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Abstract15

A small gradient in the densities (∆ρ) of two rivers was recently shown to develop16

coherent streamwise orientated vortices (SOVs) in the mixing interface of their confluence.17

We further investigate this phenomenon at the Coaticook and Massawippi confluence (Que-18

bec, Canada) using eddy-resolved numerical modelling to examine how the magnitude and19

direction of ∆ρ affect this secondary flow feature. Results show that a front from the denser20

channel always slides underneath the lighter channel independent of the direction of ∆ρ.21

When the fast tributary (Coaticook) is denser, coherent clockwise rotating density SOVs22

tend to form on the slow (Massawippi) side. However, when the slow Massawippi is denser23

by the same magnitude, anticlockwise secondary flow caused principally by shear induced24

interfacial instabilities develop on the fast Coaticook side. This shows the inertia of the25

tributary opposing the lateral propagation of the dense front shapes the secondary flow26

characteristics of the mixing interface. Moreover, in the absence of a density difference,27

anticlockwise SOVs are predicted by the model which correspond well to new aerial obser-28

vations of anticlockwise SOVs at the site. A densimetric Froude number (FD) convention29

accounting for the direction of ∆ρ is proposed to accurately convey the local inertial forces30

that oppose the lateral propagation of the dense front. Finally, a conceptual model of the31

mixing interface’s secondary flow structure over a spectrum of plausible FD values is pro-32

posed. The FD convention provides a flexible and consistent metric for use in future studies33

examining the effects of ∆ρ on river confluence hydrodynamics.34

1 Introduction35

Coherent flow structures affect mixing processes at river confluences and therefore in-36

fluence water and habitat quality downstream (Best, 1987; P. Biron et al., 1996; Rhoads37

& Sukhodolov, 2001; Sukhodolov & Rhoads, 2001; Lyubimova et al., 2014; Constantinescu38

et al., 2016; Rhoads, 2020; van Rooijen et al., 2020). A greater understanding of these39

structures is of interest to better predict the impact of tributaries on downstream reaches.40

Four forms of coherent flow structures are often discussed: helical cells (secondary flow at41

the scale of the tributaries’ widths), vertically orientated Kelvin-Helmholtz (KH) vortices42

(shear-induced instabilities along the mixing interface), episodic pulses (origins still not fully43

understood, see Sabrina et al. (2021)) and streamwise orientated vortices (SOVs). SOVs44

were first discovered in numerical models as a pair of back-to-back, counter-rotating SOVs,45

each revolving around the streamwise axis on both sides of the mixing interface of a river46
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confluence (Constantinescu et al., 2011). Their development is generally attributed to the47

downwelling of superelevated flow in the collision zone caused by the converging rivers,48

in a process strengthened by superelevation caused by planform curvature (Sukhodolov &49

Sukhodolova, 2019). Recently, however, strongly coherent SOVs were directly observed in50

the movements of turbidity gradients at the Coaticook-Massawippi confluence in aerial drone51

video (Quebec, Canada, Duguay et al. (2022) and numerical modelling has suggested these52

SOVs were actually a gravity current caused by a small density gradient ∆ρ of ≈ 0.5 kg/m3
53

(Coaticook was denser) confined between the converging rivers (Duguay et al., 2022). The54

sensitivity of these secondary flow structures to larger magnitudes of ∆ρ and/or a reversal55

in the direction of ∆ρ has yet to be examined.56

Density gradients occur when differences in temperature, dissolved minerals or sus-57

pended sediment concentrations are present across the mixing interface. Such gradients are58

common at river confluences (P. M. Biron & Lane, 2008; Lane et al., 2008; Lyubimova et59

al., 2014; van Rooijen et al., 2020) and cause the converging flows to stratify; where in-60

creasing ∆ρ induces greater stratification and surface area for turbulent mixing exchanges61

(P. M. Biron & Lane, 2008; Ramón et al., 2014; Cheng & Constantinescu, 2018; van Rooijen62

et al., 2020). The analogy of a spatially developing lock-exchange is often used to convey63

how ∆ρ affects the bulk properties of a confluence’s mixing interface (Cheng & Constanti-64

nescu, 2018; Horna-Munoz et al., 2020; Jiang et al., 2022), however, the suitability of this65

analogy is questionable.66

The dynamics of turbid SOVs observed in a drone video of the Coaticook-Massawippi67

confluence presented by Duguay et al. (2022) could only be reproduced with an eddy-68

resolved model when the Coaticook was 0.5 kg/m3 denser than the Massawippi. This69

small magnitude of ∆ρ, though adequate to affect secondary flow structure, did not develop70

the typical vertical stratification of a lock-exchange flow, but instead produced a strongly71

coherent streamwise oriented vortex. This departure from expectations led to the realisation72

that the observed SOVs were instead a confined gravity current - a continuous 3D process73

initiated by the ∆ρ induced hydrostatic pressure gradient at the confluence’s apex. The74

pressure gradient forces a front of denser water to extend laterally along the bed which75

causes a front of the lighter fluid to flow in the opposite direction near the surface to replace76

the ’falling’ dense tributary. This cross-flow is similar to the dense and light fronts of a77

lock-exchange in the initial moments after its release (Rottman & Simpson, 1983; Cantero78

et al., 2007). However, where the fronts encounter sufficient opposing momentum from the79
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adjacent tributary, the dense front is deflected back above itself and the light front deflects80

downwards as it collides with the denser tributary. The resulting confined cross-flow (i.e.81

gravity current) produces a coherent density SOV which advects and accelerates down the82

mixing interface with the streamwise flow component (see Video 1 and Duguay et al. (2022)).83

The interaction of density induced secondary flow features with the inertial forces84

present at a confluence are little understood. Nevertheless, results from previous studies85

suggests that these interactions should vary along a spectrum depending on the relative86

strength of inertial to density induced buoyant forces (P. M. Biron & Lane, 2008; Ramón87

et al., 2014; Cheng & Constantinescu, 2018; Gualtieri et al., 2019; van Rooijen et al., 2020;88

Horna-Munoz et al., 2020). At the weak end, nearly complete stratification should de-89

velop when buoyant forces dominant, for example when little lateral momentum opposes90

the spread of the dense front. Farther along the spectrum, density SOVs result as buoyant91

forces are still sufficient for the dense front to extend, yet are too weak to extend the front92

farther than a few depths into the opposing flow (Duguay et al., 2022). Even farther along93

the spectrum, the increasing inertia of the opposing tributary should shear the dense front,94

developing interfacial instabilities similar to those mentioned by Horna-Munoz et al. (2020).95

Finally, a near vertical mixing interface will develop when the inertial forces of a very fast96

opposing tributary dominate buoyant forces. However, where on the spectrum these transi-97

tions occur and the intermediary states of the mixing interface between them have not been98

explored.99

The metric used to assess the relation between density and inertial effects on confluence100

hydrodynamics is the densimetric Froude number FD:101

FD =
U0√
g′D

(1)

g′ =
(ρ1 − ρ2)

ρ1
g (2)

where g′ is reduced gravity (Eq. 2, g is the constant of gravitational acceleration, ρ1 and102

ρ2 are respectively the densities of the denser and lighter tributaries), D is a characteristic103

depth and U0 is a characteristic velocity (Rhoads, 2020).104
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As discussed by Rhoads (2020) and, emphasised with respect to the Coaticook-Massawippi105

confluence in Duguay et al. (2022), consensus on a convention for U0 and depth D in Eq. 1106

has not been achieved - leading to ambiguous interpretations of FD and consequently diffi-107

culties applying it as a consistent metric to predict density/inertial effect interactions. The108

ensuing confusion is best illustrated with a recent excerpt from the literature. For instance,109

Jiang et al. (2022) state: “Given that the corresponding densimetric Froude number (FD110

= 1/Ri0.5 = 5.2) is less than 10, one expects density contrast effects to be fairly significant111

(Horna-Munoz et al., 2020) (p. 7)”. However, in the cited article (i.e. Horna-Munoz et112

al. (2020)) those authors describe a case with a FD = 4.9 as having “weak-density-effects”113

and one with FD = 1.6 as “strong-density-effects”. Thus, a value of FD of 5.2 is consid-114

ered significant by Jiang et al. (2022), whereas a similar value of 4.9 is considered weak by115

Horna-Munoz et al. (2020). A researcher interpreting such contrasting statements in the116

context of a new confluence will be left confused and possibly questioning whether FD is a117

meaningful metric at all.118

Outside its application to confluences, FD is generally used to relate the proportion119

of buoyant to inertial forces acting on submerged bodies in a rectilinear velocity field. For120

example, ocean currents opposing heavy saline gravity currents in marine environments121

(Dorrell et al., 2016), rivers carrying sediment particles longitudinally as they fall to the bed122

(Aguirre-Pe et al., 2003) or frazil ice flocks rising to the surface of rivers in cold climates123

(Lindenschmidt, 2017). In such scenarios U0 is taken as the depth averaged velocity and, D124

either the body’s diameter or the flow depth. However, at a confluence the presence of two125

rivers with different velocities and depths complicates the choice of U0 and D. Historically126

this difficulty has generally been overlooked as FD is usually calculated using bulk values of127

U0 and D taken at a cross-section through the mixing interface or in the main channel (Table128

1) with no physically derived rational to support the choice. Importantly, as discussed by129

Duguay et al. (2022) definitions of FD based on such bulk flow properties lack the subtlety130

necessary to account for the direction of ∆ρ, or more explicitly - the inertial effects with131

which the light channel opposes the lateral propagation of the dense front.132

Considering the impact of ∆ρ on the secondary flow field noted by Duguay et al. (2022)133

and the fact that such small values of ∆ρ (e.g. < 2 kg/m3) commonly occur at confluences134

(Rhoads & Sukhodolov, 2001; Cook & Richmond, 2004; P. M. Biron & Lane, 2008; Lane135

et al., 2008; van Rooijen et al., 2020), a greater understanding of how density induced136

secondary flow structures react to the direction and magnitude of ∆ρ and an improved137
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Table 1. Velocity and length scales used to calculate FD in previous studies

Reference U0 D

Ramón et al. (2016) inflow velocity of main

channel

simply “depth”

Cheng and Constantinescu

(2018)*

either “average velocity of

both tributaries close to

the confluence” (p. 4543)

or “mean velocity of main

channel” (p. 4540). Not

clear.

average depth of main

channel

Gualtieri et al. (2019) “average velocity at the be-

ginning of the confluence”

“median cross sectional

depth” at the beginning of

the confluence

Cheng and Constantinescu

(2019)*

mean velocity of main chan-

nel

mean depth in main chan-

nel

Horna-Munoz et al. (2020) discharge-weighted average

of the bulk velocities of the

tributaries

mean depth in the center of

the confluence

van Rooijen et al. (2020) simply “mean velocity” height of the density cur-

rent

Cheng and Constantinescu

(2021)

mean velocity of down-

stream channel

mean flow depth down-

stream channel

Jiang et al. (2022) simply “area averaged

streamwise velocity”

mean flow depth in the

main channel downstream

of the apex

Notes: * indicates Richardson number Ri=g′D/U2
0 was calculated instead which is

equivalent to F−2
D .
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definition of FD are required if an accurate conceptual model of confluence hydrodynamics138

is to be achieved. Towards this end, we analyse a set of eddy-resolved numerical simulations139

of the Coaticook-Massawippi confluence. The simulations use constant hydraulic conditions,140

yet consider various combinations of the magnitude and direction of ∆ρ. A conceptual model141

summarising density and inertial effects on the secondary flow field of the mixing interface142

is discussed and a modified definition of FD is proposed which accurately conveys these143

effects.144

2 Methods145

2.1 Field site146

The Coaticook-Massawippi confluence and hydraulic conditions studied herein are the147

same as those studied and described in Duguay et al. (2022). Details of the confluence148

and the methods used to evaluate its planform geometry, bathymetry, sediment grain sizes,149

discharges and depths are also described in Duguay et al. (2022) so only the key features150

are repeated here. At discharges of Q > 15 m3/s, the Coaticook (tributary), located in an151

agricultural watershed (514 km2), carries a high concentration of suspended sediment (e.g.152

> 200 mg/l). In contrast, the Massawippi (main channel, watershed area of 610 km2), which153

flows from Lake Massawippi through a mostly wooded portion of its watershed for 9.6 km, is154

generally clear (< 30 mg/l). The resulting turbidity contrast provides excellent aerial views155

of coherent flow structures in the mixing interface. Clear examples of strongly coherent156

density SOVs were observed in aerial drone video at the meander-bend confluence on July157

9th, 2020 and are described in detail in Duguay et al. (2022). Details of the confluence on158

this day are depicted in Fig. 1 and flow conditions in Table 1.159

2.2 Simulated density variations160

A set of 7 eddy-resolved simulations (cases) were performed to investigate the effects161

of the magnitude and direction of ∆ρ on the coherent flow structure of the confluence’s162

mixing interface. The same numerical model detailed in Duguay et al. (2022) was used in163

each case with the hydraulic conditions of July 9th 2020. The discharge and water surface164

level in each case were constant (Table 2), however, the direction and magnitude of ∆ρ were165

varied. A notation is adopted conveying both the magnitude and direction of ∆ρ. On July166

9th, 2020 the Coaticook was estimated to be 0.5 kg/m3 denser than the Massawippi (see167
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Figure 1. Massawippi-Coaticook meander-bend confluence. a, High-elevation planform

geometry of the confluence located in the province of Quebec, Canada (45°18’50“N 71°53’55”W).

At high discharge, the Coaticook, which flows through an agricultural watershed is generally turbid.

The Massawippi, flowing through a forested watershed is often clear. b, Planform characteristics

and hydrodynamic zones on an aerial view of the confluence taken on July 9th, 2020. c, Bathymetry

of the confluence coloured by depth below the free surface (146.07 m above sea level) during the

numerical model validation field campaign of October 22nd. 2020 (see Duguay et al. (2022)). Water

surface elevation was 0.07 m higher on July 9th than on October 22nd, 2020. Contoured region

delimits extents of the numerical modelling domain. Figure reproduced with permission from Fig.

1 of Duguay et al. (2022).
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Table 2. Hydraulic conditions during SOV observations on July 9th2020

Date boundary Q B A hmax ρ* H Uav Fr Re

July 9th, 2020 - Mr = 16.9

Massawippi 4.4 29.1 34.4 1.6 996.92 1.19 0.13 0.04 153400

Coaticook 20.5 29.2 44 1.91 997.42 1.50 0.47 0.12 700300

outlet 24.9 33.8 39.3 1.42 1.02 0.63 0.19 730800

Notes: Values derived from discharges measured at gauging stations upstream, water

surface levels measured during the observations and bathymetric data gathered in the

summer of 2020 (see Duguay et al. (2022) for details). Values pertain to the inlet

and outlet cross-sections of the numerical model’s domain. Q discharge (m3/s), B

width (m), A wetted area (m2), hmax maximum depth (m), ρ* estimated density (see

subsection River densities and simulated cases in Duguay et al. (2022)), H average

cross-sectional depth (m), Uav average cross-sectional velocity (m/s), Fr is the Froude

number (Fr = Uav/
√
gH), Re is the Reynolds number (Re = HUav/ν). Momentum

ratio, Mr = ρCQCU
C
av/ρMQMUM

av (subscript C for Coaticook, M for Massawippi).

Duguay et al. (2022)) and because the dense Coaticook is the right-hand tributary, density168

decreased across the mixing interface from right to left. We denote this as
←−
∆ρ, where the169

arrow points in the lateral direction of decreasing density. Therefore, a left arrow indicates a170

denser Coaticook and a right arrow a denser Massawippi. A subscript is added to represent171

the magnitude of ∆ρ, for example
←−
∆ρ0.5 shows the Coaticook is 0.5 kg/m3 denser than the172

Massawippi. Table 3 presents the density conditions of the 7 cases. We have deliberately not173

referred to our cases in terms of the common definitions of the densimetric Froude number174

(FD) due to the difficulties that arise during their interpretation as discussed by (Duguay175

et al., 2022). However, we revisit FD values based on a newly proposed definition in section176

4.5.177

2.3 Numerical model178

The numerical model is identical to that of Duguay et al. (2022) and we refer the reader179

to that work for complete details including the equations solved, the construction of the mesh180
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Table 3. Density conditions of the numerical cases

case ρM (kg/m3) ρC (kg/m3) ∆ρ (kg/m3)

←−
∆ρ2.0 996.92 998.92 2.00

←−
∆ρ1.0 996.92 997.92 1.00

←−
∆ρ0.5 996.92 997.42 0.50

∆ρ0.0 996.92 996.92 0.00

−→
∆ρ0.5 997.42 996.92 0.50

−→
∆ρ1.0 997.92 996.92 1.00

−→
∆ρ2.0 998.92 996.92 2.00

and the validation of the model with field data taken on October 22nd 2020. A basic descrip-181

tion of the model follows. The confluence’s hydrodynamics were simulated by solving the182

incompressible continuity and Navier-Stokes equations using a wall-modelled large-eddy sim-183

ulation (WMLES) with OpenFOAM’s (v2012) twoLiquidMixingFoam solver. OpenFOAM184

is an open-sourced computational fluid dynamics code based on the finite volume method185

(Weller et al., 1998; Moukalled et al., 2016). OpenFOAM’s twoLiquidMixingFoam solver186

and has been extensively validated for simulating buoyancy driven mixing of two fluids of187

different density (Gruber et al., 2011; Lai et al., 2015; Zhang et al., 2016; Grbčič et al.,188

2019) and uses a fluid fraction method (α) to determine ρ resulting from the mixing of two189

miscible fluids of different density. Flow of the Coaticook (subscript 1) is considered α = 1190

and that of the Massawippi α = 0 (subscript 2). Practically, fractional values of α indicate191

the proportional volume of each cell originating from the Coaticook. The distribution of192

α is calculated using an advection-diffusion equation (Eq. 3, u velocity field, t time, Dab193

molecular diffusivity between miscible fluids a and b, Sc is the turbulent Schmidt number).194

The dynamic viscosity (µ) and density at each computational cell are determined as fluid195

fraction weighted averages using Eqs. 3, 4 and 5.196

∂α

∂t
+∇ · (uα) = ∇ ·

((
Dab +

νt
Sc

)
∇α

)
(3)

ρ = ρ1α+ ρ2(1− α) (4)
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µ = µ1α+ µ2(1− α) (5)

2.4 Simulations, initial conditions and stationarity197

The flow field from the final time-step of a long duration (2000 s) coarse grid simulation198

of the ∆ρ0.0 case was mapped to a fine 36 million cell mesh as its initial conditions. The199

fine mesh was run for 1000 s before recording data for analysis. This 1000 s spin-up period200

ensured flow field artefacts from the initial conditions had sufficient time to exit the domain201

(only requiring ≈ 200 s) and for the flow field to attain a stationary regime. Considering202

the average cross-sectional velocity of 0.63 m/s at the outlet and a domain length of ≈ 65203

m, the spin-up period equates to ≈ 10 flow-through periods. Statistical stationarity was204

assessed by performing an Augmented Dickey-Fuller (ADF) unit test on velocity time-series205

at various locations throughout the domain for the final 800 s of the spin-up period. ADF206

statistics indicated no long-duration trends (ADF statistics p < 0.001). Furthermore, first207

and second order turbulent statistics of 10 randomly selected 300 s segments extracted from208

the retained 800 s period also closely approximated the global values acquired over the 800209

s period. After the 1000 s spin-up period, the ∆ρ0.0 was run for an additional 600 s, over210

which temporally averaged quantities were measured for analysis.211

Cases considering ∆ρ used the final time-step of the 1000 s spin-up period of the ∆ρ0.0212

case as initial conditions. However, for each value of ∆ρ tested, a second spin-up period213

was necessary to permit the flow field to adjust to the newly imposed ∆ρ. This period214

was assessed by examining velocity time-series sampled in the mixing interface of the
←−
∆ρ2.0215

case (i.e., the greatest magnitude of ∆ρ studied). Qualitatively, the adjustment of the216

mixing interface required ≈ 100 s to complete, after which the flow entered a stationary217

state. Quantitatively, velocity time series were monitored at points in the mixing interface.218

Figure 2 presents time series of the velocity components taken at mid-distance along the219

mixing interface. The first 100 s consist of the principal adjustment period and the next 200220

s correspond to the residual adjustment period. The turbulent character of the principal221

adjustment period differs significantly from the remainder of the time series. Based on this222

analysis, a 300 s spin-up period was run in each simulation prior to flow field sampling. Each223

simulation was then run for an additional 600 s for data collection purposes. Instantaneous224

results were recorded every 2 s during the final 300 s for the production of figures and225

animations.226
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Figure 2. Time series of u, v and w sampled from numerical data at a point near the surface at

mid-length along the mixing interface of the
←−
∆ρ2.0 case. The first 100 s correspond to the primary

adjustment period necessary for the mixing interface to adjust from that of the ∆ρ0.0 to that of

←−
∆ρ2.0. The preceding 200 s corresponds to the residual adjustment period and the white zone

indicates the portion of the simulation retained for analysis.
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2.5 Model validation227

The model was validated against field measurements obtained on October 22nd, 2020.228

The validation, detailed in Duguay et al. (2022), supports that the numerical approach could229

accurately reproduce the mean surface velocity field measured by large-scale particle image230

velocimetry and velocity profiles. The model was also validated against metrics derived from231

the aerial drone video taken on July 9th, 2020, specifically the location and spatial scales232

of the primary streamwise orientated vortices and the frequencies and lateral scales of the233

large-scale episodic pulses (see Figs. 6 and 7 of Duguay et al. (2022)). These validations234

establish confidence in the model’s ability to provide insights on coherent flow structure235

formation and interactions.236

3 Results237

3.1 Instantaneous flow field238

The left-hand panels of Fig. 3 show plan views of the typical instantaneous flow struc-239

ture of the mixing interface for each case. The 3D contours were generated from isocontours240

of α defining the interface between the waters of the Coaticook and the Massawippi. The241

contours are coloured by vertical velocity (w) to indicate the sense of streamwise rotation of242

the structures. Contours of α > 0.9 retain flow predominantly from the Coaticook and α <243

0.1 retain flow predominantly from the Massawippi. A distinct line on the surface is visible244

in each case (3). This line is the partition line and its real-world analogue is also clearly245

visible in aerial drone imagery of the confluence (see Fig. 5 of Duguay et al. (2022)).246

In the
←−
∆ρ simulations (Fig. 3a-c), the denser Coaticook slides under the lighter Mas-247

sawippi to the left of the partition line (i.e. towards the left bank), extending farther into248

the Massawippi with increasing magnitude of ∆ρ. The same is true, yet in the opposite249

lateral direction in the
−→
∆ρ simulations (Fig. 3d-f). The ∆ρ0.0 case often develops large250

anticlockwise coherent SOVs on the Coaticook side of the partition line (Fig. 3d). How-251

ever, when a ∆ρ is considered, either this anticlockwise secondary flow is reinforced (i.e.252

a dense Massawippi sliding underneath a light Coaticook,
−→
∆ρ, Fig. 3e-f) or is inverted,253

causing clockwise secondary motion to form on the Massawippi side of the partition line254

(i.e. dense Coaticook sliding under a light Massawippi,
←−
∆ρ, Fig. 3a-c). In the left-hand255

panels, the α contours of the
←−
∆ρ simulations ’close over’ producing coherent, near circular256

density SOVs similar to those observed in the aerial video of Duguay et al. (2022). However,257
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in the
−→
∆ρ cases, the α contours do not close over, instead they develop numerous upwelling258

red coloured ’cusps’ adjacent to deep blue coloured cavities. These cusps indicate interfacial259

instabilities spread along the interface of the dense Massawippi and light Coaticook.260

Animations of α (see Video 2 and Video 3) show the secondary flow of the
←−
∆ρ0.5261

case is often contained within well-defined circular SOVs, whereas in the
−→
∆ρ0.5 case, the262

mixing interface is characterised by less spatiotemporally coherent, more chaotic secondary263

flow structures. The coherence of the SOVs in the
←−
∆ρ0.5 case is explained by the lighter264

Massawippi slowly moving overtop the dense front of the Coaticook. In contrast, the fast flow265

of the Coaticook in the
−→
∆ρ0.5 case rapidly moves overtop the dense Massawippi, shearing266

the mixing interface in the process (best observed in Video 3). This shearing produces267

numerous ’cusped’ interfacial instabilities. This difference in the secondary flow field is268

caused only by the change in direction of ∆ρ, which shows the inertia of the tributary269

opposing the dense front dictates whether the secondary flow field will be characterised by270

large elliptical/circular density SOVs or more erratic interfacial instabilities mingled with271

the occasional density SOV.272

3.2 Space-time matrices273

The coherence of secondary flow structure and the growth of these structures is apparent274

in the space-time matrices of Fig. 4. These matrices were constructed from digital renders of275

the confluence’s mixing interface using the same method described in Section 4.1 and 4.2 of276

Duguay et al. (2022) and they provide a ’temporal’ view of coherent flow structures passing277

through a cross section of the mixing interface (x = 4 m). The dynamics of episodic pulses in278

the mixing interface vary with the magnitude and direction of ∆ρ. The partition lines (sharp279

gradient delineating the solid grey free surface from the subsurface billows) visible in the280

space-time matrices of Fig. 4 convey this variability. The maximum lateral displacements of281

the partition line increase in frequency in the
←−
∆ρ simulations with increasing magnitude of282

∆ρ. Also, it becomes increasingly difficult to discern large amplitude episodic pulses in the283

space-time matrices for magnitudes of
←−
∆ρ greater than 0.5 kg/m3 such as those visible in284

∆ρ0.0 and
←−
∆ρ0.5 (and drone video of Duguay et al. (2022)). For example, the partition line285

takes on a more serrated character in the
−→
∆ρ0.5 case compared to the

←−
∆ρ0.5 case, noted by286

the smaller amplitudes and more frequent lateral displacements of the partition line. The287

−→
∆ρ simulations also lack the pronounced episodic pulses observed in the ∆ρ0.0 and

←−
∆ρ0.5288

cases. Finally, the splaying behaviour of the primary SOV as it interacts with the free289
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Figure 3. Left-hand panels depicting typical instantaneous flow structure revealed by isocontours

of α coloured by vertical velocity (w). Right-hand panels present cross-sections at x= 4 m (identified

as black lines in the left-hand panels) of characteristic instantaneous α fields with secondary velocity

vectors. Red and blue colouring of α in the right-hand panels indicate flow from the Coaticook

and Massawippi respectively. a-g) Typical instantaneous results for the
←−
∆ρ2.0,

←−
∆ρ1.0,

←−
∆ρ0.5, ∆ρ0.0,

−→
∆ρ0.5,

−→
∆ρ1 and

−→
∆ρ2.0 cases respectively. Red ellipses indicate clockwise rotating secondary flow

structure whereas blue ellipses indicate anticlockwise secondary flow patterns.
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surface is apparent in case
←−
∆ρ0.5 and to a greater degree in cases

←−
∆ρ1.0 and

←−
∆ρ2.0 (Fig. 4).290

No such splaying behaviour is observed on the Coaticook side in the
−→
∆ρ cases indicating291

that upwelling billows of dense Massawippi do not reach the free surface as they do in the292

←−
∆ρ cases.293

3.3 Mean flow field294

Cross-sections of the mean flow field show how ∆ρ affects the mixing interface’s struc-295

ture (Fig. 5a). The tilt of the mixing interface increases with the magnitude of ∆ρ, regardless296

of its direction (Fig. 5a). However, in the ∆ρ0.0 case, the mixing interface also tilts slightly297

towards the left bank (Massawippi side). Because ∆ρ is absent in this case, this tilt is at-298

tributed to the greater near-surface lateral velocities of the Coaticook deflecting the slower299

flow of the Massawippi to the left (see Fig. 5c). In the
←−
∆ρ cases, vectors projected from300

the mean 3D flow field onto the slices show clockwise secondary flow motions (red ellipses)301

in Fig. 5a. In contrast, anticlockwise motions (blue ellipses) develop in the
−→
∆ρ cases. In all302

cases, independent of the direction of ∆ρ, the secondary motions appear approximately at303

the same lateral position as the SOVs in the aerial drone video of Duguay et al. (2022) (see304

underlay of Fig. 4a). The widths of the SOVs in the
←−
∆ρ cases increase with the magnitude305

of ∆ρ and a smaller secondary SOVs appears adjacent to the primary SOV in the
←−
∆ρ0.5306

simulation. Similar, though wider, secondary SOVs also appear adjacent to the primary307

SOVs in the
←−
∆ρ1.0 and

←−
∆ρ2.0 simulations. Whereas the mean secondary motions in the

←−
∆ρ308

cases are mostly attributed to spatiotemporally coherent density SOVs, the mean motions309

in the
−→
∆ρ cases are mostly attributed to interfacial instabilities. This difference is best310

conveyed in Video 2. Finally, coherent SOVs are absent in the mean flow field of the ∆ρ0.0311

case (Fig. 5a), despite such motions being observed in the instantaneous flow field of Fig.312

3d. Their absence is attributed to the temporal averaging of the lateral movements of the313

episodic pulses.314

Distributions of u (overbar indicates time averaged) are similar across the cases (Fig.315

5b). However, in Fig. 5b the ∆ρ0.0 case has the lowest u. Also, u increases on the Massaw-316

ippi side with increasing magnitude of ∆ρ, irrespective of its direction. These increases are317

caused by greater mixing of the Coaticook’s streamwise momentum along the increasingly318

tilted mixing interface as ∆ρ strengthens. A region of high u on the Coaticook side migrates319

progressively from near the bed in
←−
∆ρ2 to near the surface in

−→
∆ρ2. The fast dense down-320

welling flow of the Coaticook in the
←−
∆ρ2 case causes this high u near the bed, whereas the321
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Figure 4. Space-time matrices derived from numerical planview renders of α contours (e.g.

similar to those on the left-hand side of Fig. 3). a) Red line indicates the streamwise position

and lateral extents of the sampling rectangle used to extract image data. Photo presents an aerial

view of the mixing interface on July 9th, 2020 showing the location of the mixing interface and

density SOV. b) Numerical space-time matrices for the equal density (∆ρ0.0) simulation (top-row,

right panel is the conjugate of the left panel for the same conditions). Lower rows show the effect

of increased ∆ρ on vertical stratification of the mixing interface, the size of the primary SOVs,

higher-order SOVs, interfacial instabilities and episodic pulses. Splaying behaviour of the primary

SOVs visible as flat spots at the free surface. Black rectangles show the passage of a coherent

anticlockwise rotating SOV in each α threshold of the ∆ρ0.0 case. Digital renders used to produce

the matrices were sampled from results at a frequency of 0.5 Hz. Shadow casting in post-processing

provides a realistic perspective of depth.
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secondary flow vectors. Red and blue ellipses respectively indicate clockwise and anticlockwise

secondary flow motions. b) Mean streamwise velocity component (u, flow into page), c) mean
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slow dense downwelling Massawippi in the
−→
∆ρ2 case causes the fast light Coaticook to move322

towards the surface. The faster streamwise velocities of the Coaticook (Fig. 5b) shear the323

dense front of the Massawippi causing the interfacial instabilities in the
−→
∆ρ cases. The fast324

overtopping Coaticook also prevents the upwelling billows of dense Massawippi from attain-325

ing the free surface, explaining the absence of splaying behaviour in the space-time matrices326

of the
−→
∆ρ cases (Fig. 4). Finally, vertical velocities reveal upwelling regions adjacent to327

downwelling regions in the
←−
∆ρ and

−→
∆ρ cases between ≈ -5 < y < 0 in Fig. 5d.328

3.4 Mixing329

Mixing can be assessed by examining distributions of the standard deviation of α (σα)330

and their products with the standard deviations of each of the three velocity components331

(Figure 6). In Fig. 6a, regions of high σα signify regions of intense mixing which stretch332

laterally with increasing ∆ρ owing to greater flow stratification. In all cases, the variability of333

the lateral velocity component (v) seems to predominantly drive mixing, with σασv greater334

than both σασu and σασw (Fig. 6c). Curiously, the greatest values of σασv occur in the335

←−
∆ρ0.5 and

←−
∆ρ1 cases and the widest swath of high σασv appears in the ∆ρ0.0 case. These336
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Figure 6. a) Distributions of the standard deviation of α (σα) over a cross-section at x = 4 m
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high values are attributed to the strong lateral movements of the pronounced episodic pulses337

present in these cases (Fig. 4). For the
−→
∆ρ0.5 case, σασv values are smaller, attributable338

to interfacial instabilities along the mixing interface rather than the lateral movements of339

episodic pulses (see Fig. 3e-g and Video 3). The product σασw develops a characteristic340

curl where the coherent density SOVs occur in the
←−
∆ρ cases (also apparent in the σασv341

panels). In the
−→
∆ρ cases, regions of high σασw appear where the anticlockwise secondary342

flow structures develop.343

The increase of mixed α flux (Qmixed) downstream of the apex (Fig. 7) is also a344

useful metric to examine mixing rates. Flux is considered mixed when α is between 0.05345

and 0.95 (i.e. containing at least 5% and a maximum of 95% of Coaticook by volume).346

To calculate Qmixed, cross-sections separated longitudinally by 1 m along the streamwise347

direction beginning at the confluence’s apex are trimmed (thresholded) to remove cross-348

sectional area outside of the α bounds. The flux of the mixed fluid through the retained349

surface is then calculated with Eq. 6, where dS is the retained surface, u is the mean 3D350

velocity vector and n is the normal vector on dS. Qmixed is normalised by the confluence’s351

total discharge to obtain the fraction of mixed discharge (Q∗, Eq. 7, where Q∗ = 1 would352

indicate complete mixing). Q∗ increases with the magnitude of ∆ρ (Fig. 7) independent353
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of the direction of the density gradient. For the two smaller magnitudes of ∆ρ, the profiles354

of Q∗ are similar for both directions of ∆ρ. The sharp increase in Q∗ between the ∆ρ0.0355

case and the ∆ρ = 2 kg/m3 cases (both directions) is attributed to the additional interfacial356

mixing area caused by greater flow stratification. Some of the greater mixing observed in357

the
−→
∆ρ compared to their

←−
∆ρ counterparts is likely due to the shearing effect of the fast358

Coaticook overtop the dense front of the Massawippi causing the interfacial instabilities359

dominant in the
−→
∆ρ cases.360

Qmixed =

∫
S

u · ndS (6)

Q∗ =
Qmixed

Qt
(7)

4 Discussion361

Our results show that small magnitudes of ∆ρ strongly modify secondary flow structure362

in the mixing interface of the Coaticook-Massawippi confluence. A ∆ρ of only 0.5 kg/m3, or363
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≈ 0.05 % the density of water at 24.5◦C, was sufficient to invert the sense of rotation of the364

secondary flow structure (anticlockwise to clockwise) and the tilt of the mixing interface.365

Inertial effects were also very important. For the same magnitude of ∆ρ the mixing interface366

can either produce coherent density SOVs or interfacial instabilities depending on whether367

the dense front collides with the slow Massawippi or the fast Coaticook tributary. Because368

all variables in the simulated cases were constant, except the magnitude and direction of ∆ρ,369

the sensitivity of the mixing interface to these commonly occurring magnitudes of ∆ρ (<2370

kg/m3) suggests that ∆ρ and its direction are the dominant parameters driving secondary371

flow structure within the mixing interface. Following a discussion on direction effects on372

secondary flow structure, we elaborate on this last statement with the following three points.373

First, we provide an explanation for how weak values of ∆ρ fundamentally alter the flow374

field to physically prevent dual back-to-back SOVs from forming. Second, a temperature375

analysis of the Coaticook and Massawippi rivers shows how the direction of ∆ρ can switch376

on a diurnal basis, highlighting the importance of thermal gradients on secondary flow377

structure. Third, aerial observations of anticlockwise rotating SOVs at the Coaticook-378

Massawippi are presented and discussed to support the numerical predictions of similar379

anticlockwise SOVs in the ∆ρ0.0 case (Fig. 3d-g). Taken together with our results, these380

points convey that ∆ρ and its direction are key, rather than incidental parameters in shaping381

secondary flow structure in the mixing interface at the Coaticook-Massawippi confluence,382

and in all likelihood, at many other river confluences as well. Finally, a convention for383

calculating FD is proposed to account for the direction of ∆ρ to capture the effects of the384

light tributary’s inertia on the dense tributary’s protruding dense front.385

4.1 Impact of the direction of ∆ρ on secondary flow structure386

As shown in Fig. 8b, even the ≈ 2x to 3x greater velocities on the Coaticook side were387

unable to impede the lateral extension of the dense front of the Massawippi in the
−→
∆ρ0.5388

case (see also Figs. 3e-g). This indicates the ∆ρ pressure gradient developed by the denser389

Massawippi was sufficient to overcome the opposing inertial forces of the Coaticook. Similar390

behaviour is likely to occur for other common momentum ratios at the confluence (and at391

other sites). The direction of ∆ρ therefore determines the dominant sense of rotation of392

secondary flow in the mixing interface. Moreover, as can also be observed in Fig. 8, the393

character of the instantaneous secondary flow motion is strongly affected by the inertia of394

the tributary opposing the dense front. In the case of
←−
∆ρ0.5, near circular density SOVs395
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Figure 8. Conceptual effects of the direction of ∆ρ0.5 on the mixing interface’s flow structure.

a) A top and oblique view of a typical instantaneous α > 0.9 field (i.e. mostly unmixed Coaticook)

from the
←−
∆ρ0.5 case coloured by velocity magnitude. Coherent density SOVs characterise this case

where a fast-dense Coaticook encounters a slow-light Massawippi. Rotation of the density SOV is

indicated by black arrows. Opacity permits near-surface (light gray) and mid-depth (dark blue)

velocity vectors scaled by velocity magnitude to be viewed. b) Similar to (a) yet of the
−→
∆ρ0.5 case

with a α < 0.1 (i.e. mostly unmixed Massawippi). Numerous ’cusps’ indicate interfacial instabilities

(blue arrows) caused by shear between the dense front of the Massawippi and the fast light front of

the Coaticook. The high values of U (velocity magnitude) on the α contours on the Coaticook side

are indicative of the shearing process responsible for forming the interfacial instabilities. Video 3

presents a side-by-side animation of (a) and (b) to better convey the mixing interface dynamics.

develop when the dense Coaticook collides with the lower velocity Massawippi (animated396

in Video 3). In contrast, interfacial instabilities and much less spatiotemporally coherent397

density SOVs form in the
−→
∆ρ0.5 case where the dense front of the Massawippi encounters the398

fast Coaticook (animated in Video 3). Similar patterns develop with greater magnitudes of399

∆ρ (not shown), with the main differences being increased stratification and wider density400

SOVs (see space-time matrices of Fig. 4a).401

4.2 Causal mechanisms of density SOVs402

The formation of SOVs has largely been attributed to the downwelling of superele-403

vated flow mechanism (DSF) (Paola, 1997; Constantinescu et al., 2011, 2012; Constanti-404
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nescu, 2014; Constantinescu et al., 2016; Cheng & Constantinescu, 2018; Sukhodolov &405

Sukhodolova, 2019; Horna-Munoz et al., 2020). As the opposing flows collide near the apex,406

a portion of their kinetic energy converts to potential energy (i.e. superelevated surface),407

which subsequently converts back to kinetic energy as the superelevated mass is acceler-408

ated towards the bed. The DSF mechanism is purported to produce two back-to-back,409

surface convergent, counter-rotating SOVs, one flanking each side of the mixing interface410

(Constantinescu et al., 2011; Sukhodolov & Sukhodolova, 2019) and is suggested to be the411

dominant driver of streamwise vorticity within the mixing interface of river confluences.412

Based on our work of the Coaticook-Massawippi confluence, we propose that even small413

values of ∆ρ, by inciting the confined gravity current mechanism described by Duguay et al.414

(2022), likely overrides the DSF mechanism, resulting in a predominantly buoyancy driven415

secondary flow field in the mixing interface.416

The secondary flow structures of the
−→
∆ρ and

←−
∆ρ cases in Fig. 3, despite often sharing417

similar lateral locations, appear on opposite sides of the partition line, at opposite positions418

above the bed and rotate in opposite senses. These opposites occur because the SOVs419

form from fundamentally different hydrodynamic processes - near-bed downwelling of the420

Massawippi in
−→
∆ρ0.5 versus near-bed downwelling of the Coaticook in

←−
∆ρ0.5 (Fig. 8 and421

Videos 2 and 3). Because the unbalanced density driven hydrostatic pressure distribution422

across the partition line perpetually pushes fluid from one side of the mixing interface to423

the other, the formation of dual, back-to-back, counterrotating SOVs is prevented. Stated424

otherwise, the hypothetically paired SOV on the dense side of the partition line - expected425

if the DSF mechanism was dominant - physically cannot form because of the continuous426

lateral flow under the partition line. Evidence of this perpetual lateral flow and absence of427

paired SOV is presented in Figs. 3 and 5.428

The remarkable differences due to the ∆ρ direction depicted in Fig. 8 combined with the429

fact that similarly small magnitudes of ∆ρ are often, if not always, present at the Coaticook-430

Massawippi confluence, suggests that ∆ρ and its direction are the controlling mechanism431

of secondary flow patterns in its mixing interface. However, this does not mean that the432

DSF mechanism doesn’t influence the process, rather it is unclear to what extent it may433

enhance or detract from the confined gravity current mechanism. One possibility is that434

the energy that would normally be transferred into the paired SOV is instead advected into435

the density SOV to accentuate its circulation. Additional research on this topic is required436
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and eddy resolved numerical modelling accounting for free surface deformations could prove437

promising in this regard.438

4.3 Relevance of small temperature differences on ∆ρ439

Fluctuations in the temperatures (T ) of the Coaticook and Massawippi can result in440

values of ∆T sufficient to cause important ∆ρ effects over surprisingly short time-scales.441

During the summer of 2021, water temperatures were measured at 15 minute intervals in442

the Coaticook and Massawippi with Solinst Leveloggers (Figure 9). Diurnal temperature443

fluctuations are discernible between the two rivers over this period. The corresponding444

values of ∆T and ∆ρ (calculated with Eq. 9 presented in Duguay et al. (2022)) appear in445

Fig. 9b,c respectively. Figure 9c suggests fluctuations in ∆ρ could cause the mixing interface446

to switch from a
←−
∆ρ mode in the morning (colder denser Coaticook) to a

−→
∆ρ (warmer lighter447

Coaticook) in the late afternoon and evening. The temperature fluctuations are attributed448

to differences in watershed characteristics affecting their thermal heat budgets (e.g., foliage,449

incident angle of solar radiation, average width and depth, substrate colour). These diurnal450

temperature fluctuations suggest that caution should be taken when planning experimental451

campaigns as velocity measurements taken in the morning would be incompatible with452

measurements taken in the afternoon as the flow structures could change dramatically (i.e.,453

Fig. 8a in the morning and Fig. 8b in the afternoon). Ignoring these changes would lead454

to incorrect interpretation of the confluence’s secondary flow structure. Similar variations455

in temperature (and subsequently density) could commonly occur at other confluences.456

Therefore we suggest temperature measurements be performed at least hourly throughout457

the experimental campaign and protocols adjusted accordingly if substantial temperature458

reversals are detected.459

4.4 Aerial observations of anticlockwise rotating SOVs460

Our numerical modelling predicted anticlockwise rotating SOVs in the ∆ρ0.0 case (Figs.461

3d). However until now, only aerial observations of clockwise rotating SOVs have been462

presented at the Coaticook-Massawippi confluence for
←−
∆ρ0.5 (Duguay et al., 2022). An463

aerial video filmed on March 18th, 2022 (Video 4) reveals the presence of anticlockwise464

SOVs. A still image extracted from Video 4 is presented in Fig. 10 with arrows indicating465

the sense of rotation visible in the movements of the turbidity gradients. The temperatures466

of the Coaticook and Massawippi at the time of filming were 0.3 ◦C and 2 ◦C respectively.467
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Figure 9. Temporal analysis of ∆ρ due to diurnal variations in the thermal gradient of the

Coaticook-Massawippi confluence. a) Time series showing diurnal fluctuations of T in the Coaticook

(red) and Massawippi (blue) rivers for the period between August 1st and September 1st 2021

measured ≈ 50 m upstream of the apex in each channel. b) ∆T between the two rivers. Negative

values indicate the Coaticook is cooler than the Massawippi. c) Calculated ∆ρ resulting from ∆T

showing ∆ρ can switch from a
←−
∆ρ scenario to a

−→
∆ρ scenario over the course of a typical day due

to temperature variations in the tributaries.
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The suspended sediment concentration (SSC) and water hardness (dissolved CaCO3) for468

the Coaticook and Massawippi were respectively 212 mg/l, 7.6 mg/l (SSC) and 101 mg/l,469

64 mg/l (CaCO3). Combined these water quality parameters result in an ∆ρ of 0.03 kg/m3
470

- thus very nearly a ∆ρ0.0 scenario. The discharge of the Coaticook was 48.9 m3/s whereas471

that of the Massawippi was 25.5 m3/s, for a discharge ratio (Qr) of 0.52. Whilst thisQr is less472

than that modelled herein (Qr = 4.65) the resemblance of the filmed flow structures to those473

in the ∆ρ0.0 case are striking. It is hypothesized that the anticlockwise SOVs occur due to474

the stronger near-surface momentum of the Coaticook colliding with the weaker near-surface475

momentum of the Massawippi. As the faster Coaticook collides with the slower Massawippi,476

its lateral momentum is reflected downwards while it simultaneously pushes the Massawippi477

laterally towards the left. This causes the mixing interface to tilt while simultaneously478

contributing to the development of anticlockwise SOVs (see Fig. 5a and c, ∆ρ0.0). Though479

the exact processes responsible for the formation of the lone anticlockwise SOV are not480

fully understood, the observations of March 18th, 2022 are nevertheless consistent with our481

numerical predictions of such SOVs in the ∆ρ0.0 case. This observation combined with482

the clockwise SOV observation of Duguay et al. (2022) shows that the same confluence483

can develop SOVs of opposite sense of rotation when exposed to different density gradient484

conditions.485

4.5 Proposed FD convention486

Based on our observations and numerical results of the Coaticook-Massawippi conflu-487

ence, we propose to clarify the definition of FD with the following convention: that U0488

be taken as the bulk velocity of the light tributary and that D be a representative depth489

of the collision zone. This convention makes U0 represent the inertial forces opposing the490

lateral propagation of the dense front and provides the researcher flexibility to account for491

changing field conditions (hydrodynamic and densimetric) during the course of a season long492

field campaign. The location of D is taken because this is where the unmixed ∆ρ gradient493

is strongest, and therefore density effects greatest, and the depth there is also the actual494

length scale over which stratification occurs. The need to account for the direction of ∆ρ495

in FD is evident by comparing Fig. 8a with Fig. 8b (and Video 3). The strikingly different496

mixing interface characteristics apparent in this figure (i.e. coherent density SOVs versus497

interfacial instabilities) are due solely to the direction of ∆ρ as the hydraulic conditions and498

the magnitude of ∆ρ have not changed. Therefore, it is the light river’s inertia which is499
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anticlockwise 
rotating SOV

Coaticook

Massawippi

Figure 10. Anticlockwise rotating SOV filmed on March 18th, 2022 at the Coaticook-Massawippi

confluence (see Video 4 to observe its motion). The confluence was in a ∆ρ0.0 mode on this date,

which was predicted to be conducive of anticlockwise rotating SOVs in our numerical model (see

Figs. 3d and 4b top row). QC , QM and Qr were respectively 48.9 m3/s, 25.5 m3/s and 0.52 on

March 18th 2022.

responsible for the differences in secondary flow structure. Importantly, definitions of FD500

based on arbitrarily chosen bulk flow properties such as those presented in Table 1 would501

result in a single value for both the
−→
∆ρ0.5 and

←−
∆ρ0.5 cases in Fig. 8. This single value502

cannot possibly convey the obvious differences in the secondary flow structure of the two503

cases, thus illustrating how these definitions lack the necessary subtlety to convey important504

density gradient direction effects.505

The values of FD for each of our simulated cases using this convention are presented506

in Table 4. In the
←−
∆ρ cases U0 was taken to be the cross-sectional average velocity of the507

Massawippi (0.13 m/s) and the cross-sectional average velocity of 0.47 m/s of the Coaticook508

was used for U0 in the
−→
∆ρ cases (both at the apex before the flows enter the confluence).509

D was taken as 1.6 m. Interpreting our numerical results with the FD values of Table 4510

suggests that FD values between 0.75 and 1.5 are conducive for developing coherent density511

SOVs (i.e. FD = 0.93 for
←−
∆ρ0.5) and values larger than 2 and at least up to 5.5 (

−→
∆ρ2.0) can512

still produce a strong tilt in the mixing interface characterised by interfacial instabilities513

intermingled with less spatiotemporally coherent SOVs.514
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Table 4. FD values using proposed convention

Case U0 D FD

←−
∆ρ2.0 0.13 1.6 0.73

←−
∆ρ1.0 0.13 1.6 1.04

←−
∆ρ0.5 0.13 1.6 1.47

∆ρ0.0 - - -

−→
∆ρ0.5 0.47 1.6 5.30

−→
∆ρ1.0 0.47 1.6 3.74

−→
∆ρ2.0 0.47 1.6 2.64

4.5.1 Conceptual description of density and inertial effect interactions515

Here we propose a conceptual model, based on numerical modelling and physical rea-516

soning, to describe how density and inertial effects interact to modify secondary flow at517

river confluences and provide an indication of the potential thresholds of FD at which these518

effects can be expected. This model is based on a symmetric, flat-bed confluence (Fig. 11a)519

of fixed depth with a denser right channel. The magnitude of ∆ρ between the two chan-520

nels is constant, however, the relative velocities of the two tributaries are varied. Ul and521

Ur are used in the discussion below to indicate the velocities of the left and right channel522

respectively.523

As a first scenario, consider the confluence as a still basin with the waters of both524

tributaries separated along the mid-axis with no incoming flow. When the fictive barrier525

separating these waters is removed, the dense right channel will propagate unimpeded along526

the bed towards the left, and the light channel’s waters will move laterally overtop to the527

right, as expected in a 2D fixed volume lock-exchange (Fig. 11a). This is the case where528

FD tends to 0, either because the opposing tributary has little-to-no momentum or ∆ρ is529

very large (or some combination of both).530

As a second scenario, consider the left channel to have velocity much less than the right531

(Ul << Ur, Fig. 11b). Now the propagation of the dense front is impeded by the momentum532

of the left channel by a small degree and the light front is impeded by the momentum of533

the right channel by a greater degree. A wide ellipsoidal (i.e. depth limited) secondary flow534

cell forms, composed of at least one but potentially two or more secondary flow cells, as the535
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light front advances slowly near the surface towards the partition line and the dense front536

continues to where it is deflected above itself due to the momentum of the left channel (Fig.537

11b). Because the fronts are confined by the momentum of their opposing tributaries, this538

process was described as a ’confined’ gravity current by Duguay et al. (2022). The range539

of FD corresponding to the wide ellipsoidal secondary cell scenario is proposed to occur540

between ≈ 0.2 and 1.541

In a third scenario Ul is increased, causing the width of the secondary flow cell to542

decrease as the dense front encounters greater opposition from the left channel. At a certain543

value of Ul, the opposing inertia is such that the cell reduces to a near circular density SOV544

adjacent to the partition line (Fig. 11c), such as that observed by Duguay et al. (2022) and545

predicted in the
←−−−
∆ρ0.5 case. These circular density SOVs may be accompanied by smaller546

higher-order SOVs into the light channel. The range of FD corresponding to the circular547

density SOV scenario is approximately from 0.8 and 1.8.548

Values of Ul greater than Ur are considered in the fourth scenario. Now the dense front549

becomes increasingly sheared and advected downstream (Fig. 8b and Video 3) by the fast550

overtopping flow of the light channel. Consequently, progressively fewer coherent density551

SOVs and more interfacial instabilities are expected in the mixing interface for FD between552

≈ 2 and 6. Periods of intermittent coherent density SOVs followed by interfacial instabilities553

are expected at the lower end of this range (e.g. 1.8 < FD < 4.0) and as inertial effects begin554

to dominant at the higher end (e.g. 4.0 < FD < 6.0), progressively less coherent density555

SOVs are expected as the sheared induced interfacial instabilities begin to dominate.556

Finally, as Ul becomes much larger than Ur (e.g. FD > 6), the propagation of the557

dense front under the partition line is thwarted as it is near instantly sheared and advected558

downstream by the fast light flow. A vertical, or near vertical mixing interface, though not559

modelled herein, likely occurs for values of FD > 7. When density effects are negligible,560

coherent SOVs can nevertheless still form as is apparent in Fig. 3d, Fig. 10 and Video 4 due561

to inertial effects alone. Also, the mixing interface may incline as the fast channel pushes562

into the slow opposing channel in the collision zone (red ellipse and dotted line in Fig. 11f).563

This conceptual understanding of density and inertial effects on the mixing interface564

using the proposed definition of FD is rudimentary in many respects. For instance, it does565

not account for the influence of other coherent flow structures in the mixing interface nor566

does it account for the potential effects of superelevated flow (due either to collision or567
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planform curvature). Also, by considering a flat-bed geometry, it does not account for the568

contribution of scour hole flow separation on the secondary flow field. These two factors569

likely dominant coherent secondary flow structure as FD tends to infinity and but also are570

expected to alter secondary flow structure in the mixing interface for lower values of FD to571

extents currently unknown.572

Finally, the need to account for zones of low velocity in the definition of FD to capture573

their potential influence on density SOVs should be assessed in the future. These zones574

often occur at confluences with high momentum ratios, and their lower velocity potentially575

favours the production of circular density SOVs. If so, this could mean the bulk cross-576

sectional average velocity of the light channel may not be the most appropriate value of577

U0, and would instead need to be multiplied by a factor to account for the low velocity578

zone. Irrespective of the current conceptual model’s limitations, what is certain from our579

results is that a FD which better incorporates the inertia opposing the propagation of the580

dense front is necessary to make it a useful metric for assessing the balance between inertial581

and buoyant effects (as is evident from Fig. 8). Much field, numerical and laboratory582

work is required to validate the proposed FD spectrum, but also to increase its resolution583

to obtain more certainty of the values of FD at which the transitions occur between the584

various density-driven flow scenarios discussed.585

5 Conclusions586

This study used eddy-resolved numerical modelling to show how small density gradients587

and their direction affect secondary flow structure at the Coaticook-Massawippi confluence588

where coherent density SOVs were previously observed by Duguay et al. (2022). Reversing589

the direction of a ∆ρ of only 0.5 kg/m3 was sufficient to invert the near-bed lateral flow590

direction and the sense of rotation of the resulting secondary flow. The development of591

coherent density SOVs was favoured in cases where a dense-fast Coaticook encountered a592

slow-light Massawippi. However, when the slow Massawippi was denser, the higher velocities593

in the light Coaticook sheared the mixing interface, producing interfacial instabilities and594

less spatiotemporally coherent SOVs. Back-to-back counterrotating SOVs were absent in all595

cases. Their absence, at least in the ∆ρ cases, is explained by the perpetual lateral movement596

of the dense front along the bed physically preventing the paired SOV from forming. It is still597

unclear how density-induced secondary flow interacts with the downwelling of superelevated598

flow mechanism and scour hole flow separation to generate the resultant secondary flow599
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Figure 11. Conceptual model of density and inertial effect interactions. a) Still light (beige)

and dense (black) tributaries fully stratify without discharge in both channels. b) Wide density

secondary cell forms as the dense front encounters slight opposition from the slow light tributary.

c) Near circular coherent density SOVs form with increased opposition from the momentum of

the faster light channel. d) Coherence of density SOVs degrades as light channel momentum

increases more and begins to shear the stratified mixing interface. e) Strong interfacial instabilities

develop as light channel momentum increases further, shearing and advecting the dense front rapidly

downstream. f) Mixing interface becomes vertical as dense front cannot overcome the momentum

of the light channel. Red ellipse indicates momentum induced tilting. g) Spectrum of conceptual

FD effects on mixing interface characteristics based on proposed FD convention.
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field. Additional work is necessary to reconcile these mechanisms with the confined gravity600

current mechanism in the production of secondary flow.601

Time series analysis of water temperatures taken at the Coaticook-Massawippi conflu-602

ence suggests that its mixing interface can switch from a
−→
∆ρ mode to a

←−
∆ρ between the603

morning and the afternoon. The secondary flow field is largely a function of the magnitude604

and direction of temperature induced ∆ρ. Diurnal changes imply that velocimetry data605

sampled in the morning may not be compatible with data sampled in the afternoon which606

could lead to a misinterpretation of results. It is likely that this process occurs at other607

mesoscale confluences, and we suggest temperature measurements of the upstream tribu-608

taries should be included in all field sampling protocols to assess the consistency of flow609

conditions.610

Given the importance of the direction of ∆ρ on the mixing interface (i.e. whether the611

dense front enters a slow light channel or a fast light channel), a densimetric Froude number612

(FD) convention is proposed which explicitly accounts for the inertia of the opposing light613

channel. The presented FD convention and resulting secondary flow spectrum are proposed614

to better assess how the inertia of the light tributary opposes the propagation of the dense615

front. Additional field, numerical and laboratory work is still required to validate and refine616

the proposed FD spectrum. Finally, given that small magnitudes of ∆ρ are commonplace617

at many natural confluences, it is likely that secondary flow patterns of other mesoscale618

confluences are also largely dictated by the magnitude and direction of ∆ρ, which would be619

worth investigating further using this revised FD convention.620
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6 Video captions621

6.1 Video 1622

A minute of the Coaticook-Massawippi’s mixing interface filmed on July 9th 2020 play-623

ing at 1x on the left and at 8x on the right (which then repeats 8 times). The rotation624

of the primary streamwise vortex, made visible by the contrast in turbidity between the625

two channels, rotates clockwise around a streamwise axis pointing downstream on the clear626

Massawippi side of the partition line. The coherence of the vortex increases as the episodic627

pulse from the Coaticook sweeps the SOV towards the left bank of the confluence. A smaller628

diameter secondary SOV is also observed to form, also with a clockwise sense of rotation to629

the left of the primary SOV. Near the apex, the dense turbid billows of the Coaticook move630

laterally left within the lower portion of the water column. This video is also presented and631

discussed in Duguay et al. (2022).632

6.2 Video 2633

Cross-sections of α taken at x = 0 m (see Fig. 4a) showing the subsurface turbulent634

flow structure for the (a)
←−−−
∆ρ0.5 case and the (b)

−−−→
∆ρ0.5 case. Vectors indicate secondary flow635

directions resulting from projecting the three-component velocity field onto the cross-section.636

Red indicates water from the Coaticook, while blue indicates water from the Massawippi.637

Cross-section is looking downstream. Playback speed of video is 8x. Streamwise vorticity638

in the
←−−−
∆ρ0.5 generally occurs clockwise around the streamwise axis facing downstream. In639

contrast, evidence of anticlockwise streamwise vorticity dominates in the
−−−→
∆ρ0.5 results.640

6.3 Video 3641

Animations of contours of α coloured by velocity magnitude to indicate the sense of642

rotation of the coherent flow structures. Top: α contours indicate flow predominantly from643

the Coaticook. The presence of strongly coherent streamwise orientated vortices is apparent644

on the left-hand side of the partition line. Bottom: α contours indicating flow predominantly645

from the Massawippi. Though coherent streamwise orientated vortices are visible, the fast646

overtopping flow of the Coaticook is observed to shear the stratified mixing interface, result-647

ing in numerous interfacial instabilities. Yellow vectors indicate instantaneous near-surface648

flow direction scaled by velocity magnitude. Dark green vectors indicate mid-depth flow649

direction also scaled by velocity magnitude.650
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6.4 Video 4651

Aerial video of the Coaticook-Massawippi’s mixing interface on March 18th, 2022. The652

dynamics of anticlockwise rotating coherent streamwise orientated vortices are visible. The653

confluence was under a ∆ρ0.0 mode during filming, which was found to be conducive of654

anticlockwise rotating SOVs in the numerical modelling performed in this study.655

–34–



manuscript submitted to Water Resources Research

6.5 Numerical modelling details656

Table 5. Discretization schemes

Dictionary name Subdictionary Entry

ddtSchemes

default backward

gradSchemes

default Gauss linear

divSchemes

div(rhophi, U) Gauss vanLeer

div(phi, alpha) Gauss limitedLinear01 1

div(phi,nuTilda) Gauss upwind

div((muEff*dev(T(grad(U))))) Gauss linear

div((rho*nuEff)*dev2(T(grad(U))))) Gauss linear

laplacianSchemes

default Gauss linear corrected

interpolationSchemes

default linear
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Grbčič, L., Kranjčević, L., Lučin, I., & Čarija, Z. (2019). Experimental and numerical700

investigation of mixing phenomena in double-Tee junctions. Water (Switzerland),701

11 (6).702

Gruber, M. F., Johnson, C. J., Tang, C. Y., Jensen, M. H., Yde, L., & Hélix-Nielsen, C.703

(2011). Computational fluid dynamics simulations of flow and concentration polariza-704

tion in forward osmosis membrane systems. Journal of Membrane Science, 379 (1-2),705

488–495.706

Gualtieri, C., Ianniruberto, M., & Filizola, N. (2019). On the mixing of rivers with a707

difference in density: The case of the Negro/Solimões confluence, Brazil. Journal of708

Hydrology , 578 (August).709

Horna-Munoz, D., Constantinescu, G., Rhoads, B., Lewis, Q., & Sukhodolov, A. (2020).710

Density effects at a concordant bed natural river confluence. Water Resources Re-711

search, 56 .712

Jiang, C., Constantinescu, G., Yuan, S., & Tang, H. (2022). Flow hydrodynamics, density713

contrast effects and mixing at the confluence between the Yangtze and the Poyang714

Lake channel. Environmental Fluid Mechanics.715

Lai, A. C., Zhao, B., Law, A. W. K., & Adams, E. E. (2015). A numerical and analytical716

study of the effect of aspect ratio on the behavior of a round thermal. Environmental717

Fluid Mechanics, 15 (1), 85–108.718

Lane, S. N., Parsons, D. R., Best, J. L., Orfeo, O., Kostaschuk, R. A., & Hardy, R. J.719

(2008). Causes of rapid mixing at a junction of two large rivers: Ŕıo Paraná and Ŕıo720
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