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A large-scale experimental study has been conducted at the Coriolis Rotating Platform to

investigate the dynamics of uni and bi-directional exchange flows along a channel with

a trapezoidal cross-section under the influence of background rotation. High-resolution

two-dimensional Particle Image Velocimetry and micro-conductivity probes were used to

obtain detailed velocity fields and density profiles of the exchange flow generated across

the channel under different parametric conditions. Experimental measurements give new

insight into the stratified-flow dynamics dependence on the magnitude of Burger number,

defined as the ratio of the Rossby radius to the channel width, such that values lower

than 0.5 characterize unsteady exchange flows. The measurements highlight the role that

both ambient rotation and net-barotropic forcing have on the geostrophic adjustment of the

dense outflowing layer and on the corresponding counter-flowing water layer fluxes. The

coupled effect of these two parametric conditions largely affects the transverse velocity

distribution and, for the largest net-barotropic flow in the upper fresh water layer, leads

to the partial blockage of the lower saline outflow. Moreover, an increase in the mixing

layer thickness, associated with larger rotation rates, and due the interface dynamics, is

observed, with shear-driven interfacial instabilities analysed to highlight the influence of

both ambient rotation and net-barotropic forcing.

a)Electronic mail: claudia.adduce@uniroma3.it.
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I. INTRODUCTION

Uni and bi-directional exchange flows are initiated when horizontal density differences and/or

pressure gradients develop between adjacent connected volumes containing different fluids. These

flows occur in natural aquatic environments, for example, for salt and fresh water exchange be-

tween estuaries, fjords or lagoons and coastal seas; and within submarine channels connecting

deep ocean water basins with different densities (i.e. through variations in salinity and temper-

ature). Similarly, exchange flows can develop within the atmosphere in the form of sea breezes

in coastal regions or thermal winds that can be topographically constrained through valleys or

over mountain ridges. In both aquatic and atmospheric domains, these exchange flows can play

a key role in the pollutants advection, affecting both air and water quality and having signifi-

cant environmental health impacts (Filleul et al., 2006; Lu and Turco, 1994; Simpson, 1994).

Moreover, the dynamics of the exchange flow generated by temperature differences, between an

interior space and the external ambient, has raised much recent attention given the role of building

ventilation on the possible pathways of airborne particle and diseases, such as COVID 19 (Dalziel

and Lane-Serff, 1991; Linden, 1999; Mingotti et al., 2020; Bhagat et al., 2020). As for nat-

ural ventilation, investigation of the interaction between two water masses, with different water

proprieties, due to density differences or the presence of particles in suspension, is necessary to

understand the driving mechanism of circulation within estuaries and fjords and exchange flow

through sea straits (MacCready et al., 2020). Here, mixing occurs across the interface between the

two counter-flowing layers and determines the final water properties transported and distributed

by the flow (Gregg et al., 2018; Caulfield, 2020; Balasubramanian and Zhong, 2018). At larger

scale, when the dimensions of the exchange flow (and notably width) are larger than the Rossby

deformation scale, the dynamics are affected by the Coriolis force due to the rotation of the Earth.

In fact, the Rossby radius of deformation represents the length scale at which the Coriolis force

becomes comparable to the horizontal pressure gradient term and thus rotational effects cannot be

neglected, since they deeply affect the evolution of the flow (e.g., Gill, 1982).

The present study focuses on the dynamics of the exchange flows between adjacent water

bodies and the relation to a set of external driving parametric conditions. The dynamics of

these buoyancy-driven flows are controlled by (i) topographic constraints imposed by seafloor

bathymetry, channel shape and roughness, (ii) external forcing due to tides, freshwater inflows,

wind-driven surface currents, and (iii) Coriolis forces due to the Earth’s rotation. These combined
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effects can exert significant influence on the density and velocity distributions, as well as on the

diapycnal mixing and secondary circulations generated near rigid boundaries and the interface

(Andrejev et al., 2004; Cuthbertson et al., 2014; Dai and Wu, 2016, 2018; Inghilesi et al.,

2018; Johnson and Ohlsen, 1994; Kóuts and Omstedt, 1993; Laanearu et al., 2014; La Rocca

et al., 2013; Lombardi et al., 2018; Martin and Lane-Serff, 2005; Martin et al., 2005). In

particular, shear-induced interfacial mixing within stratified exchange flows commonly results

in fluid entrainment/detrainment between the counterflowing fluid layers (Cenedese et al., 2004;

Cenedese and Adduce, 2008, 2010; Ottolenghi et al., 2016, 2017). This depends primarily on

the buoyancy flux in the lower saline layer and the relative forcing of the upper freshwater layer,

which can result in strong vertical gradients in the resulting velocity and density fields, and, con-

sequently, high gradient Richardson numbers (Laanearu et al., 2014; Sargent and Jirka, 1987),

while other regions with more restricted exchange (e.g. over fjordic sills) often lead to the forma-

tion of interfacial waves along the density interface, transforming into interfacial instabilities (e.g.

Kelvin–Helmholtz or Holmboe instabilities) that provide additional local mechanisms for vertical

mixing (Fouli and Zhu, 2011; Lefauve and Linden, 2020; Negretti et al., 2007, 2008).

Understanding of these stratified flow processes is thus particularly relevant in coastal regions,

where water mass and nutrient exchanges between both tidal and non-tidal inlets (e.g. estuaries,

lagoons, fjords, sea straits) and open marine waters can be strongly regulated by channel topog-

raphy and bathymetric features such as submerged sills, sand bars or confined passages. These

features have significant implications for the intrusion of saline marine waters and flushing of

semi-enclosed estuarine impoundments, fjords and regional seas (De Falco et al., 2021, 2020;

Farmer and Armi, 1999; La Forgia et al., 2020; Matthäus and Ulrich Lass, 1995; Ottolenghi

et al., 2020; Wu and Dai, 2020). Indeed, a recent study by Cuthbertson et al. (2018) demon-

strated the intrusion and blockage of dense saline water across a submerged sill to be primarily

controlled by the volume flux ratio between the barotropically-forced upper freshwater layer and

the buoyancy-dominated lower saline intrusion layer within the stratified exchange flow, along

with the sill submergence depth itself.

Earth rotation effects also introduce geostrophic adjustment of these long-term internal fluid mo-

tions (Cuthbertson et al., 2011, 2014) that can suppress turbulent mixing generated at the interface

(Maxworthy, 1986) and result in the development of Ekman boundary layers that induce sec-

ondary, cross-channel circulations (Davies et al., 2006; Cossu and Wells, 2010, 2013; Johnson

and Ohlsen, 1994; Wells and Cossu, 2013). However, the transverse secondary circulation in
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dense water outflows, induced by increasing rotation rates, is also observed to cause higher en-

trainment velocities along the lateral edges of the intrusions, leading to an overall increased mixing

(Arneborg et al., 2007; Berntsen et al., 2016; Darelius, 2008; Fer et al., 2010; Umlauf et al.,

2010). Recent numerical studies by Cuthbertson et al. (2020) considered the effect of rotation

on saline intrusion across a rectangular submerged sill. These simulations indicated that Cori-

olis forces can provide an additional blockage mechanism to the saline intrusion, compared to

equivalent non-rotating sill exchange flow conditions (Cuthbertson et al., 2018). This blockage

was particularly evident when the Rossby number associated with the saline intrusion layer was

considerably lower than unity. The Rossby number, Ro represents the ratio of inertial to Coriolis

forces, which means that for smaller values of this non-dimensional number, the flow is largely af-

fected by Earth rotation. The finding in (Cuthbertson et al., 2018) was largely attributed to Ekman

dynamics and the development of strong secondary circulations in the rotating exchange flows,

and within the lower saline intrusion layer in particular. These circulations were found to control

the lateral distribution and extent of the lower saline intrusion across the sill and, hence, defined

the parametric conditions under which full saline intrusion blockage occurred. In a similar study of

rotating uni-directional exchange flows, i.e. gravity currents, along a straight, rectangular channel,

Cossu and Wells (2010) found that the gravity current structure and propagation characteristics

were also largely unaffected by Coriolis forces under higher Rossby numbers [i.e. Ro ≫ O(1)].

In this case, it is expected that the inertial and centrifugal forces only dominate in the dynamics

of uni-directional stratified flow. By contrast, when gravity current scales were much larger than

the Rossby radius of deformation (i.e. Ro ≪ 1), the Coriolis effects cannot be neglected as they

have a profound influence on the flow dynamics (Cossu et al., 2010; Davarpanah Jazi et al., 2020;

Griffiths, 1986). The influence of rotation on the magnitude and stability of lock-exchange flows

generated in a horizontal rectangular channel with a width constraint but no depth changes (e.g.

narrows or straits in shallow seas) has also been investigated experimentally (Rabe et al., 2007).

In the latter mentioned study, they concluded that the exchange flow fluxes through the channel

were dependent on the magnitude of the Burger number Bu defined by the ratio of the Rossby

radius of deformation R and the channel width W at the narrows [note: Bu is also represented

by the ratio of Rossby and Froude numbers squared and expresses an indication of the effects of

stratification and Earth’s rotation (Cushman-Roisin and Beckers, 2011)]. Specifically, for Bu > 1

(and, hence, W < R), the exchange fluxes were mainly affected by the channel width (similar

to non-rotating exchange flows), while for Bu < 1 (and, hence, W > R), the fluxes were limited
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solely by the Rossby radius. The study by Rabe et al. (2007) also highlighted that the rotating

lock-exchange flows for very small Burger numbers (Bu < 0.5) did not reach a steady state con-

dition (i.e. geostrophic adjustment), but were instead characterized by an unsteady, meandering

current and several eddies or gyres forming in the width-constrained channel. This type of S-shape

meander in dense rotating fluid layers, beneath a stagnant lower density fluid layer, was also shown

to form in a gradual depth-varying, silled channel as a result of flow separation and reattachment

of the flow upstream of the sill, leading to the development of a closed gyre at the channel inlet

(Borenäs and Whitehead, 1998). Their theoretical considerations of the hydraulically-controlled,

constant potential vorticity flows also demonstrated this gyre development under specific experi-

mental conditions.

In practical terms, field observations in the Baltic Sea have also demonstrated that exchange flows

through a number of sea straits (e.g. Irbe and Bornholm) reveal a similar meandering (or S-shape)

flow patterns in the lower dense water layer (Laanearu et al., 2000; Liljebladh and Stigebrandt,

1996; Lilover et al., 1998). For example, within the Irbe Strait, the Rossby radius of deformation

R is estimated to be 2.8 km, based on a bottom dense water layer thickness of 10 m (Laanearu

et al., 2000) and taking account of the local Coriolis parameter 7.73 x 10−4rad · s−1 and reduced

gravity 1.2x10−2m · s−2 (Laanearu and Lundberg, 2003), while the interfacial width W through

the strait was estimated to be 10 km (Lilover et al., 1998). Similarly, from observations in the

Bornholm Strait, (Liljebladh and Stigebrandt, 1996) estimated the Rossby radius based on the

interfacial height to be R = 8 km, for local Coriolis parameter 7.48 x 10−4rad · s−1 and reduced

gravity 8.2 x 10−2m · s−2 (Laanearu and Lundberg, 2003), with an interfacial width W between

25-30 km. As such, the Burger numbers Bu = R/W for the dense water flows through both

straits appears to be between 0.28 (Irbe) and 0.32 (Bornholm), which is in general accord with

the Bu < 0.5 condition for meandering currents found by Rabe et al. (2007) (Note: their Rossby

radius was based on the full depth of the lock-exchange flow rather than the interfacial height).

In sea straits, however, the fluid dynamics of the dense layer can also be influenced strongly by

the upper layer flow, within which the dynamics may be not buoyancy-driven (e.g. in the Baltic

Sea, where wind forcing and/or freshwater inputs have a strong effect on sea-level changes and,

hence, net barotropic forcing). For this reason, one of the key aims of the current study will be

to determine the effects of net barotropic forcing in the upper layer on rotating exchange flow

dynamics and fluxes.

Furthermore, many of these previous experimental studies have been conducted in rectangular

6



channels with horizontal (width) or vertical (depth) constraints imposed. However, clearly the

majority of silled channels and/or sea straits will have more natural quadratic-shaped topogra-

phies, with non-uniform lateral variations in depth, and, as such, the potential contribution of

the side-slopes to the dynamics of exchange flows generated through non-rectangular channels

remains largely unresolved. Recent experimental studies of dense uni-directional exchange flows

generated in rotating (Cuthbertson et al., 2011, 2014; Darelius, 2008) and non-rotating (Laanearu

et al., 2014) flow systems have indicated that a rigid, V-shaped channel topography has a strong

influence on both the transverse flow distribution and associated interfacial mixing characteristics

along and across the channel.

The overall aim of the present work is therefore to investigate both rotating and non-rotating uni

and bi-directional exchange flows along a trapezoidal-shaped channel to determine the relative

influence of net-barotropic upper layer forcing and Coriolis accelerations on the lateral distribu-

tion of the counter-flowing water masses, interfacial mixing characteristics and the generation

of secondary flow circulations. It will also investigate the range of parametric conditions under

which stable geostrophic adjustment in the exchange flow is achieved and the conditions under

which unstable (e.g. meandering) bottom layer outflows are observed.

The paper is structured as follows. Details of the flow system and experimental apparatus are

given in Part II. Part III then presents experimental measurements outlining the dynamics of

the uni and bi-directional exchange flows through the analysis of two-dimensional (2D) velocity

fields obtained by particle image velocimetry. The analysis of density profiles and mixing layer

thickness is then discussed in Part III B, while the geostrophic adjustment of the dense outflowing

layer under different net-barotropic conditions and background rotation is presented in Part III C.

Part III D presents the evolution of the shear and density layers thickness and the interfacial insta-

bilities, while the along-channel fresh and saline mass fluxes through the trapezoidal channel is

discussed in Part III E. Finally conclusions are drawn in Part IV.

II. FLOW SYSTEM AND EXPERIMENTAL APPARATUS

Large scale laboratory experiments were conducted in the Coriolis Rotating Platform at the

Laboratoire des Écoulements Géophysiques et Industriels (LEGI) in Grenoble. This facility con-

sists of a 13 m diameter and 1.2 m deep circular tank that can be rotated in a anti-clockwise

direction at a constant angular velocity Ω to simulate the Coriolis force experienced in the North-
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FIG. 1. (a) 3D schematic representation of the channel positioned in the LEGI Coriolis Platform, the green

volume represents the Particle Image Velocimetry (PIV) measurement domain. (b) Trapezoidal channel side

view and PIV fields of view (green vertical lines), (c) plan view of the central portion of the channel and

cross-channel conductivity probes (CP) locations, (d) schematic plan view of setup in the Coriolis rotating

tank.

ern hemisphere (Fig.1d). A straight, trapezoidal cross-section sill channel of length 6.5 m (Fig.1a)

was positioned in the tank. This channel was constructed in transparent acrylic to facilitate flow

visualization. Entry and exit slopes (αb = 26.57◦) connected the main raised sill channel section to

the deeper inlet (B) and outlet (A) basins. The trapezoidal cross-section had a 2 m top width (Wt)

and 1 m bottom width (Wb), with side slopes of αs = 45◦, and could be submerged to a maximum

depth of 0.5 m (Fig.1b).

At the beginning of each experiment the circular tank was filled with freshwater of density ρ1,

to a total depth H = 0.9 m, with a corresponding submergence depth in the trapezoidal chan-

nel Hch = 0.4 m. In Fig.1, the Cartesian coordinate system (x,y,z) is shown such that the origin

(0,0,0) lies at the centerline of the trapezoidal channel bed, adjacent to Basin B (Fig.1a). The

non-dimensional coordinate system is (x∗,y∗,z∗), where x∗ = x/Wb, y∗ = y/Wb and z∗ = z/Hch.

By convention the terms ’right-hand side’ and ’left-hand side’, will be used with reference to an
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observer looking along the channel, in the direction of the lower saline water flow propagation.

For the rotating experiments, the platform was spun-up slowly to reach a fixed angular velocity Ω

and attain a state of rigid body rotation after several hours (Linden and Heijst, 1984). The saline

water of density ρ2 was delivered through a gravity feed system to the bottom of basin B, via a

rectangular inlet manifold, filling up basin B slowly (to minimize initial mixing) until the dense

water interface reached the elevation of the trapezoidal channel bottom. At this point, a prescribed,

constant saline water discharge Q2 was fed into basin B to establish a stable, dense bottom water

flow along the trapezoidal channel. The same flow rate was then extracted from outlets at the tank

floor, ensuring maintenance of a constant water depth in the basin and channel. Once the saline

water outflow was fully established through the channel and outflowing from basin A, two water

pumps located in the upper part of Basin B were utilised to generate a recirculation flow that pro-

vided a constant fresh water flux Q1 into Basin A, to establish a stratified exchange flow within

the trapezoidal channel. Experimental measurements were targeted at obtaining high resolution

density and velocity fields at different transverse sections across the channel width. These mea-

surements focused on the central 1 m-long section of the 6.5 m long trapezoidal channel (Fig.1a,

i.e. 240 cm < x < 340 cm, well away from the converging and upsloping approaches from basins

A and B). This central channel region was selected to ensure that the exchange flow conditions

generated through this section were the most likely to be fully geostrophically adjusted (as dis-

cussed later) under rotating flow conditions.

Two-dimensional Particle Image Velocimetry (2D PIV) was used to obtain measurements of the

velocity field in vertical (XZ) planes along this central region of the trapezoidal channel (Fig.1b).

A 6 W YAG laser, mounted on a traverse system on the side of the tank, provided a vertical laser

sheet, aligned parallel to the x axis, that could be positioned transversely across the channel width.

This set-up allowed the measurement of synoptic velocity fields in 11 vertical (XZ) planes at lat-

eral positions ranging between -79.2 cm < y < 20.8 cm, with a cross-channel distance between

each vertical plane of 10 cm (see Fig.1b). This allowed velocity measurements to be obtained

in a region of y = 1 m width in the right hand side of the channel looking downstream, thus in

the region where the dense current is expected to be displaced under Coriolis force in the circular

tank rotated in a anti-clockwise direction. Velocity fields were acquired using a SCMOS camera

(PCO edge s-s), with a spatial resolution of 2560x2160 pixels at a frame rate of 20 Hz. The PIV

measurements were performed by scanning the 11 vertical sections 3 times for a 30 s measurement

time, for each plane. The time elapsed between individual PIV scans obtained at the same mea-
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surement section (namely between Scans 1,2 and 3) was 6 min. The synoptic velocity fields were

then calculated using a cross-correlation PIV algorithm (UVmat, LEGI, Grenoble, http://coriolis.

legi. grenoble-inp. fr).

Vertical profiles of the density field were obtained using 5 micro-conductivity probes (MSCTI,

PME Vista USA) positioned on a transect arm spanning across the trapezoidal channel (Fig.1c)

and overlapping the central area of interest and velocity fields at 3 locations, namely Section D, E

and F (respectively at x = 280 cm, x = 330 cm and x = 380 cm, Fig.1c). One side-looking and one

down-looking Acoustic Doppler Velocimeter (ADV) were positioned with their sampling volumes

at an equivalent vertical elevation to the micro-conductivity probes tips to collect coupled velocity

profiles.

Within all experiments, the saline water flow rate Q2 was kept constant (i.e. Q2 = 4.4 l · s−1),

while the flow rate of the fresh water Q1 was varied over a range of values to generate both uni-

(i.e. Q1 = 0) and bi-directional exchange flows with different net-barotropic forcing in the upper

fresh water layer (Q1 =8 and 20 l · s−1). The rotation period T of the Coriolis Platform was var-

ied and four angular velocities Ω = 2π/T = 0,0.03,0.05,0.1 rad · s−1, were tested (with Coriolis

parameter f = 2Ω=0, 0.06, 0.1 and 0.2 rad · s−1). The density difference of fresh and saline water

flows was maintained constant at ∆ρ ≃ 10kg ·m−3.

The relevant non-dimensional parameters are given in Table I where a summary details of the ex-

periments undertaken and the main variables are reported. The densimetric Froude number for the

lower dense outflow layer is given by Fr2 = Ũ2/
√

g′0h̃2, where Ũ2 and h̃2, are the mean velocity

and depth controlling the hydraulic regime of the dense layer and g′0 = g∆ρ/ρ1 is the reduced

gravity based on the density difference between the layers ∆ρ , and g is the gravitational accelera-

tion. The non-dimensional parameters related to rotation are the Rossby number Ro = Ũ2/ fW̃ and

the Burger number Bu = R/W̃ (Rabe et al., 2007), where W̃ is the dense outflow interfacial width,

a function of its depth h̃2 as W̃ = Wb + 2h̃2 and R is the Rossby radius of deformation defined

as R =
√

g′0h̃2/ f . An additional parameter of importance to rotating channel flows is the Ekman

number, Ek = 2ν/( f Hch
2) representing the frictional effects induced at the boundaries (i.e. bed

and interface) by Coriolis accelerations, with a frictional boundary layer scaling as δEk = Ek1/2H.

The stability of the interface between the two layers is expressed in terms of the bulk Richard-

son number Ri = g′δ/(∆U)2 based on the local reduced gravity g′ (see Eq.3), the velocity shear

layer thickness δ and the velocity difference between the upper and lower layer ∆U , which will

be discussed in Sec.III D. Finally, turbulent conditions are assured by the overall Reynolds num-
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ber Re =
√

g′0HchHch/ν being of the order of 80,000 and the integral scale Reynolds number

Rel0 = u′2
2√(15/νε) based on the turbulence dissipation scale ε = u′2

3/h̃2, being 130<Rel0 < 250

in the present experiments. The main parameters investigated in the experimental runs are thus (i)

the relative magnitude of fresh and saline inflow volume fluxes q∗ = Q1/Q2, (ii) the Coriolis pa-

rameter f and (iii) the Burger number Bu.

TABLE I. Experimental parameters in laboratory study and important non-dimensional quantities

Run
Q1

(l · s−1)

q∗

(-)

f

(rad · s−1)

Ũ2

(m · s−1)

h̃2

(m)

Ro

(-)

R

(m)

Fr2

(-)

Bu

(-)

Ri

(-)

Ek

(10−3)

B1O 0 0 0 0.04 0.1 − − 0.40 − 0.80 −

B1A 8 1.8 0 0.04 0.09 − − 0.43 − 0.58 −

B1B 20 4.5 0 0.04 0.09 − − 0.43 − 0.28 −

B2O 0 0 0.06 0.04 0.12 0.51 1.73 0.37 1.39 0.80 0.18

B2A 8 1.8 0.06 0.04 0.1 0.53 1.58 0.4 1.31 0.36 0.18

B2B 20 4.5 0.06 0.03 0.09 0.41 1.50 0.32 1.27 0.20 0.18

B3O 0 0 0.1 0.05 0.1 0.40 0.95 0.51 0.79 0.64 0.11

B3A 8 1.8 0.1 0.04 0.1 0.32 0.95 0.40 0.79 0.34 0.11

B3B 20 4.5 0.1 0.03 0.09 0.24 0.90 0.32 0.76 0.23 0.11

B4O 0 0 0.20 0.06 0.13 0.22 0.54 0.53 0.43 0.88 0.05

B4A 8 1.8 0.20 0.03 0.09 0.12 0.45 0.32 0.38 0.55 0.05

B4B 20 4.5 0.20 0.02 0.05 0.09 0.33 0.29 0.30 0.35 0.05

III. RESULTS: DYNAMICS OF UNI AND BI-DIRECTIONAL EXCHANGE FLOWS

A. Velocity Fields

Fig.2 shows, for non-rotating ( f = 0 rad · s−1 i.e. run B1, Table I) flow conditions, the time

averaged, synoptic velocity fields generated under different net-barotropic flow conditions (i.e.

q∗ = 0 in Fig.2a, q∗ = 1.8 in Fig.2b and q∗ = 4.5 in Fig.2c). The background color map details the

magnitude of the horizontal time-averaged velocity component u at PIV section S9, i.e. approxi-

mately along the channel centerline (see Fig.1b). Increasing Q1 results in a reduction of the non-
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(a) (b) (c)

FIG. 2. Time-averaged, synoptic (XZ) velocity vector fields at channel centerline (i.e. section S9, Fig.1b)

showing colormap of the magnitude of u for non-rotating (i.e. f = 0 rad · s−1) runs (a) B1O with q∗ = 0

(i.e. uni-directional exchange flow) (b) B1A with q∗ = 1.8 and (c) B1B with q∗ = 4.5 (i.e. bi-directional

exchange flow).

dimensional lower saline layer thickness h∗2 = h2/Hch, with h2 defined as the elevation at which

the streamwise velocity is 5% of the maximum streamwise velocity in the lower layer, for the

uni-directional exchange flow experiments (Davarpanah Jazi et al., 2020) and as the zero-velocity

interface, for the bi-directional exchange flows. In Fig.2a-c, h∗2 is represented by the black dashed

line. A slight increase of the maximum lower layer velocity U2,max, from U2,max =5.0 cm · s−1

for the run B1O, to U2,max =5.4 cm · s−1 for the run B1A (i.e. q∗ = 1.8), is found in Fig.2b, as a

consequence of the lowering of h∗2 induced by the net-barotropic, upper fresh water on the lower

saline water outflow. By contrast, a reduction in the lower layer maximum velocity U2,max =4.7

cm · s−1 for highest barotropic condition q∗ = 4.5 is also observed in Fig.2c, despite the depletion

of h∗2. The reduction of both the lower layer velocity and h∗2 implies that an overall reduction of

the lower layer flux in the channel must occur. This first indication of the effect of net barotropic

forcing in upper layer on bottom saline outflow will be discussed in detail in the following Part

III E where fresh and saline water fluxes in the trapezoidal channel are evaluated and discussed.

The influence of rotation on the transverse distribution of along-channel velocity in the trapezoidal

cross-section is highlighted in Fig.3. Contour plots of the time averaged velocity u(y,z) measured

at x∗ = 2.8 are presented for different f values and with q∗ = 0. The rotation induces, as expected,

a geostrophic adjustment of the lower outflowing layer and a larger cross-channel variation in

h2
∗, represented by the black dotted lines in Figs.3a-d. As f increases an overall increase of h2

∗

is observed, particularly in the vicinity of the inclined side slope of the trapezoidal channel (i.e.

y∗ =−0.5), with respect to the channel center line (i.e. y∗ = 0), although the velocity structure in
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FIG. 3. Cross channel colormap of the time averaged, along-channel velocity component u(y,z), for q∗ = 0

and different angular velocity: (a) f = 0, (b) f = 0.06 rad ·s−1, (c) f = 0.1 rad ·s−1 and (d) f = 0.2 rad ·s−1.

Note that the perspective is upstream, and hence a deflection to the left-hand side means a deflection to the

right-hand side from the downstream perspective, which is used as a reference. Individual profiles of u(y,z)

are shown at section S4 (e) and section S9 (f) for comparison purposes.

the lower layer also appears to become less well defined at higher f values, expecially for f = 0.2

rad · s−1 (Fig.3d). The increase in h2
∗ is coupled with a decrease in the magnitude of the along-

channel velocity u2 of the dense bottom layer in the y∗ direction (from section S9 in Fig.3f at the

center of the channel, at y∗ = 0, to section S4 in Fig.3e near the sloping side wall of the channel, at

y∗ =−0.5). As the rotation rate increases, the high velocity region of the lower outflowing dense

layer is shown to migrate from the right hand side of the channel (y∗ < 0 in Fig.3a) to a more cen-

tre line location (y∗ > 0 in Fig.3b-c) from a downstream looking perspective, while diminishing
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FIG. 4. 3D Cross channel colormap of the time averaged, along-channel velocity component u(y,z) of run

B4O with q∗ = 0 and f = 0.2 rad · s−1, for successive PIV scans at (a) t = 0, (b) t = 6 min and (c) t = 12

min.

significantly in overall magnitude at the highest rotation rate, i.e. when f = 0.2 rad · s−1 (Fig.3d).

It is also interesting to note that the along-channel velocity magnitude in the lower layer at S4 (i.e.

y∗ =−0.5) also reduces significantly as the rotation rate increases (Fig.3e). By contrast, at section

S9 the maximal velocity U2,max increases from U2,max ≃ 4.8 cm · s−1 in the non-rotating run B1O,

to U2,max ≃ 5.2 and 5.8 cm · s−1 rispectively in rotating runs B2O and B3O (i.e. f = 0.06 and 0.1

rad · s−1, respectively), before reducing to U2,max ≃ 4.3 cm · s−1 for f = 0.2 rad · s−1 (run B4O,

Table I). These individual parametric effects of rotation are also shown in Fig.3e,f displaying time

14



(a)

(b)

(c)

u
 (

cm
/s

)
u

 (
cm

/s
)

u
 (

cm
/s

)

0.5

1

0.25

0.75

0

0

0.5

-0.5 3.13.0
2.6 2.7 2.8 2.9

z*

y*

x*

0.5

1

0.25

0.75

0

z*

0.5

1

0.25

0.75

0

z*

0

0

0.5

-0.5 3.13.0
2.6 2.7 2.8 2.9y*

x*

0

0.5

-0.5 3.13.0
2.6 2.7 2.8 2.9y*

x*

FIG. 5. 3D Cross channel colormap of the time averaged, along-channel velocity component u(y,z) of run

B2O with q∗ = 0 and f = 0.06 rad · s−1, for successive PIV scans at (a) t = 0, (b) t = 6 min and (c) t = 12

min.

averaged velocity profiles at sections S4 and S9 for the different f values tested.

The marked reduction in U2,max at the highest Coriolis parameter ( f = 0.2 rad ·s−1, run B4O, Table

I) also appears to be associated with an unsteady velocity structure of the lower dense water layer.

This is in agreement with the study of Rabe et al. (2007), who found that lock-exchange flows

through a width-constricted channel were characterized by an unsteady flow with a meandering

propagation and the formation of eddies within the channel when Bu < 0.5. In the uni-directional

exchange flow condition generated in run B4O, Bu < 0.5 (Table I) and the time-variability and
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FIG. 6. Cross channel colormap of the time averaged, along-channel velocity component u(y,z), for q∗ = 4.5

and different angular velocity :(a) f = 0 rad · s−1, (b) f = 0.06 rad · s−1, (c) f = 0.1 rad · s−1 and (d)

f = 0.2 rad · s−1. Note that the perspective is upstream, and hence a deflection to the left-hand side means a

deflection to the right-hand side from the downstream perspective, which is used as a reference. Individual

profiles of u(y,z) are shown at section S4 (e) and section S9 (f) for comparison purposes.

baroclinic instability generated in the outflowing dense layer, is shown in Fig.4, displaying vari-

ous 2D PIV sections in x, of each of the 3 PIV scans taken (namely Scan 1 in Fig.4a , Scan 2 in

Fig.4b and Scan 3 in Fig.4c) during run B4O. Large variability both in the upper and lower layer

velocities is found, as well as the corresponding layer thicknesses, which prevents accurate deter-

mination of the velocity interface between the two layers. Specifically, the high velocity region

of the lower outflowing dense layer is observed to migrate from the left hand side of the channel

(y∗ > 0) in the first scan, to a more centre line location (y∗ = 0), in the second scan and finally
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FIG. 7. 3D Cross channel colormap of the time averaged, along-channel velocity component u(y,z) of run

B4A with q∗ = 1.8 and f = 0.2 rad · s−1, for successive PIV scans at (a) t = 0, (b) t = 6 min and (c) t = 12

min.

to the right hand side of the channel (y∗ < 0) in the third scan, from a downstream looking per-

spective. The variability in the outflowing lower layer is also accompanied by a decrease in the

upper layer minimum velocity U1,min =−4.3 cm · s−1 up to −0.9 cm · s−1, with an apparent fresh

water flow reversal at the right hand side of the channel (y∗ < 0) in the third PIV scan. Along with

the observed variation in the lower layer thickness between the different PIV scans, the lateral

variability in the position of the high velocity region is clearly indicative of unsteadiness in the

outflowing dense water layer.
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FIG. 8. Cross channel variation of zero-velocity elevation (i.e. h2
∗ layer thickness) in all the measured

PIV sections, (a) for different f values tested and q∗ = 4.5 and (b) for different q∗ values tested and f =

0.1 rad · s−1. Note that the perspective is upstream, and hence a deflection to the left-hand side means a

deflection to the right-hand side from the downstream perspective, which is used as a reference.

For comparison, the corresponding 2D PIV plots for the 3 PIV scans taken in run B2O, are shown

in Fig.5. For this particular run (characterized by a Bu > 0.5, Table I), the velocity structure of the

dense water outflow is clearly steady in both space and time, as there is not a noticeable variability

either between individual scans or in the along-channel direction within each scan.

The additional influence of net-barotropic forcing in the upper fresh water layer is highlited in

Fig.6 displaying contour plots of the transverse distribution of the along-channel velocity u(y,z)

in both layers, for different f values and q∗ = 4.5. Selected time-averaged u(y,z) velocity pro-

files at section S4 and S9 for varying f values, are shown in Fig.6e,f for comparison purposes.

The lower layer velocity magnitude for the B1B experiments ( f = 0, q∗ = 4.5, Table I) is shown

to be largely consistent across all transverse PIV sections analysed (Fig 6a), with a maximum

velocity U2,max = 4.6 m · s−1. An increase of f again results in an increasing inclination of zero-

velocity interface between the counter-flowing layers, which also appears to be enhanced by the

net-barotropic flow conditions imposed by the upper freshwater layer (i.e. larger q∗ value, Fig.6b-
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d). This coincides with a shift in the maximum velocity in the upper fresh layer towards the right

hand side of the channel and a reduction in the maximum velocity in the lower saline layer as f

increases, when compared to the equivalent uni-directional exchange flow runs ( q∗ = 0 in Fig.3a-

d), thus highlighting the effect of the upper fresh water flux on the internal flow dynamics. In

particular, when f > 0.1 rad · s−1, the saline lower layer thickness is found to diminish almost

completely at y∗ > 0 (Fig.6c,d,f). In particular, for run B4B in Fig.6d, the complete reduction of

the saline lower layer thickness and velocity u2 at y∗ > 0 is expected to be indicative of a sig-

nificant reduction in the lower layer flux, with implications for the geostrophic adjustment of the

dense outflow. As previously discussed, in the experiments B4B (Fig.6d) and B4A (Fig.7), with

Bu < 0.5 (see Table I), the stratified exchange flow appears to be less stable (both spatially and

temporally), with greater variability in both the dense and upper fresh layers. The 2D PIV plots

for the 3 PIV scans taken in run B4A, are shown in Fig.7 and display the variability in the counter-

flowing water masses, with the complete reduction of the saline lower layer thickness at y∗ > 0

in Scan 2 in Fig.7b and Scan 3 in Fig.7c. In the following sections, the implications of rotation

and net-barotropic forcing on the geostrophic adjustment in the outflow dense layer, as well as

the generation of baroclinic instabilities observed within uni- and bi-dirctional exchange flow runs

where Bu < 0.5, will be examined in more detail.

The cross channel variation of normalised lower layer thickness h2
∗ is shown for the four rotation

conditions and for different net-barotropic forcing conditions in Fig.8a and b respectively. It is

observed in Fig.8a, that as f increases initially (i.e. f = 0 → 0.06 rad · s−1), an increase in h2
∗ is

observed especially towards the sloping side wall of the channel. However, with a further increase

in f (i.e. f = 0.1 and 0.2 rad ·s−1), the thickness h2
∗ reduces in the majority of the channel, except

on the channel side slope, as the geostrophic slope of the zero-velocity interface, becomes pro-

gressively steeper (i.e. as f increases). Likewise, in Fig.8b, the increase of q∗ results in an overall

reduction in both layer thickness h2
∗ and a slight increase in interface inclination. The velocity

interface defined by the u = 0 (or 5%) elevation, will be compared with the geostrophic slope αg in

Part III C, to investigate the geostrophic adjustment of the dense water outflow under the influence

of both background rotation and net-barotropic forcing.
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FIG. 9. Normalized density profiles ρ∗ across the trapezoidal channel plotted versus the dimensionless total

water depth z∗ for transverse probes CP3, CP4, CP5, CP6 and CP8.

B. Density profiles

The density profiles for the uni and bi-directional stratified exchange flows were measured by

conductivity probes at x = 280 cm, 330 cm and 380 cm (i.e. locations D,E and F, Fig.1a,c), with

five probes distributed in y (as shown in Fig.1c). The dimensionless density excess ρ∗ is defined

as:

ρ∗ =
ρ(z)−ρ1

ρ2 −ρ1
(1)

where ρ∗= 0 and ρ∗ = 1 represent the unmixed freshwater and saline water densities, respectively.

In Fig.9, density excess ρ∗ profiles, averaged between the three measurement locations D,E and

F, are plotted versus the non-dimensional water depth z∗. For each ρ∗ profile, the elevation of the

ρ∗ = 0.2,0.5 and 0.8 isopycnals are shown as diamond, circle and square markers, respectively.
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FIG. 10. Cross channel elevation of the ρ∗ = 0.5, for different f and (a) q∗ = 0 and (b) q∗ = 4.5.

For the non-rotating runs in Fig.9a, an increase of q∗ = 4.5 (B1B, yellow line) generates a slight

overall decrease of the interfacial elevation of ρ∗ = 0.5 compare to the uni-directional exchange

flow generated when q∗ = 0 (B1O, blue line). The elevation of ρ∗ = 0.5 for the run B1O ( f = 0,

q∗= 0) is constant for all the profiles along y∗, as expected, with a very strong pycnocline observed

due to minimal interfacial mixing, resulting in little vertical variation between the ρ∗ = 0.2,0.5

and 0.8 isopycnal elevations. For the stratified exchange flow generated in run B1B (i.e. as q∗

is increased), the larger vertical separation measured between the ρ∗ = 0.2 and 0.8 isopycnals is

indicative of an increase in shear-generated mixing between the counter-flowing fresh and saline

layers. As such, the difference between the elevation of the isopycnal ρ∗ = 0.2 and the isopycnal

ρ∗ = 0.8, provides also an indication of the shear mixing layer thickness. Thus, the increase in

the mixing layer thickness and reduction in interfacial elevation for q∗ = 4.5 (under non-rotating

conditions) is due entirely to the interfacial entrainment of lower dense water into the counter-

flowing upper fresh water layer.

Fig.9b presents similar dimensionless density profiles ρ∗ for different f values and q∗ = 4.5. As

f increases ( f = 0 → 0.1 rad · s−1), a general increase of the ρ∗ = 0.5 elevation is observed at

y∗ < 0 probe locations (i.e. on the right side of the channel from a downstream perspective),

while a significant reduction in ρ∗ = 0.5 elevation is shown at y∗ > 0. This is indicative of the
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increasing transverse inclination of the density interface resulting from geostrophic adjustment of

the outflowing dense water layer. It is also noted that when the rotation rate is increased to its

highest level (i.e. f = 0.2 rad · s−1, Bu = 0.3), the ρ∗ = 0.5 interface shows a marked reduction

across the channel width and is not identified at the left hand side of the channel (i.e. location CP8),

where the dense water current is largely absent. The mixing layer thickness (again represented by

the elevation difference between the ρ∗ = 0.8 and ρ∗ = 0.2 isopycnals) is also observed to increase

with increasing f across the full channel width (i.e. CP8 → CP3), although the ρ∗ = 0.2 isopycnal

elevation at CP8 is not identified for rotating runs with f > 0. It is noted that, under certain

circumstances, previous studies have indicated that rotation can act to suppress turbulent mixing

(e.g., Maxworthy, 1986; Wells, 2007; Cenedese et al., 2004), induced by shear-driven interfacial

instabilities (e.g. Kelvin-Helmholtz billows or Holmboe waves), which are considered to be a

main mechanism for mixing and entrainment in stratified exchange flows. However, recent studies

suggest that these may be enhanced in the presence of rotation by the large scale Ekman-driven

secondary circulations generated in the counter-flowing saline and fresh water masses (Darelius,

2008; Umlauf et al., 2010).

Likewise within Fig.9c, the normalized density profiles ρ∗ across the channel, shown for f = 0.1

rad · s−1 and increasing q∗ values, highlight two distinct behaviours. For q∗ = 1.8 (run B3A,

Table I), the dominant mechanism in the stratified exchange flow behaviour is the net-barotropic

forcing in the upper fresh flow. Thus, in accordance with Fig.9a ( f = 0 rad · s−1), an overall

decrease of the ρ∗ = 0.5 isopycnal elevation is found. By contrast, for q∗ = 4.5, the influence of

rotation appears to be enhanced by the larger net barotropic forcing condition, with the ρ∗ = 0.5

isopycnal elevation increased on the right side of the channel (i.e. y∗ < −0.4), when compared

to the rotating uni-directional exchange flow condition (i.e. blue circles, q∗ = 0), but significantly

reduced elsewhere. This again indicates that the transverse interfacial inclination of the density

interface due to geostrophic adjustment is enhanced by increased barotropic forcing within the

upper fresh water layer (i.e. as q∗ increases). In addition, as observed in Fig.9b, a diluted bottom

layer (i.e. ρ∗ < 1) is measured at CP8, along with a general increase of the mixing layer thickness

(defined again by the elevation difference between the ρ∗ = 0.8 and ρ∗ = 0.2 isopycnals) for

increasing q∗ values.

The transverse adjustment in the density interface is shown in Fig.10, where the cross channel

elevation of the ρ∗ = 0.5 isopycnal, (i.e. zρ∗=0.5) is compared at all the transverse probe locations

for different f and q∗ values. Here, it is clearly shown that an increase of f within the uni-
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directional exchange flow experiments (i.e. q∗ = 0, Fig.10a) results in an increasing inclination

of the density interface (defined by zρ∗=0.5) and an associated increase in the lower saline layer

thickness at the right hand side of the channel (from a downstream perspective). The coupled

effect of different f values and net-barotropic forcing in the upper fresh water layer (i.e. q∗ = 4.5)

on the ρ∗ = 0.5 isopycnal elevation is also shown in Fig.10b. Here, an increase of q∗ causes an

increase of the isopycnal ρ∗ = 0.5 inclination across the channel (compared to equivalent rotating

q∗ = 0 runs plotted in Fig.10a). This generally increases the zρ∗=0.5 elevation on the right hand

side of the channel, with a corresponding reduction on the left hand side, looking downstream.

For f = 0.2 rad · s−1, however, the generation of rotating stratified exchange flow conditions under

both strong net-barotropic forcing (i.e. at q∗ = 4.5) and strong rotation results in a significant

depletion of the dense bottom layer across the channel width and its complete absence at density

profile CP8, when compared to the uni-directional exchange flow case (i.e. q∗ = 0, Fig.10a). The

density interface defined by the zρ∗=0.5 elevation, will be compared with the geostrophic slope αg

in the following Part III C, to discuss the geostrophic adjustment of the dense current under the

influence of both background rotation and net-barotropic forcing.

C. Geostrophic balance in uni and bi-directional exchange flows

The interfacial slope between the upper fresh and lower saline water layers can be analysed to

derive additional information on the geostrophic adjustment in the bottom uni-directional (q∗ = 0)

and bi-directional (q∗> 0) exchange flows. If the outflowing bottom dense current is in geostrophic

balance, such that the transverse pressure gradient is balanced by the Coriolis term, the geostrophic

slope αg can be derived as:

αg =

(
Ũ2 −Ũ1

)
f

g′
(2)

where Ũ2 and Ũ1 are the mean flow velocities in the lower and upper layers (measured from PIV

data obtained at x = 300 cm) and g′ is the local value of reduced gravity term that can be evaluated

from measured density profiles (Girton et al., 2006):

g′ =
g

ρ2zρ∗=0.5

∫ zρ∗=0.5

0
(ρ(z)−ρ1)dz (3)

where ρ(z) is the local density profile. In particular, the elevation of the ρ∗= 0.5 isopycnal, zρ∗=0.5

is assumed to represent a good approximation of the density interface between the dense bottom
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(a) (b)

FIG. 11. Measured cross-channel interface slopes (a) αρ∗=0.5 (taken at the transverse inclination angle of

ρ∗ = 0.5 isopycnal) and (b) αu (taken at the transverse inclination angle of u = 0 for q∗ > 0 and 5% interface

for q∗ = 0) plotted versus the calculated geostrophic slopes αg

and fresh upper water layers (Cuthbertson et al., 2011). A comparison between the calculated

αg (Eq.2) and the measured cross-channel density interface angle α = αρ∗=0.5 (measured at the

along-channel location x = 300 cm), is shown in Fig.11a. The latter has been evaluated as the gra-

dient of the best linear fit (least squares) to the measured zρ∗=0.5 interface elevation. Overall, good

agreement is found between αg and αρ∗=0.5 for f < 0.2 rad · s−1, i.e. Bu < 0.5, suggesting that

the dense bottom current and the fresh upper flow are largely in geostrophic balance for the exper-

iments performed. As previously discussed, the cross-channel interface slope α , is influenced by

the rotation and the increasing net-barotropic condition, as αρ∗=0.5 increases for both larger f and

q∗ values. In bi-directional exchange flow runs B3B and B4B, the interface slope α < αg, due to

the combined effect of high rotation rate (i.e. f > 0.1 rad · s−1) and large upper fresh water flow

condition (q∗ = 4.5) which provide the most effective disturbance to geostrophic adjustment of the

stratified exchange flows. For experiments B4O and B4B, the deviation of the observed rotating-
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channel stratified flow velocities from the geostrophic velocities in Fig.11a is reasonably due to

the baroclinic instabilities observed experimentally for runs with Bu < 0.5 (Table.I), as previously

discussed in Part III.

The velocity interface slope αu obtained as the gradient of the best linear fit (least squares) to the

measured zero velocity (or 5% for q∗ = 0) elevation, is also compared to αg in Fig.11b. In partic-

ular, for runs with Bu > 0.5, αu is averaged between the PIV Scans 1-3 and error-bars display the

variability, while for runs B4O, B4A and B4B with Bu < 0.5, αu and αg are shown for each Scan

taken in the central region of PIV domain, i.e. x∗ = 2.8. Fig.11b further confirm a good agreement

between αg and αu for f < 0.2 rad ·s−1, i.e. Bu> 0.5. The large variability in αu for different scans

taken in runs B4O and B4A also highlights the condition of baroclinic instability and unsteadiness

in the outflowing dense water layer. Moreover, as discussed for the density interface, for f > 0.2

rad · s−1, i.e. Bu < 0.5, αu largely deviates from the geostrophic slope αg (Fig.11b). Specifically,

in runs B4B and Scan 1 of B4O, αu < αg, while in Scan 2 of run B4A αu >> αg. This devia-

tion indicates the presence of ageostrophic motions in the stratified flow with constant background

vorticity. Ageostrophic motion such as unsteady meandering and gyre formation, which are not in

geostrophic balance, appear due to baroclinic instability associated with space and time variability

in velocity and density fields and turbulent mixing at the interface between the fresh and dense

waters in the rotating system. Therefore, it is expected that rotating-channel turbulence observed

in the large-scale laboratory facility is affected by these unsteady ageostrophic motions.

D. Shear and density layer thickness

The interfacial region between the dense lower and fresh upper layers is characterized by the

shear layer thickness δ and the density layer thickness η , defined as (Zhu and Lawrence, 2001):

δ = ∆u/(du/dz)max (4)

η = ∆ρ/(dρ/dz)max (5)

where ∆u =U2,max−U1,min and ∆ρ = ρ2,max−ρ1,min are the local velocity and density differences

between the two layers respectively. In weakly or stably stratified shear flows in which η ≥ δ , the

primary mode of instability is the Kelvin–Helmholtz instability (KHI), consisting of a series of

billows developing at the stratified exchange flow interface. Holmboe instability (HI) is expected

to appear when the velocity shear layer thickness is larger than the density layer thickness δ > η .
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FIG. 12. Images of dye visualization for experiments (a) B3O with Ri = 0.64, (b) B2O with Ri = 0.80, (c)

B2B with Ri = 0.20, (d) B4O with Ri = 0.87, (e) B4A with Ri = 0.55 and (f) B4B with Ri = 0.35.

This instability is characterized by two sets of waves, one set cusping into the upper layer and the

second into the lower layer. Holmboe (1962) found that instabilities could occur for any positive

bulk Richardson number, defined as:

Ri = g′δ/(∆U)2 (6)

In the present study, Ri values have been evaluated by ADV velocity measurements, which were

employed to perform simultaneous measurements to density profiles (values are given in Table I).

Hazel (1972) extended the latter analysis and demonstrated that HI appear when δ/η > 2, while

KHI can occur when δ/η > 2, only when Ri < 0.07. As such, smaller values of Ri favour the for-

mation of KHI, with higher Ri favouring HI. When δ/η < 2, the HI mode is suppressed (Smyth

and Peltier, 1989) and therefore KHI can occur depending on the stratification and velocity shear

profiles.

The two instabilities modes, HI and KHI, were observed during the experiments. In particular, the

dye visualization of the experiments B3O, B2O, B2B, B4O, B4A and B4B are shown in Fig.12.

In the uni-directional exchange flow run B3O with f = 0.1 rad · s−1 and Ri = 0.64, in Fig.12a, a

stably stratified interface is shown, indicating no presence of instability. This is further observed

also in run B4O (Fig.12d), with the largest rotation f = 0.2 rad · s−1, indicating that the rota-

tion acts to suppress the shear-driven interfacial instabilities such as KHI and HI. In fact, some

interface perturbations are found in the uni-directional exchange flow experiment B2O, with a

lower f = 0.06 rad · s−1, exhibiting features of HI (Fig.12b). For the same f = 0.06 rad · s−1, in
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FIG. 13. Shear layer thickness δ ∗ and density layer thickness η∗ for different f and (a) q∗ = 0, (b) q∗ = 1.8

and (c) q∗ = 4.5. The corresponding δ/η is shown in (d), (e) and (f) respectively. Red dotted line marks

the threshold condition for the formation of HI, i.e. δ/η = 2.

the corresponding bi-directional exchange flow run B2B with q∗ = 4.5 (Fig.12c), the increase in

counter-flowing velocities in the upper and lower layer and thus δ , reflects in the formation of

HI with two oppositely propagating modes, demonstrating that the velocity difference across the

interface has a major role in governing the mode of instability. For a larger Coriolis parameter

f = 0.2 rad · s−1 in the bi-directional exchange flow runs B4A and B4B, the transition to KHI

is observed, with billows developing at the interface (Fig.12e-f), causing a largely mixed region,

as observed in Part. III B from density profiles (see Fig.9b). Thus, in run B4O with Bu = 0.43,

rotation suppresses interfacial instabilities, although as previously discussed an unsteady dense
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outflow is largely influenced by baroclinic instability. The increasing net-barotropic conditions in

run B4A and B4B with Bu = 0.38 and 0.3 respectively, which are also characterized by a baro-

clinic instability, induce favorable conditions of shear at the interface, for the formation of KHI

billows that are responsible for entrainment and turbulent mixing at the interface in the stratified

exchange flows.

This is further investigated in Fig.13, where both normalized δ ∗ = δ/Hch and η∗ = η/Hch are

displayed for varying f and q∗. Specifically, the evaluated δ ∗ has been averaged between three x

locations in the PIV domain (x = 260, 280 and 300 cm ), while η∗ between the three measure-

ments locations D, E and F. The error-bars in Fig.13a-c, represent the standard deviation between

measurements. A general increase of the shear layer thickness δ ∗ is found for increasing q∗ in

Fig.13a-c, from δ ∗ ≃ 0.058-0.068 for q∗ = 0 (Fig.13a), to δ ∗ ≃ 0.062-0.092 for q∗ = 1.8 (Fig.13b)

and δ ∗ ≃ 0.092-0.114 for q∗ = 4.5 (Fig.13c), while the effect of rotation appears to be negligible.

Furthermore, the density layer thickness η∗ is shown to be influenced by both f and q∗. In fact,

η∗ increases for larger f , in both uni-directional exchange flows with η∗ = 0.02 for f = 0 up to

η∗ = 0.08-0.11 for f = 0.2 rad · s−1 (Fig.13a) and bi-directional exchange flows with q∗ = 4.5 and

η∗ = 0.04 for f = 0 up to η∗ = 0.09-0.16 for f = 0.2 rad · s−1 (Fig.13c). The associated δ/η val-

ues are shown in Fig.13d-f for the different f and q∗ conditions tested. Specifically, when q∗ = 0

in the non rotating experiment B1O and rotating experiment B2O ( f = 0.06 rad · s−1), Ri ≃ 0.80

and δ/η > 2, indicating the formation of HI (Fig.13d). However, for f > 0 and q∗ = 0, δ/η < 2

for runs B3O and B4O, confirming that rotation acts to suppress HI (Fig.13d). In these experi-

ments the computed Ri ≃ 0.64−0.88, for which the formation of KHI is also not possible, thus a

stable interface is found (see Fig.12a). Further, for q∗ > 0 (Fig.13e-f), δ/η ≃ 2 for run B2A and

δ/η > 2 for runs B3A,B2B and B3B, indicating that the net-barotropic forcing in the fresh upper

layer contributes to the formation of HI. By contrast, for the highest rotation rate tested ( f = 0.2

rad · s−1), δ/η < 2 for all the q∗ tested. In particular, for f = 0.2 rad · s−1 and q∗ = 1.8 and 4.5

(Fig.13e-f) the computed Ri lowers to Ri = 0.55 and Ri = 0.35 respectively, which make possible

the transition to KHI (Fig.12e-f).

E. Fresh and saline water fluxes through trapezoidal channel

The fresh and saline water volume fluxes QF and QS through the right hand half of the trape-

zoidal channel (y∗ < 0 where PIV measurements were acquired) can be evaluated as the sum of
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the local volume fluxes qSi and qFi, obtained as integration of each PIV velocity profiles measured

in half of the channel (i.e. S1 → S9) as:

qSi =

∫ h2i

0
uiWidz (7)

qFi =
∫ Hch

h2i

uiWidz (8)

where h2i is defined for each PIV section as in Part III A and Wi is the corresponding width of

contribution, Wi = 10 cm for S2-8 and Wi = 5 cm for S1 and S9.

In Table II, the derived values of the relative magnitude of the counter-flowing water masses

Q∗ = QF/QS and the individual saline and fresh layer flux ratios Qs/Q2 and QF/Q1, are summa-

rized. In Fig.14a and d, Q∗ is plotted against the source volume flux ratio q∗ and Burger number

Bu, respectively. The green dashed line in Fig.14a and red lines in Fig.14d represent the Q∗ = q∗

condition. In Fig.14a,d, the measured Q∗ agrees reasonably well with the expected q∗ value, espe-

cially for Bu > 0.7, with percentage difference less than 8% in most of the experiments conducted

and 31% and 22% for runs B2A and B3B respectively. For the run at q∗ = 1.8 and f = 0.2 rad ·s−1

(run B4A with Bu = 0.38, Table II), the volume flux ratio in the channel Q∗ < q∗ with a percent-

age difference of 42%, possibly suggesting that the local fresh water volume flux QF is lower

than imposed at the channel boundaries, due to interfacial mixing and entrainment/detrainment

between the two layers, induced by KHI, as discussed in Part III D (see Figs.13e,12c). Further-

more, at q∗ = 4.5 and f ≥ 0.1 rad · s−1, in-channel flux ratio Q∗ > q∗, with percentage difference

of 193%, indicating that the upper fresh volume flux QF becomes dominant and the saline water

intrusion flow is, to some extent, blocked (i.e. QS < Q2) under the large net-barotropic condition

and at higher rotation rates (as apparent from Fig.6c,d). This is in agreement with the observed

ageostrophic motion previously discussed and reduced velocity u2 in the lower layer.

This is further investigated in Fig.14b-c,e-f, in which the individual saline and fresh layer flux

ratios QS/Q2 and QF/Q1 are plotted versus q∗ and Bu. The general effect of the increasing rota-

tion f and net-barotropic flow condition q∗ is an overall reduction of the saline water outflow flux

ratio QS/Q2 through the trapezoidal channel, indicating that an increasing fraction of the saline

water input into basin B is blocked by the combined effect of strong barotropic forcing in the

upper layer and higher rotation rates. In fact, for a fixed f and Bu in Fig.14e, the increase in q∗

causes the reduction of QS/Q2, indicating again that the net-barotropic flow condition is a relevant

parameter governing the dynamics of the outflowing dense layer. At q∗ = 1.8, the channel saline

flux ratio QS/Q2 = 0.38− 0.42, indicating a flux reduction of between 8 and 12% in half of the
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FIG. 14. Local ratio of fresh and saline water fluxes QF/QS passing through half of the channel plotted

versus (a) imposed volume flux q∗ at the channel boundary and (d) Bu. The green dashed line represents

the condition Q∗ = q∗, while the dashed red lines mark the Q∗ = 1.8 and Q∗ = 4.5. Non-dimensional saline

volume fluxes ratio QS/Q2 and QF/Q1, versus (b,c) inflow volume flux ratio q∗ and (e,f) Bu numbers.

Black dashed lines represents QF,S/Q1,2 = 0.5. The errorbars show the confidence level of along-channel

velocities ui(x,z)

.

channel (TableII). By contrast, at q∗ = 4.5, the channel saline flux ratio QS/Q2 = 0.17− 0.37,

indicating that up to 33% of the saline input is blocked at the the highest q∗ and rotation condition

(i.e. f = 0.2 rad · s−1 and Bu = 0.3), in the half of the channel considered. This flux reduction is

particularly significant as geostrophic adjustment of the dense outflow layer means that the vast

majority of the remaining dense water flux passes through the half of the trapezoidal channel

(y∗ < 0) under consideration (see Fig.6c,d). Indeed, this suggests that the actual blockage of the

saline outflow through the channel can be up to 66% of the inflow flux Q2. It is also interesting

to note that the equivalent reduction for the non-rotating ( f = 0 rad · s−1) case, with q∗ = 4.5, is
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TABLE II. Summary of derived fresh and saline water fluxes

Run Bu q∗ Q∗ QS/Q2 QF/Q1

B1O − 0 0 0.5 −

B1A − 1.8 1.66 0.43 0.5

B1B − 4.5 4.52 0.37 0.47

B2O 1.39 0 0.24 0.51 −

B2A 1.31 1.8 2.36 0.39 0.65

B2B 1.27 4.5 4.65 0.37 0.51

B3O 0.79 0 0.16 0.55 −

B3A 0.79 1.8 1.83 0.39 0.54

B3B 0.76 4.5 5.5 0.35 0.56

B4O 0.43 0 0.16 0.43 −

B4A 0.38 1.8 1.05 0.38 0.32

B4B 0.30 4.5 13.22 0.17 0.71

13%, indicating that the combined high rotation rate and large upper fresh water flow conditions

combine to provide the most effective blocking mechanism for the saline water outflow through

the trapezoidal channel. In Fig.14c,f, the fresh layer flux ratio QF/Q1 ≃ 0.47− 0.56, in most of

the experiments conducted. For the run at q∗ = 1.8 and f = 0.2 rad · s−1, however, the local fresh

water volume flux QF is significantly lower than expected from the imposed inflow flux Q1 at the

channel boundary (i.e. QF/Q1 ≃ 0.32). This is most probably again due to interfacial mixing

and entrainment/detrainment between the two layers and KHI generated, as discussed in Sec.III D.

Furthermore, at q∗ = 4.5 and f = 0.2 rad · s−1, i.e. run B4B, QF/Q1 = 0.71, confirming that the

upper fresh volume flux QF becomes dominant on the dynamic of the exchange flow.

This finding has clear implications for determining the relative parametric influence of Coriolis

forces and net-barotropic forcing on the dynamics and control of stratified exchange flows through

sea straits and deep ocean passages.

Indeed, for the Bornholm and Irbe Straits in the Baltic Sea, predictions of the controlled transport

through these passages were obtained by 1 1/2-layer rotating hydraulic simulations (Laanearu and

Lundberg, 2003) that were approximately 43% and 38% higher than the measured or observation-

ally determined baroclinic transport of 100,000 m3 · s−1 (Liljebladh and Stigebrandt, 1996) and
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5,200 m3 · s−1 (Lilover et al., 1998), respectively. These discrepancies were associated with model

assumptions of (a) topographic conditions (i.e. variations of channel cross-section from the ide-

alised parabolic shape modelled), (b) inviscid flow conditions (i.e. frictional effects negligible),

(c) a passive upper layer (i.e. no fluid motion in surface layer, e.g. from freshwater fluxes), and

(d) the assumption of stationary flow (i.e. barotropic outflows associated with tidal and/or wind

forcing neglected). These model assumptions were only deemed to be marginally satisfied within

the two straits, with spatio-temporal variations in local conditions thought to result in the potential

restriction or blockage of deep-water flows through these straits.

IV. CONCLUSIONS

In this paper, a novel large-scale experimental study on bottom uni and bi-directional exchange

flows propagating along a rotating, trapezoidal-shaped channel, is presented. The experiments

were targeted at obtaining detailed synoptic velocity fields for these flows from PIV measure-

ments across the flume, as well as density profiles measured at specific transverse locations by

micro-conductivity probes. Under non-rotating conditions, the velocity fields highlight the role

of the upper fresh water flow in reducting the dense layer thickness h2, which is also accompa-

nied by an increase of the shear layer thickness induced by as the relative magnitude of fresh and

saline inflow q∗ increases. In agreement with previous studies, the Bu is the main governing non-

dimensional parameter characterizing the dynamics of stratified rotating exchange flows. In the

present study, for Bu > 0.7 the Coriolis acceleration imposed by the channel rotation causes the

geostrophic adjustment of the outflowing dense saline layer to the right hand channel side wall. In

this case, the cross-channel inclination of the current depth defined by the zero-velocity interface,

increases with both f and q∗, and consequently a cross-channel variation of the along-channel ve-

locity component in the lower layer u2 is found, with velocity increasing from the channel side to

the center line. The effect of rotation on the transverse dense layer distribution is also enhanced by

the net-barotropic flow conditions, causing the reduction of u2 in the lower layer and the increase

of the upper fresh flow velocity u1 on the side wall of the trapezoidal-shaped channel. By contrast,

for Bu < 0.5, the exchange flows are characterized by time and space variability and baroclinic

instability in the outflowing dense layer. In particular for the largest Coriolis parameter f = 0.2

rad · s−1 and net-barotropic flow condition q∗ = 4.5, the outflowing saline water layer is strongly

deflected to the right hand side of the channel and the corresponding u2 and h2 are reduced sig-
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nificantly, indicating that the intrusion is also partially blocked by the dominant upper fresh water

flow. Moreover, in the bi-directional runs with Bu < 0.5, the interface slope of the dense outflow-

ing layer deviates from the evaluated geostrophic slopes indicating the presence of ageostrophic

motion, due to the baroclinic instability. This is further confirmed by evaluation of the local water

fluxes QF and QS through half of the trapezoidal channel, which are obtained from integrating the

along-channel velocity profiles measured at transverse sections across the flume. In particular the

fraction of fresh and saline water fluxes Q∗ = q∗ for most of the experiments performed, except

run B4A for which Q∗ < q∗ and run B3B and B4B, in which case Q∗ > q∗. In this latter particular

condition of f and q∗, QS/Q2 ≃ 0.17, indicating that only the 17% of the intrusion is flowing

within half of the channel and a partial blockage occurred. In general, the dimensionless saline

water flux QS/Q2 is observed to decrease with both f and q∗.

The analysis of dimensionless density profiles, confirmed the role of the two dominant mechanism

on the transverse distribution of isopycnals elevation. The upper fresh water flow causes the reduc-

tion of the ρ∗ = 0.5 isopycnal elevation and the increase of the mixing layer thickness. Whereas

the increase of f induces an overall increase in z∗ρ∗=0.5, which is larger on the lateral side wall of

the channel. In the rotating stratified exchange flow, the two parametric conditions, f and q∗ play

a key role, depending on which of the two dominates the dynamics of the counter-flowing water

masses. The resulting coupled effect of q∗ and f , is the increase of the ρ∗= 0.5 isopycnal elevation

slope, with the complete reduction of the dense layer in the left side of the channel, in agreement

with the velocity measurements. A general increase of the mixing layer thickness is found with

both q∗ and f . In fact, shear-driven interfacial instabilities such as HI and KHI, are suppressed

for uni-directional exchange flows with f > 0, for which δ/η < 2. By contrast, for bi-directional

exchange flows, q∗ plays a key role in the formation of both HI and KHI depending on the strati-

fication and shear velocity at the interface. HI are observed for q∗ > 0 and f = 0.06, while for the

highest Coriolis parameter f = 0.1 rad · s−1 and q∗ = 1.8 and 4.5, the transition to KHI is reached,

which contributed to the enanched mixing and entrainment of the outflowing dense current. It can

be concluded that in general, turbulent mixing due to velocity shear near the density interface was

responsible for the interfacial instabilities such as Kelvin-Helmholtz billows or Holmboe waves,

and the background vorticity due to rotation was responsible for the geostrophic adjustment of

stratified flow in the trapezoidal channel.

In conclusion the present study, provide insight in the complex dynamics of uni and bi-directional

exchange flows and the significant influence of the net-barotropic forcing, coupled with Coriolis
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effects, on the lateral distribution of the counter-flowing water masses.
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