = 1 m). Both Ruiz-Reina and López-614

Ruiz (2021) and Jiménez-Robles et al. (2016) observed the formation of lateral levees par-615

allel to the channel walls for river mouths with channel widths similar to those consid-616
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Figure 15. Results obtained for each of the momentum equation terms for the simulation

with constant flow, W = 200m and h0=[1m,3m]: acceleration due to streamwise momentum

transport, (inertial term) hydrostatic pressure and bed shear in bottom layer. Each line is asso-

ciated with a geometry type.In the last column, the result for the streamwise velocity along the

axis is added for a better understanding.
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ered in this study. This morphodynamic evolution implies a lower bottom depth up to617

a certain point of the bar, after which a pronounced slope is formed where the levees do618

not develop. In the case of the simulations presented in the work by Ruiz-Reina and López-619

Ruiz (2021), the bottom depth reaches values below 2.0 m. On the other hand, the lev-620

ees are more clearly shown in the simulations where the peak of the hydrograph coin-621

cides with the low tide, which implies a higher value of the velocity at the outlet, u0, in622

agreement with the results obtained in the present work.623

6 Conclusions624

The objective of this study was twofold: (1) to analyse the role of mouth and nearshore625

geometries on the jet structure of river mouths; and (2) to assess the influence of tidal626

and river discharge conditions on this jet structure. The application of a process-based627

numerical model to idealised geometries defined with realistic parameters enabled the628

effect of mouth dimensions and nearshore profile shape to be analysed separately, and629

the role of river discharge and tidal conditions to be unravelled. The results of the nu-630

merical model for simplified geometries were compared with the jet theory solutions ob-631

tained by Abramovich and Schindel (1963); Özsoy and Ünlüata (1982), demonstrating632

that the model accurately reproduces the jet structure. This makes it a highly valuable633

tool for the analysis of more complex geometries and the effect of time-varying forcings.634

Simulations with a constant river discharge and water level demonstrated that the635

outlet geometry determines the jet structure. In particular, outlets with shallower and636

wider cross-sections exhibited two velocity peaks at the edges of the jet, in contrast to637

the single maximum observed in the centre. In outlets where the nearshore profile is hor-638

izontal, the beginning of the ZOEF region is located at a greater distance from the out-639

let, and the jet expands after leaving the outlet. In contrast, for non-horizontal geome-640

tries, the jet initially contracts. Furthermore, the hydrodynamics at the mouth are ev-641

idently dominated by friction for this horizontal nearshore geometry. However, for slop-642

ing and elliptical profiles, the role of inertial and barotropic accelerations is significantly643

increased in the vicinity of the outlet.644

It is observed that the changes in velocity during the tidal cycle may reach up to645

100% between extreme values, while the variability of the jet structure during the tidal646

cycle is also significant when transient river discharges are included. This variability lim-647

its the applicability of the analyses carried out for stationary conditions in tidal envi-648

ronments or with a variable hydrological regime. This variability results in a significant649

variation in the location of the beginning of the ZOEF region. This is dependent on the650

time lag between the peak of the hydrograph and the tidal conditions. Moreover, the phase651

of the tidal cycle and the duration of the tidal cycle also determine the geometry of the652

transverse velocity profile. During low tide conditions, the distance from the outlet to653

the beginning of the ZOEF region increases, and the velocity profile tends towards a pro-654

file with two lateral velocity peaks. During high tide conditions, a shorter distance up655

to this beginning of the ZOEF region and a velocity profile with a single maximum on656

the axis is observed. This is consistent with the findings of previous studies on bar for-657

mation in analogous river mouths. The results achieved in this study enhance our com-658

prehension of the jet structure in river mouths, providing insights into the complexity659

of the river-ocean interaction during extreme events and its impact on the morphody-660

namic evolution of river mouth bars and deltas.661
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Abstract13

The hydrodynamics of river mouths are the result of a complex interaction between river14

flow, tidal conditions and outlet geometry. This complex interaction of factors shapes15

the jet that flows onto the continental shelf and influences the dynamics of these areas.16

To gain insight into the response of the jet to different outlet and nearshore geometries17

and changing river discharge and tidal conditions, the hydrodynamics of idealised river18

mouths are simulated numerically. Compared to previous work, the model includes tran-19

sient river discharge and tidal conditions and more realistic nearshore geometries. Com-20

parison with classical jet theory indicates that the model adequately simulates jet hy-21

drodynamics. The results show that both the outlet geometry and the transient river22

discharge and tidal conditions have a significant influence on the jet structure and evo-23

lution along the nearshore. For constant river discharge and water level conditions, the24

results indicate that the nearshore profile plays a key role in determining the expansion25

or contraction of the jet. The momentum balance shows that the jet behaviour is related26

to the momentum transport and the barotropic terms. In cases where the river discharge27

and tidal conditions are transient, the jet alternates between a structure with two ve-28

locity maxima at the edges or a single peak in the centre during the tidal cycle. This al-29

ternation occurs as a function of the time along the tidal phase and the time lag between30

the tidal conditions and the river hydrograph. The morphodynamic consequences of these31

two different jet structures are also discussed.32

Plain Language Summary33

The dynamics of river mouths are determined by a very complex interaction be-34

tween the hydrological characteristics of the basin, the shape of the mouth and conti-35

nental shelf, and the tidal and other marine conditions. Although these dynamics have36

been extensively studied for very simple mouth geometries and constant river discharge37

in the absence of sea level variations, the role of both the geometric parameters of these38

systems and tidally driven temporal variations in discharge and sea level have not been39

systematically analysed. This manuscript analyses, using a process-based numerical model,40

the role played by all these factors in the structure of the jet stream generated at the41

river mouths. The focus is on small basin river mouths, where the temporal variations42

in river discharge have a duration similar to that of the tidal period. The results show43

that the jet structure is mainly determined by the geometry of the continental shelf. In44

addition, the tides play an important role, as the jet structure varies significantly dur-45

ing the tidal cycle. The morphodynamic implications of the results are also discussed46

throughout the manuscript.47

1 Introduction48

River mouths and deltas are areas of significant ecological and socio-economic in-49

terest, containing some of the world’s most valuable ecosystems and densely populated50

areas (Lamb et al., 2012). This has led to the development of important industrial and51

agricultural areas, which often require inland waterways along the river courses that feed52

these mouths. The processes of transport and mixing of nutrients, salinity and sediments53

in these environments are of great importance for the biogeochemical evolution of many54

riverine and marine ecosystems, as well as for the formation of morphologies such as bars55

and deltas. The development of these features generally follows sediment deposition, which56

can occur through natural levee growth and channel elongation, or through deposition57

and vertical aggradation of estuarine bars (Fagherazzi et al., 2015). Furthermore, both58

river mouths and deltas are susceptible to extreme flooding events caused by river dis-59

charge, storm surge or a combination of both (Romero-Mart́ın et al., 2024). The man-60

agement of these extreme events is becoming increasingly challenging due to changes in61

their frequency and intensity caused by climate change (Fernandino et al., 2018). Con-62
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sequently, improving knowledge of the dynamics of river mouths is of fundamental im-63

portance from both an environmental and socio-economic perspective.64

The hydrodynamics of the river mouth is dominated by a confined turbulent jet65

that flows into a basin where waves, storm surges and astronomical tides can modify the66

shape and intensity with which this jet spreads laterally and reduces its seaward veloc-67

ity. The geometry of the outlet and nearshore region also play a key role in the evolu-68

tion of this jet, influencing both the flow structure at the outlet and the propagation ve-69

locity once it enters the shelf. Consequently, the interaction between hydrodynamics and70

sediment is a feedback process in which the jet structure determines the sediment de-71

position, which in turn determines the morphology with the formation of features such72

as bars, which are crucial for the development of deltas.73

To characterise jet hydrodynamics, authors such as Abramovich and Schindel (1963)74

and Özsoy and Ünlüata (1982) developed time-averaged solutions of the integral jet the-75

ory, in which the jet structure is divided into two zones: (1) the zone of flow establish-76

ment (ZOFE) near the outlet, where the flow leaves the channel and expands abruptly;77

and (2) the zone of established flow (ZOEF) far from the outlet, where the flow is sta-78

ble and similarity hypotheses can be applied (Ortega-Sánchez et al., 2008). From these79

pioneering works, this theory has been refined to describe a transition zone between the80

ZOFE and the ZOEF (Ortega-Sánchez et al., 2008), although in the last 15 years the81

focus has been on the use of process-based models to analyse the effects of jet hydrody-82

namics on bar development, analysing the effects of sediment size (Edmonds & Slinger-83

land, 2007), levee formation (Rowland et al., 2010), human activities (Anthony et al.,84

2014; Fan et al., 2006; Besset et al., 2019), bed roughness (Canestrelli et al., 2014) or the85

presence of vegetation (Nardin et al., 2016; Lera et al., 2019).86

In most of these works, simplified outlet geometries were defined using lower chan-87

nel width-to-outlet depth ratios (Canestrelli et al., 2014). Furthermore, numerous stud-88

ies have considered channels with no slope or very gentle slopes flowing into horizontal89

basins (Edmonds & Slingerland, 2007; Leonardi et al., 2015; Nardin et al., 2016). Jiménez-90

Robles et al. (2016) analysed the influence of shelf slope on jet hydrodynamics, defin-91

ing the shelf as a surface with a constant slope. Their results show that this slope plays92

a very important role in the jet structure, and therefore in the formation of bars and their93

final geometry. Shortly afterwards, Jiménez-Robles and Ortega-Sánchez (2018) also anal-94

ysed the role of the river-shelf orientation.95

Regarding the main fluvial and marine drivers, most of these studies consider con-96

stant river discharge conditions and neglect the effect of astronomical tides, storm surges97

and waves. However, works such as Nardin and Fagherazzi (2012) and Nardin et al. (2013)98

have analysed the role of waves in the formation and evolution of estuarine bars, con-99

cluding that waves play an important role in the timing of bar evolution as well as in100

their final geometry. Leonardi et al. (2015) focused on the influence of tides in a simpli-101

fied geometry with a horizontal bottom. They considered two scenarios: one with a con-102

stant river discharge (river-dominated) and the other with oscillating discharge (tidal-103

dominated). In both cases, the impact of the ebb/flood cycles in the channel was repli-104

cated. The results obtained show that in the river-dominated case the tide has a wave-105

like dispersive effect, whereas in the tide-dominated case the effect varies considerably106

depending on the tidal range and river discharge. More recently, Ruiz-Reina and López-107

Ruiz (2021) analysed the short-term evolution of the mouth bar during extreme river108

discharge events, focusing on the role of the phase difference between the peak discharge109

and the tidal level. In this case, an equilibrium beach profile was used for the nearshore110

geometry. Their results showed that this phase plays a key role in the final geometry of111

the river mouth bar developed during the discharge events. Nevertheless, the hydrody-112

namics and jet structure were not analysed, nor was the role of the outlet geometry.113
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This literature review suggests that the interactions between fluvial discharge and114

marine drivers are very complex, although they are crucial for the management of river115

mouths and deltas. Furthermore, despite all the recent advances described above, there116

are still important aspects to be analysed in order to describe the jet structure at out-117

lets. In particular, the impact of more realistic geometries, both in terms of outlet di-118

mensions and platform shape, on the hydrodynamics described for simpler geometries119

remains to be further explored. Additionally, the combined effect of the astronomical tide120

and the role of the time lag between tidal and flow conditions in short river discharge121

events (time scale similar to that of the tide) remains to be determined.122

The main objective of this work is twofold: on the one hand, to analyse the effect123

of mouth characteristics (ratio of outlet depth to channel width) and nearshore geom-124

etry on the jet structure; on the other hand, to analyse the effect of tides and short flu-125

vial discharge pulses on the jet geometry, where their phase difference with the astro-126

nomical tide can influence the jet hydrodynamics. To achieve this goal, a process-based127

numerical model will be used on idealised but realistic geometries, maintaining the chan-128

nel and platform slopes, as well as the outlet shapes commonly observed in small river129

mouths with high seasonal variability and relatively high slopes due to their proximity130

to mountain ranges. This proximity, which limits the size of the hydrological basins, also131

causes the fluvial discharge pulses to be short and may have the same time scale as the132

astronomical tides (Ruiz-Reina et al., 2020; Ruiz-Reina, 2021; Ruiz-Reina & López-Ruiz,133

2021). The manuscript is structured as follows: Section 2 outlines the theoretical basis134

of jet hydrodynamics and how it can be adapted to more complex but more realistic pro-135

files (dynamic equilibrium profile). Section 3 describes the methodology used, while the136

results obtained are presented and discussed in Sections 4 and 5, respectively. Finally,137

the main conclusions are presented in section 6.138

2 Theoretical framework139

Jet theory has been used extensively in recent decades to describe the jet that de-140

velops when a river discharges into a still water basin, with fluvial forces dominating over141

marine forces (Wright, 1977). In particular, the dominant primary force is a combina-142

tion of inertia and turbulent bed friction, i.e. a river discharges into a still body of wa-143

ter with the same density as the incoming river (Fagherazzi et al., 2015), and no buoy-144

ancy effects are considered. At river mouths, the flow can be described by the shallow145

water equations (Özsoy & Ünlüata, 1982; Leonardi et al., 2013) due to the larger ratio146

of channel width to outlet depth (W/h0 > 4, see figure 1). The hydrodynamics of such147

a turbulent jet, also called a shallow bounded plane jet (Fagherazzi et al., 2015), can be148

divided into two zones: (1) a zone of flow establishment (ZOFE), in the vicinity of the149

outlet, characterised by a core of constant velocity and rapid momentum dissipation; and150

(2) the zone of established flow (ZOEF), where the entire jet is dominated by the tur-151

bulent eddies and the centreline velocity decreases with a Gaussian transverse distribu-152

tion of the velocity profile (Özsoy & Ünlüata, 1982; Jirka & Giger, 1992).153

Nevertheless, subsequent works (Ortega-Sánchez et al., 2008) contributed to this
theory, incorporating an additional zone between the ZOFE and ZOEF regions, in or-
der to explain that the transition between them requires a certain length to occur. Al-
though it has not yet been subjected to a comprehensive research, this transitional zone
appears to be primarily dependent on the friction and the longitudinal changes of the
bathymetry and momentum balance. Therefore, based on the streamwise velocity and
the jet structure, three theoretical regions can be considered: i) ZOFE, with constant
velocity along the jet axis; ii) ZOT (zone of transition), with decreasing velocity along
the centre line and iii) ZOEF, with a Gaussian transversal velocity distribution, which
can be approximated with sufficient accuracy for the purposes of this work by the fol-
lowing expression (see figure 1 for the definition of the variables) (Giger et al., 1991), with
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A = − ln(0.5) = 0.693:
u(x, y)

uc(x)
= e−Aζ2

(1)

Regarding the ZOFE and ZOEF regions, an extensive body of work has been de-
veloped for an integral plane jet theory assumed to be incompressible, stationary, depth-
constant and frictionless (Jiménez-Robles et al., 2016). A more complex analysis was de-
veloped by Özsoy and Ünlüata (1982) for ebbing flows at microtidal inlets, incorporat-
ing the effects of bottom friction to analytically solve the depth-averaged equations of
motion under the assumptions of quasi-steadiness and self-similarity. The equations of
motion (mass and along channel momentum balance) for the jet are (Özsoy & Ünlüata,
1982):

∂(hu)

∂x
+

∂(hv)

∂y
= 0 (2)

∂(hu2)

∂x
+

∂(huv)

∂y
= −f

8
u2 +

1

ρ

Fxy

∂y
(3)

where h is the water depth, u and v are the depth-averaged velocity components in the
x and y directions (figure 1), ρ is the water density, Fxy is the depth-integrated turbu-
lent shear stress, and f is the friction factor, which can be expressed as a function of the
Chezy number (f = 8g/C2

z ). To solve equations 2 and 3 along the channel centreline
(y = 0, figure 1) and obtain uc(x) = u(x, 0), the velocity distribution u(x, y) is assumed
to be self-similar with respect to the normalised coordinate ζ = y/b(x), where b(x) is
the half-width of the jet, which facilitates the integration of the equations of motion. Ac-
cording to Abramovich and Schindel (1963), the velocity field is parameterised as fol-
lows, where F (ζ) = u(x, y)/uc(x):

F (ζ) =


0 1 < ζ(
1− ζ

1.5
)2

0 < ζ < 1; ζ =
ζ − r/b

1− r/b

1 ζ < 0

(4)

where r(x) is the core width which vanishes at x = xs, the boundary between ZOFE154

and ZOEF. The integration of equations 2 and 3 is based on the assumption that u(x, y)155

and Fxy decrease as y increases, but with consideration of a lateral entrainment veloc-156

ity ve = v(x, y)|y→∞ = auc, where a is the entrainment coefficient. When the follow-157

ing normalised variables are introduced (Özsoy & Ünlüata, 1982):158

ξ =
x

b0
; µ =

fb0
8h0

; H(ξ) =
h

h0
; R(ξ) =

r

b0
; B(ξ) =

b

b0
; U(ξ) =

uc

u0
; (5)

two ordinary differential equations are obtained for both regions:159

d

dξ
(I1HBU) = aHU (6)

d

dξ
(I2HBU2) = −µI2BU2 (7)

where b0, h0, and u0 are respectively the half-width, depth and velocity at the outlet.160

The non-dimensional flow establishment distance is expressed as ξs.161

From this point on, the analysis and subsequent comparisons are limited to the so-162

lution for the streamwise velocity along the axis in the ZOEF region. Consequently, the163

numerical constants I1 and I2 can be obtained as 0.450 and 0.316 (Özsoy & Ünlüata,164

1982), respectively, after integrating Fn(ξ) between 0 and 1 (n = 1, 2). The solution165
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Figure 1. a) Definition sketch of a horizontal bounded jet. b) Zone of Flow Establishment

(ZOFE), Zone of Established Flow (ZOEF) and Zone of Transition (ZOT). Q is the river dis-

charge, h0 is the outlet depth, η0 is the water level at the outlet, W is the mouth width, b0 is the

mouth half-width, u0 is the mean outlet velocity, uc(x) is the jet velocity along the axis, u(x, y)

is the streamwise velocity, b(x) is the jet half-width, and xs is the flow establishment distance.

Panel c) shows the three considered nearshore profiles.

of the ODE system for this ZOEF region (equations 6 and 7), and hence the jet struc-166

ture, is strongly dependent on the nearshore profile geometry H(ξ). Previous works mainly167

analysed turbulent jet hydrodynamics for horizontal beds, where H = 1 (Edmonds &168

Slingerland, 2007; Nardin & Fagherazzi, 2012; Leonardi et al., 2015), or for sloping beds169

with constant slope m, where H = 1 + νξ and ν = mb0/h0 (Jiménez-Robles et al.,170

2016). However, these are simplified geometries of the nearshore profile that in nature171

presents a variable slope with a cross-shore variations of the water depth that can be de-172

scribed by its equilibrium shape h(x) = Ax2/3 (Dean & Dalrymple, 2004), where A is173

the profile scale factor, a dimensional parameter that mainly depends on the sediment174

size. This elliptical profile, after non-dimensionalisation, is expressed as H = 1+kξ2/3,175

where k = Ab
2/3
0 /h0. The solution of the ODE system for the ZOEF region using a fi-176

nite difference scheme described in the Supporting Information is implemented to ob-177

tain uc for the three geometries described above. These results are used to validate the178

simulations performed with the depth-averaged 2D hydrodynamic model for steady-state179

conditions (still water level and constant river discharge) shown in section 4.1.180

3 Material and methods181

3.1 Physical scenarios182

The physical scenario in which the numerical model was implemented represents183

a straight channel flowing into a basin representing the continental shelf. To analyse the184

role of the mouth geometry on the jet structure, three parameters were varied: (1) the185

width of the channel W ; (2) the depth of the channel at the outlet with respect to the186

mean sea level (hereafter MSL) h0; and (3) the geometry of the continental shelf.187

The channel geometry was defined with a rectangular cross section perpendicular188

to the shoreline orientation. This channel has a width of Wi = (100, 200, 500) m and189

a longitudinal slope of Ss = 0.002. The lateral edges of the section are vertical walls190

with a height greater than 4 m at each section to prevent overtopping and to ensure mass191
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conservation between the upstream boundary condition and the mouth. The depth of192

the outlet is h0i=(1, 3) m. The length of the channel is 2.5 km, which ensures that the193

tidal excursion can be simulated correctly while avoiding the numerical effects of the up-194

stream boundary condition (figure 2).195

The shoreline is straight and the geometry of the beach profile was defined as (1)196

a horizontal bottom with depth h0i; (2) a bottom with constant slope S = 0.05; and197

(3) a bottom with the equilibrium elliptical shape defined by Dean and Dalrymple (2004)198

(see Ruiz-Reina and López-Ruiz (2021) for further details). This elliptical shape is con-199

cave and therefore more realistic in the shallower part of the continental shelf. Finally,200

the platform is extended to the offshore boundary of the domain (figure 2) with max-201

imum depths above 50 m. The combination of Wi, h0i and platform geometries config-202

ures a set of 18 physical scenarios (see table 3.3).203

3.2 Model description204

The numerical model implemented to solve the hydrodynamics of the jet is Delft3D205

(Lesser et al., 2004), which is widely used to analyse the hydrodynamics of river mouths206

(Edmonds & Slingerland, 2007; Nardin & Fagherazzi, 2012; Nardin et al., 2013; Nien-207

huis et al., 2016; Boudet et al., 2017; van de Lageweg & Feldman, 2018; Gao et al., 2019).208

This model is capable of solving transient flows using the shallow water equations. In209

this case, buoyancy, ocean waves, Coriolis and wind effects are neglected using a depth-210

averaged version of the model in agreement with previous theoretical, experimental and211

numerical works (Lamb et al., 2012; Jiménez-Robles et al., 2016).212

The model solves the shallow water equations for unsteady, incompressible, tur-213

bulent flow using a finite difference scheme. The continuity and horizontal momentum214

equations are:215

∂η

∂t
+

∂hu

∂x
+

∂hv

∂y
= S (8)

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
= −g

∂η

∂x
+Mx + g

u
√
u2 + v2

C2
z,uh

+ ϵH

(
∂2u

∂x2
+

∂2u

∂y2

)
(9)

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
= −g

∂η

∂y
+My + g

v
√
u2 + v2

C2
z,vh

+ ϵH

(
∂2v

∂x2
+

∂2v

∂y2

)
(10)

where η is the water level with respect to MSL, t is time, S represents the sources/sinks216

of water, and g stands for the gravitational acceleration. Cf,u and Cf,y are the Chézy217

roughness coefficients in the x and y directions, respectively. The left-hand side terms218

in equations 9 and 10 represent the local acceleration and the advective (momentum trans-219

port) terms, whereas the first, second, third and fourth terms in the right-hand side rep-220

resent the pressure gradient acceleration (barotropic), the external sources or sinks of221

momentum, friction and horizontal Reynolds stresses, respectively, where ϵH is the hor-222

izontal eddy viscosity. For a detailed description of the model the reader is referred to223

Lesser et al. (2004) and Ruiz-Reina and López-Ruiz (2021).224

3.3 Model setup and numerical scenarios225

The physical scenarios described in Section 3.1 were implemented using a regular226

grid of quadrangular cells aligned with the channel axis and the shoreline. To improve227

the efficiency of the simulations, the cell size varies from 100× 100 m2 at the offshore228

boundary to 10× 10 m2 at the outlet and the river channel. This grid was previously229

used by Ruiz-Reina and López-Ruiz (2021), where a sensitivity analysis was conducted230
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Figure 2. Physical scenarios: a) Plan view of the domain and boundary conditions used; and

3D plots including the bathymetry and the river channel for b) horizontal bottom, c) sloping

bottom and d) elliptical profile.

to ascertain the optimal cell size. In order to meet the stability and accuracy require-231

ments of the numerical scheme, a time step of 1.5 s was used. As in Ruiz-Reina and López-232

Ruiz (2021), constant coefficients were used for the bed roughness (Cz = 55) and the233

background horizontal eddy viscosity (ϵbackH = 1 m2/s) over the computational grid.234

Three types of open boundaries were defined (figure 2): (1) the offshore boundary,235

with water level conditions; (2) the upstream boundary, located in the very upstream236

part of the channel, with river discharge conditions; and (3) two cross-shore boundaries,237

where Neumann-type conditions were used, imposing a zero water level gradient in the238

direction perpendicular to the boundary (Roelvink & Walstra, 2004).239

Depending on the upstream and offshore boundary conditions, three types of sim-240

ulations were defined. The first (Type 1, table 3.3) uses constant river discharge and no241

tides to analyse the role of the outlet and nearshore geometry in the jet structure un-242

der conditions equivalent to those used to define the plane-turbulent jet theory described243

in section 2. In this case, the offshore boundary condition is set to η = 0 throughout244

simulation. The river discharge is defined with a constant discharge rate per unit chan-245

nel width q = Qi/Wi = 2.5 m2/s. As there are three values of Wi among the defined246

physical scenarios, three discharge values Qi = (250, 500, 1250) m3/s were used. Keep-247

ing q constant allows the effect of channel geometry and W/h0 ratio to be analysed with-248

out the results being affected by the different averaged velocities at the outlet section.249

The second type of simulation (Type 2, table 3.3) is used to assess the impact of250

the tide and how it modifies the jet structure. In this case, the river discharge conditions251

are maintained, but at the offshore boundary the water level varies with the astronom-252

ical forcing defined by a single semi-diurnal harmonic with an amplitude of 1 m. Finally,253

in the third type of simulation (Type 3, table 3.3), the role of the river discharge pulses254

in the jet structure is analysed by defining different hydrographs at the upstream bound-255

ary, while at the offshore boundary the conditions defined for Type 2 simulations are main-256

tained. The hydrographs were defined using the SCS (US Soil Conservation Service) method257

for the Chow et al. (1988) shape with a duration of 18 hours, corresponding to one and258

a half complete tidal cycles, and a peak discharge of qp = 2.5 m2/s. According to (Ruiz-259
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Type Id Profile W (m) h0 (m) Qp (m3/s) Offshore ϕ (rad)

1
111

Horizontal
100

1.0
250 (C)

Still water -121 200 500 (C)
151 500 1250 (C)

1
211

Sloping
100

1.0
250 (C)

Still water -221 200 500 (C)
251 500 1250 (C)

1
311

Elliptical
100

1.0
250 (C)

Still water -321 200 500 (C)
351 500 1250 (C)

1
113

Horizontal
100

3.0
250 (C)

Still water -123 200 500 (C)
153 500 1250 (C)

1
213

Sloping
100

3.0
250 (C)

Still water -223 200 500 (C)
253 500 1250 (C)

1
313

Elliptical
100

3.0
250 (C)

Still water -323 200 500 (C)
353 500 1250 (C)

2

221-T Sloping

200

1.0

500 (C) Tide -
321-T Elliptical 1.0
223-T Sloping 3.0
323-T Elliptical 3.0

3

321-HT

Elliptical 200 1.0 500 (hyd) Tide

0
321-ET π/2
321-LT π
321-FT 3π/2

Table 1. Numerical scenarios: main characteristics. For the river discharge conditions, C

means constant discharge whereas hyd means variable discharge (hydrograph)

Reina & López-Ruiz, 2021), the base time of the hydrographs was the same regardless260

of the peak discharge value. Furthermore, to analyse the importance of the phase be-261

tween the peak discharge at the upstream boundary and the tide at the offshore bound-262

ary, the beginning of the hydrograph was defined at 4 different times, corresponding to263

the peak discharge at high tide, MSL to low tide (ebb tide), low tide and MSL to high264

tide (flood tide). The combination of such different boundary conditions and physical265

scenarios results in a total of 26 simulations (table 3.3). The total duration of each sim-266

ulation is 48 hours, including an initial minimum spin-up interval of 24 hours to limit267

the effects of the prescribed still water initial conditions.268
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4 Results269

4.1 Still water and constant discharge: analysis of the influence of out-270

let geometry and nearshore profile271

4.1.1 Comparison to jet theory272

The numerical modelling was validated by comparing its results in the ZOEF re-273

gion with those obtained with the numerical solution of the Özsoy and Ünlüata (1982)274

equations (jet theory) for Type 1 simulations (Table 3.3), assuming entrainment coef-275

ficients similar to those used by Jiménez-Robles et al. (2016). A first examination of each276

simulation (figure 3) shows that the centreline velocity begins to decrease as soon as the277

jet enters the nearshore region. This observation is consistent with the results of Jiménez-278

Robles et al. (2016) and Nardin et al. (2013), who claimed that the ZOFE region can279

be neglected in such cases. Consequently, for each simulation, there exists an initial length280

of decreasing velocity and changing jet structure from the edges to the axis, which can281

be considered as an evidence of the existence of a transition region (ZOT).282

The first row in figure 3 shows the results of the simulations performed with h0 =283

1 m. For those with a horizontal bottom geometry, it can be observed that there is a poor284

fit between the model results and the values predicted by the jet theory, especially for285

larger widths (W ). These differences may be due to the decrease in the predicted role286

of friction as W/h0 increases. In fact, it has been found that by reducing the parame-287

ter µ (eq. 5) in the Özsoy and Ünlüata (1982) equations by a certain percentage (85%,288

70%, 40% for W = [100, 200, 500] m, respectively) both results converge.289

In the case of sloping bottom simulations there are notable differences with respect290

to those with a horizontal bed. For cases with h0 = 1 m, the velocity profile obtained291

with the numerical model has a local maximum at about ξ = 2.0, from which the ve-292

locities decrease, highlighting the development of the ZOT in the initial part of the jet293

as it enters the nearshore. This maximum is related to the length of transition required294

for the jet to fully develop as a consequence of the balance between jet contraction and295

its energy dissipation as it advances along the nearshore profile, as shown in the next sec-296

tion. This shape of the velocity profile is more pronounced for simulations with W =297

(200, 500) m, showing the influence of W on the jet structure in the ZOT region. In com-298

parison with the jet theory solutions, a good fit can be observed from ξ = 4.0. The sim-299

ulations with sloping bottom and h0 = 3 m agree with these results, although in these300

cases the velocity profile is constantly decreasing for W = 100 m, while it shows a slight301

increase for W = 200 m, and for W = 500 m a relative maximum of the velocity is302

observed in the vicinity of ξ = 1.5.303

The elliptical profile simulations show velocities very similar to the previous slop-304

ing bottom results, with a local maximum velocity observed at ξ = 1.5−2.5. The sim-305

ilarity of these results shows that the variable slope of the elliptical nearshore profile does306

not affect the shape of the velocity profile at distances close to the outlet. However, it307

can be observed that uc/u0 is higher for the elliptical profile simulations than for those308

with a sloping bottom.309

Regarding the simulations with h0 = 3 m and horizontal geometry, the µ param-310

eter has to be reduced less in the theoretical results to obtain a good fit (about 80% for311

W = 500 m), highlighting a more relevant role of the bottom friction. On the other hand,312

for the sloping and elliptical bottom profiles the fit between the numerical models and313

the jet theory is particularly good from ξ = 4.0−5.0 offshore. Therefore, for the W/h0314

ratios for which the jet theory solution was developed, the numerical model satisfacto-315

rily reproduces the jet behaviour that has been extensively analysed in the literature (Abramovich316

& Schindel, 1963; Özsoy & Ünlüata, 1982; Jirka & Giger, 1992; Fagherazzi et al., 2015).317
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Figure 3. Velocity profiles obtained with the numerical model (solid line) and the jet theory

(dashed line) for h0 = 1 m (first row) and h0 = 3 m (second row) and the horizontal, sloping and

elliptical profiles (first, second and third columns, respectively). The X axis represents the non-

dimensional distance to the outlet, whereas the Y axis represent the non-dimensional streamwise

velocity.

Considering the above results, the numerical model is a valuable and reliable tool318

for the analysis of the jet structure and the hydrodynamics of the river mouth. However,319

its applicability goes beyond that of jet theory, as it can be extended to more complex320

and realistic geometries with higher W/h0 ratios. Furthermore, the results presented in321

figure 3 show that the varying local maximum observed in the velocity profile is asso-322

ciated with the transition of the jet hydrodynamics to full development.323

4.1.2 Streamwise velocity of the jet324

Figure 4 illustrates the depth-averaged velocity contours in the vicinity of the out-325

let for the 18 numerical experiments with a constant river discharge (Type 1). In this326

figure, the distances from the outlet are not non-dimensional to show the velocity iso-327

lines in a more realistic way. The results show that the profile geometry controls the shape328

of the jet: while the horizontal bed shows an expanding jet throughout the domain with329

velocity contours extending away from the jet axis, the sloping and elliptical profiles show330

a jet that contracts near the outlet until it begins to expand at a certain distance. This331

phenomenon was already identified by Özsoy and Ünlüata (1982), who pointed out that332

with increasing depth the jet contracts due to mass conservation. The numerical results333

demonstrate the same behaviour for more complex geometries. Consequently, the im-334

pact of a nearshore environment with increasing depth is to suppress the expansion of335

the jet due to bottom friction, which becomes less dominant.336

For h0 = 1 m and horizontal bed the jet is wider because bottom friction dom-337

inates. In contrast, for h0 = 3 m, the effect of bottom friction diminishes and the jet338
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Figure 4. Streamwise velocity isolines for simulations with constant discharge and still water

in the nearshore region (Type 1 in Table 3.3).
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Figure 5. Transverse distribution of the streamwise velocity along the jet. In red, the velocity

profile for a section located where the jet enters the nearshore area (x=50 m).

reduces its spreading. The jet contraction observed in simulations with sloping and el-339

liptical profiles is comparable, but there are two key distinctions: i) the jet width is slightly340

higher in simulations with elliptical profiles, due to the lower slope of the bed profile from341

a certain distance from the mouth (x = 100 m); and ii) the distance over which the jet342

contraction extends also depends on the bed profile, but the influence of the mouth width343

is more pronounced. Figure 4 clearly shows that the contraction for a width of 500 m344

extends over a greater distance than those with smaller widths.345

This phenomenon is also illustrated in figure 5, which shows the transverse distri-346

bution of the streamwise velocity through a series of cross sections. The maximum ve-347

locities for h0 = 1 m are significantly higher (approximately twice) than for h0 = 3348

m. Furthermore, simulations with h0 = 1 m and W = (200, 500) m show a velocity349

profile with two peaks at the edges of the jet, regardless of the nearshore geometry. How-350

ever, for W = 100 m, the velocity profile appears to show a single peak along the jet351

centre. For h0 = 3 m, simulations with W = (200, 500) m tend to have velocity pro-352

files with a constant value at the top, decreasing towards the jet boundaries, consistent353

with the jet theory description in the ZOEF region. Simulations with a narrower width354

(W = 100 m) clearly show a velocity profile with a peak velocity along the jet centre.355

The similarity of the results for sloping and elliptical geometries can be attributed to the356

value of the longitudinal slope of the nearshore profile, as both profiles have a similar357

slope for the first 100 m. However, beyond this distance, the slope of the elliptical pro-358

file remains lower, implying a shallower bottom depth and leading to a smaller reduc-359

tion in the streamwise velocity and a larger jet width at these distances.360

These results show that W plays a significant role in determining the distance of361

flow establishment and hence the jet structure. Moreover, u0 also has a relevant influ-362

ence and it is closely related to h0, with lower values of h0 associated with higher val-363

ues of velocity. In particular, shallower outlets result in velocity profiles with two peak364
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velocities along the edges of the jet, whereas deeper outlets are associated with veloc-365

ity profiles with a single peak velocity along the jet axis.366

4.1.3 Transverse component of the velocity367

Figure 6 shows the non-dimensional transverse component of the velocity v/uc at368

different sections where the flow is clearly established. The velocity trends observed in369

this figure are consistent with those described in Jiménez-Robles et al. (2016). For the370

horizontal bed cases, the velocity magnitudes are larger, with maxima in the region of371

v/uc = 0.5. In contrast, for the sloping and elliptical profiles and h0 = 1 m, v/uc is372

below 0.1 at both cross sections.373

Figure 6 also shows differences in the flow direction for the horizontal bed simu-374

lation on either side of the jet axis, so that the negative values are on the left and the375

positive values on the right. This sign criterion corresponds to a jet expanding with a376

transverse velocity that has its maximum at a point located at a distance equal to the377

half-width of the jet (ζ = 1) for h0 = 1 m and slightly closer the outlet for h0 = 3 m.378

On the other hand, for the sloping and elliptical profiles, a change of sign is also observed379

in the velocities on either side of the jet, indicating a contracting jet. The two geome-380

tries show a remarkably similar magnitude and shape of the transverse velocity profile381

for simulations with h0 = 1 m and h0 = 3 m. The magnitude of the transverse veloc-382

ity with respect to the streamwise velocity indicates that the jet is weakly contracting,383

resulting in no significant variation in its width. It should be noted that the parameter384

h0 only has a relevant influence for geometries with a horizontal bottom.385

The analysis of the transverse velocity shows that for sloping bottom geometries386

there is a value of slope for which the jet width is constant. As stated by Özsoy and Ünlüata387

(1982), the width of the jet depends, on the balance between the entrainment coefficient,388

µ and ν. Therefore, it depends, mainly, on the bottom roughness and geometry.389

4.2 The effect of the tides390

This section presents a detailed analysis of the influence of the tide on the jet ve-391

locity profile, employing Type 2 simulations. The analysis is limited to cases with W =392

200 m, Q = 500 m3/s and geometries corresponding to the sloping bottom and the el-393

liptical profile (Table 3.3). The horizontal bottom profile was excluded from the anal-394

ysis, as the tidal amplitude is similar to the water depth at the outlet.395

Figure 7 shows the streamwise velocity contours at various stages throughout the396

tidal cycle. As with the results of the Type 1 simulations, the nearshore geometry plays397

a minor role in the velocity distribution. However, the final jet width is slightly larger398

for the simulations with an elliptical nearshore profile, which is a consequence of the shal-399

lower depth. Conversely, the initial depth of the water column, h0, is a significant vari-400

able. Higher values of h0 result in a lower mean exit velocity, u0, which favours the de-401

velopment of a jet with maximum velocity at the axis and a Gaussian transverse distri-402

bution. The tidal conditions emerge as a key factor that plays a significant role in the403

jet structure at the intratidal scale. Focusing on the simulations with h0 = 1 m, for high404

tide conditions, maximum velocity values are observed at the outlet along the edges of405

the jet in sections close to the mouth, although there is a rapid evolution of the jet tak-406

ing a maximum value along the axis. However, for low tide conditions, the existence of407

two local maximum velocities for the cross-channel profiles extends over longer distances408

along the jet path, which means that the development of the jet requires a longer dis-409

tance, approximately twice as long as for high tide. For ebb and flood conditions, iden-410

tical velocities are obtained and show a jet structure similar to that for low tide condi-411

tions. This means that a jet structure with two peak velocities along the edges is pre-412

dominant during the tidal cycle for simulations with h0 = 1 m. In contrast, the results413
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Figure 6. Non-dimensional Transverse component of the velocity at ξ =[4.0-10.0] for simula-

tions with W = 200 m. The velocity is non-dimensionalized with the streamwise velocity along

the axis, and the X-axis is non-dimensionalized with the half-width of the mouth width.

for h0 = 3 m show a tendency towards a jet structure with a single peak velocity along414

the axis for the entire tidal cycle, with the exception of a short area around the mouth415

for low tide conditions. These results emphasise the key role of h0 in the jet structure416

near the outlet.417

The analysis of the evolution during a tidal cycle of the non-dimensional velocity418

along the axis is shown in figure 8. The velocity profiles for both nearshore profiles ex-419

hibit three distinct phases. First, there is a sharp decrease in velocity at a distance less420

than ξ = 1. Second, there is an increase in velocity and a maximum value located in421

a section at a distance ξ = 1.5− 2.0. Third, there is a velocity decrease with decreas-422

ing ratio. Furthermore, there is a significant variation of the velocity with the tidal phase.423

For the cases with h0 = 1 m, the maximum difference observed is uc/u0 = 0.4 at ξ =424

1.2, which implies a variation of more than 100% between maximum and minimum val-425

ues. This difference decreases further away from the outlet but maintains a value around426

uc/u0 = 0.1 at ξ > 5. Furthermore, in low tide conditions, a peak value exceeding uc/u0 =427

1.0 is located downstream of the outlet, which significantly alters the predicted pattern428

in jet theory. This phenomenon is observed for both geometries, though it is more pro-429

nounced in the sloping case.430

For h0 = 3 m, lower variabilities are obtained. In addition, in this case the max-431

imum velocity is located at the outlet; after the outlet the velocity decreases smoothly432

and the profiles are parallel to those of the non-tidal case. In these cases, the maximum433

difference uc/u0 = 0.15 is found at ξ > 0.7, which remains practically constant along434

the jet. These results show that the tide has an outstanding influence on the jet struc-435

ture, with differences in uc/u0 above 100%. These differences, and hence the role of the436

tide, are particularly pronounced in shallow river mouths.437
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Figure 7. Streamwise velocity for Type 2 simulations at four instant during the tidal cycle:

high, low, ebb and flood tide.

Figure 8. non-dimensional time evolution of the velocity profiles. Yellow line corresponds to

the result with constant flow without sea level variation.
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Figure 9. Definition sketch of the phase difference between the peak river discharge and the

tidal level for the analysed simulations.

4.3 Transient river discharge: the role of the phase lag between the hy-438

drograph and the tidal conditions439

This section analyses the results of Type 3 simulations (table 3.3), where the ge-440

ometry is restricted to the elliptical profile with h0 = 1 m and W = 200 m. A hydro-441

graph with a base time of 18 h and a peak discharge of 500 m3/s is defined as the up-442

stream boundary condition. Tidal conditions are maintained at the offshore boundary.443

These forcings introduce a new variable into the analysis of the jet structure: the time444

lag between the instant of peak discharge and high tide at the offshore boundary ϕ (fig-445

ure 9). This delay is measured in terms of the phase of the tidal cycle. Analysis of the446

results showed that the time required for the tidal wave to propagate from the offshore447

boundary to the outlet is negligible.448

The plan view structure of the jet during the peak discharge for the different val-449

ues of ϕ is shown in figure 10. For ϕ = 0, the jet contracts and shows a single peak ve-450

locity on the axis in close proximity to the outlet. Consequently, the velocity profile rapidly451

transitions to a transverse distribution with a single peak velocity on the axis. In con-452

trast, for ϕ = π, two maximum velocity peaks are clearly visible at the edges of the jet453

up to a distance of more than 100 m (ξ = 0.5). At a distance beyond this point, the454

velocity profile evolves to a single maximum on the axis.455

These results are consistent with those presented in the previous section. At high456

water levels the velocity profiles show a single maximum in the centre. Conversely, in457

the context of low water levels, the velocity profiles show two maximum values at the458

edges, extending over a length of approximately ξ = 1.0. In the high water conditions,459

the water depth at the outlet (η0) is greater, resulting in lower mean velocities at the460

outlet, as observed in the simulations with h0 = 3 m.461

To facilitate comparison with previous results, figure 11 shows the non-dimensional462

velocity profile along the axis. A significant variation can be observed between them, de-463

pending on the tidal conditions. When the hydrograph coincides with the high tide, η0464

is higher, leading to a lower value of the outlet velocity (u0), resulting in velocity pro-465

files similar to those of the jet theory, with a single maximum value at the jet axis. On466

the other hand, when the peak of the river discharge coincides with low tide conditions,467

it implies a lower depth (η0), higher velocity at the outlet (u0) and velocity profiles with468
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Figure 10. Streamwise velocity for W = 200 m, h0 = 1 m, elliptical profile, and

ϕ = [0, π/2, π, 3π/2] (coincidence between peak flow and high tide, low tide, ebb tide and flood

tide conditions, respectively).

two peaks at the jet edges. It is also important to note that the maximum velocity is not469

at the outlet in every profile. In fact, it is slightly shifted towards the coast for ϕ = π,470

especially at low tide. In these cases, the profiles are more similar to those with constant471

river discharge (figure 8), as they are associated with a higher velocity at the outlet. In472

addition, for ϕ = π there is also a second relative maximum at ξ = 20−30 associated473

with the advance of the river discharge.474

The significant variation in the shape of the streamwise velocity profiles is also re-475

flected in their cross-sectional distribution (figure 12). Velocity profiles with a Gaussian476

distribution are observed for instants corresponding to high tide, regardless of the value477

of ϕ, whereas two velocity peaks are observed at low tide. In contrast, there are notable478

differences between the velocity profiles corresponding to the simulations with hydrograph479

and tide compared to those with constant discharge and still water. The latter show a480

profile with two maximum velocity values, around 1.0 m/s. For the simulations with ϕ =481

0, all the profiles show velocity values lower than this value and none of them coincide482

with the case of constant discharge and still water. As for the simulations with ϕ = π,483

the simulations with hydrograph and tide show greater similarity with those correspond-484

ing to constant discharge and still water, although a transverse distribution with more485

pronounced peak velocity values is observed.486

5 Discussion487

5.1 Boundaries defining the development of the jet488

As mentioned above, jet theory describes the Zone of Flow Establishment (ZOFE)489

as the part of the jet where the centreline velocity remains constant until momentum dis-490
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Figure 11. non-dimensional velocity along the axis during the entire tidal cycle (ϕ =

[0, π/2, π, 3π/2]; W = 200m; h0 = 1m). Cases with u0 < 0.3 m/s were omitted.

Figure 12. Cross-sectional distribution of velocities at 100 m from the outlet (ξ=0.5), located

in the ZOFE region. Yellow line is added showing the result for the same geometry, correspond-

ing to the simulation with constant discharge and still water. Black line corresponds to transverse

velocity profile at the instant of maximum velocity at the outlet.
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sipation and turbulence generated by edge shear reaches the entire jet (Fagherazzi et al.,491

2015). From this point on, the jet is dominated by turbulent eddies (Zone of Established492

Flow, ZOEF) and leads to a Gaussian transverse velocity distribution. According to pre-493

vious works such as (Ortega-Sánchez et al., 2008), the transition from ZOFE to ZOEF494

does not occur at a fixed location, but take place within a transition region (ZOT) that495

depends on factors such as the geometry or the bottom friction. In this transition re-496

gion, the velocity along the axis begins to decrease and the flow is not completely dom-497

inated by turbulence, resulting in an undefined transverse velocity profile with a clear498

maximum in the centre of the jet.499

The analysis of the results presented in the previous section shows that the veloc-500

ity along the axis does not have a constant value. Its value decreases as soon as it leaves501

the channel, except in certain scenarios where it is even observed to increase. It can there-502

fore be concluded that the velocity structure of the jet at the outlet itself is in the ZOT503

region.504

Conversely, while the theoretical structure described above is observed in some nu-505

merical experiments, the results indicate that a different jet structure can develop de-506

pending on the outlet and nearshore geometries. This structure exhibits two velocity peaks507

at the edge of the jet near the outlet. These two velocity peaks at the edges progress trans-508

versely towards the centre until they reach the axis, and from that point on the Gaus-509

sian profile is observed, as shown in figure 13. Therefore, the establishment of the flow510

is beyond this point of maximum velocity where the two peaks at the sides of the jet con-511

verge. In addition, these differences in the behaviour of the velocity distribution in the512

jet are amplified in the case of mouths with a greater width (W ), a shallower depth at513

the outlet (h0) and a sea profile different from a horizontal plane. In all these cases, the514

location of the relative maximum velocity along the axis was found between ξ = 1.5−515

2.5. Analogous results are observed when tides are set as the offshore boundary condi-516

tion, and even when the river discharge is not constant. The velocity profile can be clas-517

sified into two categories: the first category, which exhibits a single peak at the axis (re-518

lated to high tide), and the second category, which exhibits two peaks at the jet edges519

(related to low tide). Therefore, the categorisation is dependent on the tidal conditions.520

It is clear that different mouth geometries and hydrodynamic drivers lead to dis-521

similar jet velocity structures and turbulence progression from the edges to the jet axis,522

which also influences the location of the beginning of the ZOEF region. Figure 14 shows523

the results for the location of this initial section for the three types of simulations tested.524

As summarised in Fagherazzi et al. (2015), previous works have found that for a525

plane unbounded jet this transition occurs at a distance of apprimately ξ = [4.0−6.0].526

Therefore, the findings presented in this paper for horizontal geometries are in accordance527

with the literature, which demonstrates a considerable degree of variability for the lo-528

cation of the onset of the ZOEF region. The geometries analysed have a very high W/h0529

ratio, with a velocity profile influenced by the upstream section of the channel, which530

significantly affects the jet structure. This contrasts with the initial conditions of other531

studies, where the upstream section of the channel exerts a relatively minor effect on the532

jet structure.533

Nevertheless, a comparable pattern of behaviour and tendency is observed in ge-534

ometries with sloping bottoms and elliptical profiles (i.e. an increase in bottom depth535

along the axis). The wider mouths result in a further location of the ZOEF region in terms536

of non-dimensional distance, with all of them falling within the range of ξ = [1.5−3.0].537

These distances are considerably smaller than those observed for plane unbounded jets.538

Figure 14 also shows the results obtained for each time point during the tidal cy-539

cle for all simulations with constant river discharge. The parameter h0 has a significant540

influence on the outcome. For h0 = 3 m, the ZOEF region remains at the same distance541
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Figure 13. 3D view of the velocity distribution for the case of constant flow, W=200m,

h0 = 1 m, and sloping bottom profile. X-axis and Y-axis are non-dimensional distances related to

the mouth half-width (b0).

throughout the tidal cycle. However, for h0 = 1 m, at low tide conditions, this distance542

is greater, particularly for the elliptical profile simulations. The location of the begin-543

ning is in the interval ξ = [1.5−3.0]. The results of the simulations with tides and tran-544

sient river discharge demonstrate that at low tide conditions, the distance from the out-545

let where the ZOEF region is located increases. This phenomenon is more pronounced546

in the simulation with ϕ = π/2 as this low tide coincides with the peak of the hydro-547

graph. In the case of ϕ = 0, two instants are observed in which the ZOEF region is lo-548

cated at a greater distance: the first corresponds to the peak of the hydrograph and the549

second to the low tide. As in the previous group of simulations, the distance for the be-550

ginning of the ZOEF region is within the interval ξ = [1.5− 3.0].551

Consequently, the location of the beginning of the ZOEF region with non-horizontal552

geometries is located at a shorter distance from the outlet than in the cases with hor-553

izontal bottom. The reduction in the width of the mouth and the increase in the slope554

of the seabed in the nearshore area result in a shorter distance for the location of this555

transition. Conversely, a shallower outlet depth η0 contributes to increasing this distance556

during a tidal cycle, with a maximum value observed during low tide conditions. More-557

over, the transition and, consequently, the jet structure exhibit considerable variation558

throughout the tidal cycle, regardless of the outlet geometry.559

5.2 Momentum balance and jet expansion/contraction560

According to Wright (1977), the main depth-averaged processes that dominate the561

momentum balance in the spreading of river-dominated jets are: (i) inertia and momen-562

tum transport, (ii) turbulent bed friction, and (iii) acceleration due to water level vari-563

ations (the barotropic term). The momentum balance for the simulations performed with564

constant discharge is in agreement with Wright (1977), showing that among the terms565
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Figure 14. Analysis of the location of the onset of the ZOEF region for the three types of

simulations. The top row shows a result for each simulation (Type 1) due to their independence

of time. The lower row shows the results for simulations with tidal influence (Type 2 and 3). A

plot of the water level in the sea region (η) during a tidal cycle is included to clarify the time at

which each result is obtained. This location was determined from a comparison between the non-

dimensional simulated streamwise velocity at each cross section and the ODE solutions deduced

from the jet theory in the ZOEF region, ensuring that the difference between them in the interval

ζ = [−1, 1] does not exceed 5%.
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in equations 9 and 10, these three terms are at least one order of magnitude higher than566

any other. The following paragraphs are devoted to discussing the relationship between567

the balance of these terms and the structure of the jet.568

The magnitudes of these three main momentum balance terms along the channel569

are illustrated in figure 15. In the vicinity of ξ = 0 (the outlet region), the results are570

similar for the sloping and elliptical profile geometries, while they show notable differ-571

ences with the horizontal bed simulation. In the remaining portion of the axis, both within572

the canal and within the marine zone, the results tend to be similar for all geometries.573

With regard to the acceleration due to friction (negative values), it can be observed that574

its influence is limited to a reduced distance in the vicinity of the outlet for non-horizontal575

geometries. In contrast, it extends up to a distance of ξ = 4.0 (x = 400 m) for the576

geometry with a horizontal bed.577

Along the flow axis, there is a balance between friction and hydrostatic pressure578

accelerations for each geometry. This is due to the regular and constant channel geom-579

etry, which corresponds to a uniform flow. Consequently, the acceleration due to iner-580

tial forces (momentum transport) is negligible. In the outlet area, this balance is disrupted,581

resulting in the emergence of significant accelerations, particularly those associated with582

hydrostatic pressure and inertial terms. There are notable differences in the magnitudes583

of these accelerations between the geometry with a horizontal bottom and those with584

sloping and elliptical profiles. In this region, the perturbation of the flow caused by the585

outfall propagates upstream as the flow is subcritical. In the nearshore area, the accel-586

erations tend to decrease to a negligible value. The only exception to this is the accel-587

eration due to friction for the horizontal bed geometry, which is observed to exert influ-588

ence up to a distance of ξ = 4.0 (x = 400 m).589

With regard to the accelerations resulting from hydrostatic pressure and momen-590

tum transport, a pronounced variation in the acceleration is concentrated in a region around591

the outlet in the interval ξ = [−2.0, 1.0], particularly for geometries with sloping and592

elliptical profiles. It should be noted that the signs of the accelerations are different. More-593

over, the values of these accelerations for the h0 = 1 m cases are approximately one or-594

der of magnitude higher than those obtained for the h0 = 3 m simulations. Consequently,595

for the horizontal bed geometries, friction plays a dominant role over a longer extent in596

the nearshore, promoting jet expansion, in a manner analogous to the friction-dominated597

flows described by Wright (1977). Conversely, in the case of variable bed level geome-598

tries, the barotropic and momentum transport terms exert a dominant influence on the599

momentum balance in the vicinity of the outlet, resulting in the contraction of the jet.600

At approximately ξ = 1.0, the balance between barotropic and momentum transport601

is no longer maintained, resulting in the cessation of jet contraction.602

5.3 Jet structure and the development of lateral levees603

The jet structure plays an important role in the morphodynamic evolution of river604

mouths and the development of bars, both at short-term (Ruiz-Reina & López-Ruiz, 2021)605

and long-term (Jiménez-Robles et al., 2016) scales. The changes in the initial bed ge-606

ometry would, in a feedback process, alter the jet structure and, consequently, the hy-607

drodynamics of the river mouth. Nevertheless, the findings presented in this work pro-608

vide some insights that can be employed to establish links with morphodynamic anal-609

yses.610

For instance, it was observed that the width of the mouth exerts a clear influence611

on the transverse profile of the flow velocity, which favours the formation of two peaks612

of maximum velocity at the edges. This phenomenon is more pronounced in cases where613

the bottom depth at the outlet is shallower (h0 = 1 m). Both Ruiz-Reina and López-614

Ruiz (2021) and Jiménez-Robles et al. (2016) observed the formation of lateral levees par-615

allel to the channel walls for river mouths with channel widths similar to those consid-616
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Figure 15. Results obtained for each of the momentum equation terms for the simulation

with constant flow, W = 200m and h0=[1m,3m]: acceleration due to streamwise momentum

transport, (inertial term) hydrostatic pressure and bed shear in bottom layer. Each line is asso-

ciated with a geometry type.In the last column, the result for the streamwise velocity along the

axis is added for a better understanding.
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ered in this study. This morphodynamic evolution implies a lower bottom depth up to617

a certain point of the bar, after which a pronounced slope is formed where the levees do618

not develop. In the case of the simulations presented in the work by Ruiz-Reina and López-619

Ruiz (2021), the bottom depth reaches values below 2.0 m. On the other hand, the lev-620

ees are more clearly shown in the simulations where the peak of the hydrograph coin-621

cides with the low tide, which implies a higher value of the velocity at the outlet, u0, in622

agreement with the results obtained in the present work.623

6 Conclusions624

The objective of this study was twofold: (1) to analyse the role of mouth and nearshore625

geometries on the jet structure of river mouths; and (2) to assess the influence of tidal626

and river discharge conditions on this jet structure. The application of a process-based627

numerical model to idealised geometries defined with realistic parameters enabled the628

effect of mouth dimensions and nearshore profile shape to be analysed separately, and629

the role of river discharge and tidal conditions to be unravelled. The results of the nu-630

merical model for simplified geometries were compared with the jet theory solutions ob-631

tained by Abramovich and Schindel (1963); Özsoy and Ünlüata (1982), demonstrating632

that the model accurately reproduces the jet structure. This makes it a highly valuable633

tool for the analysis of more complex geometries and the effect of time-varying forcings.634

Simulations with a constant river discharge and water level demonstrated that the635

outlet geometry determines the jet structure. In particular, outlets with shallower and636

wider cross-sections exhibited two velocity peaks at the edges of the jet, in contrast to637

the single maximum observed in the centre. In outlets where the nearshore profile is hor-638

izontal, the beginning of the ZOEF region is located at a greater distance from the out-639

let, and the jet expands after leaving the outlet. In contrast, for non-horizontal geome-640

tries, the jet initially contracts. Furthermore, the hydrodynamics at the mouth are ev-641

idently dominated by friction for this horizontal nearshore geometry. However, for slop-642

ing and elliptical profiles, the role of inertial and barotropic accelerations is significantly643

increased in the vicinity of the outlet.644

It is observed that the changes in velocity during the tidal cycle may reach up to645

100% between extreme values, while the variability of the jet structure during the tidal646

cycle is also significant when transient river discharges are included. This variability lim-647

its the applicability of the analyses carried out for stationary conditions in tidal envi-648

ronments or with a variable hydrological regime. This variability results in a significant649

variation in the location of the beginning of the ZOEF region. This is dependent on the650

time lag between the peak of the hydrograph and the tidal conditions. Moreover, the phase651

of the tidal cycle and the duration of the tidal cycle also determine the geometry of the652

transverse velocity profile. During low tide conditions, the distance from the outlet to653

the beginning of the ZOEF region increases, and the velocity profile tends towards a pro-654

file with two lateral velocity peaks. During high tide conditions, a shorter distance up655

to this beginning of the ZOEF region and a velocity profile with a single maximum on656

the axis is observed. This is consistent with the findings of previous studies on bar for-657

mation in analogous river mouths. The results achieved in this study enhance our com-658

prehension of the jet structure in river mouths, providing insights into the complexity659

of the river-ocean interaction during extreme events and its impact on the morphody-660

namic evolution of river mouth bars and deltas.661
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Valdemoro, H. I., . . . Jiménez, J. A. (2024, 12). Mapping cumulative com-763

pound hydrometeorological and marine-induced risks on the nw mediterranean764

coast. Scientific Reports, 14 . doi: 10.1038/s41598-024-53899-z765

Rowland, J. C., Dietrich, W. E., & Stacey, M. T. (2010). Morphodynamics of sub-766

aqueous levee formation: Insights into river mouth morphologies arising from767

experiments. Journal of Geophysical Research: Earth Surface, 115 (4), 1–20.768

doi: 10.1029/2010JF001684769

Ruiz-Reina, A. (2021, February). River mouth data from major streams in south-770

ern Spain. https://doi.org/10.5281/zenodo.4541878. Zenodo. Retrieved from771

https://doi.org/10.5281/zenodo.4541878 doi: 10.5281/zenodo.4541878772
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Antonio Ruiz-Reina1, Alejandro López-Ruiz1, Miguel Ortega-Sánchez2
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Numerical solution of the Özsoy and Ünlüata equations for the turbulent jet

theory

The numerical solution for the turbulent jet theory in the ZOEF region was obtained

using a simple finite difference scheme for the ODE system defined by equations 6 and 7

of the manuscript. If the nondimensional along channel coordinate ξ is discretised into

i = 1, 2, ...N points equally spaced by the distance ∆ξ, the use of an explicit forward

difference for ξ reads as follows:

Ui+1Bi+1 =
1

I1Hi+1

(I1HiUiBi + a∆ξHiUi) (1)

U2
i+1Bi+1 =

1

Hi+1

(
HiU

2
i Bi − µ∆ξBiU

2
i

)
(2)
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Equations 1 and 2 define a system of two equations with Ui+1 and Bi+1 as unknowns,

which can be solved at any point along the jet axis using Ui=1 = 1 and Bi=1 = 1 as

boundary conditions at the outlet x = 0.

To validate this numerical scheme, the results for simple geometries (horizontal and

sloping beds) were compared with the analytical solutions obtained by Özsoy and Ünlüata

(1982), who obtained the following expression for U(ξ) along the ZOEF using the functions

J(ξ) and L(ξ):

J(ξ) = exp

(
−µ

∫ ξ

0

dξ′

H(ξ′)

)
(3)

L(ξ) =
2aI2
I1

∫ ξ

ξs

H(ξ′)J(ξ′)dξ′ + J2(ξs) (4)

U(ξ) = J(ξ)L(ξ)−1/2 (5)

being ξs = xs/b0. The solution for an horizontal bed (H = 1) is Özsoy and Ünlüata

(1982):

U(ξ) = e−µξ

[
e−2µξs +

2aI2
µI1

(
e−µξs − e−µξ

)]−1/2

(6)

For a sloping bottom with constant slope m, considering H = 1 + νξ and ν = mb0/h0,

the solution is:

U(ξ) = H−µ/ν

[
H−2µ/ν

s +
2aI2

I1 (2− µ/ν)

(
H2−µ/ν −H2−µ/ν

s

)]−1/2

(7)

Figure S1 compares the results for the two proposed geometries for which the analytical

solution is known: i) horizontal bed; ii) flat bed with a slope of m =0.05 and iii) bed with
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an elliptical profile, for which only the numerical solution is shown. For these calculations

the following parameters were used: Cz=55; h0=1 m; a=0.05, which are realistic values.

A good fit is observed for the horizontal bed case as well as for the sloped bottom case,

although the latter gives maximum differences around 20% for ξ =9.0, which are consid-

ered acceptable since they are punctual. Thus, from this theoretical basis and with the

support of the numerical resolution of the three proposed cases, a solution derived from

the jet theory is available to compare the results of the simulations carried out throughout

the manuscript.
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Figure S1. Dimensionless solutions for the streamwise velocity of a bounded jet along the

axis (uc) for horizontal, sloping bottom and elliptical profiles (from left to right) obtained with

the analytical and numerical solutions derived from the solution of the jet theory ODE equations

(orange and blue lines, respectively).
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