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Abstract

Confluences are common components of all riverine systems and are characterized by con-
verging streamlines and potential mixing of separate flows. The fluid dynamics of conflu-
ences is characterized by a highly complex structure with several common types of flow
features observed. Many theoretical, field, laboratory and numerical studies tried to iden-
tify and clarify the main hydrodynamics, morphodynamics and ecological features of river
confluences. Those studies spanned a wide range of flow and geometrical conditions rang-
ing from laboratory-scale studies conducted in simplified geometries to field-scale stud-
ies of large-scale confluences. In particular, the identification of the main types of coher-
ent structures generated within the post-confluence channel and of their dynamics has led
to significant progress in understanding hydrodynamics and mixing processes at natural
river confluences. Still, further research is needed to fully clarify how such structures
interact among themselves and with the erodible bed and channel banks, how they redis-
tribute momentum and affect transport of heat, suspended sediment, nutrients and what is
their role in creating mixing patterns of dissolved and solid matter. In addition, the role
of density differences between the incoming waters has garnered increasing attention in
confluence studies, while the literature about the relationship between frequently observed
species richness and confluence hydrodynamics is still limited. The present paper tries to
review the literature on field and numerical studies of natural river confluences with a par-
ticular focus on the case in which density contrast affects confluence hydrodynamics and
mixing and on large-scale river confluences. The paper discusses some main findings based
on the field studies and eddy-resolving numerical simulations conducted by the authors.
The application of bioenergetics metric at two large-size concordant bed confluences is
also reported. Finally, the paper identifies some directions of future research that should
lead to a better understanding of flow structure, transport processes, morphodynamics as
well as of the ecological role of river confluences under different conditions.
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Article highlights

e Streamwise oriented vortical (SOV) cells that are common at high-angled confluences
with negligible density contrast may also form at discordant bed confluences and/or at
confluences with moderate density contrast between the tributary flows depending on
flow conditions and planform geometry.

e Density contrast between the tributary flows generates new mechanisms for mixing
away from the confluence apex. Density contrast generally leads to increased overall
mixing, a phenomenon that is independent of the planform geometry and scale of the
confluence.

e Sufficiently strong density contrast leads to the fluid from the tributary containing
heavier fluid moving beneath the lighter fluid such that, at sufficiently large distances
from the confluence apex, the heavier fluid is situated on the opposite side of the post-
confluence channel with respect to the tributary containing it before mixing is complete
and the fluid in the reach becomes stably stratified.

e Confluence hydrodynamics affects abundance and distribution of aquatic organisms, as
well as species richness.

Keywords River confluences - Field studies - Numerical studies - Literature review

1 Introduction

Confluences are integral and ubiquitous components of all natural drainage networks and
riverine systems. Confluences play a critical role in regulating water, sediment, and solutes
transport. In addition, confluences are very important in riverine ecology as the tributary
can supply supplemental nutrients and energy, which may lead to the development of jux-
taposed distinct environments, in terms of water quality, hydraulics and channel morphol-
ogy [134]. Some organisms may take ecological advantage of the unusual morphology and
hydraulics of river confluences (Franks et al., 2002), which, in turn, may affect the bioen-
ergetic features of the flow [55, 58, 59, 111]. The region characterized by converging flow
streamlines, enhanced three-dimensionality of the flow, strong redistribution of the stream-
wise momentum and the presence of large-scale coherent structures generated by the con-
fluence flows is called the Confluence Hydrodynamic Zone (CHZ) [71]. This zone gener-
ally extends several channel widths downstream of the upstream junction corner. The CHZ
generally includes a zone of flow stagnation near the upstream junction corner; an area of
flow deflection, also termed collision zone [42], as the tributary enters the confluence,a
mixing interface (MI) between the two converging flows; a possible separation zone at the
downstream junction corner(s); flow acceleration within the downstream channel; and flow
recovery at the downstream end of the CHZ [7]. The current literature on river confluences
suggests that the hydrodynamics and morphodynamics within the CHZ are controlled by:
(1) the geometry (planform and junction angle) of the confluence, (2) momentum flux
ratio of the tributaries, and (3) the level of concordance between the channel beds at the
confluence entrance [7, 8, 109]. In addition, the presence of a floodplain in the tributary
was found to affect confluence hydrodynamics [91, 92, 174]. Furthermore, differences in
the water characteristics (temperature, conductivity, suspended sediment concentration
between the incoming tributary flows could affect flow and mixing downstream of the
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confluence apex due to the difference in the water density of the two incoming streams that
induces flow stratification effects (Biron and Lane, 2008 [23],).

During the last three decades, many theoretical, field, laboratory and numerical stud-
ies were carried out. Their main goals were to identify and clarify flow hydrodynamics,
morphodynamics and ecological processes at river confluences. Those studies spanned
a wide range of flow and geometrical conditions, from laboratory-scale to field-scale
confluences in large rivers such as the Parana River [81, 85, 96, 115, 150], the Yarlung
Zangbo-Brahmaputra River [171], the Yellow River (Zhang Y. et al., 2015,Zhang T. et al.,
2020, the Yangtze River (Jiang et al., 2022; [90-92, 144, 153, 162, 169, 173, 175] and the
Amazon River [4, 56, 57, 59, 60, 67, 82, 102, 154]. Studies of natural river confluences
involved traditional field investigations [117, 129-131, 146] and numerical investigations
(e.g., [19-21, 48, 52, 159, 161, 164]). More advanced techniques based on eddy-resolving
numerical simulations were recently used to study the dynamics of the large-scale turbu-
lent structures and mixing [23, 25, 27, 28, 30-33, 4244, 66],Ismail and Imran, 2022; Jiang
et al., 2022). State of the art experimental techniques using a combination of fixed and aer-
ial visual observations [42, 43, 87, 88, 138], and remote sensing imagery [41, 78, 114, 171]
were recently used to characterize the dynamics of the mixing interface, the overall mixing
between the two streams as well as total suspended sediment (TSS) dynamics and con-
fluence planform evolution. Despite significant progress, several issues need to be further
clarified and future research is needed to fully understand hydrodynamics, morphodynam-
ics and ecology at river confluences, to develop generalized theoretical models at such con-
fluences (e.g., following the framework proposed by [149] for cases with negligible density
contrast) and to comprehend the effects of confluences on riverine network systems.

The region where two streams come into contact is characterized by the presence of
large-scale coherent structures driven by the mean shear and density differences between
the two streams and/or the interaction of the separated shear layers forming on the two
sides of the confluence apex. This region is referred as the mixing interface (MI). As dis-
cussed later, large-scale coherent structures can also form outside the MI and some of these
eddies can interact with the MI coherent structures. In the case of confluences for which
the level of bed discordance is small, the bulk velocities in the incoming streams are signif-
icantly different and the density contrast is relatively small, the Ml is in fact a shallow mix-
ing layer. The coherence of the vertically-oriented Kelvin—Helmholtz vortices generated
inside the shallow mixing layer decreases with increasing distance from the confluence
apex mainly because of dissipation at the bed and vortex stretching. Sufficiently far away
from the apex, the shallow mixing layer contains only small-scale turbulent eddies that are
the remains of the Kelvin—-Helmholtz vortices generated upstream [25]. Some researchers
refer to the upstream part of the MI containing vertically-oriented vortices as the shear
layer [131, 171] (Fig. 1).

Assuming density contrast effects are relatively mild, several main types of coherent
structures were found to play a critical role for mixing and transport of pollutants, sus-
pended load, and bedload downstream of the confluence apex. The first type is associ-
ated with vertically oriented vortices (VOVs) inside the MI. These vortices can be easily
observed looking at the free surface if the turbidity or color of the two streams is different.
The second type is represented by fairly circular, highly coherent streamwise orientated
vortices (SOVs) forming in the immediate vicinity of the MI at angled confluences. The
SOV cells are not MI coherent structures though the presence of a MI is required for them
to form. The SOV cells are generally not visible looking at the free surface. These vorti-
ces should not be mistaken with the larger-scale secondary flow cells that can be gener-
ated in the downstream channel on one or both sides of the MI especially if the channel
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Fig. 1 Flow patterns at an asymmetrical confluence. Reproduced from Yuan et al. [177]

curvature is strong or with near-bank cells induced by turbulence anisotropy, generally
referred as Prandtl’s second kind secondary currents. Meanwhile, the secondary flow cells
can act toward increasing or decreasing the coherence of the SOV cells depending on their
sense of rotation relative to the one inside the SOV cells. Finally, large-scale particle image
velocimetry (LSPIV) observations [138] have shown that the MI can be subject to episodic
aperiodic pulses where its position becomes strongly disturbed for some time before recov-
ering back to a quasi-equilibrium state. This phenomenon is not yet fully explained but
likely due to unsteadiness in the water-surface pressure-gradient field as the flows compete
for space within the confluence.

Vertically orientated vortices (VOVs) have been observed in numerous laboratory, field
and numerical studies (Biron et al., 2019; [25, 27, 29-33, 39, 86-88, 119],Rogers and
Moser, 1992; [130, 138, 146]). Constantinescu et al. (30, 31) identified two different mech-
anisms that result in generation of VOVs with different physics (Fig. 2). If the velocity
and momentum ratios between the merging rivers are close to unity, the stagnation region
at the junction corner behaves similarly to a turbulent wake developing in the lee of bluff
bodies. Downstream of the stagnation region, the interaction between the separated shear
layers forming on the two side of the confluence apex results in the generation of counter-
rotating vortices inside the MI (wake-like mode). The coherence of these vortices is a func-
tion of the bathymetry close to the confluence apex. Often a strong wake-like mode occurs
when the size of the stagnation region is relatively large such that the interaction between
the eddies shed in the two separated shear layers can result in the formation of relatively
large vortices. If the velocity ratio or the momentum ratio is much larger than unity, the MI
can be described as a shallow mixing layer in which co-rotating vortices are generated via
the Kelvin—Helmholtz instability driven by the inflection point in the mean velocity profile
across the MI. As they are advected inside the MI, these vortices undergo vortex pairing
which is the main mechanism for the growth of the thickness of the MI. As a result of vor-
tex pairing, these vortices can attain sizes that are much larger than the channel flow depth
[30, 31]. Flow shallowness effects become important at large distances from the confluence
apex where vortex pairing ceases and these vortices are stretched and eventually lose their
coherence [25, 27]. Hence, in such MIs the VOVs are quasi to-dimensional, and co-rotating
(Kelvin—Helmholtz mode). At natural river confluences where the momentum and velocity
ratios of the incoming flows are close to one, both modes can be present with the wake-like
mode being dominant close to the confluence apex and the Kelvin—Helmholtz mode being
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dominant further downstream where the channel bathymetry and spanwise distribution of
bed roughness may create appropriate conditions for the emergence of a conventional shal-
low mixing layer Recent studies have proposed an intermodal behavior of mixing at angled
confluences. Sukhodolov et al. [149] showed that although the momentum flux ratio is not
unity the wake-like mode is dominant at short distances from the stagnation zone, while
the Kelvin—Helmholtz mode becomes dominant farther downstream.

The mechanism for the formation of SOV cells in the immediate vicinity of the MI
and their role in the formation of the confluence scour hole were first described by Paola
(1997). Direct evidence of their existence and a detailed description of their dynamics and
role in mixing and sediment entrainment were possible via eddy resolving simulations [27,
30, 31, 33]. Such vortices were also the focus of several recent experimental investigations
[43, 148],Duguay et al., 2023). SOV cells form due to loss of transverse momentum as two
streams with different orientations come into contact at angled confluences (e.g., at conflu-
ences with a large angle between the two tributaries). As the kinetic energy is converted
into potential energy, the free surface elevation increases near the part of the MI where the
cores of the two streams come into contact. In turn, this superelevation induces a second-
ary flow directed from the free surface toward the bed and then away from the centerline of
the MI. This secondary flow eventually raised back toward the free surface and generates
SOV cells in the immediate vicinity of the MI [27, 28, 30, 66, 148]. This also explains why
the SOV cells forming on the two sides of the MI have an opposite sense of rotation. Mul-
tiple, co-rotating SOV cells can form on one or both sides of the MI (Cheng and Constan-
tinescu, 2012, 2021). At asymmetrical confluences, the SOV cells on the tributary side are
generally more coherent [23]. The formation mechanism of SOV cells is totally independ-
ent of the presence of density contrast between the two tributaries, but density contrast can
act toward weakening or suppressing them.

Oblong-shaped helical (secondary flow) cells are also a common feature of the flow
inside the CHZ at river confluences where they occupy a significant part of the cross sec-
tion on one or both sides of the MI. They are mainly caused by upstream secondary circu-
lation in the merging rivers and planform post-confluence channel curvature [1, 3],Brad-
book et al., 2000; [42, 66, 70, 76, 109],Paola, 1977; [127-129],Rhoads and Johnson, 2018;
Riley and Rhoads, 2012; Riley et al., 2015; [146—-148, 169]. In the case of field studies,
it was argued that their contribution might be overstated by the processing method of the
acoustic velocimetry data [80].

It is not always easy to distinguish between helical cells and SOV cells as they are both
oriented along the streamwise direction. One important difference is that helical cells are
scaling with the tributaries channel width so their aspect ratio in a cross section is much
larger than one, while SOV cells are close to circular and scale with the local flow depth
[42, 66]. Furthermore, it is expected that those mentioned classes of coherent structures
should interact across the MI leading to the complex hydrodynamic patterns observed at
river confluences with natural bathymetry. A further source of large-scale vorticity was
found to be flow separation over the scour hole’s avalanche faces [8, 9],Biron and Lane,
2008; [42].

Buoyancy effects associated with strong density difference between the merging rivers
were found to generate a spatially-developing lock-exchange-like flow [11, 26, 28, 33, 43,
44, 57, 65, 66, 69],Ismail and Imran, 2022; Jiang et al., 2022; [81, 86, 97],Ramon et al.,
2013, 2014, 2016; [158]. For such cases, the coherence of the VOV vortices is rapidly lost
away from the confluence apex due to stretching associated with the formation of a near-
bed intrusion of heavier fluid and of a free-surface intrusion of lighter fluid ‘advancing’ in
opposite directions with increasing distance from the confluence apex. The instantaneous
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flow fields contain streamwise-oriented cells along the interface separating the regions
containing heavier and lighter fluids [28, 66]. These cells should not be mistaken with the
aforementioned, classical SOV cells as their formation mechanism is in fact similar to the
interfacial Kelvin—-Helmholtz vortices forming in a temporally-evolving lock-exchange
flow.

Finally, river confluences also have important ecological [134] and morphological func-
tions [10], and recent research is exploring how hydrodynamics might explain ecological
richness about confluences. Understanding the potential effects of confluences on riverine
ecology is important for the development of local and basin-scale management strategies
[107, 133, 134]. Benda et al. [5] presented a network dynamics framework indicating the
ecological importance of riverine confluences. Geomorphological adjustments, biological
diversity and consequent changes in the physical heterogeneity of confluences are signifi-
cant [5, 126, 133]. The confluence region increases productivity of supplemental nutrients
[46] and adjusts the thermal regime (Milner and Petts, 1994). This region is also charac-
terized by a juxtaposition of distinct tributary environments that enhance particular eco-
logical processes such as channel morphology [120] and refugia [49, 133]. Some studies
have demonstrated that species richness peaks just downstream of the river confluence [45,
46, 75, 103, 111]. Other investigations focused on processes taking place across the envi-
ronmental interfaces [37] of the channel, such as the factors affecting the distribution of
total dissolved gas at a confluence [141] and its effect on fish ecology [140], the atmos-
pheric reaeration at a confluence [54, 143, 177], and large wood transport [176]. Conflu-
ence geometry, hydrodynamics, and morphodynamics were also found to significantly
affect hyporheic exchange rate and patterns. Information on hyporheic fluxes at river con-
fluences can be found in the studies conducted by Cheng et al. [24], Lambs [79], Mar-
tone et al. (104, 105, 106) and Song et al. [145]. In addition, entropy-based methods were
applied to predict discharge and velocity profiles at confluences [4, 175] and to investigate
bedforms characteristics at a confluence in the Amazon Basin (Gualtieri, 2020b). Finally,
water chemistry and quality, and the transport and mixing of contaminants at a river con-
fluence were studied using laboratory and field measurements and numerical simulations
[16, 94],McKay, 1970; [113, 125, 168]. However, the relationship between the observed
species abundance and richness and confluence hydrodynamics is not yet well understood.
Though several studies of ecological processes at river confluences are available [15, 17,
40, 55, 58, 155, 172, 173], this research field is in its infancy given the complexity and
inherently multidisciplinary nature of the topic.

The main goal of the present paper is to present and discuss some recent advancements,
as well as current research topics, in both field and numerical studies of natural stream con-
fluences with a particular focus on the case in which density contrast effects are sufficiently
large to affect confluence hydrodynamics, turbulence and mixing. A particular focus is on
explaining the mechanisms that control thermal mixing at large-scale river confluences.
The examples used to illustrate the dynamics of coherent structures, their roles in mixing
and different mechanisms are mostly based on previous work conducted by the authors
and their collaborators. In particular, the paper tries to highlight the critical role played by
large-scale turbulence in mixing and sediment entrainment inside the post confluence chan-
nel. Section 2 presents the main methodologies used in numerical and field studies of river
confluences. Then, the dynamics and role of large-scale coherent structures at concordant
bed confluences with negligible density contrast are presented and discussed in Sect. 3.
This case can be considered as a ‘simple’ or ‘canonical’ case in terms of natural river con-
fluences with respect to which additional flow and/or geometrical ‘complications’ may be
present. Sections 4 and 5 consider two such ‘complications’ associated with increasing
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stratification effects due to density contrast between the incoming streams and with the
presence of a large bed discordance in cases where a small tributary joins a large river,
respectively. In Sect. 6, some main results exemplifying the relationship between conflu-
ence ecology and hydrodynamics are reviewed and the application of bioenergetics metrics
at two large-size concordant bed confluences is presented and discussed. Finally, Sect. 7
reviews some recent applications of remotely sensed image-based techniques and methods
to river confluences to stress the large potential they have in the identification of planform
evolution and mixing patterns. The paper concludes with a discussion of research needs
and challenges, and proposes some directions for future research that, in the opinion of
the authors, may lead to significant advancements in understanding the physics of these
flows, the ecological functions of natural stream confluences and in formulating a theoreti-
cal framework that can be used to make engineering predictions.

2 Main methodologies applied in numerical and experimental studies
about river confluences

2.1 Numerical simulations

The numerical results discussed in the paper were obtained by performing fully three-
dimensional, high-resolution Detached Eddy Simulations (DES) which allow capturing the
energetically-important coherent structures generated inside the post-confluence channel
and their dynamics, a detailed description of the secondary flow, as well as evaluating the
bed shear stresses and quantifying the effect of the presence of coherent structures near the
bed surface on the bed shear stress distributions. The nondimensionalized Navier Stokes
equations are expressed in generalized curvilinear coordinates and integrated in time using
an implicit fractional-step method combined with a double time step algorithm. The Bouss-
inesq approximation is used to account for the effects of the (non-uniform) density on the
velocity field. An advection—diffusion equation is solved for the nondimensional density/
temperature, C. A slip (zero shear stress) boundary condition is imposed at the free surface.
Precursor eddy-resolving simulations are conducted to generate the instantaneous velocity
fields (fully developed channel flow) that are then specified at the inlet sections of the two
tributary channels in the main simulations. The lateral walls and bed surfaces are generally
treated as no-slip, rough surfaces with a prescribed value of the average bed roughness. A
convective boundary condition [136] is used at the exit boundary in the post-confluence
channel. The values of the variable C at the two inlets are specified as 0 or 1 correspond-
ing to the high and low temperature streams. On the other surfaces, the gradient of C in the
direction perpendicular to the surface is set equal to zero (zero flux condition).

Details of the numerical method employed by the viscous flow solver are given in
Chang et al. (2007) and Constantinescu et al., [30]. The detached eddy simulations were
performed using the Spalart—Allmaras turbulence model as the base RANS model. By
modifying the turbulence length scale definition, the Spalart—Allmaras turbulence model
starts behaving like an LES model away from the solid boundaries. The governing equa-
tions and details on the implementation of rough-bed boundary conditions can be found in
Keylock et al., [73] and Zeng et al. [179]. Grid points are clustered near the solid bounda-
ries (e.g., channel bottom, confluence apex, channel banks) to resolve the attached bound-
ary layers and inside the MI region.
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The DES solver was validated for several important types of simpler flows that are
encountered at river confluences. They include flow in curved open channels with complex
bathymetry (e.g., see [178],Koken et al., 2013) and shallow mixing layers forming between
parallel streams in constant-depth channels [25]. DES accurately predicted the vortical
structure and spatial development of the shallow mixing layer including the streamwise
variations of the lateral shift of its centerline and its width and the frequency of passage of
the Kelvin—Helmbholtz billows [25]. The scalar transport module was validated by Chang
et al. (2007). Validation simulations for natural river confluences are discussed by Constan-
tinescu et al. (30, 31, 33). DES accurately predicted the mean velocity, turbulent kinetic
energy and mean temperature distribution inside the CHZ of the confluence between the
Kaskaskia River (KR) and Copper Slough (CS) stream (defined as KRCS) based on com-
parison with the field data of Sukhodolov and Rhoads [146] and Rhoads and Sukhodolov
[129]. Moreover, the accuracy of the time-averaged quantities and turbulence statistics
obtained from the DES data was found to be higher than that of the RANS simulations
performed using the same grids.

2.2 Field studies

The acoustic Doppler current profiler (ADCP) is the standard instrumentation used for
hydrodynamic field studies. ADCPs can be used either from moving or fixed vessels to
measure the flow field and to identify the riverbed location. ADCPs can also be used to
measure water temperature near the surface and backscatter intensity which, after proper
calibration, can be related to suspended sediment concentration [150, 151]. Measurements
performed from boats moving across river transects are capable to efficiently measure the
flow discharge with an acceptable accuracy and to identify the three-dimensional flow field
characteristics such as large secondary flow cells. Fixed vessel applications aim at inves-
tigating turbulence at some points of the domain. In addition, in field studies, the mor-
phological structures of the channel can be investigated using high-resolution acoustic
and seismic methods, such as echo-sounding and sub-bottom profiling [67]. Finally, water
chemistry and quality parameters, such as local temperature, pH, conductivity, turbidity
and total suspended sediment (TSS) concentration can be measured with water sampling,
while vertical profiles of those parameters can be obtained using a multi-parameter probe.

3 Large scale coherent structures at concordant bed confluences:
effect on mixing

3.1 Mixing interface dynamics

Numerical simulations performed for the KRCS confluence (Illinois, USA) are used to
illustrate how changes in the momentum ratio and planform geometry affect the struc-
ture of the MI [30-33]. The KRCS confluence (Fig. 3a) is an asymmetric, concord-
ant bed confluence with the CS tributary oriented at an angle a,=60° relative to the
centerline of the post-confluence channel and the KR tributary fairly well aligned with
the post-confluence channel (a;~0°). The average flow depth in the post-confluence
channel, D, is about 0.3-0.4 m, the Reynolds number defined with D and the average
bulk velocity in the two tributaries is of the order of 10’ and the channel Froude num-
ber is less than 0.3. A large, elongated confluence hole with a maximum flow depth of
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Fig.3 KRCS simulations with no density difference between the two streams. Distribution of the verti-
cal vorticity, @.D/U, in the instantaneous flow in a horizontal surface situated 0.1D below the free sur-
face. a Case 1 (VR~1, a; =0°% a,=60°); b Case 2 (VR=4.1, a;=0° a,=0°); c) Case 3 (VR~1, a; =60°;
a,=60°). Reproduced from Constantinescu et al. [32]

about 3D is present downstream of the apex. It extends between sections Al and A.
The average bed roughness height is 0.01 m. With changing hydrograph, the momen-
tum ratio (MR) and velocity ratio (VR) at this confluence are highly variable. Results
are discussed for two cases with VR~1 and VR =4.1 corresponding to a larger veloc-
ity in the CS tributary. The simulations discussed in this section were performed with
a bulk Richardson number, Ri = gp, — p, (D/ U2) of zero (no density contrast between
the incoming streams) corresponding to field cases in which the difference between the
temperatures of the two tributaries are less than 1°Csuch that stratification effects due to
nonuniform temperature can be neglected [66]. In the definition of the bulk Richardson
number, the densities of the two streams are p; and p,, g is the gravitational accelera-
tion, D is the average flow depth in the CHZ downstream of the confluence apex, and
U is the mean velocity inside the CHZ that is often approximated as the average bulk
velocity in the two tributaries.

To exemplify and better understand the conditions that lead to the Kelvin—-Helm-
holtz mode or the wake-like mode being dominant inside the MI, the planform geom-
etry of the KRCS confluence (see Case 1 in Fig. 3a) was modified and additional
simulations were conducted with the CS tributary being close to parallel to the post-
confluence channel (Case 2, a; =0°; a, =0°, Fig. 3b) and with the KR tributary rotated
such that it becomes parallel to the CS tributary (Case 3, o; =60°; a, =60°, Fig. 3c).
Both VR and MR were close to unity in Case 1 and Case 3. Case 2 was conducted with
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a larger velocity in the CS stream such that VR =4.1. Except for the rotation of the
tributary channels, the bathymetry was the same in the three cases.

Simulation results for Case 1 show that the MI position follows approximatively the
centerline of the post-confluence channel and the mean velocity ratio across the MI
remains close to one at most streamwise locations downstream of the confluence apex
(Constantinescu et al., 2010). As a result, one expects the wake-like mode to domi-
nate not only close to the confluence apex but also further downstream inside the CHZ
and the MI to contain counter-rotating VOVs, as shown in the sketch in Fig. 2b. The
instantaneous fields of the vertical vorticity at the free surface in Fig. 3a show the
formation of elongated patches of negative and positive vorticity close to the conflu-
ence apex corresponding to the VOVs in their incipient formation phase. As they are
advected downstream, the shapes of these vorticity patches become more circular. No
merging occurs between these patches as they are advected inside the MI.

In Case 2 the confluence angle is close to zero and VR > > 1 at all streamwise loca-
tions inside the CHZ. Similar to Case 1, the MI remain close to the centerline of the
post-confluence channel. The MI is expected to resemble a shallow mixing layer devel-
oping between two parallel streams of unequal velocities. In stark contrast to Case 1,
only patches of negative vertical vorticity are present inside the MI in the instantane-
ous flow fields in Case 2 (Fig. 3b). Examination of the evolution of these patches of
negative vorticity shows that merging between neighboring patches occurs at times.
This behavior of the VOVs inside the MI confirms the Kelvin—-Helmholtz mode is
dominant in Case 2 (see also sketch in Fig. 2a).

In Case 3 the confluence angle is close to zero, but the two close-to-parallel streams
make an angle of close to 60° with the post-confluence channel. This induces strong
curvature effects and results in the MI being pushed toward the west bank compared to
Case 1. Though VR = 1 close to the confluence apex, this is not the case away from it.
Simulation results show that the ratio between the mean velocities on the two bounda-
ries of the MI can reach values around 2 inside the CHZ. This means that the wake-like
mode, if present, can be strong only close to the confluence apex. Simulation results
show that the Kelvin—Helmholtz mode is the dominant within the downstream part of
the MI, as confirmed by the instantaneous vertical vorticity field in Fig. 3c that shows
the presence of patches of positive vorticity inside the MI. Curvature effects play an
important role in the evolution of the VOVs. As the MI shifts toward the outer (right)
bank, high velocity fluid situated close to the ‘outer side’ boundary of the curved MI
damps the growth of the quasi two-dimensional MI eddies, which is one of the rea-
son for the observed decay in the coherence of the VOVs past section Al. The more
surprising result is the absence of patches of negative vorticity close to the conflu-
ence apex in Fig. 3c. This suggests that the wake-like mode is very weak despite VR
and MR being close to one. The explanation is that no flow stagnation occurs close
to the junction corner because of the streamlined shape of this corner. In such cases,
the interaction of the separated shear layers on the two side of the confluence apex
does not result in the shedding of patches of vorticity of opposite sign. So, Case 3 is
representative of concordant confluences where the Kelvin—Helmholtz mode becomes
stronger with increasing distance from the confluence apex along a curved MI. Case
3 is also a good example of a confluence with VR~1 where the wake-like mode is
very weak starting at the confluence apex. So, VR=1 is a necessary but not a sufficient
condition for the wake-like mode to be sufficiently strong to result in the formation of
counter-rotating VOVs.
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3.2 Streamwise-orientated vortices and effect of planform geometry

Figure 4a uses the Q criterion that identifies vortical structures in the flow [136] to visu-
alize the main coherent eddies forming inside the CHZ in Case 1 for which VR ~ 1. For
such cases, one expects SOV cells to form on both sides of the MI. The SOV cells on the
CS side are expected to be more coherent (e.g., higher circulation of their cores) due to the
larger angle between the core of high velocity inside the CS tributary and the centerline
of the MI. In most cases, the SOV cells in the mean flow are situated outside of the MI,
though some of them can partially or fully penetrate inside the MI especially at large dis-
tances from the confluence apex. Consistent with the already discussed mechanism for the
formation of SOV cells, the main SOV cells on the two sides of the MI (SVW1 and SVE1
in Fig. 4a) are counterrotating. Simulation results show the formation of secondary SOV

Fig.4 KRCS simulations with no density difference between incoming streams. Visualization of the main
vortical structures in the mean flow using a Q iso-surface (Q=10). a Case 1 (VR~1, o; =0° a,=60°); b
Case 3 (VR=1, a; =60°; o, =60°); ¢ Case 4 (VR=1, a; =0° a,=0°); d Case 5 (VR=S, a;=0°; a, =60°).
The dashed red line shows the approximate position of the MI centreline. SVE1 and SVE2 are the SOV
cells on the East (E) side of the confluence. SVW1 and SVW?2 are the SOV cells on the West (W) side of
the confluence. BW1 is a streamwise cell of helical flow forming at the West bank. The ribbons (thick black
curves) in frame d show the large rotational capacity of the main SOV cells. Frames (a—d) are reproduced
or adapted from Constantinescu et al. (31, 32)
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cells on both sides of the MI. On each side of the MI, the circulation sign of the primary
(SVWI1 and SVE1) SOV cells and of the secondary SOV cells (SVW2 and SVE2) is the
same. Secondary cells form when the near bed secondary flow is advected back toward
the free surface over relatively large distances away from the MI. As a result, the second-
ary cells have the same sign of rotation as the primary cell on the same side of the MI.
An analogy can also be made with secondary horseshoe vortices in junction flows. These
vortices are also rotating in the same direction as the main horseshoe vortex and form in a
region of strong adverse pressure gradients.

Case 1 suggests that SOV cells form on both sides of the MI at least for cases with VR
~ 1. However, this is not always the case as illustrated in Fig. 4b for Case 3 where VR =
1. The reason for the absence of SOV cells on the KR side of the MI is that the core of
high momentum inside the KR tributary moves toward the west bank line. As a result,
its exchange of momentum with the MI is negligible even if the centerline of the MI also
moves toward the west bank line. By contrast, the core of high velocity inside the CS is
oriented toward the MI. The strong adverse pressure gradients generated by the core hitting
the MI result in the generation of a primary SOV cell (SVE1) and of a corotating second-
ary SOV cell (SVE2) of lower circulation on the CS side.

Given that the mechanism for the formation of SOV cells requires that at least one of the
incoming streams is oriented at a large angle with respect to the MI, one would expect no
SOV cells form at confluences with a small confluence angle. This is indeed the case for
MIs between parallel streams forming in a constant-depth channel [25] but not necessar-
ily the case for confluences with complex bathymetry as illustrated by Case 4 in Fig. 4c.
Even though the two tributaries are parallel upstream of the confluence apex, the bank line
on the west side is such that the KR stream increases its angle with respect to the MI and
moves toward it as in enters the CHZ. By contrast, the CS stream is deflected slightly away
from the MI toward the east bank line. Meanwhile, because of the strong curvature of the
west bank downstream of the confluence apex, the flow accelerates on the KR side of the
MI and stronger adverse pressure gradients are generated perpendicular to the MI on the
KR side. This explains the formation of a fairly strong SOV cell (SVW1) on the KR side
of the MI in Case 4 where the incoming streams and the post confluence channel are fairly
parallel. A SOV cell (SVE1) forms on the CS side. However, this cell is very weak and
plays a minor role in the redistribution of the streamwise momentum inside the CHZ.

In general, SOV cells are expected to be stronger on the high momentum side of the
confluence (Constantinescu et al., 2010). Figure 4d visualizes the SOV cells forming at the
KRCS confluence for a simulation conducted with VR & 5. Though the angles between the
cores of high velocities inside the two tributaries and the MI are comparable, the higher-
momentum CS stream needs to lose more kinetic energy associated with the velocity com-
ponent perpendicular to the MI as its core reorients itself parallel to the centerline of the
post-confluence channel. Consequently, the adverse pressure gradients generated away
from the MI are larger, which explains the larger coherence and larger penetration distance
of the primary SOV cell (SVE1) on the CS side of the MI compared to the one (SVW1)
forming on the lower-momentum side. For large MR and VR ratios, SOV cells may be very
weak or even not form on the low momentum side of the MI.

Another fundamental feature of the dynamics of some of the most coherent SOV cells
is the presence of bimodal aperiodic oscillations [31]. If such oscillations are present, the
core of the SOV rather than simply oscillating around its mean position in the mean flow is
subject large sweeping motions toward and away from the MI. As the core of the SOV cell
moves toward the MI, its core becomes more circular and of smaller cross-sectional size.
This state is referred as the interface mode (IM). Strong interactions between the SOV cell
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and the VOV vortices occur during the IM mode. As the SOV moves away from the MI
and toward the corresponding bank line, its core enlarges, and its shape becomes closer to
on ellipse. The cell enters the bank mode (BM). The presence of bimodal oscillations can
be easily inferred from the velocity histograms at points situated inside the core of the SOV
based on its position in the mean flow. Figure 5 shows such a histogram inside the core of
SVEI forming in Case 5. The histogram has a pronounced two-peak distribution, and the
two peaks are associated with the two modes. By contrast, one-peak distributions are gen-
erally recorded inside the cores of the SOV cells that are not subject to bimodal oscillations
and also inside the MI. The presence of two regions of high turbulent kinetic energy or
pressure rms fluctuations inside the core of the SOV cell is another indication of the pres-
ence of aperiodic oscillations. An important observation is that SOV cells are generally not
subject to bimodal oscillations along their entire length. Rather the bimodal oscillations are
the strongest in the region where the core of high velocity from the tributary hits the MI
and decay monotonically downstream of this region [31].

As a result of the aperiodic, low frequency transitions between the IM and BM modes
the core of the SOV moves over a much larger part of the bed surface compared to cases
when bimodal oscillations are absent. The capacity of an SOV cell subject to bimodal oscil-
lations to entrain sediment is much larger than the one of an SOV of comparable coherence
that does not undergo such oscillations. 30, 31 were the first to show that at angled conflu-
ences the largest bed shear stresses were recorded beneath the cores of the SOV cells rather
than over the part of the post-confluence channel situated on the high-speed side of the MI
or beneath the MI. Moreover, in simulations conducted with both VR~1 and with VR >
> 1, the SOV cells with the largest capacity to entrain sediment were the ones subject to
bimodal oscillations. These findings confirmed the validity of the conceptual model pro-
posed by Paola (1997) that the SOV cells act as a pump of sediment by entraining sedi-
ment beneath their cores and then advecting it inside their cores before releasing it to the
surrounding flow downstream of the CHZ. It indirectly confirmed their critical role in the
formation of the scour hole at natural river confluences.
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Fig.5 KRCS simulations with no density contrast. Probability-density functions of the vertical component of the

instantaneous velocity fluctuations, v/ / 1/ v'2, for Case 5 (VR~5, a; =0°; o, =60°) at a point situated close to the
axis of the primary SOV cell on the East side (SVElin Fig. 4d) in section A. The histogram of the instantaneous
velocity shows that the large-scale oscillations of SVEI are bimodal. The peaks associated with the bank mode
(BM) and the interface mode (IM) are shown with arrows. Reproduced from Constantinescu et al. [32]
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Besides their role in bed erosion, SOV cells play an important role in the redistribution
of the streamwise momentum inside the CHZ and in mixing [29]. As opposed to the mix-
ing associated with VOV vortices which is visible from the free surface, mixing driven by
the SOV cells happens mostly beneath the free surface. The main mixing mechanism that
is driven by VOVs is the engulfing of less-mixed fluid from one side of the MI by the VOV
cells. Mixing by the SOV cells happens mostly because of the oscillations of the SOV cells
that allow them to move temporarily inside the MI. As the coherence of the SOV cells is
generally much larger than that of the VOVs, the SOV cells are very efficient at extracting
mixed fluid from inside the MI.

Figure 6 visualizes the heat mixing between two streams of unequal temperature at
the KRCS confluence via numerical simulations conducted with Ri=0. The red and blue
colors correspond to the mean temperatures of the unmixed fluid in the KR and CS streams,
respectively. The capacity of the SOV cells to extract fluid from the MI increases signifi-
cantly for the SOV cells that are subject to bimodal oscillations. For example, both primary
SOV cells undergo bimodal oscillations in Case 1 and these oscillations peak near section
A shown in Fig. 6a. The main effect on mixing associated with SVE1 and SVW1 is that
their cores extract mixed fluid from the MI in the near-bed region and then advect it away
from the MI. This is possible given that they rotate in opposite directions and that their
rotation is such that they move fluid away from the MI near the bed. In terms of the mean
temperature field, a direct consequence of the presence of the SOV cells is the increase of

Section A Mw
a)

Section A SVE1 SVE2
b)

Section A |M1

W E

c)

Sectlon A
d) SVW2 SVW1 SVE1 SVE2

Fig.6 KRCS simulations with no density contrast. Visualization of thermal mixing in the mean flow at sec-
tion A. a Case 1 (VR~1, a; =0° a,=60°); b Case 3 (VR~1, a; =60°; a, =60°); ¢ Case 4 (VR~1, a; =0°;
a,=0°); d Case 5 (VR~S5, a; =0°; a, =60°). The nondimensional time-averaged temperatures of the incom-
ing flow in streams KR and CS are TNM =0 (blue color) and TNM =1 (red color), respectively. The black
circles visualize the cores of the main SOV cells in the mean flow. MW denotes the width of the MI at the
free surface. Reproduced from Constantinescu et al. [33]
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the width of the thermal MI as the bed is approached (Figs. 4a and 6a). This effect is even
stronger in Case 3 (VR~1) where a strongly coherent primary SOV cell forms very close to
the MI together with two co-rotating secondary SOV cells (Figs. 4b and 6b). The near-bed
mixed fluid extracted by SVEI is then further advected toward the banks by the cores of
the secondary SOV cells. The result is the formation of a long near-bed intrusion of mixed
fluid. At section A this intrusion penetrates until the east bank. A similar effect of the SOV
cells on the temperature distribution in the cross sections is also observed in Case 5 (VR >
> 1) where the level of coherence of the SOV cells on the east side of the MI is much larger
compared to that of the cells forming on the west side (Figs. 4d and 6d). The difference in
the coherence level of the SOV cells explain why on the west side the near-bed intrusion
is fairly small, while on the east side the width of the intrusion is 4-5 times larger than the
average width of the MI away from the bed. Even in Case 4 where the incoming streams
are close to parallel to the post-confluence channel (Fig. 4c), the primary SOV cell strongly
disturbs the thermal MI (Fig. 6¢). However, rather than advecting the extracted mixed fluid
toward the banks, this fluid is mostly entrained inside its core. These examples clearly
show that strongly-coherent SOV cells can significantly amplify the amount of mixed fluid
within and downstream of the CHZ and increase the vertical non-uniformity of the tem-
perature field in these regions even in the absence of density stratification.

4 Stratification effects at concordant bed confluences due to density
contrast between the incoming streams

If the flows in the two tributaries have unequal densities due to differences in temperature,
salinity and/or suspended sediment concentrations, a vertical density interface is present
downstream of the confluence apex. This density interface is unstable because of differ-
ences in the hydrostatic pressure on its two sides. Assuming density contrast is sufficiently
large to induce buoyancy forces that are of comparable magnitude to the inertial forces, the
density interface will start deforming with increasing distance from the confluence apex. A
near-bed intrusion of heavier fluid starts moving toward the opposing bank while the oppo-
site happens near the free surface where an intrusion of lighter fluid forms. This is equiva-
lent to the formation of a spatially-evolving lock-exchange-like flow [28]. Given that the
MI ‘moves’ in opposite directions near the bed and near the free surface, the MI is strongly
tilted at confluences where density contrast effects are significant. The flow evolves toward
a stable configuration where the lighter fluid moves on top of the denser fluid. This gener-
ally happens when the two intrusions reach the channel banks.

Recent research (e.g., see Cheng and Constantinescu, 2022b; [86],Ramon et al., 2013,
2016; [66, 89, 97],Jiang et al., 2022) have shown that near-bed intrusions of heavier fluid
are generally observed at concordant bed confluences where the Richardson number, Ri,
is larger than 0.01. This value corresponds to a minimum densimetric Froude number,
Fry= 1/Ri% of 10. Recently, Horna-Munoz et al. [66] showed that once the Richardson
number starts approaching one, the flow originating in the tributary containing lighter fluid
moves over the heavier fluid originating in the other tributary such that the free-surface
regions containing heavier and lighter fluid switch sides in the downstream part of the post-
confluence channel. Such cases are referred to as strong stratification cases. These effects
are discussed next based on simulations and field experiments conducted at a small-size
(average flow depths in the main channel less than couple of meters) and small-scale (width
over depth ratio less than 20) confluence (KRCS confluence in the USA), at a medium-size
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(average flow depths of the order of tens of meters) and large scale (width over depth ratio
larger than 50) confluence (confluence between the Yangtze River and Poyang Lake tribu-
tary in China) and at the confluence between the Negro River and the Solimoes River in
the Amazon, which is one of the largest confluences in the world.

4.1 Generation of a spatially-developing, lock-exchange-like flow in transverse
planes for moderate stratification (0.01 <Ri< <1)

Horna-Munoz et al. [66] reported simulations conducted at the KRCS confluence with and
without density difference. In particular, they performed a series of three simulations (Case
1 to Case 3 in Fig. 7) with VR=1.33 and MR =2.1. In Case 1 the CS tributary contains
the lighter, higher temperature fluid while in Case 3 the CS tributary contains the denser
fluid. In both cases, Ri=0.04 and Fr;=4.9. A third simulation (Case 2) was performed
with the same flow and temperature conditions as in Case 1 but with Ri=0 (e.g., the cou-
pling between the temperature/density equation and the momentum equations was removed
in the numerical solver) such that temperature-induced stratification effects are ignored.
The flow and temperature conditions in Case 1 correspond to those in a field experiment
conducted by Lewis and Rhoads [86].

Figure 7 shows the distributions of the nondimensional temperature/scalar concentra-
tion C=(Ts-T)/(Tcs-Tkr), where T is the dimensional temperature field, Tcg is the tem-
perature of the fluid in the CS stream and Ty is the temperature of the fluid in the KR
stream. Comparison of the distributions of C near the free surface (Fig. 7a) and in a near-
bed surface parallel to the bed (Fig. 7b) shows very large differences in the position and
size of the regions containing unmixed and mixed fluid. In particular, the MI near the free
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Fig.7 KRCS simulations with and without density contrast. Mean nondimensional temperature/concentra-
tion, C, in the Ri=0 (Case 2) and Ri=0.04, Fry=4.9 (Case 1 and Case 3) simulations conducted with
VR =1.33. a C at the free surface in Case 1; b C near the bed in Case 1; ¢ C in cross section A. Also
shown in frames a and b are 2-D mean streamline patterns. The two dashed lines correspond to C=0.1 and
C=0.9. DF and LF denote the stream containing denser and, respectively, less dense fluid. Also shown in
frame c) are the main SOV cells and the main cross-stream cell of secondary motion forming close to the
KR bank (Cases 1 to 3). HVS denotes the high velocity stream. Case 1 (exp) shows field measurements of
the mean temperature for Case 1. Reproduced from Horna-Munoz et al. [66]
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surface moves toward the right (KR) bank, which is reached around section C. By contrast,
the MI near the bed approaches the left (CS) bank near the bed. The width of the MI is sig-
nificantly larger near the bed compared to near free surface region.

The movement in opposite directions of the MI near the bed and the free surface is
fully consistent with the development of a lock-exchange-like flow in Case 1 as the denser
fluid in the KR stream start intruding near the bed into the LF side of the post-confluence
channel. As this happens, the lighter fluid from the CS stream situated close to the free
surface is pushed toward the KR bank with increasing distance from the confluence apex.
Figure 7c visualizes the near bed and free-surface intrusions in section A which result in a
strong tilt of the region containing mixed fluid in Case 1. The predicted temperature distri-
bution is in good agreement with the one measured in a field experiment. Comparison of
the temperature distributions in section A between Case 1 and Case 2 proves that the tilt of
the MI is due to stratification effects and not to the deformed bathymetry and formation of
SOV cells. Indeed, if the effect of the temperature on the velocity field is ignored (Ri=0),
the temperature distribution inside the CHZ becomes fairly uniform over the flow depth
except near the edges of the MI where the SOV cells induce more mixing near the bed (see
Case 2 in Fig. 7c). However, there is no tilt of the MI and no near bed intrusion of unmixed
KR fluid beneath the MI, as seen in Case 1. The predicted distributions of C in Case 2 are
in poor agreement with the measured ones at the same section. This shows the critical role
played by stratification in this case. The temperature distribution in section A in Case 3
also shows a strong tilt of the MI but the tilt is in the opposite direction. This is because the
inversion of the streams containing denser and lighter fluid means that the lock exchange
flow in Case 3 develops in opposite directions near the free surface and near the bed with
respect to Case 1. Finally, the region of mixed fluid situated downstream of section C in
Fig. 7b is mostly due to the lighter, free-surface fluid reaching the KR bank and then plung-
ing down and mixing with the heavier fluid situated below it. So even for cases with mod-
erate density effects, temperature distribution away from the apex is mainly determined by
stratification effects. The SOV cells, though still present, play a secondary role in mixing
compared to mixing driven by the spatially-developing lock-exchange-like flow. VOVs still
form in Case 1 and Case 3, but they are severely stretched away from the confluence apex
and rapidly lose their coherence.

One important research question is if the development of a lock-exchange-like flow is a
general characteristic of flow hydrodynamics at confluences with sufficiently strong density
contrast between the incoming streams and can be observed at confluences whose scale
and size are much larger than those of KRCS where the mean flow depth is less than 1 m
and the mean free-surface width to mean depth aspect ratio less than 20. The develop-
ment of a lock-exchange-like flow at larger-size confluences was investigated by Jiang et al.
(2022) for the confluence between the Yangtze River (YR) and the Poyang Lake (PL) in
China (defined as YRPL), which is classified as a large-scale confluence given that the
ratio between the mean free-surface width and mean depth, D, of the post-confluence chan-
nel is about 60. The YRPL confluence is an asymmetric, concordant confluence for which
the mean angles between the downstream channel and the two tributaries are o;~0° and
a,~58°. The YR tributary contains warmer water during the winter and colder water dur-
ing the summer compared to the PL tributary. A large scour hole is present on the PL side
of the post-confluence channel starting about 60D from the confluence apex (Fig. 8a). Its
maximum depth is about 2.8D. Flow conditions in the simulations (VR=0.78, Mr=0.36,
where the YR tributary was the faster one) were determined based on the field survey. A
first simulation (Case 1) was conducted with a difference of 2.5 °C between the YR and PL
tributaries but neglecting stratification effects (Ri=0). Stratification effects were included
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Fig.8 YRPL confluence of Yangtze River (YR) and Poyang Lake channel (PL). a Bathymetry. The 2-D
contours show the vertical elevation, z/D, where z is the vertical distance and z/D=0.68 corresponds to the
free surface; b Nondimensional volume of mixed fluid, V/D.3, as a function of the streamwise distance from
the confluence apex, X’/D. Reproduced from Jiang et al. [70]

in Case 2 for which Ri=0.037 and Fr;=5.2. Case 3 simulation was conducted with same
values of Ri and Fr, as for Case 2, but with the warmer water present in the PL tributary.

One striking feature of the nondimensional temperature distribution in section C
(Fig. 8a) for Case 1 is the strong tilt of the MI, with some of the mixed fluid from inside
the MI intruding into the YR side of the post-confluence channel. This happens in the
absence of stratification effects and even in the absence of SOV cells. The tilt is driven by
topographic steering and by the formation of a strong cell of secondary flow on the YR
side that basically touches the boundary of the MI (Jiang et al., 2022). So, the presence
of a tilted interface in field or lab measurements does not automatically signals significant
stratification effects and the generation of a lock-exchange flow. One should also point out
that the bottom intrusion does not increase monotonically in the streamwise direction at
sections situated downstream of section C for Case 1, as it will be expected to happen for a
spatially developing lock exchange flow.

Once stratification effects are incorporated into the numerical model, the mean tem-
perature distribution changes significantly. In Case 2, where the PL tributary contains the
denser fluid, the tilting of the MI is expected to occur in the same direction as for Case
1. So, stratification should enhance the tilting of the MI compared to non-stratified flow
conditions. This is exactly what is observed in Fig. 9b where the near-bed intrusion of
heavier fluid on the PL side and free-surface intrusion of lighter fluid on the YR side are
much stronger compared to Case 1. The same is true for the lateral penetration distance of
the intrusion containing mixed fluid on the YR side that more than doubles its length. On
the other hand, if the streams containing heavier and lighter fluids are reversed, the strati-
fication driven intrusions of heavier and lighter fluid should develop in opposite directions
compared to Case 2 and thus should counter-act the tilting observed for non-stratified flow
conditions (Case 1). This is indeed what happens in Fig. 9c where the tilt of the MI is in
the opposite direction compared to Case 2. The tilt is not as high as for Case 2, but this
is simply because the intrusion of heavier fluid driven by density contrast develops into a
flow field that forces the MI to be tilted in the opposite direction. However, in both Case
2 and Case 3 stratification effects are significant and consistent with those observed at the
KRCS confluence.
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Fig.9 PLYR simulations with and without density contrast. Non-dimensional density/temperature, C, at
cross section i in the mean flow. The solid black lines (C=0.2 and C=0.8) visualize the edges of the mix-
ing interface region. a Case 1, Ri=0, VR=0.78; b Case 2, Ri=0.037, VR=0.78, PL contains denser fluid
(DF); ¢ Case 3, Ri=0.037, VR =0.78, PL contains lighter fluid (LF). Reproduced from Jiang et al. [70]

Another important research question is whether density effects enhance rather than
inhibit rates of mixing at confluences. The way flow stratification affects large-scale coher-
ent structures and mixing is much more complex at river confluences, where the flow is
shallow and, at the same time, highly three dimensional, compared to deep mixing lay-
ers forming between streams of unequal densities. Although density difference may damp
the rate of growth and coherence of VOVs inside the MI, other mixing mechanisms are
amplified and new mixing mechanisms, such as an increase in the length of the MI and the
formation of streamwise vortices at the interface between the lighter and heavier fluids can
develop. The intrusions of heavier and lighter fluid may also generate additional cells as
they approach the banks (Cheng and Constantinescu, 2022b) while strong mixing generally
develops as these intrusions directly interact with the banks and flow is pushed upwards or
downwards.

One simple way to quantify mixing is to calculate the variation of the volume of mixed
fluid, V, with the streamwise distance measured from the confluence apex, X’. Figure 8b
compares the variations of V for the simulations conducted for the YRPL confluence with
and without density contrast. The mixed fluid is defined as fluid with 0.2<C<0.8. The
total amounts of mixed fluid are greater for cases with density effects (Ri=0.037) than for
cases where stratification effects are neglected (Ri=0). The same is true for the simulations
conducted with Ri=0 and Ri=0.04 at the KRCS confluence. This is an important finding
that may be contradicted based on simple observation of mixing at confluences evaluated
based on the mixing observable at the free surface. If stratification effects are significant,
most of the mixing induced by stratification driven mechanisms happen beneath the free
surface. In fact, in some of the simulations conducted with Ri> 0, the width of the MI at
the free surface was relatively small, which would indicate weak mixing between the con-
verging streams. However, mixing away the free surface can be very strong and compen-
sate for the relatively low rates of mixing present near the free surface. So, for such cases,
information on the 3-D distribution of the variable used to assess mixing (e.g., tempera-
ture, turbidity) is needed to make accurate predictions.

Four field surveys based on ADCP and conductivity measurements were conducted
under different flow conditions in 2020-2021 near the confluence between the Yang-
tze River and the Poyang Lake, which are the largest river and freshwater lake in China,
respectively (Fig. 10). It was found that mixing dynamics at the confluence was controlled
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Fig. 10 Map of measurements locations at the confluence between the Yangtze River and the Poyang Lake
during four surveys in 2020-2021: The white lines indicate cross sections for ADCP measurement, while
the symbols indicate water chemistry sampling points. Reproduced from Xu et al. [162]

by the complex interaction between the seasonal changes of the momentum flux ratio,
which affect the secondary flows (Fig. 11), and the lock-exchange flow associated with
density contrast between the two tributaries (Fig. 12).

The mixing processes were studied using the vertical profiles of water conductivity and
backscatter intensity at key locations of the confluence. The streamwise development of
mixing was estimated using a normalized mixing metric based on calculating the stand-
ard deviation of the conductivity at each cross-section inside the CHZ as well as at an
upstream composite cross-section consisting of conductivity for the two incoming flows
[86]. Slow mixing (e.g., mixing distance larger than 5 km) was observed during high-flow
conditions in which dual counter-rotating secondary cells formed, with the downwelling
flow acting as a barrier in the post-confluence channel (Fig. 11a). By contrast, more rapid
mixing (mixing distance close to 2.5 km) was observed during low-flow conditions when
only an anticlockwise single channel-scale secondary flow pushing near the bed Yangtze
River waters into Poyang Lake waters was identified (Fig. 11b). The lock-exchange flow
can work to strengthen or to weaken such secondary flow structures (Fig. 12). In low-flow
conditions, when the Yangtze River waters had higher temperature that is, lower density
than that of the Poyang Lake, buoyant forces reinforce secondary currents enhancing mix-
ing (Fig. 12b). When the Yangtze River waters were denser, the density-driven exchange
acted against the secondary flow, which resulted in slow mixing (Fig. 12a).

Two field surveys were carried out in 2014-2015 at the confluence between the Negro
and Solimdes rivers in the Amazon Basin. The surveys were carried in both low (Octo-
ber 2014, FS—CNS1 campaign) and relatively high flow conditions (April/May 2015,
FS —CNS2 campaign) (Trevethan et al., 2015a; 2016; [56, 57, 67]). During these cam-
paigns, acoustic Doppler velocity profiling (ADCP) and high-resolution acoustic and seis-
mic methods, such as echo-sounding and sub-bottom profiling, as well as a multi-paramet-
ric probe, were used.
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Fig. 11 Secondary flows in representative cross sections for a Survey 1; b Survey 2; ¢ Survey 3; d Survey
4, looking downstream (vectors: secondary velocity; contour: primary velocity; WL: water level with units
of m). Reproduced from Xu et al. [162]

In the Negro River tributary, at the transects situated immediately upstream of the con-
fluence, the depth — averaged velocity was relatively low (= 0.30 m/s) and uniform over the
channel width. In the Solimdes River, the depth-averaged velocity distribution varied over
the channel width. The velocities were close to 2 m/s in the FS-CNS1 survey and 2.5 m/s
in the FS — CNS2 survey in the main channel, near the right bank. The velocities decreased
towards the left bank to approximately 1 m/s in both surveys (Fig. 13).

The distribution of the depth-averaged velocity and surface temperature at the CNSO
and CNS8 transects, which were located approximately 220 and 200 m downstream of the
junction, revealed a large difference in depth-averaged velocity magnitude between the
Negro side and the Solimdes side, with a sharp drop across the shear layer/mixing interface
(Fig. 14). A sharp drop in temperature was also observed (Fig. 14a). For low flow condi-
tions, the width of the region characterized by high velocity gradients was of the order of
hundreds of meters. For relatively high flow conditions, the width was narrower, i.e. of the
order of tens of meters, or even less.
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------- Center of mixing interface at bed M Warm fluid with lower density
———— Center of mixing interface at surface Em  Cold fluid with higher density

Fig. 12 Conceptual model showing patterns of lateral mixing between two flows with different densities at
the confluence of Yangtze River and Poyang Lake. a the Yangtze River contains denser fluid than Poyang
Lake, and b Poyang Lake contains denser fluid than the Yangtze River. Red arrows correspond to flow
from the Yangtze River and blue arrows correspond to flow into the Poyang Lake. Solid arrows represent
flow near the surface and dashed arrows represent flow near the bed. Curved arrows in a cross-section
denote strong, curvature-induced cells of helical flow, while the dashed arrows show the development of the
near-bed and free-surface intrusions associated with the lock-exchange like flow. Dark blue corresponds to
unmixed cold fluid of higher density. Red corresponds to unmixed warm fluid of lower density. Light blue
corresponds to mixed fluid inside the mixing interface. Reproduced from Xu et al. [162]

In the CNSO transect, the difference between the depth-averaged velocity magnitude in
the Negro and Solimdes rivers, i.e. AV ey e Was about 0.90 m/s in the FS-CNS1 sur-
vey and more than 1.0 m/s the FS —CNS2 survey. Between transects AO situated near the
confluence apex and A14, the median depth-averaged velocities of the Solimdes portion
decreased, while those of the Negro portion increased, S0 AV o, 0y decreased (Fig. 15a).
This indicates strong transfer of momentum from the Solimdes to the Negro side of the
Amazon Channel due to velocity shear. At transect A16, AV 0y ~0.05 m/s in the
FS —CNSI1 survey. By contrast, a velocity difference of about 0.6 m/s was still observed
in the FS-CNS2 survey (Fig. 15a). At the most downstream transect A8, the difference
was about 0.19 m/s (Fig. 15a). Overall, AV jop, ,,, Was larger for low-flow conditions, both
immediately upstream and downstream of the junction apex, while the transfer of momen-
tum from the Solimdes to the Negro side of the Amazon Channel was comparatively
weaker in high-flow conditions than in low-flow conditions. The same trend was observed
for the difference in the backscatter signal, ABS .4y, (Fig. 15b).

Figure 16 presents the distribution of the backscatter intensity at cross sections
CNSO, CNS1 and A13 on 31/10/2014 during the FS—CNS1 survey. Red color indi-
cates the sediment rich waters of the Solimdes River and blue color indicates pure
Negro waters. A sharp drop in backscatter intensity between the tributaries was
observed across the MI at transect CNSO. Further downstream, for both flow condi-
tions, the MI was subjected to a complex development because of the plume (e.g.,
near-bed intrusion) of sediment-laden flow that moved close to the bed from the
Solimdes side into the Negro portion. The propagation of this plume, that is consist-
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Fig. 13 Depth-averaged velocities of ADCP transects collected at the confluence of the Negro and
Solimdes Rivers on 30-31/10/2014 (a) and on 29-30/04/2015 (b) during FS —CNS1 and FS —CNS2 sur-
veys, respectively

ent with the development of a lock-exchange flow, could be clearly observed by com-
paring the backscatter intensity at transects located downstream of transect CNSO.
Third, the sediment-laden flow interacted with water of the Negro side (Fig. 16b—
¢), as well as with the confluence bathymetry (Fig. 16b), resulting in upwelling of
sediment-rich waters that, at some locations, reached the water surface (Fig. 16¢).
The distributions of the backscatter intensity demonstrated that the MI at the Negro/
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Fig. 14 Depth-averaged velocity magnitude and temperature on 31/10/2014 (a) and on 30/04/2015 (b) at
the entrance of the confluence hydrodynamic zone. Reproduced from Gualtieri et al. [57]
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Fig. 15 Difference in depth-averaged velocity magnitude (a) and in backscatter intensity (b) between the
Negro and Solimdes Rivers sides of the post-confluence channel during FS-CNS1 and FS-CNS2. Repro-
duced from Gualtieri et al. [56]

Solimdes confluence is not vertical but is tilted due to the interactions among the
different processes controlling mixing. This is consistent with previous field observa-
tions at the same confluence [82] and at other confluences with strong density differ-
ences [81],Ramoén et al., 2013; [65] as well as with the observed development of a
lock-exchange-like flow at confluences with sufficiently strong density contrast in the
aforementioned numerical studies.

Figure 17 shows the boundary of the MI at the water surface and at the bed along the
CHZ for both flow conditions. Both at the water surface and at the bed, the MI for
relatively high flow conditions was closer to the Negro bank compared to low flow
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Fig. 16 Distribution of the backscatter intensity for transects CNSO (a), CNS1 (b) and Al3 (c) on
31/10/2014 during the FS —CNS1 survey. The Negro and Solimdes rivers are on the left and on the right,
respectively. Reproduced from Gualtieri et al. [57]

Location of Mixing Interface at bed/water surface

Location of MI on the bed for
relatively high flow conditions

Fig. 17 Map of the central part of the CHZ showing the location of the boundary between the MI and the
region containing no sediments at the water surface and at the bed during the FS —CNS1 and FS —CNS2
surveys. Reproduced from Gualtieri et al. [57]
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Fig. 18 Dimensionless distance from the Negro bank vs. discharge ratio Qy at transect CNS2 (a) and the
dimensionless MI width vs. distance from the confluence apex (b) during the EDA 2010, EDA 2013,
FS —CNS1 and FS — CNS2 surveys. Reproduced from Gualtieri et al. [57]

conditions. The location of the boundaries and the width of the MI at the water sur-
face and close to the bed are plotted with the discharge ratios Qr=Q\/Qg in Fig. 18a.
The dimensionless distance from the Negro bank to the centerline of the MI at the
water surface and at the bed was computed at CNS2, which was located 1.35 km
downstream of the junction apex (Fig. 13). The distance was divided by the channel
width at CNS2 when plotted in Fig. 18a. For all flow conditions, the MI at the bed
was closer to the Negro bank than at the water surface. Finally, the distance from the
Negro bank decreased with decreasing Qg. The MI width, defined as the distance
between the location of the MI boundary close to bed and at the water surface, was
the largest for the lowest Qp. Figure 18b also includes some data from two other
surveys conducted in September 2010 (EDA 2010 Q=0.89) and July 2013 (EDA
2013 Qx=0.42). During EDA 2010 (Q=0.89), the MI width in CNS2 was approxi-
mately 60 m. The MI width increased with the distance from the junction apex and
was closely related to the discharge ratio Q. This means that the distance between
the location of the MI boundary at the bed and at the water surface was larger as the
difference between the discharges of the Solimdes and Negro tributaries increased.
The same trend was observed for the momentum ratio. Overall, this field data dem-
onstrated that MI dynamics is closely related to the flow and velocity conditions in
the tributaries confirming findings from recent field studies (e.g., see [81, 86, 97]).

4.2 Flow structure and mixing processes at confluences with strong density
stratification

If the density difference between the incoming streams and the confluence angles are
sufficiently large (e.g. the Richardson number approaches unity), the flow from the trib-
utary containing the denser fluid plunges beneath the flow originating in the tributary
containing lighter fluid that continues to advance near the free surface with little change
in its initial direction. Both currents try to maintain their momentum alligned with the
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axes of the two tributary channels. As a result, these currents of denser and lighter fluid
reach the opposite bank in the downstream part of the CHZ. The treshold value needed
for the regions containing heavier and lighter fluid to switch sides inside the post-con-
fluence channel depends on many factors besides the Richardson number but such inver-
sions are generally observed for Ri> 0.25 (Fry<2).

Figure 19 illustrates this phenomenon for the KRCS confluence based on the Case
6 simulation in the study of Horna-Munoz et al. [66]. The geometry and flow condi-
tions were identical to those in Case 1 (Fig. 7a, b) except that the Richardson number
was increased to 0.39, corresponding to Fry=1.6. Near the free surface (Fig. 19a), the
unmixed lighter fluid from the KR tributary reaches the opposite (CS) bank slightly
upstream of section E. By contrast, no unmixed heavier fluid originating in the CS trib-
utary is seen near the free surface downstream of section C at the CS bank. This is
because this unmixed fluid plunges down (see PL line denoting the left boundary of the
MI region at the free surface in Fig. 19a) and then advanced beneath the free surface
toward the KR bank that is reached slightly downstream of section A (Fig. 19b). As this
happens, heavier fluid is pushed back toward the free surface in the very shallow region
bordering the KR bank and lots of mixing takes place. This is the main mechanism for
the formation of the free-surface (MF) region containing mixed fluid on the KR side of
the post-confluence channel visible in Fig. 19a. Consistent with the development of the
lock-exchange flow, the MI extends between the confluence apex and section C at the
CS bank near the free surface and in between the confluence apex and section A at the
KR bank near the bed. Downstream of section E, the post-confluence channel contains
near the free surface light unmixed fluid on its CS side and heavier, mixed fluid on its
KR side. Such a phenomenon is impossible to happen in the absence of strong density
contrast between two incoming flows. Moreover, Horna-Munoz et al. [66] observed the
generation of vortical Kelvin—Helmholtz cells similar to those present at the interface
between the forward and backward propagating currents in a classical temporally-evolv-
ing lock-exchange flow. Finally, similar to what was observed for confluences with mod-
erate density stratification effects, the amount of mixed fluid inside the simulated port-
confluence channel was by about 50% larger in the Ri=0.39 simulations compared to
the corresponding Ri=0 simulation regardless of which tributary contained the denser
fluid. In fact, the amount of mixed fluid in the two Ri=0.39 simulations increased with
respect to the Ri=0.04 simulations, which indicates that the passage of lighter fluid
above heavier fluid generates additional mixing inside the CHZ.

rc 1

0 02040608 1

\ A2 i.c [l | |

0 02040608 1

@ (b)

Fig. 19 KRCS simulations with strong density contrast. Mean nondimensional temperature, C, and 2-D
streamline patterns in a simulation (Case 6) conducted with VR =0.65, Ri=0.39, Fry=1.6. a C at free sur-
face; b C near the bed. The two dashed lines correspond to C=0.1 and C=0.9. DF and LF denote the
streams containing denser and, respectively, lighter fluid. MF denotes the large region of mixed fluid form-
ing at the KR bank downstream of section A. Reproduced from Horna-Munoz et al. [66]
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5 Mixing interface structure and stratification effects at discordant
bed confluences

Numerical simulations performed for the ERSR confluence between the Ebro River (ER)
and Segre River (SR) by Cheng and Constantinescu (23, 26) are used to describe flow
hydrodynamics and mixing processes for a confluence with a highly discordant bed and to
compare with processes described at concordant confluences. This confluence has made the
object of several field studies (e.g., see Ramon et al., 2013, 2016). The ERSR confluence is
asymmetric. The confluence angle is 110° with the SR tributary being close to perpendicu-
lar to the post-confluence channel. The maximum flow depth in the Ebro River channel is
about 1.6D, where D~4 m is the average flow depth in the post-confluence channel which
is characterized by a nonuniform flow depth with the channel being much deeper on the EB
(South Bank) side of the cross section. The ratio between the flow depths in the two incom-
ing channels in the simulations is 2.2-2.3, which is very close to values (1.8-2.2) observed
at other confluences with a strong bed discordance [39],Guillén-Ludeia et al., 2015, 2016).
The widths of the ER and SR tributaries are about 50D and 120D, respectively. Despite
being shallower and transporting less discharge, the Segre River is much wider.

In a first series of simulations, the velocity ratio between the SR and ER tributaries was
VR =0.41, while the momentum ratio was MR =0.075. Given that for those flow condi-
tions, the difference between the temperatures of ER and SR tributaries was -4.3 °C, simu-
lations were performed with Ri=0.65 (Fry=1.21) and Ri=0 to be able to better under-
stand stratification effects at this confluence. Additional simulations were performed by
Cheng and Constantinescu (202b) with VR=0.08, MR =0.0032 and a temperature differ-
ence of+2.7 °C, which corresponds to Ri=0.89 and Fry=0.73. In the latter VR=0.08
simulation, the low-momentum tributary contains the denser fluid, while the opposite is
true for the VR=0.41 simulations. Thus, in the two simulations with density contrast, the
intrusions develop in opposite directions close to the free surface and the bed. The sec-
ond difference is that MR is about 22 times smaller in the VR=0.08, Ri=1.89 simulation.
Such conditions are close to the limiting case when a fast stream encounters a reservoir
containing denser fluid. For such conditions, buoyancy effects play a major role in the way
the two streams interact and mix starting at the confluence apex.

In the VR=0.48 case with zero density contrast, the free-surface temperature distribu-
tion in an instantaneous flow field in Fig. 20a shows the presence of very large structures
along the MI. One important finding of Cheng and Constantinescu [23] was that these vor-
tical structures are not Kelvin—Helmbholtz vortices that are expected to form given that VR
is not close to unity. The structure of the MI was more similar to that of a MI in the wake-
like mode where the larger structures formed via the interaction of the separated shear lay-
ers bordering the wake region. The large co-rotating structures observed at large distance
from the confluence apex formed by the merging of the smaller vortices shed in the sepa-
rated shear layer forming on the fast-speed side of the confluence apex. Moreover, there is
no evidence of SOV cells forming near the MI. Such vortices are expected to form at a con-
cordant bed confluence with similar planform geometry and velocity ratio, at least for neg-
ligible density contrast between the converging flows. There are also some similarities with
what is generally observed at concordant bed confluences. The tilt of the MI was fairly
negligible and the temperature distribution in the mean flow was fairly uniform along the
vertical direction, with no mixed fluid being advected toward the channel banks (Fig. 20c).

The VR=0.48, Ri=0.67 case (Fig. 20b) is characterized by strong stratification effects.
As opposed to the Ri=0 case, no wake region forms. Rather, a large recirculating flow
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Fig.20 ERSR confluence between the Ebro River and Segre River. Simulations with and without density
contrast. Visualization of mixing between the two streams in an instantaneous flow field using the non-
dimensional temperature/density, C’. (a, ¢) VR=0.48, Ri=0; (b, d) VR=0.48, Ri=0.67, Fry=1.21. Also
shown are 2D streamlines. Frames a and b show C’ in a horizontal plane situated near the free surface. DF
and LF denote the streams containing denser and, respectively, lighter fluid. Frames ¢ and d show C’ in sec-
tion E. The solid black lines (C’=0.1 and C’=0.9) visualize the edges of the MI in the mean flow based.
Reproduced from Cheng and Constantinescu [23]

eddy can be observed away from the junction apex. Its formation is mainly the result of
the flow in the slower and wider SR tributary splitting into two components. Part of the SR
flow follows the North bank line as it enters the post-confluence channel, while the remain-
ing part moves toward the separated shear layer on the ER side of the confluence apex
and then turns to allign with the flow originating in the high-speed tributary. Near the free
surface, the MI is pushed toward the North bank starting very close to the confluence apex,
something never observed at concordant confluences regardless of the density contrast. As
opposed to the Ri=0 case, there is no evidenve of the presence of larger-scale structures
inside the MI. Consitent with the difference in density between the ER and SR tributaties,
strong, near-bed intrusions of heavier fluid from the ER tributary penetrate into the SR side
of the post-confluence channel. This also explains the high tilting of the MI on the Ebro
River side (Fig. 20d).

Despite strong stratification effects, the lighter fluid from the Segre River tributary
remains on the Segre side of the post-confluence channel in the VR=0.48, Ri=0.67 case
(Fig. 20b). For concordant confluences, the flows containing heavier and lighter fluid
were found to switch sides inside the post-confluence channel in simulations conducted
with Ri=0.39 (Fig. 19). Such a phenomenon which requires the presence of a two-layer
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flow structure was also observed at the ERSR confluence in a simulation conducted with
VR =0.08 and Ri=1.89 simulation. As seen in Fig. 21b, after the heavier fluid from the
SR plunges downwards, the core of higher density fluid moving near the bed reaches the
opposite (South) bank just downstream of section A. Near the free surface (Fig. 21a), the
core of lighter unmixed fluid originating in the Ebro River does not reach the North Bank.
However, downstream of section D this free surface region containing unmixed fluid origi-
nating in the Ebro River is bordered on its both sides by mixed fluid originating in the
Segre River, something impossible to happen in the absence of strong stratification effects.
Another important observation is the in this simulation the MI cannot be considered to
have the characteristics of a shallow mixing layer even at very small distances from the
confluence apex. Finally, like in the corresponding Ri=0 cases, no SOV cells formed in
the Ri=0.67 and Ri=1.89 simulations. These results suggest that strong bed discordance
may act toward suppressing the SOV cells regardless of the presence, or not, of density
contrast between the incoming flows.

In terms of global rates of mixing, density contrast acted toward sharply increasing
mixing in the VR=0.08 simulations in which the denser fluid was situated in the low-
discharge tributary. For example, the volume of well-mixed fluid was about 4 times larger
in the Ri=1.89 simulation compared to the Ri=0 simulation at about 350D from the con-
fluence apex. This result is also consistent with the findings of Ramon et al. (2014) who
investigated mixing at the same confluence. An increase of mixing with increasing density
difference between the incoming streams at discordant confluences was also observed by
Lane et al. [81], though in their case the denser fluid was in the deeper tributary. However,
a sharp increase of mixing with increasing density contrast should not be expected in all
cases at confluences with a sharp bed discordance. For example, the volume of mixed fluid
at 350D from the junction apex was about the same in the Ri=0 and Ri=0.67 simulations
with VR=0.41. Still, based on these examples one can conclude that in cases where den-
sity contrast is sufficiently large to induce strong flow stratification effects, one should not
expect a decay of the overall rates of mixing with respect to the case where density contrast

South Bank (S)

(a) (b)

Fig.21 ERSR simulations with density contrast. Visualization of mixing between the two streams
(VR=0.08, Ri=1.89, Fry=0.73) in the mean flow using the non-dimensional temperature field. a C’ in a
horizontal plane situated near the free surface. b C’ in a deformed plane situated at about 0.1D from the bed
surface. The white lines visualize the edges of the regions containing mixed fluid (C*=0.1 and C* =0.9) in
the mean flow. Also shown are 2-D streamlines. Reproduced from Cheng and Constantinescu [26]
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effects are negligible. We already pointed out that for strong bed discordance the analogy
with a shallow mixing layer, that provides an excellent base for theoretical modeling for
confluences with negligible and weak density contrast, cannot be used anymore. In some
cases, a better analogy is that of a free surface jet entering a channel at one of its sides.

6 Bioenergetics metric at two large-size concordant bed confluences

The relationship between hydrodynamics and aquatic organisms’ behaviour has made the
object of numerous studies (e.g., see Triantafyllou et al., 2000 for a review). More recently,
efforts were made to examine the importance of turbulence, vorticity, circulation, velocity
gradients and kinetic energy gradients on the behavior of aquatic organisms [112],Lacey
et al., 2012; Silva et al., 2013; Kerr et al., 2016; [156],Ligman et al., 2024). Velocity gra-
dients in non-uniform flows are likely impacting fish and other aquatic organisms [12, 63].
Such velocity gradients are primarily located inside eddies and vortices with different ori-
entations, inside cross stream cells of secondary flow, and inside flow separation and wake
zones (Rempel et al., 1999; Abdi and Yasi, 2015; Tullos et al., 2016). Velocity gradients
along with other micro-and meso-habitat parameters, such as river depth and width, are
important factors for the specific stages of riverine species life cycles, e.g. spawning, sub-
strate or larval refuges for salmonids and rheophilic cyprinids (Maddock, 1999; Muhar,
1996; Yang et al., 2008, Zhu et al., 2013). Fish are known to react to velocity patterns in
high flows by adjusting their behaviors in spawning, feeding, and access to refugia (Rempel
et al., 1999; Schwartz and Herricks, 2005). In most ecological systems, there is a positive
correlation between biotic diversity and habitat heterogeneity (Bell et al., 1991), includ-
ing heterogeneity of substrate and flow characteristics such as depth or velocity. This cor-
relation is associated with the flow complexity within the stream [77]. In addition to flow
structures, water environmental conditions also influence fish habitat preferences (Brown
et al., 2004; Kramer, 1987). Despite previous studies have pointed out observed abundance
and species richness downstream of river confluences [45, 46, 103], it is still unclear if and
how the confluence hydrodynamics is related to those observed ecological patterns.

Two field surveys were conducted at the confluence between the Yangtze River and the
Poyang Lake outflow channel to study fish density distribution using fish hydroacoustic
detection, environmental DNA and acoustic velocity profiling. The discharge ratios of this
confluence in the two surveys were similar, but the water quality conditions, represented
by turbidity, differed greatly. The results demonstrated high spatial heterogeneity of fish
density, size, and species near the confluence. In the Yangtze River, which is character-
ized by high flow velocity, the abundance of small-size fish was substantially higher than
that in the Poyang Lake outflow channel, while large-sized fish chose their habitats more
freely between the two tributaries and the post-confluence channel (Fig. 22). The conver-
gence of two tributaries created prominent spatial heterogeneity of habitat conditions in the
post-confluence channel. As a result, highest fish abundance and species biodiversity were
observed downstream of the confluence apex. The species assemblage structure of the local
fish community was also greatly affected by the change of water quality, e.g., the intrusion
of a turbid flow from Poyang Lake into the Yangtze River.

Velocity gradients at the confluence between the Negro and Solimdes Rivers were
investigated in low (October 2014, FS —CNS1 survey) and relatively high flow conditions
(April/May 2015, FS —CNS2 survey) using the bioenergetics metric M,, which is defined
as [34-36, 53]:
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Fig.22 Map of fish density (ind./m.2) around the confluence of the Yangtze River and the Poyang Lake out-
flow channel during Surveys 1 and 2. Reproduced from Yuan et al. [173]

VZ_VI
My =2V, M

where, V, and V| are the depth-averaged velocity magnitudes, or the local cell-based veloc-
ity magnitudes, at points 1 and 2 separated by a distance As along the direction in which
the spatial change in the kinetic energy is computed, V,,,, is the average depth-averaged or
cell-based velocity magnitude between points 1 and 2, V, .. is the minimum value between
V, and V|, and s indicates the direction of the line passing through points 1 and 2. M,
is proportional to the drag force acting on an organism and could represent the average
amount of energy spent in moving from one location to another [34, 55]. It is scaled by the
kinetic energy of the flow at the point of lower velocity, so it is indicative of the average
rate of change in the kinetic energy per unit mass and unit length between two points [1/m].

The metric M, was first calculated using the transversal gradients of the depth-aver-
aged velocity to identify the spatial distribution of M, within the confluence (2D analy-
sis). The distance As corresponded to the distance between two adjacent ADCP ensem-
bles [55] and was close to 1 m. Then, M, was computed using the cell-based velocity.
Both the transversal and vertical gradients of that velocity in the river cross-section
were estimated to understand their distribution in the confluence region (3D analysis).
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In this case, As was the transversal or the vertical distance (about 1 m) between two
adjacent ADCP cells [58]. Hence, it is expected that the 3D analysis based on the local
velocity in a cell should be able to capture the average amount of energy spent by an
organism while moving from one cell to another. Future studies should also consider the
temporal fluctuations of the velocity which are experienced by the organisms living in
the aquatic system (Lacey et al., 2012; [156],Ligman et al., 2024).

Figure 23 presents the map of the 2D M, metric. M, had large values at locations where
the kinetic energy was low compared to the horizontal velocity gradient such as inside the
Negro channel as well as inside the stagnation region, inside the flow separation region
and near the mixing zone at the upstream section of the confluence. For high flow condi-
tions, the metric M, peaked in an area approximately 800 m long and 300 m wide, start-
ing 200 m downstream of the junction apex. This area was located over a bar dividing the
two converging rivers (Fig. 23). The low flow had a larger shear zone due to lower mini-
mum velocities, which increased the magnitude of the bioenergetics metric, M,. This area
of high M, values was located across the MI where larger velocity gradients and bed shear
stresses were present.

The length of the region of high values of M, approximately corresponded to the rea-
lignment zone of the Negro and Solimdes waters in the Amazon River channel. Inside this
zone, large M, values were a consequence of the combined action of differences in stream-
wise velocity and rapid change in the flow direction. Another area of large M, values for
both flow conditions corresponded to the separation region at the beginning of the Amazon
channel, along its right bank, where a large decrease in the flow velocity was observed
(Fig. 23). Intermediate M, values were observed along the riverbanks, even on the Negro
River side. The lowest M, values were recorded in the central part of the Amazon channel,
downstream of the mixing zone (Fig. 23).

1 1 1 1
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-3.06- Hydraulic complexity metric A, = 05
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Fig.23 Map of depth-averaged M, metric at the confluence of the Negro and Solimdes Rivers on April/
May 2015 (FS-CNS2 survey). Reproduced from Gualtieri et al. [55]

@ Springer



Environmental Fluid Mechanics (2024) 24:1143-1191 1177

The longitudinal distribution of M, from the 2D and 3D analyses for transects situated
downstream of the junction for both flow conditions are compared in Fig. 24. Both the 2D
and the 3D data show the peak values occurred immediately downstream of the junction
apex, and these values decayed with the distance from the apex for both low (blue sym-
bols) and relatively high (red symbols) flow conditions. A rapid decay was observed until
approximately 4 to 5 km downstream of the confluence apex, corresponding to the central
part of the CHZ. Farther downstream, in the region characterized by flow recovery, M, was
almost constant. This region extended downstream of the last cross section where M, was
estimated. These trends show that the patterns of spatial habitat correspond with the classic
hydrodynamic features of a confluence.

The M, values from the 3D analysis were systematically larger than those estimated
based on the 2D approach (Fig. 24). This difference was especially large inside the central
part of the CHZ, where the medians estimated from the 3D and 2D approaches were 0.17
and 0.07, respectively. In between the central part of the CHZ and the end of the study
area, the differences between the 3D and 2D approaches were smaller. In the 2D and 3D
analyses, the M, values for low flow conditions were larger than those estimated for rela-
tively high flow conditions. In the 3D analysis for low flow conditions, the M, computed
values based on the velocity variation in the transverse direction were higher than those
based on the vertical direction.

Nakajima et al. [111] investigated the density, biomass and distribution of meso-zoo-
plankton and ichthyoplankton (fish larvae) communities around the Negro/Solimdes con-
fluence during the rainy season (March 2012). They found that meso-zooplankton density
and biomass were higher in the black water of the Negro River compared to the muddy
white water of the Amazon River. High concentration of ichtyoplankton were measured in
the water column at a station located at the surface boundary between the two rivers, at the
entrance of the Amazon channel. This station was close to the location of transect CNS2
during the FS —CNS1 and FS — CNS2 surveys (Fig. 13). Nakajima et al. [111] argued that
this region may function as a boundary layer that offers benefits of both high food (zoo-
plankton) concentrations from black water river and low predation risk from white water
river. Gualtieri et al. [57] have found that, both at the water surface and at the bed, the
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Fig.24 Longitudinal profile of M, at the confluence of the Negro and Solimdes rivers for both surveys.
Reproduced from Gualtieri et al. [58]
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Fig. 26 Distribution of backscatter intensity, M, metric and fish larvae concentration from survey CNS2 at
the confluence of the Negro and Solimdes Rivers. Reproduced from Gualtieri et al. [58]

distance between the MI and the Negro River riverbank correlated well with the discharge
ratio between the Negro and Solimoes rivers, Q\/Qg (Fig. 18a). As this ratio gets smaller,
the distance decreased.

Figure 25 shows that on 3/10/2014, when the largest fish larvae concentration was
measured, the location of Station 3 of Nakajima et al. [111] study closely corresponded
with that of the MI at transect CNS2 on 30/10/2014 (Figs. 17 and 18a). In Fig. 26, the
cross-sectional distribution of fish larvae concentration [111] was overlaid with the back-
scatter intensity data and the 2D spatial habitat metric M, at transect CNS2 (Fig. 13a) for
low flow conditions. The peak of fish larvae concentrations (magenta triangle) was located
within the inclined MI with the sediment-laden flow, where also the M, metric peaked.
This analysis demonstrates that the M, metric can be used to identify hot spots of aquatic
species richness.

While it is widely acknowledged that river confluences have important ecological and
morphological functions, the relationship between confluence hydrodynamics and aquatic
organisms’ behaviour needs further investigation. Aquatic organisms are subjected to
hydro-environmental and ecological conditions which can change in space and time during
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their active or passive motion within the confluence. Past laboratory studies have already
pointed out the role of turbulence on organisms’ behavior [112],Lacey et al., 2012; [156].
Hence, future field studies should adapt their instrumentation and measurement methodol-
ogy to be able to capture the response of the organisms to any change in those conditions.

7 Application of remotely sensed techniques in confluences field
studies

Various remotely sensed image-based techniques and methods were developed in the
last decades to acquire information about river spatial objects and processes without any
physical contact. They include several types of sensors, such as digital cameras, video
cameras, thermal-, infra-red-, hyper- and multi-spectral sensors, light detection and rang-
ing (LiDAR), ground-penetrating radar (GPR) or geophones. They could be mounted on
platforms, such as satellite, airborne, unmanned aerial vehicles (UAVs) or even positioned
on the ground [116]. Their application to river confluences mainly focused on three objec-
tives: the identification of confluence planform temporal evolution, the analysis of TSS
dynamics in the post-confluence channel and the analysis of the surface flow structure
inside the CHZ (Table 1).

Most studies investigated the spatial mobility of river confluences due to hydrodynam-
ics and morphodynamics processes [41, 51, 74, 83],Mriganka and Saikatm 2023; [121,
171] and the TSS surface dynamics and mixing inside the post-confluence channel [22, 68,

Table 1 — Remotely sensed image-based studies of river confluences

Reference Confluence Objective Technique
Islam et al. [68] Ganges/Brahmaputra TSS dynamics LANDSAT
Park and Latrubesse [114]  Negro/Solimdes TSS dynamics MODIS
Dixon et al. [41] - Planform evolution LANDSAT
Umar et al. [157] Missouri/Mississippi TSS dynamics LANDSAT
Marinho et al. [101] Negro/Solimdes TSS dynamics MODIS
Figueiredo et al. (2019) Sinos River Basin Junction angle Google Earth Pro / UAV
Lewis et al. (2018a) Illinois rivers 2D flow structure LSPIV / UAV
Lewis et al. (2018b) Illinois rivers 2D flow structure LSPIV / UAV
Gazi et al. [51] Ganges—Brahmaputra—  Planform evolution LANDSAT
Meghna system
Chalov et al. [22] Aldan/Lena TSS dynamics LANDSAT
Sabrina et al. [138] Saline branch Surficial flow structure ~LSPIV
Mohsen et al. [108] Maros/Tisza TSS dynamics SENTINEL-2
42, 43) Neigette/Mitis Surficial flow structure UAV
170, 171, 172) Nihong/Yarlung Zangbo  Planform evolution LANDSAT
Khan et al. [74] Ganges/Jamuna/Padma Planform evolution LANDSAT
Kwon et al. [78] Hwang/Nakdong TSS dynamics UAV
Lawal and Omosanya [83]  Benue/Niger Planform evolution LANDSAT
Mriganka and Saikat [110]  Brahmaputra Planform evolution LANDSAT
Raj and Singh [121] Kosi/Ganga Planform evolution LANDSAT
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78, 101, 108, 114, 157] using remotely sensed images collected over decades from differ-
ent satellites, such as LANDSAT, MODIS and SENTINEL-2, and UAVs.

Dixon et al. [41] used a 40-year record of Landsat Imagery to elucidate the rates of
change and areal extent over which 14 confluences situated on large rivers, such as Ama-
zon, Orinoco, Congo and Yangtze, may migrate. They found that the potential areal extent
of confluence-induced morphodynamics changes is much greater than previously assumed.
Extensive migration of the confluence location was more common than currently assumed
with confluence mobility often tied to the lithological and hydrological characteristics of
the drainage basins that determine the sediment yield. Yuan et al. [171] used georeferenced
Landsat imagery spanning the period 1986-2020 (of dry season) to analyze the histori-
cal evolution of the planform geometry of the large multi-channel confluence between the
Yarlung Zangbo River (YZR) and the anabranching Niyang River (NR). The confluence is
located on the longest plateau river in China. The YZR is one of the world’s high-altitude
rivers (basin area=24.6 x 10* km?) while the NR is one of its major tributaries. Represent-
ative images from five different time periods (1986, 1993, 2000, 2010, 2020) were selected
for analysis (Fig. 27).

The analysis was focused on a 30 km reach of the YZR located upstream and down-
stream of the confluence between the NR and the YZR. The study revealed that the interac-
tion between the multi-channel NR tributary on the left side and the mountain on the right
side created a stable confluence planform as compared to the upstream and downstream
reaches of the YZR, which suffered from sandbar migration, meandering and a head-
cut. Upstream of the confluence, a sandbar was found to slowly move downstream, and
sediment was deposited near the first sub-confluence, reducing the confluence angle from
120° to 85°. Downstream of the confluence, a natural curve cut-off occurred. After 2010,
the sandbars were gradually covered by vegetation, which restrained the channel evolu-
tion. Both studies fully demonstrated that the application of about five decades of global
imagery provides a great tool to study the morphodynamics of large river confluences over
decadal timescales.

Park and Latrubesse [114] applied MODIS imagery to characterize the spatio-temporal
patterns of TSS transport in the Negro/Solim&es confluence during 2005 (drought), 2007
and 2009 (flood) by mapping the surface water distribution. They found that surface water
mixing depends on the hydrological season, with the highest mixed-homogenized area
observed during water discharge peak season and the lowest during water discharge ris-
ing season. The degree of water mixture also depended on the yearly hydrological regime
with the highest rates of water mixing occurring in 2009, followed by 2005 and 2007.
Kwon et al. [78] investigated mixing of TSS at the confluence of the Hwang River and
Nakdong River in South Korea by analyzing the TSS spectral characteristics from high-res-
olution hyperspectral data collected by an UAV-mounted camera. The study demonstrated
the advantages of using the hyperspectral approach for investigating TSS mixing in river
confluences. High-resolution hyperspectral imagery-based TSS measurements provide a
substantial supplement when high-resolution TSS data are required, such as at river con-
fluences and in meandering streams. These studies demonstrated that compared with tradi-
tional methods based on water sampling, remote sensing-based TSS measurement methods
can be an ideal way to obtain high-resolution data to analyse mixing dynamics over large
spatio-temporal scales in a complex river system. The main limitation is that such methods
can measure only the near-surface concentration [78, 114].

Relatively few remotely sensed studies focused on investigating flow structure at river
confluences [42, 43],Lewis et al., 2018a, 2018b; [138]. Lewis et al. (2018a, 2018b) esti-
mated the accuracy of small UAV-based LSPIV for measuring 2D mean surface velocities
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Fig. 27 Landsat image sequence showing planform changes near the confluence of the Yarlung Zangbo
River (YZR) and Niyang River (NR). The outlet of the first stream of the NR and the angle shift over
time with the erosion and deposition of sandbar. Sandbars covered by vegetation are marked by the yellow
frames. (The background of the first picture is from 2020. [170—172] Reproduced from Yuan et al. [171]
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and quasi-instantaneous 2D velocities obtained from successive image frames at two small
stream confluences in east-central Illinois, USA. They compared UAV-based LSPIV meas-
urements with those from a stationary camera and an ADV. They found that UAV-based
LSPIV can provide accurate, high-resolution measurements of mean surface velocities over
large spatial areas of persistent 2D flow and can characterize evolving 2D flow structures.
The method can also be used to characterize the structure of turbulent vortices within the
MI under appropriate conditions.

Sabrina et al. [138] applied LSPIV to map two-dimensional flow structure at the water
surface of a small confluence in East Illinois and to examine variation in the flow struc-
ture over time. Their study demonstrated that the low cost of equipment, seeding material,
setup, and the analysis of the LSPIV data should allow for investigating flow structure at
river confluences over larger spatial domains using multiple fixed-mount cameras. Duguay
et al. [42] collected aerial drone videos of the small-scale confluence between the Neigette
and the Mitis rivers to investigate MI dynamics. They also conducted particle tracking
velocimetry (PTV) measurements over a region of the MI. Duguay et al. [43] used drone
imagery of coherent structures in the mixing zone between the turbid Coaticook River and
the clear-water Massawippi River. The above studies fully demonstrate the large potential
of remote sensing techniques to improve our current knowledge and understanding of con-
fluence hydrodynamics and morphodynamics.

8 Conclusions and future research on flow and processes at river
confluences

The knowledge of hydrodynamics, morphodynamics and ecological features of river
confluences has been dramatically improved over the last three decades thanks to a large
amount of laboratory, field and numerical studies. These studies clarified many aspects
related to the multiple roles played by the streamwise oriented vortical (SOV) cells form-
ing in the vicinity of the mixing interface (MI) and showed that density contrast effects are
much more important than previously thought. In addition, these studies have confirmed
that river confluences are hot spots for aquatic ecology, highlighted several multimedia
processes at river confluences (gas-transfer, hyporheic fluxes) and demonstrated the large
potential of remotely sensed methods in revealing key aspects of river confluences. Nev-
ertheless, further research is still needed to better clarify several aspects related to river
confluences and future efforts should focus on addressing the following phenomena and
research challenges:

e Field studies, especially in large rivers confluences, should focus on the complex inter-
action among hydrodynamics, morphodynamics and ecological features. Hence, they
should be carried out using a combination of hydro-acoustic, seismic, water chemistry,
fish detection and remote-sensing methods.

e The exchange between surface water and groundwater at a river confluence needs to be
extensively investigated. Experimental and numerical studies can provide critical infor-
mation on the hyporheic fluxes.

e Investigations of the interactions between hydrodynamics and organisms’ behaviour at
a river confluence need to be carried out using field instrumentation and measurement
methodologies that can capture the response of the organisms to relevant changes in the
hydro-environmental and ecological conditions within the aquatic system.
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e The effects of floodplain vegetation and migrating bedforms on confluence hydrody-
namics need to be experimentally and numerically investigated.

e Multidisciplinary investigations of biological and ecological aspects related to fish
sheltering, contaminants’ mixing, gas-transfer, total dissolved gas (TDG), wood/woody
debris accumulation and transport at river confluences are needed.

e Development of numerical models that can accurately predict sediment transport and
morphodynamics at confluences including the formation and evolution of the conflu-
ence scour hole. This may require flow solvers using eddy resolving techniques rather
than unsteady RANS and novel methods to couple the bed hydrodynamics module with
the flow solver module.

e At larger scales, anabranching large rivers are characterized by diffluence-confluence
units associated to mid channel bar and islands. Their hydrodynamics and morphody-
namics needs to be investigated using field, numerical and remote sensing techniques.

e At the basin scale, the multidecadal changes in river connectivity related to the evolu-
tion of confluences planform are still poorly understood. Further studies mainly based
on remote sensing methods are needed.
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