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Abstract

When rivers collide, complex three-dimensional large-scale coherent turbulent structures are generated along the confluence’s
mixing interface. These structures play important roles in mixing streamborne pollutants and suspended sediment, and have
considerable bearing on the morphology and habitat quality of the postconfluent reach. A particular structure of great interest,
streamwise orientated vortices (SOVs), were first detected in numerical simulations to form in pairs, one flanking each side of
the mixing interface rotating in the opposite sense of the other. Since, it has proved difficult to detect SOVs with conventional
pointwise velocimetry instrumentation. Despite the lack of empirical or observational evidence to confirm their existence and
understand their dynamic behaviour, SOVs are nevertheless considered important drivers of mixing and sediment transport
processes at confluences. Their causal mechanisms are also not fully understood, hindering progress towards a robust conceptual
model of confluence turbulent mixing. To address these gaps, we present and analyse direct observations of highly dynamic
and coherent SOVs captured in aerial drone video at a mesoscale confluence presenting a stark turbidity contrast between its
tributaries. Eddy-resolved modelling demonstrates the dynamics of the SOVs can only be reproduced when a small density
difference (Ap) is imposed between the tributaries ( Ap = 0.5 kg/m3). Our results conclusively demonstrate that SOVs do
exist and that a small difference in density between the tributaries inverts the sense of rotation of the SOVs and their vertical

position within the water column, causing important effects on the confluence’s turbulent mixing regime.
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Aerial observations and numerical simulations confirm
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Key Points:

« Aerial views of turbidity gradients reveal streamwise orientated vortices (SOVs)
at a mesoscale confluence

+ modeling demonstrates the SOVs form due to a small density gradient between
the tributaries

¢ The observed SOVs are spatially distinct from large-scale helical motion at the

confluence
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Abstract

When rivers collide, complex three-dimensional coherent flow structures are generated along
the confluence’s mixing interface. These structures play important roles in mixing stream-
borne pollutants and suspended sediment and have considerable bearing on the morphology
and habitat quality of the postconfluent reach. A particular structure of interest - stream-
wise orientated vortices (SOVs) - were first detected in numerical simulations to form in
pairs, one on each side of the mixing interface rotating in the opposite sense of the other.
Since, it has proven difficult to detect SOVs in situ with conventional pointwise velocime-
try instrumentation. Despite the lack of clear evidence to confirm their existence, SOVs
are nevertheless considered important drivers of mixing and sediment transport processes
at confluences. Additionally, their causal mechanisms are also not fully known which hin-
ders a complete conceptual understanding of these processes. To address these gaps, we
analyze observations of strongly coherent SOVs filmed in aerial drone video of a mesoscale
confluence with a stark turbidity contrast between its tributaries. Eddy-resolved model-
ing demonstrates the SOVs’ dynamics could only be accurately reproduced when a density
difference (Ap) was imposed between the tributaries (Ap = 0.5 kg/m?) — providing com-
pelling evidence the observed SOVs are indeed a density-driven class of SOV. This work
confirms that SOVs exist, expands understanding of their generative processes and high-
lights the important role of small density gradients (e.g., < 0.5 kg/m?) on river confluence

hydrodynamics.

Plain Language Summary

Where rivers collide turbulent mixing of suspended sediments and pollutants affects
the morphology and habitat quality of the reach downstream of the confluence. Stream-
wise orientated vortices (SOVs), resembling atmospheric tornadoes rotating parallel to the
confluence’s bed, were first predicted in computational fluid simulations in the early 2010s.
Since, SOVs have garnered much interest, yet have evaded detection with conventional field
instrumentation. Consequently, clear evidence of SOVs at river confluences has not been
reported — leading to much debate on their existence and the fluid motions responsible for
their formation. To advance these research aims, we present and analyze aerial observations
of SOVs revealed at the confluence of two rivers with a strong contrast in turbidity. The sim-
ulations demonstrate the SOVs could only be accurately reproduced when a small difference

in water density (Ap) was imposed between the rivers (Ap = 0.5 kg/m?). Such differences
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commonly arise due to small gradients in the temperature and suspended sediment loads of
the joining rivers. Our work confirms SOVs do exist and presents compelling evidence the

observed SOVs are a novel density-driven class of SOV.

1 Introduction

The hydrodynamics of river confluences is a fascinatingly complex subject having at-
tracted the attention of inquisitive minds for centuries (da Vinci L., 2009). The coherent flow
structures generated within the confluence are key drivers of mixing and sediment transport
processes. The roles of shear-induced vertically orientated Kelvin-Helmholtz (KH) instabil-
ities (Rogers & Moser, 1992; De Serres et al., 1999; Rhoads & Sukhodolov, 2001; Constan-
tinescu et al., 2016; Lewis & Rhoads, 2018; Biron et al., 2019) and helical cells caused by
planform curvature on mixing at confluences have been studied extensively (Mosley, 1976;
Rhoads & Kenworthy, 1995, 1999; Sukhodolov & Rhoads, 2001; Riley et al., 2015; Lewis
& Rhoads, 2015; Rhoads & Johnson, 2018). While vertically orientated KH instabilities
can be directly observed as swirls of debris or turbidity gradients on a confluence’s surface
(De Serres et al., 1999; Lewis & Rhoads, 2015; Biron et al., 2019; Duguay et al., 2022),
helical cells are apparent only on cross-sections of the mean flow measured using acoustic
velocimetry (Rhoads & Sukhodolov, 2001; Riley et al., 2015; Rhoads & Johnson, 2018; Yuan
et al., 2021). Recently, episodic pulses in the confluence’s mixing interface have been identi-
fied with large-scale particle image velocimetry (LSPIV) (Sabrina et al., 2021), a discovery
highlighting the advantage of spatially resolved instantaneous measurement techniques to
the study of confluence hydrodynamics. Though the causal mechanism of the pulses is not
fully understood, they are likely due to unsteadiness in the water-surface pressure-gradient
field as the flows compete for space within the confluence (Sabrina et al., 2021). Unlike
KH instabilities, helical cells and episodic pulses, a fourth form of coherent flow structure
- streamwise orientated vortices (SOVs) — have been suggested to exist yet have eluded

detection in situ.

Streamwise orientated vortices were first predicted in eddy-resolved numerical modeling
of a small-scale, asymmetrical concordant bed confluence (Constantinescu et al., 2011, 2012,
2016). The SOVs developed as back-to-back counter-rotating vortices, one flanking each side
of the mixing interface, each rotating in the opposite sense of the other. Recent eddy-resolved
modeling has also predicted single-sided SOVs (Duguay et al., 2022) or has failed to detect
SOVs entirely (Guillén Ludeiia et al., 2017; Cheng & Constantinescu, 2020), suggesting they
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need not form in the dual back-to-back model discussed by Constantinescu et al. (2011),
nor are they universal to all confluences. SOVs are thought to arise from a downwelling
of superelevated flow mechanism: as the opposing flows collide near the apex, a portion
of their kinetic energy is converted to potential energy (i.e., superelevated surface), which
subsequently reverts to kinetic energy as the superelevated mass is accelerated towards the
bed (Constantinescu et al., 2011; Sukhodolov & Sukhodolova, 2019; Horna-Munoz et al.,
2020). Though the numerical simulations of Constantinescu et al. (Constantinescu et al.,
2011, 2012; Constantinescu, 2014; Constantinescu et al., 2016) indicate SOVs can develop
at confluences, these studies could not clearly dissociate the SOVs from the large-scale

curvature driven helical motion which often develops at confluences.

Recent field experiments at an in-stream field-scale confluences provide evidence of
back-to-back counter-rotating SOVs on cross-sections of mean acoustic Doppler velocimetry
(ADV) data (Sukhodolov & Sukhodolova, 2019). Though these measurements hint that
SOVs are indeed spatially distinct from the larger-scale helical cells present, ultimately the
authors concluded that “... separation of the SOV cells from the helical flow was not possible
because of the coarseness of the measuring [ADV] grid” (Sukhodolov and Sukhodolova
(2019), p. 608). Furthermore, the methods applied in Sukhodolov and Sukhodolova (2019)
were unable to provide spatiotemporal details of the SOVs’ dynamics, in particular, the
possible bi-modal oscillations discussed in numerical studies (Constantinescu et al., 2011,
2012, 2016; Horna-Munoz et al., 2020). The work of Sukhodolov and Sukhodolova (2019)
associates the causal mechanism of SOVs with local superelevation effects, yet how these
effects differ from the curvature induced centrifugal superelevation driving large-scale helical

motions is not entirely clear.

To complicate matters further, other sources of coherent streamwise orientated vorticity
have also been identified at confluences. Studies have cited flow separation over the scour
hole’s avalanche faces as an important generator of streamwise vorticity (Best, 1988; Best
& Roy, 1991; Biron & Lane, 2008; Duguay et al., 2022) and most recently, buoyancy effects
caused by density gradients (Ap) between the incoming flows have been noted to vertically
stratify the mixing interface through a “lock-exchange-like” mechanism, which invariably
alters SOV production (Cheng & Constantinescu, 2020; Horna-Munoz et al., 2020; van
Rooijen et al., 2020), though to what extent still remains uncertain. Thus, it is largely
unclear how superelevation, flow separation and density effects interact to alter coherent

streamwise vorticity in a confluence’s mixing interface.
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There is therefore little consensus on the existence of SOVs, their causal mechanisms
and the extent to which they contribute to confluence mixing. Ideally, these topics could be
addressed through spatiotemporally resolved empirical measurements, however, such mea-
surements are difficult or impossible to obtain in situ due to the current limitations of
acoustic velocimetry instrumentation. Direct observation of SOVs is an attractive alter-
native, though such observations also come with challenges. Inherently a feature of the
subsurface flow, SOVs are difficult to visualise: the joining rivers often lack a turbidity con-
trast, rendering the SOVs “invisible” in aerial views, or when a sufficient turbidity gradient
is present, waves and glare can occlude views of the subsurface turbulent billows (i.e., see
supplementary videos Duguay et al. (2022)). Therefore, unlike KH instabilities, helical cells
and episodic pulses, technological limitations and practical constraints have largely limited
our understanding of SOVs to that which can be learned from eddy-resolved numerical

modeling.

The variety of mixing patterns observed in the postconfluent reaches of natural conflu-
ences (Lane et al., 2008; Biron et al., 2019; Sukhodolov & Sukhodolova, 2019; Horna-Munoz
et al., 2020; Duguay et al., 2022) is largely attributed to the complex and little understood
interactions of the four mentioned forms of coherent flow structures (KH instabilities, helical
cells, episodic pulses and SOVs). Therefore, a deeper understanding of SOVs, with a spe-
cific focus on their causal mechanisms and interactions with other coherent flow structures
is necessary if a robust conceptual model of confluence hydrodynamics is to be obtained. To
advance this aim, herein we analyse full-scale aerial observations of SOVs and their dynamic
coupling to episodic pulses at a mesoscale confluence characterised by an abrupt contrast
in turbidity between the incoming flows. Eddy-resolved modeling compliments the obser-
vations, providing convincing evidence that buoyancy effects resulting from weak density
gradients (< 0.5 kg/m3) between the incoming rivers are responsible for developing this

density-driven class of SOV.

2 Methods
2.1 Field site and measurements

The field site is located at the confluence of the Coaticook (tributary) and Massawippi
(main) rivers near Sherbrooke, Quebec, Canada (Fig. 1). At discharges of Q@ > 15 m?/s,

the Coaticook, located in an agricultural watershed (514 km?), usually contains a high
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concentration of suspended sediment (e.g., > 200 mg/l). In contrast, the Massawippi,
which flows from Lake Massawippi (watershed area of 610 km?) through a mostly wooded
portion of its watershed for approximately 9.6 km, is generally much less turbid and often
clear. The resulting turbidity contrast between the two rivers makes the site ideal to observe
coherent flow structures in aerial video. Though evidence of SOVs is often visible in aerial
drone videos of the confluence’s mixing interface (and SOVs are often likely present even if
not visible), the conditions necessary for such clear visual observations as those presented
in our study rarely occur (likely every 2 to 4 years based on the principal author’s personal
observations at the confluence) and when they do, these clear observations are generally
fleeting (lasting only a few hours before the flow rates significantly change). These factors,
combined with the practical constraints of working in depths of up to 2 m in swift currents,
make their detailed study with conventional acoustic velocimetry methods extremely difficult
in situ. However, because of the clarity of the SOVs discussed herein, much can be learned

of this elusive form of coherent flow structure through analysis of aerial video.

Discharges are measured continuously every 15 minutes in both tributaries at gauging
stations located 2.5 km and 8 km upstream in the Coaticook and Massawippi respectively.
There are no major tributaries between the gauging stations and the confluence, and the
watershed areas downstream of the gauging stations represent 1.1% and 3.0% of the total
watershed areas for the Coaticook and Massawippi respectively. Therefore, the gauged
discharges are considered representative of the relative magnitudes of the incoming flows.
The junction angle is 120 °, with a sharp meander in the Coaticook River upstream from
the confluence (Fig. 1). The bathymetry of the confluence was measured in the summer
of 2020 using a mobile differential geographical positioning system (Fig. 1c¢). Grain size
distributions on the Massawippi side of the confluence were measured in the fall of 2020
using the Wolman method (Wolman, 1954). Median diameter (Djg) is 75 mm on the
Massawippi side. Grain sizes on the bed of the Coaticook are fine to coarse sand (0.125
mm to 1 mm). Dunes have been observed near the inner bank in the upstream reach of the

Coaticook.

A deep scour hole extends &~ 33 m upstream and ~ 31 m downstream of the apex on the
Coaticook side (Fig. 1c). The scour upstream of the apex, and to a large extent, downstream
of the apex is caused by meander bend secondary flow (Blanckaert & de Vriend, 2004). The
bathymetry fits the conceptual description of a confluent meander bend (Riley et al., 2015),

however at this confluence, the main river (the Massawippi by watershed area) unusually
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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 a high elevation view of the confluence taken at 15:41:00 UTC on
July 9t", 2020. ¢, Bathymetry of the confluence colored by depth below the free surface (146.07 m
above sea level) during the numerical model validation field campaign of October 22", 2020. Water
surface elevation was 0.07 m higher on July 9" (146.14 m above sea level) than on October 22™%,
2020. Contoured region delimits extents of the numerical modeling domain. Black contoured circles
indicate locations of the four ground reference points for large-scale particle image velocimetry
measurements of October 22"¢, 2020. Locations of propeller current meter profiles are indicated

with blue dots (a-g).
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4 Postconfluent Massawippi

Coaticook
Massawippi

Figure 2. High elevation view of confluence planform. Aerial view of the Coaticook-
Massawippi confluence on November 15", 2020 under clear-water conditions taken approximately
200 m above the confluence. Image included to emphasis the meander-like bend the Coaticook
makes as it joins the post-confluent channel. Dune formations visible upstream of the apex in the

Coaticook.

joins the curving tributary (Coaticook). The scour zone on the Coaticook side shifts toward
the inner bank of the bend as the Massawippi deposits its bedload, forming a bar in what
would normally be a meander bend “outer bank” scour zone. Figure 2 illustrates this in a

high-elevation aerial view of the confluence under clear water conditions.

Drone imagery was collected on July 9", 2020 when a sharp contrast in turbidity
between the (turbid) Coaticook and (clear) Massawippi allowed for clear identification of
coherent flow structures in the mixing zone (see Video 1). Important hydraulic parameters
of the confluence during the aerial observations are presented in Table 1 (see notes for
additional details). On July 9*", 2020, only the drone video and the water surface level
were recorded. Mean cross-sectional velocities were calculated based on discharges obtained
from the gauging stations and the cross-sectional areas obtained from the bathymetry and
measured water surface level. A description of the confluence’s predominant flow patterns

inferred from aerial drone video on July 9", 2020 is available in Supplementary Materials.

2.2 Numerical model

A hydrodynamic numerical model of the Coaticook-Massawippi confluence was con-

structed to investigate the causal mechanism of the SOVs observed on July 9", 2020. In
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Table 1. Hydraulic conditions during SOV observations on July 9" and numerical model vali-

dation data collection on October 22™%, 2020

Date boundary Q B A Ronaz  p* H U, Fr Re

July 9t", 2020 - M, = 16.9
Massawippi 4.4 29.1 344 1.60 996.92 1.19 0.13 0.04 153400
Coaticook ~ 20.5 29.2 44 191 99742 150 0.47 0.12 700300
outlet 249 338 39.3 142 1.02  0.63 0.19 730800
Oct. 2274 2020 - M, = 0.91

Massawippi 13.02 29.1 325 154 - 1.12  0.40 0.12 448000
Coaticook 13.92 29.2 415 199 - 1.43 0.34 0.09 486200
outlet 26.94 338 371 1.38 0.95 0.73 0.24 693500

Notes: Values derived from discharges measured at the gauging stations, water surface
levels measured during the observations and bathymetric data gathered in the summer
of 2020. Values pertain to the inlet and outlet cross-sections of the numerical model’s
simulated domain. @ discharge (m3/s), B width (m), A wetted area (m?), hyq, max-
imum depth (m), p* estimated density (see subsection River densities and simulated
cases), H average cross-sectional depth (m), U,, average cross-sectional velocity (m/s),
Fr is the Froude number (Fr = U,,,/+/gH), Re is the Reynolds number (Re = HU,, /v).
Momentum ratio, M, = pcQcUS, /prprQnUM (subscript ¢ for Coatiook, »s for Mas-

sawippi).

the model, the incompressible continuity (Eq. 1) and Navier-Stokes (Eq. 2) equations
(in Cartesian coordinates) are solved using a large-eddy simulation (LES) approach with
OpenFOAM’s (v2012) twoLiquidMizingFoam solver. OpenFOAM is an open-sourced com-
putational fluid dynamics code based on the finite volume method (Weller et al., 1998). The
twoLiquidMizingFoam solver has been extensively validated for simulating buoyancy driven
mixing of two fluids of different density (Gruber et al., 2011; Lai et al., 2015; Zhang et al.,
2016; Grbéic et al., 2019). In Egs. 1 and 2 the spatial vector is defined as x; = x1, x2, x3
indicating, respectively the longitudinal (x), lateral (y) and vertical (z) axes. The veloc-

ity vector is defined as u; = wuj,us,us indicating components along the longitudinal (u),
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lateral (v) and vertical (w) axes. Time, pressure, kinematic viscosity and the constant of

gravitational acceleration are indicated respectively by ¢, p, v and g.

87.1,1' o
axi =0 (1)

o; am@Q__;mf+£l(am)_8ﬁ?5
ot ox;  pom;  Ox, V(“)xj Ox;j

+ pg (2)

In a LES, the spatial filtering process results in subgrid stress terms (T{?GS , (Saguat,
2001)) in the momentum equations (Eq. 2) for which the Smagorinsky subgrid scale model

(Eq. 3) has been used as closure (Smagorinsky, 1963).

2
T:s = ’U,i’LLj — ’LLZ"U,j = ngk(Sij — 2VSG5d6’U(SZ‘j) (3)

The subgrid stress terms are calculated with Eq. 3, which invokes the resolved rate of
strain tensor (S;;, Eq. 4) and the subgrid scale turbulent viscosity (vsgs, Eq. 5). In Eq.
5 a filter length A based on cell volume (V) is used (A = ¢(V,)'/3), where ¢ is a constant
equal to 1 and V. is the cell volume) and the Smagorinsky constant (Cj) is 0.094. In near

wall regions the standard Van Driest damping function is applied to let vggs — O.

n

— 1 (0w o
v 5 <6J}J + BQTZ) (4)

VsGs = CkAkg«gs (5)

The twoLiquidMizingFoam solver uses a fluid fraction method («) to determine p re-
sulting from the mixing of two miscible fluids of different density. Flow of the Coaticook
(subscript 1) is considered @ = 1 and that of the Massawippi o = 0 (subscript 2). Practically,
fractional values of o can be interpreted to indicate the fractional volume of fluid in each
cell originating from the Coaticook. The spatiotemporal evolution of « is calculated using
an advection-diffusion equation (Eq. 6, u velocity field, ¢ time, D, molecular diffusivity
between miscible fluids @ and b (D, = 107% m?/s), S, is the turbulent Schmidt number (.S,
= 1)). The dynamic viscosity (u) and density at each computational cell are determined as

fluid fraction weighted averages using Eqs. 6, 7 and 8. Additional details of the numerical

—10-
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methods (i.e. finite-volume approach, the Smagorinsky SSG model, discretization schemes
and solution methods) are extensively documented elsewhere (Pope, 2011; Moukalled et al.,
2016). Specifics related to the numerical schemes applied in OpenFOAM are available in

Supplementary Materials.

%‘;‘+V~(ua)v~(<Dab+gtc>Voz) (6)
p=pia+p(l—a) (7)
p= pro+ pa(l — ) (8)

The high Reynolds numbers of the confluence and its large physical scale make wall-
resolved large-eddy simulations computationally impractical. However, LES with wall func-
tions curtails this requirement by allowing less mesh resolution near the wall (Keylock et
al., 2012; Rodi et al., 2014). The wall modeled approach (WMLES) has been applied to
successfully investigate large-scale turbulent phenomena within the outer region of the water
column in fluvial applications (Van Balen et al., 2009; Schindfessel et al., 2015; Khosronejad,
Flora, & Kang, 2020). A velocity-based wall function is applied to calculate the near-wall

turbulent viscosity and bed shear stress induced by the rough solid boundary.

A fixed time-step of 0.005 s maintained the average Courant-Friedrich number at 0.2 and
the maximum below 0.8. Simulations were performed on Compute Canada’s high-powered
computing clusters. The domain was decomposed and solved on 160 processors (Intel Gold
6148 Skylake with clock frequencies of 2.4 GHz) and took & 24 hours to simulate 100 s of

flow.

2.2.1 Computational domain

The computational domain of the confluence was constructed in the following steps.
First, sparse (1-3 m separation) points taken with a differential ground positioning system
were measured at the confluence in the summer of 2020. These points were interpolated to
a regularly spaced grid (0.25 m) using a thin plate spline algorithm (QGIS 3.14.1-Pi). A

screened Poisson surface reconstruction (Meshlab software) was performed on the interpo-

—11-
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lated points to generate a 3D stereolithography geometry. The geometry was imported into
the mesh generation software Pointwise (V18.3R2) to produce the predominantly tetrahe-
dral unstructured mesh for the computational domain. Upstream of the confluence’s apex,
~ 30 and 50 m long reaches of the Massawippi and Coaticook were included to permit
planform induced secondary flow to develop. The near-wall cell height was fixed at 0.015
m and expanded over ~ 10 vertical layers with an expansion factor of 1.2 to an average
edge length of 0.08 m in the mixing interface and 0.12 m elsewhere. An additional 10-20
cells extend from the edge of the near-wall layers to the free surface for a total of 20 to
30 vertical grid points in the mixing interface. Mesh density was increased in the mixing
interface to permit a higher spatial resolution of the coherent turbulent structures of inter-
est while maintaining a reasonable number of computational cells (= 37 million). Because
the turbulent length scales of interest occur between 0.5 m to 6 m in the mixing interface,
the 0.08 m edge length resolution of the mesh within the mixing interface permits the most
energetic turbulent structures to be resolved by > 7 cells in each direction, respecting guide-
lines proposed by (Keylock et al., 2012). Also, an index of mesh resolution quality study
following the procedure outlined by Celik et al. (2005) was performed and used to confirm
adequate spatial resolution of the domain’s spatial resolution within the mixing interface.
Our mesh resolution is comparable to that adopted in other contemporary eddy-resolved
numerical models of confluence hydrodynamics (Constantinescu et al., 2012, 2016; Cheng

& Constantinescu, 2020; Horna-Munoz et al., 2020).

2.2.2 Boundaries

Fully developed flow profiles containing spatiotemporally coherent vortices were ap-
plied at the inlets of the main domain using a two-step precursor simulation process. First,
cross-sectional profiles calculated using two-equation k-w RANS precursor simulations were
obtained on short meshes extruded along the outward normal of each inlet boundary. Cyclic
boundaries were applied at the inlet and outlet of these precursor simulations and discharge
was induced with a momentum source term. A no-slip condition was applied to the bed and
a free-slip (symmetry) boundary was applied at the free surface. Converged profiles at the
outlet of the precursor simulations were supplied to the divergence-free synthetic eddy gen-
eration boundary condition (DFSEM) (Poletto et al., 2013) to introduce spatiotemporally

coherent turbulent structures into the main computational domain during runtime. The

—12—
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interested reader can find OpenFOAM specifics related to the boundaries of the simulation

in Supplementary Information.

In the main simulation, a zero-flux Neumann boundary condition was applied for all
vector and scalar fields at the outlet. A no-slip boundary condition was used for the velocity
at the confluence’s bed (wall). A velocity-based wall function was implemented to provide
estimates of the near-wall turbulent viscosity. A free-slip (symmetry) boundary was applied
to the free surface to ensure zero flux across the boundary and free-slip lateral and streamwise
components over the horizontal free surface. Other studies have successfully applied this
approach to model short reaches presenting minimal free-surface deformation (Van Balen
et al., 2009; Constantinescu et al., 2011; Kara et al., 2015; Schindfessel et al., 2015; Le
et al., 2019). The low Froude numbers characteristic of the confluence (< 0.3, Table 1)
suggest free-surface deformations are expected to be minimal (Khosronejad et al., 2019;
Khosronejad, Arabi, et al., 2020), which was visually confirmed on July 9", 2020 and on

October 2274, 2020 (date of field data validation collection).

2.2.83 River densities and sitmulated cases

The SOV observations of July 9", 2020 were unexpected and unplanned as this field
visit was intended to perform routine water surface elevation measurements and aerial drone
video of the mixing interface. Such outings were carried out because of previous (yet much
less convincing) sightings of secondary flow structures at the confluence when the discharge

9t" 2020, the importance of density gradients

of the Coaticook was over 10 m?/s. On July
in the formation of the SOVs had not yet occurred to the authors and consequently neither
had the importance of temperature and suspended sediment gradients, which is why we
were not equipped to obtain such data on this date. It was not until preliminary numerical
results were obtained in early 2021 that the importance of Ap in the formation of the SOVs
was realized. Afterward, communications with the operator of the gauging stations allowed
the temperature of the Massawippi at the time of observation (25.5 °C) to be obtained, but
water temperatures at the Coaticook’s gauging station were not available. However, shortly
after the drone flight of July 9*", the principal author waded into the mixing interface
and could distinctly feel the passage of the cool billows of the turbid Coaticook within

the SOV, a difference conservatively estimated to be approximately 1.5 °C. A subsequent

visit to the mixing interface at lower flow rates, yet with a thermometer (OMEGA HH-
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25KC thermometer) confirmed such small differences in temperature can indeed be readily

detected with the hand.

If the temperature of the Coaticook is considered to be 24 °C, the cooler Coaticook
is estimated to be 0.38 kg/m?® denser than the warmer Massawippi (pc = 997.29 kg/m?
Coaticook at 24 °C, py = 996.92 kg/m?® Massawippi at 25.5 °C). The densities of the

tributaries were calculated as,

p = 999.83952 + 16.945176t — 7.9870401 - 10~3¢>
—46.170461 - 1075¢3 4 105.56302 - 10~ 9¢*

—280.54253 - 107 12¢%) /(1 4 16.897850 - 10~3¢) (9)

where p indicates density in kg/m?® and t the temperature of the water in °C (Jones
& Harris, 1992). Suspended sediment concentration (SSC) in the Coaticook, estimated at
0.20 kg/m? based on SSC measurements taken during subsequent outings during the 2021
season, would increase pc by 0.12 kg/m3, whilst the clarity of the Massawippi suggests SSC
should have a negligible impact on its density. Therefore, a difference in density (Ap) of
0.50 kg/m? between the Coaticook and Massawippi is deemed a reasonable estimate for the

July 9*" conditions.

We present results from two simulations: one in which the densities of the Coaticook
and Massawippi are equal denoted as Apg g and one where the Coaticook is 0.5 kg/m? denser
than the Massawippi, denoted as Apg 5. Exploratory simulations varying Ap between 0.0
and 3.0 kg/m?® were also performed, however, only Apg 5 was retained for further analysis in
this study because of its accurate predictions of the coherent flow structures in the mixing
interface and because it is a physically plausible value of Ap based on SSC and temperature
measurements taken at the confluence at several occasions in the following field season of
2021. Simulations with higher magnitudes of Ap still produced SOVs, however, the front of
dense Coaticook extended farther towards the left bank of the confluence and the SOVs had
larger widths. Therefore larger-scale density effects were observed in these models with an
increasing magnitude of Ap. A Ap magnitude of 0.5 kg/m? in contrast, was able to produce
near-circular SOVs similar to those observed in the aerial drone video. The interesting
effects of larger magnitudes of Ap on secondary flow structure at the confluence are the

focus of ongoing research.
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2.2.4 Numerical stationarity analysis and data acquisition

The flow field from the final time-step of a long duration (2000 s) coarse grid simulation
(= 9 million cells) of each case (Apg.o and Apg5) was mapped to the fine (37 million cells)
mesh for use as initial conditions. The fine mesh cases were then run for 1000 s before
recording data for analysis. This 1000 s spin-up period ensured flow field artifacts from the
initial conditions had sufficient time to exit the domain (required < 200 s) and that the
instantaneous flow field was in a stationary regime before data recording. Considering the
average cross-sectional velocity of 0.63 m/s at the outlet and a domain length of ~ 65 m, the
spin-up period equates to ~ 10 flow-through periods. Statistical stationarity was assessed by
performing an Augmented Dickey-Fuller (ADF) unit test on velocity time-series at various
locations throughout the domain for the final 800 s of the spin-up period. ADF statistics
indicated the absence of long-duration trends (ADF statistics p < 0.001). Furthermore,
first and second-order turbulent statistics of 10 randomly selected 300 s segments extracted
from the retained 800 s period also closely approximated the global values acquired over the
800 s period. After the 1000 s spin-up period, the simulations were run for an additional
600 s, over which temporally averaged quantities were measured for analysis. Instantaneous

results were recorded every 2 s during the final 400 s.

2.3 Large-scale particle image velocimetry

Drone videos of the confluence on October 2274, 2020 were taken =~ 30 m above the
water surface to perform large-scale particle image velocimetry (LSPIV) for numerical model
validation purposes (see section 3). A Mavic Mini (model MT1SS5) captured video at 30 fps
video at 2720 x 1530 resolution. The drone’s camera is fitted on a 3-axis gimbal (tilt, roll,
pitch), which greatly reduced instabilities in the video. Video frames were stabilized and
orthorectified using four ground reference points (GRPs) (see Fig. 1c) following the process
described below. The buoyant GRPs, with a black outside annulus 0.45 m in diameter and
a central fluorescent orange interior 0.3 m in diameter, were centered over steel bars driven
into the riverbed, allowing the GRPs to freely displace vertically on the surface yet restrict
lateral movements to £+ 0.02 cm. The black annulus improved the automatic detection of

the white central disk in the video frames.

The orthorectification procedure adjusts individual frames so the central pixels of each

GRP coincides with its stabilized coordinate, determined as the location of the GRP in
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the first frame of the video, corrected to adhere to a constant scaling factor (meters per
pixel). Pixels are assumed to lie on a horizontal plane (i.e. the water’s surface). The scaling
factor is determined as the average of the real-world distance of the lines connecting the
GRPs divided by the average pixel distances of these lines in the first frame of the video.
The process is performed in 3 steps: (1) extraction of the individual frames, (2) automated
detection of the centres of the four GRPs in each frame, and, (3) application of a perspective
transformation to the frames to adjust the pixel coordinates of the GRPs to their corrected
locations (using OpenCV’s getPerspective Transform and warpPerspective functions). This

processing was done using a Python code pyRiverDrone developed in-house.

For the LSPIV experiments, light-colored wood chips ~ 1.5 cm in diameter were used
as seeding. Seeding the entire surface of the confluence simultaneously was not possible at
this mesoscale confluence. Instead, each tributary was seeded at closely separated times (<
10 mins between seeding events) at three different lateral positions. Seeding locations were
chosen near the left and right banks and the center of each channel. Seeding was dispersed
from a small watercraft attached to fixed lines ~ 23 m and 47 m upstream of the confluence
apex in the Massawippi and Coaticook respectively. Drone videos of each of the seeding
events were carried out for 120 seconds. The drone videos were down sampled from 30
frames-per-second (FPS) to 5 FPS and orthorectified using the procedure described above.
Vector processing was done in LaVision’s DaVis particle image velocimetry software version
8.3.1. A double pass 64 x 64 px, 50 % overlap time-series cross-correlation was performed.
A median 2 standard deviation vector removal and replacement filter were applied on the
intermittent and final vector fields. The spatial resolution of the vector fields obtained from
each video was 32 pixels, or = 0.48 m. The mean vector fields obtained from each video
were amalgamated into a single vector field representing an estimate of the surficial velocity

distribution over a &~ 730 m? region of the confluence’s flow field (Fig. 3).

3 October 22"¢, 2020 numerical model validation

The numerical modeling approach was validated after the July 9", 2020 observations
with field measurements obtained on October 227¢, 2020. Numerical results for the con-
ditions present on October 22" 2020 were compared to mean large-scale particle image
velocimetry (LSPIV) measurements and velocity profiles sampled at 7 accessible locations
using a propeller current profiler (locations marked in Fig. 1c¢). The hydraulic conditions on

2274 of October 2020 are presented in Table 1. Figure 3 compares numerical predictions of
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surficial mean velocity magnitude distributions (U,,) to those obtained using aerial particle
image velocimetry. The model accurately predicts (1) the accelerating flow on the Massaw-
ippi side of the confluence, (2) the position of the mixing interface indicated by where the
streamlines of the tributaries meet, (3) the accelerating flow over the downstream section
of the Coaticook confluence, (4) the distribution of isocontours of mean surficial velocity
magnitude (e.g. the white band for U,, = 0.55 m/s in Fig. 3) and (5) the general agree-
ment of the extent of the stagnation zone on the Coaticook side of the apex. The model

also reproduces the sharp lateral velocity gradient across the mixing interface.

a LSPIV b WMLES

0.1 0.2 03 04 O._5 06 0.7 08 09 10 1.1
Uuv (m/s)
Figure 3. Mean surface velocity comparison of LSPIV and WMLES data. a, Surface
distribution of qu with streamlines indicating mean flow direction obtained with large-scale particle
image velocimetry on taken on October 22"¢, 2020 (magnitude of mean streamwise and lateral
velocity vector components). Contours delimit zone of valid vectors. b, Distribution of Uy, on the

surface predicted by wall-modelled large-eddy simulation (WMLES).

Figure 4 compares predicted vertical profiles of mean velocity magnitude (U) with
their empirical counterparts measured using a propeller current meter (letters, Fig. 1c).
The correspondence between measured and predicted profiles in the outer region of the flow
supports the accuracy of the imposed inlet conditions (Figs. 4a,b,c,d) while the acceptable
predictions in the wall-region (z/h < 0.15) attests to sufficient accuracy of the wall modeling

and near-wall meshing approaches.
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Figure 4. Comparison of numerical and measured velocity profiles over depth. a-
f, Comparison of predicted (WMLES) vertical profiles of U to measured profiles obtained with a
current meter at the 7 sampling locations (see Fig. 1c) on October 2974 2020. z is the height

above the bed and h is the depth at the sampling location.
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The water surface on July 9" was 0.07 m higher than on October 22"¢. Aside from
the higher water surface, and different flow rates, all other modeling parameters of the
October 22"¢ simulation are identical to July 9*. The correspondence between numerical
and empirical results for the October 22"? condition combined with the good agreement

between observed and predicted coherent flow structures for the July 9"

conditions (see
Results), supports the model’s ability to provide insights into the hydrodynamics of the

Coaticook-Massawippi confluence.

4 Results
4.1 Aerial observations of SOVs

Excellent views of SOVs displaying clear rotational motions were filmed with an aerial
drone over a 500 s period on the 9" of July 2020 (Video 1). Video 2 presents a 60 s clip of
Video 1 (clip between 90 s and 150 s) at 1x playback and 8x playback speeds. The dynamic
response of an exceptionally coherent rotating SOV to a passing episodic pulse is depicted
in a time series of still images extracted from Video 2 in Fig. 5. Between 0 and 15 s in Video
2 (Figs. ba-c), the subsurface turbid water on the Massawippi side of the partition line (line
of sharpest turbidity gradient on the surface, see white dotted line in Fig. 5d) defining the
advancing front of the episodic pulse is loosely coherent. Between 15 s and 22.5 s (Figs.
5c-d), a remarkably coherent primary SOV revolving clockwise around the streamwise axis
(pointing downstream) takes form. As the front of the pulse advances farther, near-bed
turbid water between the partition line and the right limit of the primary SOV upwells into
the growing primary SOV (see Video 2). Simultaneously, a thin layer of clear Massawippi
water flows above the primary SOV over much of the mixing interface. The thickness of
this clear, overlying layer decreases with distance from the confluence apex resulting in a
longitudinal, depth-induced color gradient over the visible portion of the SOV in Fig. 5d-
f. Downstream of the collision zone (i.e. where the flows collide with maximum lateral
momentum, Fig. 1b), the mixing interface becomes confined both laterally and vertically
as flow accelerates over the shallow bathymetry into the postconfluent channel. Finally, the

coherence of the primary SOV diminishes as the episodic pulse recedes (Fig. 5g-i).

The spatiotemporal coherence of the SOVs is evident in the space-time matrices pre-
sented in Fig. 6b. To construct Fig. 6b, 2 frames per second were extracted from Video

1, then gray-scaled pixel intensities within six rectangular zones straddling the centerline
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Figure 5. Life-cycle dynamics of the primary SOV. a-i Still images extracted at 7.5 s
intervals from Video 2. t starts at the beginning of Video 2. The loosely coherent subsurface turbid
waters of the Coaticook (a) are observed to rapidly cohere (b, ¢, d) as the episodic pulse advances
to its farthest location (e) at ~ 30 s into the cycle. As the pulse recedes, the coherence of the
primary SOV diminishes (g-i). Black arrows (a) indicate the mean direction of incoming surface
flows. Black bars are placed at fixed locations in each subplot to assist visualization of the lateral
migration of the mixing interface with time. Red bars indicate the approximate lateral limit of
the advancing partition line of the episodic pulse (sharp gradient on the surface between turbid
and clear water, identified by a white dot-dashed line in d). Blue bars indicate the approximate
left limit of the primary SOV. During the passage of this typical episodic pulse, the left-most limit
of the primary SOV maintains approximately the same lateral position, despite the partition line

translating left by upwards of 1.9 m.
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streamwise axis of the mixing interface (Fig. 6a) were sampled from each frame. The
dimensions of each sampling zone were respectively 12 m and 0.37 m in the lateral and
streamwise directions and spaced longitudinally from one another by 4 m. The extracted
matrices for each zone were averaged along their longitudinal axis (25 pixels equal to 0.37
m) to obtain a lateral line of average pixel intensities (perpendicular to the z axis in Fig.
6a). Chronologically ordering these lines for each x location for the 500 s duration of Video

1 produces one of the space-time matrices in Fig. 6b.

In Fig. 6b, deep billows of subsurface turbidity appear under clear Massawippi water
at © = 0 m. Farther downstream, at z = 8 m, the turbid billows have formed into a primary
SOV striated with lateral bands of clear water from the Massawippi (see yellow arrows Fig.
6b). A smaller secondary SOV appears adjacent to the primary SOV over the 500 s period.
Evidence of a tertiary SOV is also observed farther downstream (e.g. © = 16 m, Fig. 6b).
In Video 1, the primary, secondary, and tertiary SOVs all appear to have a clockwise sense
of rotation. By x = 4 m the primary SOV begins to splay on the free-surface, identifiable
as 'flattened’ tops (red circles, Fig. 6b). The coherence of the primary SOV is strongest
when the episodic pulses attain their maximum lateral displacement (e.g. between 90 s
and 150 s, red opaque rectangular zone in Fig. 6b). Splaying becomes more accentuated
over the shallower bathymetry near x = 8 m. Farther downstream the primary SOV is
often occluded by the splayed near-surface water (e.g. @ >= 12 m). The lateral scale of
the primary SOV varies between 2 m (0.06B8) and 4 m (0.12B), and the secondary SOV
between 1 (0.03B) and 2 m (0.06B), whilst that of the tertiary SOV is approximately 0.5 m
(0.015B). The maximum amplitude of the episodic pulses occurs at x = 4 m and is ~ 4 m
(0.12B) in width, with a period of = 50 s (0.02 Hz). The non-linearity of the dotted lines
joining the space-time locations of individual episodic pulses in Fig. 6¢ indicates streamwise

acceleration of the flow within the mixing interface as it enters the postconfluent channel.

4.2 Eddy-resolved modeling

Near the confluence apex, the consistency with which the turbid billows from the Coat-
icook River appear underneath the clear surrounding Massawippi River suggests they are
denser (Video 1, Fig. 5). Thus eddy-resolved numerical modeling accounting for a density
difference (Ap) of 0.5 kg/m? between the Coaticook and Massawippi was conducted to pro-
vide insights on the hydrodynamics of the confluence and causal mechanisms of the observed

SOVs. An equal density simulation (Apg.o) was also performed for comparative purposes.
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Figure 6. Space-time analysis of streamwise-orientated vortices. a, Locations of the 6
sampling zones used to extract pixel intensities from Video 1 to construct the space-time matrices.
A white dotted line indicates the collision zone. b, Space-time matrices depicting the passage
of surficial turbidity (lighter shades) and subsurface turbid billows (darker shades) through each
sampling line over a 500 s period. At the beginning of the collision zone (i.e. z = 0 m), the billows
streak towards the center of the mixing interface in time, confirming the billows have a clockwise
sense of rotation. Red circles (at section z = 4 m and 8 m) indicate the onset of the primary
SOV splaying under the water’s surface. Yellow arrows indicate examples of darker striations
consisting predominantly of clear Massawippi water. Red opaque rectangle delimits the time range
of Video 2. ¢, Traces of the partition line delineating the Coaticook (turbid, light grey in Fig.
6b) and Massawippi (clear, dark grey in Fig. 6b) for each of the space-time matrices in b. Peaks
and troughs in the traces correspond to the maximum lateral displacements of the episodic pulses

(numbers 1 to 10).



472

473

474

475

476

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

500

501

502

503

504

The mixing interface of the Apg ¢ case differs considerably from the drone observations
in Video 1. The numerical space-time matrices in Fig. 7a, b were constructed from a
similar method to that used to produce the aerial space-time matrices of Fig. 6b, however,
instead of drone images, plan-view renders of 3D contours of a showing the subsurface
streamwise vortices predicted in the numerical model were used as input images. The
numerical space-time matrices were sampled at a frequency of 0.5 Hz. Three-dimensional
shadow cast post-processing provided a realistic depth perspective in the numerical space-

time matrices similar to that of the aerial drone video.

Notably, in Fig. 7a the primary, clockwise rotating SOV is not observed in the numer-
ical space-time matrices. Rather, the mixing interface is inverted, and a strong lateral flow
component of the Coaticook incurs overtop of the Massawippi (Fig. 7a, 7c, Te). A coun-
terclockwise rotating SOV is observed in the cross-sections of 7e. Time-series of the lateral
velocity component (v) sampled near the bed and near the surface (Fig. 7g) demonstrate
near-surface flow, moving predominantly towards the left bank (positive) is negatively cor-
related to near-bed flow moving towards the Coaticook, resulting in the counterclockwise
SOV rotation. Despite the discrepancies between the Ap = 0.0 kg/m?® and the drone video,
the frequency (= 0.015 Hz), positions, and scales of the episodic pulses (Fig. 7a) are similar
to observations, suggesting the pulses, unlike SOVs, are not as strongly affected by buoyancy

effects.

The Apg. 5 simulation predicts coherent flow structures within the mixing interface much
better. Comparative animations of iso-contours of « (a proxy for the degree of mixing, see
Methods) of the Apgo and Apg s simulations to drone imagery provide perhaps the most
compelling support for the importance of density in forming the SOVs (see Video 3). Exam-
ples of the renders used to produce Video 3 are presented in Fig. 7c and d. Also, animated
cross-sections at x = 0 m clearly show the different mixing interface dynamics of the Apg. o
and Apg 5 simulations (Video 4). The primary SOV of the Apg 5 simulation persists in time
(Fig. 7b), and has a similar scale, position, sense of rotation, and demonstrates accurate
splaying behavior as it encounters the free surface (Fig. 7b). Approximately seven episodic
pulses pass during the 400 s period in Fig. 7b, for an estimated frequency of ~ 0.018 Hz,
similar to that estimated from drone observations (0.02 Hz). Also, evidence of higher-order
SOVs appear in the 0.5 kg/m? simulations (Fig. 7b). The dynamic coupling between the
primary SOV and the pulses was also predicted. Between ¢t = 360 and 400 s in Supplemen-

tary Video 4 (Fig. 7f), the diameter and coherence of the primary SOV increase in a similar
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fashion to the primary SOV discussed in Fig. 6. Time-series of v in Fig. 7h demonstrate
near-bed flow moves predominantly towards the left (positive) and is negatively correlated
to near-surface flow moving towards the right, resulting in the correct clockwise rotation of

the primary SOV.

5 Discussion
5.1 Densimetric Froude number

Buoyancy effects are generally considered important to confluence hydrodynamics when
they significantly outweigh inertial effects (Horna-Munoz et al., 2020; Rhoads, 2020). The
metric commonly used to assess the importance of Ap on confluence hydrodynamics is the

densimetric Froude number F p:

Uy
Fp 7D (10)
g/ — (pl - P2)g (11)

where ¢’ is reduced gravity (Eq. 11 with g the constant of gravitational acceleration, and p;
and ps respectively the densities of the denser and lighter tributaries), D is a characteristic
depth and Uj is a characteristic velocity (Rhoads, 2020). In general, values of Fp << 1
indicate Ap is sufficient to cause the lighter river to flow laterally over the denser river,
resulting in a vertically stratified mixing interface. In contrast, Fp >> 1 tends towards
preserving a vertical mixing interface and, at some greater value of Fp, the influence of Ap

on the mixing interface becomes negligible (Rhoads, 2020).

Consensus on which length-scale and velocity scale for the calculation of Fp is lacking
and the reason why we have avoided referring to Fp up to this point. Fp varies considerably
depending on where D is chosen (e.g., average cross-sectional main channel depth, average
cross-sectional tributary depth, average depth in the mixing interface) and which value of
Up is used (e.g., a discharge-weighted average of the tributaries’ bulk velocities, the bulk
velocity of the tributary, or the bulk velocity of the main channel). Fischer et al. (1979)
suggests that where a tributary of lighter flow enters the main channel of denser flow,
the cross-sectional averages of U and D of the minor tributary are a reasonable choice.

Adopting this definition for the July 9*", 2020 conditions (assuming the Massawippi is the
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Figure 7. Comparison of eddy-resolved modeling results. a-b, Numerically derived space-
time matrices for the Apo.o and Apo.s simulations. ¢, Iso-contours of a = 0.1 (proxy indicating
degree of mixing as a fractional value where 1 = Coaticook, 0 = Massawippi, see Methods) colored by
w (vertical velocity) extracted from the Apg.o simulation and d Apg s simulation showing evidence
of the primary and higher order SOVs. e - f, Lateral cross-sections colored by a taken at z = 0
m (see Fig. 6a) from the Apo.o and Apo.s simulations, respectively. Vectors indicate secondary
velocity magnitude and direction (projection of the three-dimensional velocity field (u) onto the
cross-section). g-h, Time-series of v (lateral component) taken 0.15 m below the surface (blue) and
0.15 m above the bed (red) at x = 0 m and y = 0 m from the Apg.o and Apg.5 simulations (blue
and red dots in e-f indicate sampling locations). Pearson coefficients indicate negative correlations

between the near-surface and near-bed flow.
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minor tributary, which strictly speaking it is not) and a Ap of 0.5 kg/m?®, Fp would equal
1.7, indicating weak buoyancy effects. However, if Fp is calculated with the cross-sectional
average of U and D in the Coaticook, then Fp is 5.5 (negligible buoyancy effects). If
the definition of Horna-Munoz et al. (2020) is used (i.e., Uy calculated as the discharge-
weighted average bulk velocity of the tributaries and D the mean depth in the center of
the confluence) Fp is 2.5, also indicating weak density effects. However, if Uy and D are
evaluated in the velocity deficit region near x = 0 m in Fig. 6a on the Massawippi side
(i.e., Up = 0.08 m/s based on modeling results and D ~ 1.6 m) then Fp equals ~ 0.9 — a
value suggesting important density effects and, in the opinions of the authors, potentially
a meaningful parameterization of Fp for the Coaticook-Massawippi confluence under this
specific flow condition (but not necessarily other conditions). Therefore, regardless of how
Up and D are defined, for the same hydraulic and density conditions, substantially different

values of Fp and consequently, interpretations of buoyancy effects can result.

The wide range of Fp values resulting from the scaling conventions mentioned above
complicates its use as a general metric for predicting density effects on confluence hydro-
dynamics. However, what is certain, is that even a very small value of Ap = 0.5 kg/m?
(or only 0.05% the density of water at 25.5 °C) was sufficient to invert the rotation of the
primary SOV and bring it from near the surface to near the bed to correctly match the
observed rotation and vertical position of the SOVs in the aerial video. These are not-so-
subtle effects resulting from a small value of Ap, the magnitude of which commonly occurs
in nature. Thus, further research on how best to parameterize Fp is needed before it can

be applied as an unambiguous predictor of density effects on a confluence’s hydrodynamics.

5.2 Causal mechanism of SOVs

The SOVs observed on July 9", 2020 are distinct from previous mentions of coherent
streamwise vorticity at river confluences. Our modeling shows the SOVs do not form as
back-to-back cells adjacent to the mixing interface, as would be expected from the down-
welling of superelevated flow mechanism discussed by others (Mosley, 1976; Paola, 1997;
Constantinescu et al., 2011; Sukhodolov & Sukhodolova, 2019). Also, since the SOVs de-
velop upstream from the avalanche face, they cannot be attributed to flow separation over
this bathymetric feature (Best, 1988; Best & Roy, 1991). Also, because the SOVs were
observed at a meander-bend confluence, the potential role of planform-induced secondary

circulation on the SOVs merits consideration. In the numerical models, the strong curvature
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of the Coaticook causes a helical flow pattern on the Coaticook side (see streamlines of the
mean flow field in Fig. 8) and considerable streamwise orientated vorticity within the outer
bank region upstream of the confluence’s apex (see isocontours of @Q-criterion in Video 5).
However, both the helical flow and outer bank vorticity are considered to play little to no
role in the formation of the observed SOVs. Identical helical flow patterns (see Fig. 8) and
outer bank flow structure were predicted in both the Apg o and Apg 5 simulations (see Video
5), yet only the Apg 5 simulation correctly reproduced the sense of rotation of the observed
SOVs. Finally, their strong coherence within the mixing interface observed in the aerial
video, and well-defined lateral left-hand limit, indicate the SOVs are spatially independent
of curvature-induced helical motions mentioned in previous studies (Rhoads & Kenworthy,
1995; Sukhodolov & Rhoads, 2001; Riley et al., 2015; Rhoads & Johnson, 2018; Sukhodolov
& Sukhodolova, 2019).

Here we attempt to explain the causal mechanism of the observed SOVs. First, where
the rivers meet at the apex, the density difference between the Coaticook and Massawippi
causes a hydrostatic pressure gradient across the mixing interface. The gradient accelerates
a front of dense Coaticook laterally along the bed underneath the partition line towards the
Massawippi side of the confluence (similar to that expected of a 2D finite volume gravity
current or lock-exchange (Rottman & Simpson, 1983; Cantero et al., 2007)). As the dense
Coaticook falls and extends laterally, an equivalent volume of light Massawippi is pulled
laterally in the opposite direction to replace the fallen volume of Coaticook (also similar
to that expected in a 2D fixed-volume lock-exchange). This initiates a cross-flow over the
vertical axis of the mixing interface. Without continuous flow arriving from upstream in
each channel, this cross-flow would extend to the banks of the confluence. However, its
lateral propagation is inhibited by the converging lateral flow components of each tributary
as they converge and advect downstream. The lateral positions at which the propagation of
the leading fronts of the cross-flow stop occurs where their lateral momentum is balanced
by those of the tributaries they are pushing into. Where this occurs near the bed, the light
Massawippi moves overtop the dense front of the Coaticook, deflecting it and causing it to
curl back above itself. The near-surface movement of the lighter Massawippi explains the
persistent layer of clear water between the SOV and the free surface in the drone observations
of Fig. 5 (also conceptually illustrated in Fig. 9). Where the lateral momentum of the light
near-surface front equals that of the opposing Coaticook, its momentum is then redirected

downwards (on the surface, this location can be identified by the partition line in Fig. 5d).
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Figure 8. Streamlines of mean numerical flow fields. Streamlines of the mean flow field
(U) showing the fate of near-bed (darker blue) and near-surface flow (lighter shades of blue) in
the a) Apo.o and b) Apgs simulations. Small differences in streamlines are caused by random
streamline seeding locations upstream in both tributaries. The bathymetry is colored by depth. A
vertical exaggeration factor of 3 is applied to emphasize the 3D aspects of the flow. No important
deviations are observed between the streamlines of the two conditions in the upstream portion of
the Coaticook. The only notable difference is the streamlines indicating clockwise rotation on the
left-hand side of the mixing interface downstream of the apex. In the blue rectangle of (b) (Apo.5)
streamlines entering from the Massawippi descend from near the surface to the bed and then back
towards the surface in a spiraling motion. In contrast, the streamlines of (a) remain relatively

parallel to the bed as they travel through this zone.
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Finally, the net effect of the redirected momentum of the dense and light front results in the
formation of the stunningly coherent streamwise orientated vortices observed in Videos 1
and 2. Because this process is initiated by Ap - a mean property of the confluence’s flow field
- the SOVs, despite their obvious turbulent character in the drone videos, are nevertheless

thought to inherently be coherent structures of the mean flow field.

Preliminary simulations considering Ap > 0.5 kg/m? demonstrated that additional Ap
causes the front to extend farther towards the left bank. In these preliminary simulations,
the shear developed at the tilted interface of the ensuing stratified layers generates one or
more larger width SOVs. However, a unique value of Ap exists (=~ Ap = 0.5 kg/m? in this
study), at which inertial and buoyant forces balance in such a way as to cause a highly
coherent, near-circular primary SOV to develop. This value of Ap and the diameter of
the SOV it produces are expected to be functions most of the velocity and depth of the

converging tributaries in the immediate region of the mixing interface.

In essence, the observed SOVs are a class of gravity current whose lateral propagation
is continuously inhibited by the opposing momentum of the incoming tributaries as the
current is advected downstream. The gravity current, therefore, is ’confined’ within the
SOV. Consequently, in contrast to channel-scale density effects (Horna-Munoz et al., 2020),
the analogy of the mixing interface of a confluence of two rivers of unequal density to a
fixed-volume, 2D lock-exchange flow fails to fully capture the important 3D hydrodynamic
processes responsible for the development of the observed/modeled cells. Further work
towards a scale-independent understanding of this type of confined 3D gravity current with
attempts to account for the influence of other sources of streamwise vorticity (e.g. curvature
induced superelevation and avalanche face flow separation) is required. Tentatively, the
term density SOV is proposed to conveniently refer to the SOVs in the aerial video as it

emphasizes the important role of density gradients in their formation.

6 Conclusion

This study provides tenable empirical evidence of streamwise orientated vortices dynam-
ically coupled to episodic pulses in the mixing interface of a natural mesoscale confluence.
Numerical modeling suggests the observed SOVs formed due to a small difference in den-
sity between the Coaticook and Massawippi on July 9" 2020 (with the Coaticook being ~

0.5 kg/m?® denser than the Massawippi). The aerial observations also provide compelling
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Figure 9. Conceptual model. Conceptual depiction of coherent flow structure interactions
within the mixing interface of the Coaticook-Massawippi meander-bend confluence for the flow

conditions of July 9", 2020 (Coaticook denser by ~ 0.5 kg/m?).

evidence the density SOVs are spatially distinct from planform-induced helical flow present
within the confluence and that the SOVs were not effective in driving lateral mixing within
the postconfluent reach. The density SOVs are a confined gravity current which results
as the lateral momentum components of the near-bed dense front and near-surface light
front being confined by the opposing momentum of the converging tributaries. Our studies’
findings were possible by combining aerial observations of turbidity gradients with eddy-
resolved numerical modeling and thus demonstrate a promising approach for confluence

hydrodynamic research.

Our study also raises several research questions for future field, numerical and exper-
imental work. First, how can the proposed density-driven causal mechanism be reconciled
with the downwelling of superelevated flow mechanism and planform curvature-induced sec-
ondary currents largely attributed to the formation of SOVs and helical secondary flow cells
in previous studies (Mosley, 1976; Rhoads & Kenworthy, 1995; Paola, 1997; Sukhodolov
& Rhoads, 2001; Riley et al., 2015; Rhoads & Johnson, 2018; Sukhodolov & Sukhodolova,
2019)? Second, does an appropriate scaling convention for the densimetric Froude number
exist permitting an unambiguous metric for assessing density effects on a confluence’s hy-
drodynamics? Third, can an analytically or empirically theory be derived to explain the

formation of the observed density SOVs? If so, can these explanations also incorporate
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effects of superelevation, planform-induced secondary flow, and avalanche face separation
(bathymetric feedback effects)? Given the important impact of Ap on the character of the
mixing interface and considering that such small density differences are likely the rule rather
than the exception at natural confluences, answers to these questions will be necessary in the
pursuit of a unified conceptual model of confluence hydrodynamics, mixing and sediment

transport processes.
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” Coaticook-Massawippi confluence” on ”figshare” at https://doi.org/10.6084/m9.figshare.c.5343626.v1
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8 Figure Captions
8.1 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 a high elevation view of the confluence taken at
15:41:00 UTC on July 9", 2020. c, Bathymetry of the confluence colored by depth below
the free surface (146.07 m above sea level) during the numerical model validation field cam-

paign of October 22"¢, 2020. Water surface elevation was 0.07 m higher on July 9" (146.14
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m above sea level) than on October 2274, 2020. Contoured region delimits extents of the
numerical modeling domain. Black contoured circles indicate locations of the four ground
reference points for large-scale particle image velocimetry measurements of October 227,

2020. Locations of propeller current meter profiles are indicated with blue dots (a-g).

8.2 Figure 2

High elevation view of confluence planform. Aerial view of the Coaticook-
Massawippi confluence on November 15, 2020 under clear-water conditions taken approx-
imately 200 m above the confluence. Image included to emphasis the meander-like bend the
Coaticook makes as it joins the post-confluent channel. Dune formations visible upstream

of the apex in the Coaticook.

8.3 Figure 3

Mean surface velocity comparison of LSPIV and WMLES data. a, Surface
distribution of U, with streamlines indicating mean flow direction obtained with large-scale
particle image velocimetry on taken on October 2274, 2020 (magnitude of mean streamwise
and lateral velocity vector components). Contours delimit zone of valid vectors. b, Distri-

bution of Uy, on the surface predicted by wall-modelled large-eddy simulation (WMLES).

8.4 Figure 4

Comparison of numerical and measured velocity profiles over depth. a-f,
Comparison of predicted (WMLES) vertical profiles of U to measured profiles obtained
with a current meter at the 7 sampling locations (see Fig. 1c) on October 227, 2020. z is

the height above the bed and h is the depth at the sampling location.

8.5 Figure 5

Life-cycle dynamics of the primary SOV. a-i Still images extracted at 7.5 s in-
tervals from Video 2. t starts at the beginning of Video 2. The loosely coherent subsurface
turbid waters of the Coaticook (a) are observed to rapidly cohere (b, ¢, d) as the episodic
pulse advances to its farthest location (e) at ~ 30 s into the cycle. As the pulse recedes, the
coherence of the primary SOV diminishes (g-i). Black arrows (a) indicate mean direction

of incoming surface flows. Black bars placed at fixed locations in each subplot to assist

—32—



702

703

704

705

706

707

708

710

711

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

visualisation of the lateral migration of the mixing interface with time. Red bars indicate
approximate lateral limit of the advancing partition line of the episodic pulse (sharp gradi-
ent on surface between turbid and clear water, identified by a white dot-dashed line in d).
Blue bars indicate approximate left limit of the primary SOV. During the passage of this
typical episodic pulse, the left-most limit of the primary SOV maintains approximately the

same lateral position, despite the partition line translating left by upwards of 1.9 m.

8.6 Figure 6

Space-time analysis of streamwise-orientated vortices. a, Locations of the 6
sampling zones used to extract pixel intensities from Video 1 to construct the space-time
matrices. White dotted line indicates the collision zone. b, Space-time matrices depict-
ing the passage of surficial turbidity (lighter shades) and subsurface turbid billows (darker
shades) through each sampling line over a 500 s period. At the beginning of the collision
zone (i.e. x = 0 m), the billows streak towards the centre of the mixing interface in time,
confirming the billows have a clockwise sense of rotation. Red circles (at section x = 4 m
and 8 m) indicate the onset of the primary SOV splaying under the water’s surface. Yellow
arrows indicate examples of darker striations consisting predominantly of clear Massawippi
water. Red opaque rectangle delimits the time range of Video 2. ¢, Traces of the partition
line delineating the Coaticook (turbid, light grey in Fig. 6b) and Massawippi (clear, dark
grey in Fig. 6b) for each of the space-time matrices in b. Peaks and troughs in the traces

correspond to the maximum lateral displacements of the episodic pulses (numbers 1 to 10).

8.7 Figure 7

Comparison of eddy-resolved modeling results. a-b, Numerically derived space-
time matrices for the Apgo and Apgs simulations. ¢, Iso-contours of @ = 0.1 (proxy
indicating degree of mixing as a fractional value where 1 = Coaticook, 0 = Massawippi, see
Methods) colored by w (vertical velocity) extracted from the Apg o simulation and d Apg 5
simulation showing evidence of the primary and higher order SOVs. e - f, Lateral cross-
sections colored by « taken at z = 0 m (see Fig. 6a) from the Apy ¢ and Apg 5 simulations,
respectively. Vectors indicate secondary velocity magnitude and direction (projection of the
three-dimensional velocity field (u) onto the cross-section). g-h, Time-series of v (lateral
component) taken 0.15 m below the surface (blue) and 0.15 m above the bed (red) at « =

0 m and y = 0 m from the Apg o and Apg 5 simulations (blue and red dots in e-f indicate

—33—



733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

761

sampling locations). Pearson coefficients indicate negative correlations between the near-

surface and near-bed flow.

8.8 Figure 8

Streamlines of mean numerical flow fields. Streamlines of the mean flow field (U)
showing the fate of near-bed (darker blue) and near-surface flow (lighter shades of blue) in
the a) Apg.o and b) Apg 5 simulations. Small differences in streamlines are caused by random
streamline seeding locations upstream in both tributaries. The bathymetry is colored by
depth. A vertical exaggeration factor of 3 is applied to emphasis 3D aspects of the flow.
No important deviations are observed between the streamlines of the two conditions in the
upstream portion of the Coaticook. The only notable difference is the streamlines indicating
clockwise rotation on the left hand-side of the mixing interface downstream of the apex. In
the blue rectangle of (b) (Apg5) streamlines entering from the Massawippi descend from
near the surface to the bed and then back towards the surface in a spiralling motion. In
contrast, the streamlines of (a) remain relatively parallel to the bed as they travel through

this zone.

8.9 Figure 9

Conceptual model. Conceptual depiction of coherent flow structure interactions
within the mixing interface of the Coaticook-Massawippi meander-bend confluence for the

flow conditions of July 9t", 2020 (Coaticook denser by ~ 0.5 kg/m?).

9 Supplementary Information
9.1 Aerial flow field overview

It is valuable to describe the important features of the confluence’s flow field based on
qualitative observation of drone video. First, a sharp turbidity contrast develops on the
surface where the two rivers meet (Video 6). This partition line delineates the Coaticook
from the Massawippi side of the confluence. At the discharge ratio (Q,) of 4.66 on July
9t" 2020, the high discharge, turbid Coaticook confines the relatively clear Massawippi to a
narrow region near the left downstream corner of the confluence, the width of which varies
between 8 and 12 m with the passage of the episodic pulses. Flow in the confined region

is shallow, with depths ranging between 0.4 and 1 m. Downstream of the confluence apex,
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the mixing interface continues approximately along the path of curvature established by the
outer bank of the preconfluent Coaticook for ~ 10 m (0.30B). Farther downstream, the
curvature is thwarted by the confined Massawippi, causing the mixing interface to deflect
and continue along a nearly straight trajectory for ~ 45 m (1.33B) (between 40 and 60 °
Fig. 1c) before again curving to align with the downstream postconfluent channel (after 60
° Fig. 1lc). The mixing interface first ’bends’ over the deepest portion of the Massawippi
where depths vary between 1.3 and 1.7 m (Fig. 1c) caused by thalweg scour during more
common flow conditions such as those of October 22nd, where @, =~ 1 (since drainage areas
of both incoming rivers are similar). The coherence and dynamics of the streamwise vortices
are most apparent in the mixing interface between 30 and 50 ° (Fig. 1b). The position of
the mixing interface along this stretch varies between 7 and 10 m (0.21 to 0.30B) to the left

(west) of the scour hole on the Coaticook side.

On the Coaticook side in Video 6, a distinct line of glare reflects off of surface distur-
bances near the upstream portion of the inside corner of the Coaticook (Fig. 1b). The shape
and position of the disturbances are consistent with that of an inner bank recirculatory cell
common to meander bends of strong curvature (Ferguson et al., 2003). Converging trajec-
tories of surface glare and foam advecting into the confluence in the middle of the Coaticook
in Video 6 suggests the presence of a central secondary flow cell typical of meander bends
(Booij, 2003; Blanckaert & de Vriend, 2004). The converging trajectories continue to within
~ 3 m of the outside bank of the Coaticook where surface foam from the central flow region
is observed to collect into a line. Surface flow patterns suggest a distinct outer-bank cell is
present between the red dotted line Fig. 1c and the outer bank of the Coaticook (Booij,
2003; Blanckaert & de Vriend, 2004).

Sufficient surface particles are visible on the Massawippi side of the confluence in Video
1 to qualitatively discuss surface flow patterns. Notably, near the apex of the confluence, a
region of backflow extends upstream along a short section of the outer bank of the Coaticook.
This region combined with a volume of nearly stalled flow adjacent to the apex on the
Massawippi side forms a small stagnation zone that extends ~ 5 m (0.15B) laterally from
the apex into the Massawippi (Fig. 1b). Farther downstream, slow movements of floating
particles converging towards the mixing interface can be observed in Video 1 for =~ 8-12 m
(0.24 to 0.36B) from the terminal point of the stagnation zone on the Massawippi side. The
lateral momentum of the colliding tributaries is strongest over this ’collision’ zone (Fig. 1c).

Over the narrow and shallow confined region of clear flow near the left bank, surface particles
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follow the flow curvature near the left downstream corner as it aligns with the postconfluent
flow. Flow within the confined region rapidly accelerates as it becomes increasingly confined
passing over the shallow bathymetry (Video 1). Mixing as observed by the lateral transfer

of turbidity is seen to be limited until past 70 ° in Fig. 1b.

10 Video captions
10.1 Video 1

Long duration aerial drone video taken of the Coaticook-Massawippi confluence’s mix-
ing interface on July 9*", 2020 at 14:41:00 (UTC). The formation of the turbid streamwise
orientated vortices (SOVs) is visible through the relatively clear waters of the Massawippi.
The SOVs are observed to dynamically interact with the passing of the lateral episodic

pulses.

10.2 Video 2

A minute-long extract taken from Video 1 playing at 1x on the left and at 8x on the
right (which then repeats 8 times). The rotation of the primary streamwise vortex, made
visible by the contrast in turbidity between the two channels, rotates clockwise around a
streamwise axis pointing downstream on the clear Massawippi side of the partition line. The
coherence of the vortex increases as the episodic pulse from the Coaticook sweeps the SOV
towards the left bank of the confluence. A smaller diameter secondary SOV is also observed
to form, also with a clockwise sense of rotation to the left of the primary SOV. Near the
apex, the dense turbid billows of the Coaticook move laterally left within the lower portion

of the water column.

10.3 Video 3

Comparison of (a) Video 1 to iso-contours of « set at 0.1 and colored by the vertical
velocity component for both the (b) Apg o simulation and the (c) Apg 5 simulation. Playback
speed of 8x. Though coherent vortices (generally with a counter-clockwise sense of rotation)
are predicted in the Appo simulation (see Fig. 4e), they are largely obscured by a near-
surface layer containing a significant proportion of water from the Coaticook. Nevertheless,
episodic pulses are still present along the mixing interface in the Apg o results. In contrast,

the Apg.5 simulation accurately predicts the clockwise sense of rotation of the primary SOV,

—36—



824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

849

850

851

the episodic pulses and shows evidence of secondary and tertiary vortices to its left. Overall

the Ap = 0.5 kg/m? predictions match the aerial observations well.

10.4 Video 4 caption

Cross-sections of a taken at = 0 m (see Fig. 3a) showing the subsurface turbulent flow
structure for the (a) Apg.o simulation and the (b) Apgs. Vectors indicate secondary flow di-
rections resulting from projecting the three-component velocity field onto the cross-section.
Red indicates water from the Coaticook, while blue indicates water from the Massawippi.
The cross-section is looking downstream. Playback speed of video equal to 8x. Stream-
wise vorticity in the Apgg generally occurs counterclockwise around the streamwise axis
facing downstream. In contrast, evidence of clockwise rotating primary and higher-order

streamwise vortices can be observed in the Apg 5 results.

10.5 Video 5 caption

Comparison of iso-contours of Q-criterion within the confluence for the Apg o (top) and
Apg.o (bottom) colored by vertical velocity component. Playback speed at 8x. Passing iso-
contours of Q-criterion identify coherent turbulent structures within the flow. The turbulent
flow structure in the preconfluent branch of the Coaticook is identical in both simulations.
Within the mixing interface, however, the Apg o simulation predicts streamwise coherent
structures to have a predominantly counterclockwise sense of rotation, whereas in the Apg 5

the isocontours rotate in the clockwise direction consistent with drone observations.

10.6 Video 6 caption

High elevation aerial drone video of the Massawippi-Coaticook confluence taken at
15:41 UTC on July 9**, 2020 (approximately 100 m above confluence). Coherent stream-
wise vortices are observed to rotate clockwise within the mixing interface. The advection
of episodic pulses and smaller-scale vertically orientated Kelvin-Helmholtz vortices are also
noted along the mixing interface. Glare reflecting off surface disturbances near the inside
corner of the Coaticook (turbid channel) indicates the presence of an inside-side bank sepa-
ration cell common to meander bends. A line of surface foam collects near the outside bank

of the Coaticook, suggesting the presence of an outer bank cell. Lateral mixing of the turbid
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water of the Coaticook is limited along the confluence until the flow reaches the farthest

downstream section where an abrupt turn aligns the flow with the postconfluent channel.

10.7 Numerical modeling details

Table 2. Discretization schemes

Dictionary name Subdictionary Entry
ddtSchemes
default backward
gradSchemes
default Gauss linear
divSchemes
div(rhophi, U) Gauss vanLeer
div(phi, alpha) Gauss limitedLinear(01 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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