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Results are presented for new laboratory-scale numerical simulations of bi-directional stratified flows generated
within an idealized trapezoidal sill-channel topography, focussing on the lateral (or secondary) flow structure
across the channel both in non-rotating and rotating frames of reference. The simulations utilise the non-
hydrostatic Bergen Ocean Model (BOM), a three-dimensional general ocean circulation model. The results
from the BOM simulations are verified by large-scale experimental data obtained in the LEGI Coriolis rotating
platform in Grenoble, within which velocity and density fields for bi-directional stratified flows were measured
through particle image velocimetry (PIV) and micro-conductivity density probes, respectively. The BOM simu-
lations reproduce the main dynamic flow patterns and structure of the large-scale exchange flows generated
through the trapezoidal sill-channel, with the lower layer saline intrusion flux shown to reduce, due to partial
blockage, as the upper freshwater flow is increased (i.e. net barotropic forcing). Non-rotational BOM simulations
show upward (and downward) flow along the centreline of the trapezoidal sill-channel in the upper (and lower)
layers, with symmetrical counter-rotating circulation cells forming both above and below the density interface.
By contrast, equivalent BOM simulations within a rotating frame of reference show the secondary flow circu-
lation in the lower dense water layer to be dominated by Ekman dynamics, while two co-rotating cells are formed
in the upper freshwater layer above the inclined density interface. In these rotational cases, significant upward
and downward velocities (i.e. strong upwelling and downwelling) are generated adjacent to the inclined sill-
channel side walls (in comparison to non-rotating cases). This secondary flow effect may be especially rele-
vant for exchange flows in estuaries, fjords, deep-ocean channels and sea straits, where the channel width ex-
ceeds the Rossby radius of deformation and, thus, Earth rotation effects become important dynamically. In
particular, any potential vertical transport pathway associated with this upwelling and downwelling at the in-
clined channel side slopes may have strong managerial implications in coastal areas, whereby tracers (e.g.
contaminants, salinity, reduced DO waters, fine sediments) can be transferred from deep waters to the near
surface.

1. Introduction simulations, and/or analysis of observational field data. These studies

have often focused on simulating or measuring the Earth’s rotational

The analysis of bi-directional stratified flows that are constrained by
submerged topography (i.e. channels and sills) has attracted much
attention from researchers due both to the complexity of flow dynamics
involved and their importance across a wide range of spatial scales, from
large-scale global oceanic circulations to more localised estuarine or
fjordic circulations. Many past studies encompass different analytical
perspectives of the exchange flow dynamics that are often investigated
via laboratory scale experiments, reduced and full scale numerical
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effects (i.e. due to Coriolis forces) on these exchange flows, particularly
when passing through a hydraulically-constrained region caused by
natural topographic constrictions. As an example, the Faroe-Shetland
and Faroe Bank Channel system, which transports approximately one
third of the total deep water outflow volume flux that crosses the
Greenland-Scotland ridge, has been studied extensively through field
data observations (e.g. Johnson and Sandford, 1992; Borenas and
Lundberg, 2004), laboratory scale rotating tank experiments (e.g.
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Davies et al., 2006; Cuthbertson et al., 2014) and numerical simulations
(e.g. Seim et al., 2010; Stashchuk et al., 2011; Broadbridge and Toumi,
2015). Similarly, rotational effects on the density-driven exchange flow
through the Gibraltar strait has been widely investigated using numer-
ical modelling (Papadakis et al., 2003), observational data (Bryden
et al., 1994) and laboratory experiments (Davies et al., 2002).

At smaller, more localised spatial scales, the presence of shallow
submerged sill, for example at the entrance to a fjord, can initiate partial
blockage of tidal intrusions into the semi-enclosed fjordic basin, with a
consequential suppression of deep basin water renewal events (Inall
et al., 2004). As highlighted by Chant (2010), even at these smaller
scales [O(few km)], the effects of the Earth’s rotation may be relevant to
stratified exchange flow dynamics in such regions of restricted ex-
change, as characterised by titling of the density interface between the
counterflowing fluid layers and induced lateral circulations (e.g. Cer-
ralbo et al., 2015; Chant, 1997; Lerczak and Geyer, 2004; Ott et al.,
2002). When these submerged sills (or channels) are relatively wide in
comparison to the internal Rossby radius of deformation, Coriolis forces
are expected to introduce geostrophic adjustment of the internal fluid
motions, exercising a significant influence on the distribution of the
density and velocity fields (e.g. Cuthbertson et al., 2021; De Falco et al.,
2021; Johnson and Ohlsen, 1994).

In parallel to the collection and analysis of observational data for real
exchange flow cases, idealised experimental studies have been con-
ducted in rotating tank and basin facilities to investigate geostrophic
adjustment of uni- and bi-directional stratified flows through
topographically-constrained channels. For instance, Johnson and Ohl-
sen (1994) and Rabe et al. (2007) presented results from rotating ex-
change flow experiments in simple channel geometries with a horizontal
constriction. De Falco et al. (2021) investigated exchange flows gener-
ated through a rotating, trapezoidal sill-channel, investigating the
parametric conditions under which partial blockage of the lower saline
water intrusion occurred due to the combined effect of Coriolis accel-
erations and a strong net-barotropic flow in the upper freshwater layer.
Further, when investigating bi-directional stratified flows within a
non-rotating frame of reference, Cuthbertson et al. (2018) identified the
full blockage conditions for the saline intrusion across a rectangular
submerged sill, based on the strength of the upper freshwater flow and
the sill submergence depth.

The numerical modelling of geophysical exchange flows for rela-
tively simple channel geometries (e.g. Berntsen et al., 2009; 2016), has
also provided a robust alternative approach to simulate these
laboratory-scale exchange flows, generally showing a good agreement
with measured data on density and velocity fields. In particular, Cuth-
bertson et al. (2021) investigated numerically bi-directional stratified
flows over a rectangular sill section under both non-rotational and
rotational frames of reference. This model was validated by the labo-
ratory data obtained for the same sill topography and external forcing
conditions, as presented in Cuthbertson et al. (2018). Within the nu-
merical model simulations, the range of parametric conditions was
extended beyond the limited number of (non-rotating) physical model-
ling cases to provide greater insight into the rotating exchange flows
dynamics across the sill and the combined effect of net-barotropic flows,
sill submergence depth and Coriolis forces on the blockage of saline
intrusions across the sill.

Within this rotating frame of reference, the cross-channel secondary
flow circulations in stratified flows have also been a focus of interest,
both from an experimental and numerical modelling view point. Labo-
ratory experiments have, however, only provided limited evidence of
the nature of these secondary flows, mainly due to the intrinsic diffi-
culties in the experimental instrumentation set-up to measure specific
flow processes associated with cross-channel secondary circulations in
rotating bi-directional stratified flows. Johnson and Ohlsen (1994)
highlighted the development of cross-channel interfacial tilt associated
with the geostrophic adjustment of rotating exchange flows in a
semi-circular experimental channel, with the presence of bottom and
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interfacial Ekman layers also demonstrated. Davies et al. (2006) inves-
tigated the cross-channel dynamics of a dense deep-water outflow using
a rotational tank facility that incorporated idealised channel topography
to represent the Faroe Bank Channel geometry downstream of the
threshold sill. The cross-channel flow structure of the dense water
overflow again suggested the dominance of Ekman dynamics, with an
outward transverse flow and corresponding flow reversals at the bottom
boundary and inclined interface. Similar results have also been obtained
numerically by Cuthbertson et al. (2021) when considering the
cross-channel flow structure of rotating exchange flows generated across
a submerged rectangular sill. Here, Ekman boundary layers were also
predicted to develop in the geostrophically-adjusted dense water layer at
the horizontal sill boundary and at the inclined interface, with a
compensatory interior flow in the opposite direction. Burchard et al.
(2009) also investigated the transverse structure in the Western Baltic
Sea (i.e. where a gravity current is developed) observing a characteristic
lateral wedge-shaped density structure. The hydrodynamics of highly
stratified estuaries, particularly associated with cross-channel or sec-
ondary flow circulations in bi-directional exchange flows, has also
received considerable attention from both numerical and observational
perspectives (e.g. Chant, 1997, 2010; Garrett, 2004; Lerczak and Geyer,
2004; Pein et al., 2018; Hosseini et al., 2023). Despite these contribu-
tions, secondary flow features for bi-directional stratified flows are not
yet fully understood and require further in-depth analysis, as pointed out
by Garrett (2004). For example, the flow structure of cross-channel or
secondary circulations in the upper freshwater layer of a rotating,
stratified exchange flow, and the variation in cross-channel flow dy-
namics along a sill-channel obstruction, have not yet been completely
explored. Investigation of these secondary flows is a recognized point of
interest to help estimate the dispersive nature of stratified exchange
flows and determine the transport of substances to the shore (Chant,
2010). For non-rotational stratified exchange flows, while no experi-
mental studies on the secondary flow structure within a trapezoidal
channel have been found by the authors, several studies on homoge-
neous flows through straight channels provide valuable insights (e.g.
Knight et al., 2007; Stoesser et al., 2015; Tominaga et al., 1989). In these
cases, turbulent anisotropy is shown to generate secondary (cross--
channel) circulations due to damping effect of turbulent fluctuations in
the presence of the free surface, resulting in the formation of transverse
flow cells that are dependant on the channel aspect ratio (i.e. width/-
height ratio). However, the nature of the secondary flow cell structures
generated within bi-directional, stratified flows along a trapezoidal
sill-channel, in the presence of both a density interface and a free sur-
face, as well as the additional influence of rotation, have not investi-
gated in any detail and remain largely unknown.

Based on the above review, the current study is focused on numerical
model simulations of the large-scale experiments on rotating bi-
directional stratified flows along a trapezoidal sill-channel, conducted
by De Falco et al. (2021) at the LEGI Coriolis Platform in Grenoble.
However, unlike De Falco et al. (2021), which focused primarily on the
lateral distribution of the along-channel flow velocity and density fields,
the main aim of these numerical simulations is to fully characterise the
cross-channel, secondary flow circulations and their evolution under the
different parametric conditions tested in De Falco et al. (2021). These
conditions include (i) the effect of rotation (included as a Coriolis
parameter), (ii) net-barotropic forcing of the bi-directional stratified
flow (imposed saline and fresh water flow boundary conditions), and
(iii) the evolution of hydraulic proprieties along the trapezoidal
sill-channel obstruction. In respect of (i), the secondary flow structure of
non-rotating, bi-directional stratified flows is also investigated to pro-
vide confidence in the consistency of the numerical simulations with
secondary flows generated in experimental studies of bi-directional
stratified flow in geometrically obstructed domains (e.g. Davies et al.,
2002; Johnson and Ohlsen, 1994). It is noted, however, that these pre-
vious experimental studies do not provide quantitative data on the
strength and magnitude of the secondary flow circulations. Within the
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current study, we utilise the non-hydrostatic, s-coordinate Bergen Ocean
Model (BOM) to simulate the laboratory scale experimental trapezoidal
sill-channel configuration of De Falco et al. (2021). This enables the
numerical investigation of the potential processes through which mo-
mentum can be transferred from the lower (saline) to the upper (fresh)
fluid layers in bi-directional exchange flows generated through
natural-shaped channels in both rotating and non-rotating frames of
reference. This study therefore carries significant implications for both
environmental and management issues in regions of restricted exchange
(e.g. estuaries, sea straits and submarine oceanic channels), as elabo-
rated in the discussion section of the paper. The BOM model is described
in detail within Section 2 (Methods) of the current paper, with an
appropriate validation of the numerical model simulations against
experimental data from De Falco et al. (2021) presented in Section 3
(Results). Section 3 also presents descriptions of the along-channel and
cross-channel flow structures for the numerical simulations in both
rotational and non-rotational frames of reference. The implications (and
limitations) of these results for full scale bi-directional stratified flows in
estuaries and sea straits are then discussed in Section 4 (Discussion),
including recommendations on the numerical model requirements for
the study of secondary flow circulations (e.g. non-hydrostatic, vertical
grid resolution, etc.). Also, the potential mechanism of substance
transport from bottom waters to surface layer is discussed in detail.
Finally, the main findings from the study are summarized in the con-
clusions (Section 5).

2. Methods
2.1. The numerical model and model set-up

In this numerical study, the non-hydrostatic version of the c-coor-
dinate Bergen Ocean Model (BOM) is applied to simulate dynamics of
net-barotropic, stratified exchange flows through an idealised trape-
zoidal sill-channel. Application of the non-hydrostatic version of the
model is most appropriate for steep topography obstruction in exchange
flows (Lawrence, 1993). The capabilities of the non-hydrostatic version
of BOM in laboratory scale studies have been previously demonstrated
in Berntsen et al. (2009; 2016) and Cuthbertson et al. (2021).

Within the current study, the numerical simulations reproduce the
large-scale, rotating exchange flow experiments of De Falco et al. (2021)
conducted in the LEGI Coriolis rotating platform. Within the rotating
tank facility, a submerged trapezoidal sill-channel topography was
installed to model bi-directional exchange flows that are restricted in
both their vertical and lateral (cross-channel) dimensions (Fig. 1). The
geometry of the numerical domain emulates the physical trapezoidal
sill-channel configuration characterized by W; = 2 m (top width) and
Wp, =1 m (bottom width), 45° side slopes, and a sill crest elevation of H

a)

Basin A
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= 0.5 m above the basin bottom elevation (Fig. 1a). The total length of
the horizontal sill-channel Ly = 8.5 m and both the exit and entrance
slopes into the basins are 26.6°. The tank facility was filled with fresh-
water to an overall depth H = 0.9 m (equivalent to the depths in basins A
and B), with a total sill-channel submergence depth h; = 0.4 m. The only
difference between the BOM computational grid and this experimental
set-up is the extension of basin B (Fig. 1b) in the numerical simulations
to ensure full development of the saline intrusion flow Q2 prior to
encountering the sill-channel topography to avoid spurious recircula-
tions within basin B.

The BOM domain consists of a horizontal 0.1 m grid size (in both x
and y dimensions, see Fig. 1b), with 161 equidistant o-layers used in the
vertical dimension (Fig. 2b). The high layer resolution in the z-direction
is required to reproduce the sharp interfacial region between the
counter-flowing dense saline water and the freshwater layers. The cell
resolution in the lateral y-direction (i.e. equivalent to 20 grid cells across
the trapezoidal channel, see Fig. 1b) was considered sufficient to enable
accurate representation of the interfacial tilting and developing of sec-
ondary flow circulations across the sill-channel.

The initial configuration of the numerical experiments consisted of
infilling the numerical domain with freshwater (p; = 1000 kg.m’3) and
imposing a saline water inflow (Qz = 4.4 1.s™!) at the end boundary of
basin B (Fig. 1a), which remained constant in all numerical simulations.
The bi-directional exchange flows were then generated by imposing a
counter-flowing freshwater flow Q; at the end boundary in basin A
(Fig. 1a). The freshwater flow rate Q; was varied over a range of values
to generate both uni- (i.e. Q; =0 L.s~1) and bi-directional exchange flows
(Q1 > 0 Ls™1) with different net-barotropic forcing thus generated in the
upper freshwater layer. Within the numerical experiments, a volume
flux ratio, defined as Q* = Q1/Q2 was kept constant over 1500 s before
being gradually increased (i.e. through incremental steps in the Q
values) to a maximum value of Q* = 6 over a total run duration of 4000 s
or 160000 time steps (see Fig. 2a). Within all experimental runs (i.e.
physical and numerical), the density excess Ap of the saline water
remained constant at 10 kg.m™°. Note that a range of Q* values tested in
the numerical experiments was extended beyond that considered in the
equivalent physical experiments, within which the maximum value of
Q* = 4.5 (see De Falco et al., 2021).

To ensure continuity within the numerical simulations, the pre-
scribed saline water inflow volume flux Q5 introduced near the bottom
of the domain boundary in basin B was set equal to the prescribed lower
layer outflow flux Q. at the bottom of the domain boundary in basin A
(see Fig. la). Similarly, the inflowing freshwater volume flux Q;
imposed near the surface at the domain boundary in basin A was also set
equal to the prescribed upper layer outflow flux Q; at the top of the
domain boundary in basin B (see Fig. 1a). The density of these out-
flowing water fluxes Q; and Q2 at both sides of the model domain was set

-0.2
-0.3
--0.4
+-0.5
=-0.6
-0.7
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1 1.5
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Fig. 1. (a) Schematic representation of the trapezoidal sill-channel, including the counter-flowing lower saline Q, and upper freshwater Q; fluid layers and main sill-
channel dimensions. Basins A and B, for the inflow of freshwater and saline water, respectively, are also shown. (b) Numerical mesh used for the BOM simulations,

including the (x,y,z) coordinate system used in the results presentation.
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Fig. 2. (a) Incremental stepped increase in the volume flux ratio Q* (= Q/Q>) over duration for the BOM simulation with Q* values equivalent to the experimental
runs in De Falco et al. (2021) (shown in red) and the extended BOM simulation for higher Q* values up to 6 (shown in green). (b) Details of the cross-channel

computational o-layer mesh (161 layers in vertical direction).

equal to the density of the ambient water immediately adjacent to these
outflow regions. In addition, flow relaxation zones were added at both
ends of the computational domain to smooth the inflows and outflows to
and from the sill-channel-basin arrangement (Martinsen and Engedahl,
1987). In terms of the BOM computations, a mode-splitting technique
was used with an external mode time step equal to 0.025 s, and a time
step ratio between the external and internal mode (i.e. 3D and 2DH,
respectively) computations set equal to 30, to ensure model stability.

The numerical experiments assumed constant horizontal viscosities
(set equal to 5.107° mz.s_l) and zero horizontal diffusivity. The stan-
dard Mellor-Yamada scheme (widely used in c-layers models) was used
to compute the vertical diffusivity and horizontal viscosity values, with a
minimum value limitation to remove energy that flows towards and
beyond the grid scale in order to avoid aliasing, while remaining small
enough to allow the full representation of flow processes consistent with
the grid resolution (Blumberg and Mellor 1987; Mellor and Yamada
1982). Sensitivity tests conducted with different turbulence schemes
suggested limited effect on the nature of the modelled interfacial
structure, with no turbulence model permitting the explicit represen-
tation of interfacial shear instabilities. The bottom boundary layer was
parametrized using a quadratic relationship for the bottom stress with a
drag coefficient equal to 2.5 - 107>, The bottom boundary model was not
only applied to the horizontal bottom cells but also to lateral cells rep-
resenting the frictional drag of the trapezoidal sloping side-walls.
Sensitivity tests were also carried out applying different drag co-
efficients without substantial differences being observed on the mean
dynamic exchange flow conditions modelled or the secondary flow cir-
culations across the sill-channel.

The rotational effects were included numerically within the BOM
simulations by the addition of the Coriolis acceleration applied in the
clockwise direction, considering the geometric centre of the trapezoidal
channel. The numerical experiments considered four different Coriolis
parameter f values, indicative of increasing rotational effects [i.e. f =
0 (run S1), 0.06 rad.s™! (52), 0.1 rad.s”! (S3) and 0.2 rad.s ! (S4)], thus
reproducing the same range of f values as tested in the large-scale
rotating exchange flow experiments (De Falco et al., 2021). Dynami-
cally, the effects of rotation on the bi-directional stratified flows through
the trapezoidal sill-channel can be analysed using the Rossby number
Ro, based on the saline intrusion layer, defined as

Ro = U, [fW (€))

where U, is the cross-section averaged velocity in the lower saline layer,
computed along the sill-channel length. W is the interfacial width of the
dense saline outflow, which itself is function of the cross-section aver-
aged thickness of the dense saline layer h,. This is also the length scale at
which rotational effects become as important as inertial effects, as
defined by the Rossby radius of deformation or baroclinic Rossby radius
R, such that

R=(gh:)" /1 )

where g’ = g(Ap/p1) is the reduced gravitational acceleration. The hy-
draulic regime of the dense saline layer through the sill-channel is also
given by the densimetric Froude number Fry, of the form

Fro =T, /(g 7)"" 3)

Finally, turbulent flow conditions are assured in all the experimental
and numerical simulations as the Reynolds number Re, = U, -h, /v is of
the order O(10%) (De Falco et al., 2021). A summary table of the main
BOM simulations, including values for the main non-dimensional pa-
rameters is given in Table 1 [Note: these parameters are computed at the
mid-point along the length of the trapezoidal sill-channel from numer-
ical model outputs]. The Ekman boundary layers represent the length
scale in rotating flows over which friction is important. In the current
study, the turbulent nature of the bi-directional exchange flow suggests
that the turbulent boundary (i.e. Ekman) layer thickness §* can be
estimated as (Weatherly and Martin, 1978),

8 =04 [f “4)

where u* is a frictional (or shear) velocity estimated as u* = CII)/ 2~U, with
Cp being the drag coefficient of the channel boundary and U the mean
along-channel velocity in the lower saline water layer. Within the cur-
rent study, typical values of Coriolis parameter f = 0.1 s ! and U = 0.05
m.s_l, withCp=2.5- 1073 (as above), implies that the turbulent Ekman
boundary layers are of the order 6* = 0.01 m thick.
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Table 1

Summary of BOM simulations performed. Non-dimensional parameters (Ro and
Fr) and dimensional Rossby radius of deformation (R) computed from model
simulation outputs midway along trapezoidal sill-channel. ’No values for Ro, R
or Fry are provided for S4 at Q* = 6 a saline intrusion blockage conditions arise
(i.e. hy is equal to zero in the mid-point of the length of the channel).

Simulation f(rad.s) Q* (= Q1/Q2) Ro R (m) Fry
S1 0 0 - - 0.20
1.8 - - 0.20
4.5 - - 0.20
6 - - 0.20
S2 0.06 0 0.32 1.93 0.21
1.8 0.32 1.66 0.23
4.5 0.29 1.58 0.22
6 0.14 1.04 0.14
S3 0.1 0 0.28 1.99 0.18
1.8 0.30 1.59 0.22
4.5 0.25 1.52 0.19
6 0.09 0.77 0.13
S4 0.2 0 0.15 0.80 0.20
1.8 0.22 1.46 0.18
4.5 0.14 1.17 0.13
6 m el m
3. Results

3.1. Numerical model validation: BOM simulation vs experimental data

For numerical model validation purposes, two set of experimental
data from the study of De Falco et al. (2021), namely synoptic velocity
fields obtained from Particle Image Velocimetry (PIV) measurements,
and vertical density profiles from micro-conductivity probes, were used
to validate the numerical simulations with three different flow ratios (i.
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e.Q*=0,1.8,4.5), as detailed in Table 1. (Note: that the flow ratio Q* =
6.0 run in the extended BOM simulations was not conducted in labo-
ratory tests).

Synoptic along-channel (u-component) velocity fields were obtained
along the centreline of the trapezoidal channel for the cases S1 (i.e. non-
rotational, f = 0.0 rad.s’l), S2 and S4 (i.e. rotational, f = 0.06 rad.s™?
and 0.2 rad.s ?, respectively) with Q* = 0, 1.8 and 4.5, as representative
BOM simulation datasets for numerical validation. These BOM results
have been compared with time-averaged PIV measurements obtained at
the channel centreline close to the mid-point along the length of the
trapezoidal sill-channel, with three separate PIV scans taken at this
location over a duration of 30 s per scan and an interval of six minutes
between individual scans (Fig. 3). As such, Fig. 3 shows the direct
comparison between the numerical results from the BOM simulations
and the three individual PIV scans for each of the selected model vali-
dation experiments. For the non-rotational case (S1, Q* = 0, 1.8, 4.5,
Fig. 3), the numerical results show notable agreement with the three
measured PIV scans at all Q* values. Both the upper and lower layer
velocity directions and magnitudes (i.e. positive velocities in the upper
freshwater layer and negative velocities in the lower saline water layer)
are well reproduced by the numerical model. A potential source of
discrepancy may be associated with slight variations in location within
the physical sill-channel domain where the measured PIV scans are
compared directly to BOM velocity profiles obtained at a specific cell
location within the model domain. In order to assess the quantitative
agreement between the BOM simulation results and the experimental
data, the skill score assessment index SK (Wilmott, 1981) and cost
function y (Holt et al., 2005) are used to validate the numerical model
predictions, and are defined as

K = 1k = * =
1 Q 0 1 Q 1.8 1 Q 4.5
=
S1 ;0.5 0.5 E 0.5
0 0 — 0 - -
-5 0 5 -5 0 5 -5 0 5
* = * = * =
1 Q 0 1 Q 1.8 1 Q 4.5
s2 ¢
>.0.5 j‘ 0.5 j 0.5
N - o i
-5 0 5 -5 0 5 -5 0 5
* — * — * —
L Q*=0 L Q*=1.8 L Q*=4.5
=
sS4 ;0.5 0.5 1 0.5
o 0 K’é o 2
-5 0 5 -5 0 5 -5 0 5

u-component velocity [cm-s 1]

Fig. 3. Along channel (u-component) velocity profile comparisons between numerical simulations and experimental measurement for simulations S1, S2 and S4 (i.e.
f=0,0.06 and 0.2 s respectively, see Table 1) and Q* values shown. The thick purple profile corresponds to the BOM simulations, while the thinner (black, red and
green) profiles correspond to the 3 separate PIV scans per run. Note: the instability shown in the measured PIV velocity structure for S4 (see De Falco et al., 2021) is

not shown in the equivalent BOM numerical simulations.
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i (m; *01)2

SK=1- " )
> (jm: — 9] + |o; — 2])°
i=1

and

TR - 2

=— (m; — 0;) (6)

=1

n-o.

S

i

In Egs. (5) and (6), o represents observational data, m represents the
numerical modelling results, and n is the total number of data used in the
comparison/validation, with the over bar (—) denoting mean values for
observational data. Also, o2 is the variance of observations (square of
standard deviation). In Eq. (5), a value of SK = 1 represents perfect
agreement between model predictions and experimental observations
occurs, while SK = 0 represents complete disagreement between model
and observations. For the cost function y [Eq. (6)], an acceptable pre-
dictive skill of the model is related to values lower than 1 (i.e. root-
mean-square smaller than the standard deviation from observations),
and a “well-modelled” variable threshold is situated at 0.4 (Holt et al.,
2005). Table 2 shows the skill assessment between the measured and
BOM-simulated exchange flow velocity profiles, presented in Fig. 3. In
this regard, values of SK and y indicate quantitatively a good agreement
between experimental observations and BOM simulations, with 0.8 < SK
< 1.0 and y < 1.0, with some specific simulations regarded as “well--
modelled” (i.e. y < 0.4). In addition, the significant variability within
the 3 PIV scans observed for the highly rotational case (i.e. run S4: f =
0.2 s’l; Q* =0, 1.8, 4.5; Fig. 3), as highlighted by De Falco et al. (2021),
also coincides with a poorer skill assessment (i.e. lower SK and larger y
values for S4, Table 2) in comparison to runs S1 (i.e. f = 0.0 s 1 and S2
(i.e. f= 0.06 s 1). For this particular $4 run, the unsteady along-channel
velocity structure originated in the lower dense layer, and is specifically
associated with baroclinic instabilities that lead to the formation of
large-scale eddies and a meandering propagation of the lower saline
layer flow through the sill-channel. For this particular case, while the
corresponding BOM numerical results tend to reproduce the main
along-channel (u-component) velocity pattern in the upper and lower
layers, they fail to represent the instabilities properly in space and time,
leading to the poorer skill assessment (i.e. ¥ > 1 in S4 and Q* = 4.5).

Density profiles for the stratified flow conditions generated across
the sill-channel were also measured by micro-conductivity probes, again
located approximately at the midpoint along the length of the sill-
channel [for details, see De Falco et al. (2021)]. BOM modelled data
and observed profiles suggest two layer density structure along the
sill-channel with the interfacial mixing layer shown to be relatively
steeper in the experimental measurements in comparison to BOM nu-
merical simulations. Fig. 4 shows the cross-channel variation in the
elevation for p* [= (p(z) - p1)/Ap] = 0.5 isopycnal. It is clearly shown
that an increase of the Coriolis parameter f leads to an increase in
interfacial tilting to the left hand side of the trapezoidal channel (looking
in the direction of the saline water flow), consistent with the geostrophic

Table 2
Skill assessment between PIV-measurements and BOM-numerical simulations of
the exchange flow velocity profiles shown in Fig. 3.

Simulation f(rads™1) Q* (= Q1/Q2) SK X

S1 0 0 0.88 0.71
1.8 0.90 0.70
4.5 0.95 0.46

S2 0.06 0 0.98 0.28
1.8 0.95 0.46
4.5 0.96 0.27

S4 0.2 0 0.81 0.66
1.8 0.86 0.70
4.5 0.88 1.06
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adjustment associated with clockwise Coriolis acceleration. While the
degree of interfacial tilting from BOM computed and experimentally
observed data are shown to be similar according to cross-channel
elevation plots, particularly for the large Q* = 4.5 value (Fig. 4b), in
some cases significant divergence arises between the experimental
measurements and BOM simulations in the vertical position of the
interface. This discrepancy is most likely to occur due the level of
interfacial mixing within the experiments not being fully replicated in
the numerical model simulations, as found previously in similar
comparative studies (e.g. Cuthbertson et al., 2021). Overall, however,
the cross-channel inclination of the p* = 0.5 interface, obtained in the
current BOM simulations for rotating exchange flows, agree reasonably
well with the corresponding experimental measurements by De Falco
et al. (2021) and, in turn, lie close to the theoretical geostrophic slope a,
~ f-(iz -111)/¢ that assumes the exchange flow is geostrophically
balanced (i.e. transverse pressure gradient is balanced by the Coriolis
acceleration - see De Falco et al. (2021) and Cuthbertson et al. (2021) for
further discussion on this point).

In the context of interfacial mixing, De Falco et al. (2021) observed
the formation of instabilities in the interface region (i.e.
Kelvin-Helmholtz billows and Holmboe waves) that were systematically
not possible to be reproduced in the BOM simulations (i.e. due to the
RANS approximation). In addition, the horizontal grid resolution of 0.1
m was not sufficient to resolve the turbulent structures and entrainment
processes occurring in the freshwater-saline interfacial layer, nor the
additional mixing mechanics due to the friction effects of the trapezoidal
sill-channel bottom and inclined side-walls. However, the BOM model is
still deemed as capable of reproducing the transitional density profile
from the lower saline to upper freshwater layers and the corresponding
along-channel  (u-component) velocity structure of these
counter-flowing layers for a range of forcing conditions (i.e. Q* and f
values).

3.2. Along-channel description of stratified exchange flow

The validated BOM numerical results for the non-rotating case (S1,
Table 1) showed the development of bi-directional stratified (or ex-
change) flows at the mid-point along the trapezoidal sill-channel with an
upper freshwater layer overriding a denser, counterflowing saline
intrusion in the lower layer. However, as the model validation was
limited to the central sill-channel region in which experimental mea-
surements were obtained in De Falco et al. (2021), it is also important to
understand how the structure of the exchange flow varies along the
whole length of the sill-channel (i.e. from basin A to basin B) in both
non-rotating and rotating frames of reference. In this regard, synoptic
along-channel (u-component) velocity fields at the full centreline length
of the sill-channel are shown in Fig. 5 for simulations S1 (i.e.
non-rotating, f = 0 rad.s"}) and S4 (i.e. rotating, f = 0.2 rad.s ') with Q*
=0, 1.8, 4.5 and 6 (i.e. also extended beyond the equivalent experi-
mental data). Fig. 5 also shows the along-channel evolution of density
profiles at three selected locations along the sill-channel (i.e. at x = 480
cm, 680 cm and 880 cm). For the non-rotational simulation (i.e. S1,
Figs. 5a,c,e,g), the along-channel velocity fields show that when the
imposed freshwater fluxes Q; is increased (i.e. increasing Q* values), the
velocity at the upper layer also increases significantly. By contrast, the
thickness hy of the saline lower layer (as defined by the u = 0 contour,
plotted as a white isovel) decreases as a potential response of the
increasing net-barotropic forcing from the upper freshwater layer. The
along-channel velocity within the lower saline layer does not show a
significant reduction for the simulations where Q* < 4.5 (Figs. 5a,c,e),
with the maximum lower layer velocity ~5 cm.s™! at the mid-point of
the sill-channel length. However, for Q* = 6 (Fig. 5 g), the upper
freshwater flow becomes completely dominant, with hy reducing
continually along the length of the sill-channel from basin B to A which,
along with reduced velocities in the saline intrusion layer, is indicative
of an arrested salt-wedge. In this latter case, the intensity of the upper
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Fig. 4. Cross-channel elevation of the p* = 0.5 isopycnal for simulations S1 — S4 (i.e. f = 0, 0.06, 0.1 and 0.2 571, see Table 1) for (a) Q* = 0 and (b) Q* = 4.5. The
continuous lines correspond to numerical results from the BOM simulations, while the data points refer to the experimental observations from micro-

conductivity profiles.
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Fig. 5. Synoptic along-channel (u-component in cm.s™) velocity fields (left) and density excess profiles at three different sill-channel sections shown (right) for non-
rotating (S1, f=0 s Hand rotating (S4, f=0.2 s~1) cases (see Table 1). (a), (b) correspond to Q* = 0; (c), (d) Q* = 1.8; (e), (f) Q* = 4.5; and (g), (h) Q* = 6. Theu =

0 velocity interface is also plotted in a white line.

freshwater flow prevents the intruding saline water across the
sill-channel from spilling into basin A (i.e. full saline flow blockage).
This is also confirmed by the corresponding density excess Ap profiles,
where at x = 480 cm a suppression of the saline water near the basin A (i.
e. Ap = 0 throughout depth) is indicated. In this case, the saline layer
blockage mechanism predicted by BOM has the characteristics of an
arrested salt wedge, with a clear divergence of the u = 0 velocity isoline
and the p* = [p(2) - p1]/Ap = 0.5 excess density isopycnal, in accordance
with the salt wedge experiments of Sargent and Jirka, 1987. Indeed, for
all the non-rotating cases (i.e. Q* < 6), the density profiles exhibit
asymmetry such that the u = 0 velocity interface is always located above
the corresponding p* = 0.5 density interface (see also Sargent and Jirka,
1987; Yonemitsu et al., 1996; Yang et al., 2019). The reduction in
elevation of the u = 0 velocity interface along the sill-channel is sug-
gestive of enhanced interfacial mixing induced by the increasing
entrainment of the saline layer in the direction of dense water intrusion
along the sill-channel (i.e. from basin B to A). An illustrative case of this

entrainment is shown for the Q* = 0 case (Fig. 5a), where an induced
freshwater counter-flowing is observed to form even when Q; = 0,
proving substantial vertical mixing through the interface is reproduced
by the numerical model. Similarly, the gradual reduction in the eleva-
tion of the p* = 0.5 interface (i.e. for x = 880 cm — 680 cm — 480 cm)
along the sill-channel (i.e. from basin B to basin A) suggests substantial
entrainment of saline intrusion layer into the counterflowing upper
freshwater layer.

The rotational simulations with increasing Q* values (i.e. S4,
Figs. 4b,d,f,h) are characterized by a marked reduction in the along-
channel (u-component) velocities in both the lower (saline) and upper
(fresh) layers, when compared directly to corresponding non-rotating
cases (i.e. S1, Figs. 4a,c,e,g) at the centreline of the trapezoidal sill-
channel cross-section. The rotational effects thus indicate that a cross-
channel redistribution of the bi-directional exchange flows through
the sill-channel occurs, as previously highlighted by the experimental
measurements in the central sill-channel region [De Falco et al. (2021)].
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Indeed, when considering this centreline section along the full length of
the sill-channel, the clear reduction in the elevations of the p* = 0.5
density interface are shown when compared directly with the corre-
sponding non-rotational cases, due to this cross-channel redistribution
of the saline layer. However, the rotational BOM results also clearly
indicate a different relationship exists between the saline layer thickness
hy, velocity us and Q*, with increasing Q* (i.e. increasing u;) reducing
the saline layer thickness hy and velocity uy at the centre line of the
sill-channel. This suggests that the main along-channel saline layer
intrusion has been displaced laterally away from the centreline of the
trapezoidal sill-channel section. Indeed, at Q* = 6.0, the saline water is
displaced entirely from the channel centreline, with evidence of the
upper freshwater layer only along the full length of the sill-channel (i.e.
Fig. 5h).

In order to explore the effects of rotation on the bi-directional ex-
change flows generated along the sill-channel, the BOM simulation re-
sults are explicitly analysed for case S4 (see Table 1). As noted in the
introductory section, the overall rotational effects related to Coriolis
accelerations are expected to introduce geostrophic adjustment of in-
ternal fluid motions, with lateral tilting of the interface between the
counter-flowing stratified flow layers. The main characteristics of the
cross-channel density and velocity fields, most notably the geostrophic
adjustment of the saline water intrusion at different cross-channel sec-
tions along the length of the sill-channel from basin B to basin A, is
shown in Fig. 6 (i.e. looking from right to left). This non-symmetrical,
cross-channel structure within the bi-directional stratified flow (with
Q* = 4.5) along the sill-channel is most clearly characterised by the
tilting of the interface between the lower saline water and upper
freshwater layers, while the representative thickness of the saline
intrusion layer is also shown reduce along the sill-channel from basin B
to basin A. This latter effect is shown to correspond to an increase in the
maximum along-channel (u-component) velocity of the lower saline
layer, particularly as the saline intrusion layer approaches the basin B
end of the sill-crest (i.e. x = 480 cm). It is also interesting to note that the
along-channel (u-component) velocity distribution in the counter-
flowing, upper freshwater layer indicates that the largest velocities
occur at the sloping side-walls of the trapezoidal sill-channel where
there is no presence of underlying saline water.

The effect of this along-channel variability in the cross-channel, bi-
directional stratified flow structure is considered in more detail in the
next sections, particularly with respect to the secondary flow circula-
tions generated laterally across the trapezoidal sill-channel, as well as
being discussed in relation to real coastal, marine and oceanic contexts
later in the discussion section (§4).
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3.3. Secondary circulations in bi-directional, stratified flows

As well as the cross-channel distribution in the density and along-
channel (u-component) velocity fields for the bi-directional exchange
flows, the key aim of the numerical study was to investigate the lateral
secondary flow circulations generated in the lower saline water and
upper freshwater layers of the exchange flow through the trapezoidal
sill-channel. As indicated within the introductory section, there remains
a distinct lack of knowledge of these secondary flow structures gener-
ated within bi-directional, stratified flows, even though this has signif-
icant implications for the vertical transport of water masses, salinity,
contaminants and nutrients within estuaries, tidal inlets and sea straits.

3.3.1. Non-rotational, bi-directional stratified flow

For the non-rotational BOM simulation (i.e. S1, Table 1), the lateral-
vertical (v-, w-component) velocity vectors of the secondary flow cir-
culations generated within the bi-directional, stratified flows for the
range of flow ratios Q* tested are shown in Fig. 7 (the associated colour
scale being indicative of the vertical w-component velocity). Overall,
common flow patterns are observed at the centreline of the trapezoidal
channel, irrespective of the Q* value, with upward flow within the upper
fresh layer and downward flow within lower saline layer. The resulting
lateral flow circulations are thus characterized by the presence of the
density interface (shown as green isopycnals in Fig. 7) that, jointly with
flow ratio Q*, strongly influence the development of the closed sec-
ondary flow cells that form towards the lateral sloping sides of the
trapezoidal channel in both the upper freshwater and lower saline water
layers. Specifically, within the upper freshwater layer, two symmetrical,
counter-rotating cells are observed to form (i.e. clockwise/anticlockwise
at the right/left side of the channel) with upward flow in the centre of
the channel and downward flow along the inclined channel side-walls.
Preserving the continuity of flow in the interface, the lower saline
layer is characterised by clockwise/anticlockwise cells in the left/right
side of the channel side, leading to downward flow (i.e. downwelling) at
the channel centre and upward flow (i.e. upwelling) at the bottom
corners of the inclined channel side-walls. The overall strength of these
secondary flow cells appears to be a function of the flow ratio Q* as
downward effects at the inclined side-walls are more intense for lower
Q* values, while secondary flows for higher Q* values tend to be
dominated by the positive vertical velocities in the centre of the trape-
zoidal channel cross-section (this effect is linked to the along-channel
tilting of the interface and the “salt-wedge" blockage conditions shown
in Fig. 5g).

The development of the upward (downward) flow regions at the
centre of the upper (lower) layer and the formation of symmetrical,
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Fig. 6. BOM simulation results for case S4 (f = 0.2 s™1) with Q* = 4.5 (see Table 1) showing cross-channel variation in (a) density excess Dr (kg.m’e’) and (b) along-
channel (u-component) velocity (cm-s~Y) fields at different along-channel (x) sill-channel locations between basins A and B.
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Fig. 7. Cross-channel (v-, w-component) velocity vector fields, vertical (w-component) velocity (cm.s™*) colour map, and density isopycnals (green lines) for non-
rotational case S1 (i.e. f = 0 51, see Table 1) at computational mesh point i = 88 (i.e. x = 880 cm from origin) along the sill-channel for the Q* values shown.

counter-rotating closed cells in both layers is a direct consequence of the
anisotropy of turbulence, caused by the boundary conditions imposed at
the horizontal bed, the inclined side-walls and the free surface, as
demonstrated both experimentally and numerically by Tominaga et al.
(1989) and Knight et al. (2007), respectively, for a homogeneous,
uni-directional flow through a trapezoidal channel. In overcoming the
inherent difficulty in measuring these secondary currents directly,
Tominaga et al. (1989) observed that the secondary flow structure,
characterised by the formation of two major flow cells in the upper
corner of the inclined trapezoidal wall, were highly dependant of the
channel aspect ratio. The structure of similar lateral secondary flow
cells, observed by Knight et al. (2007) and Rhodes and Knight (1994),
were also found to depend primarily on the trapezoidal channel aspect
ratio (Knight and Patel, 1985). However, within numerical model sim-
ulations, the number and lateral distribution of secondary flow cells
across a channel may also have had some dependence on the y-z grid
resolution of the computational mesh, as indicated by Knight et al.
(2007). In any case, these previous studies focussed on single layer,
homogenous flows, while other lateral flow measurements in real
channels (e.g. small estuaries) suggest that the magnitude of secondary
flow velocities are of the order of 2-10 % of the primary mean flow
velocity (e.g. Tominaga et al., 1989; Traykovski et al., 2007; Lerczak and
Geyer, 2004)). For the bi-directional stratified flows considered in the
current study, the presence of the internal boundary layer in the form of
a density interface clearly adds significant complexity to the resulting
secondary flow structure predicted within the counterflowing upper and
lower fluid layers. In our case, the relative strength of the lateral cir-
culations represents approximately 2-6 % of the maximum
along-channel flow velocity in the lower saline layer (at x = 880 cm, see
Fig. 5), therefore in broad agreement with the previous studies. It should
also be noted that the formation of symmetrical, counter-rotating closed
cells in the lower dense layer of the non-rotating exchange flows in the
current study is also consistent with previous laboratory experiments of
uni-directional gravity currents conducted in rectangular channels (e.g.
Cossu et al., 2010; Davarpanah Jazi et al., 2020). These studies also
displayed helicoidal flow cells that converge at the top and diverge at
the bottom of the dense water gravity current through generation of two

adjacent cells spinning in opposite directions.

3.3.2. Rotational, bi-directional stratified flow

The lateral flow structure for the rotational BOM simulations is also
characterized by different secondary flow circulations within the upper
freshwater and lower saline water layers of the geostrophically-adjusted,
bi-directional stratified flow. Specifically, the response of the exchange
flow to rotation in terms of the transverse variation in the density
structure, is characterized by the inclination of the density interface
between the upper and lower layers, as already shown in Fig. 6. At the
sloping side-walls, the isopycnals tend to tilt to perpendicular to the wall
in order to satisfy the numerical condition of zero buoyancy flux at the
boundaries (Lerczak and Geyer, 2004).

In terms of the corresponding secondary flow circulations within the
counterflowing fresh and saline flow layers (also shown in Figs. 8 and 9),
this first thing to note is the loss of symmetry within the flow cells
generated in the upper and lower layers when compared to the non-
rotating exchange flows (i.e. see Figs. 7 and 8 for a direct comparison
with the same Q* values). Indeed, within the lower saline water layer
(beneath the inclined interface), the secondary cross-channel circulation
is characterised by the development of bottom and interfacial Ekman
layers. Evidence of these bottom Ekman layers is detected in BOM
modelled rotating exchange flow experiments and are characterized by a
thin boundary layer extending across the horizontal channel bottom,
directed in the negative y-direction (i.e. from right to left looking
downstream in direction of the saline flow). Overall, the Ekman layer
thickness obtained numerically within the rotating BOM simulations is
consistent with the theoretical values obtained by Eq. (4) [i.e. §* = O
(10~2) m]. This bottom layer structure is shown in greater detail within
Fig. 9d, along with the interfacial Ekman layer that is generated at the
lower isopycnals within the inclined density interface in the same cross-
channel direction as the boundary Ekman layer. The presence of this
interfacial Ekman layer is only detected in certain runs. Furthermore,
the interior flow within the lower saline intrusion layer is shown to be in
the positive cross-channel y-direction, representative of the main sill
intrusion flow being directed to the right (looking downstream in di-
rection of the saline water flow) due to Coriolis acceleration, which acts
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Fig. 8. Cross-channel (v-, w-component) velocity vector fields, vertical (w-component) velocity (cm.s™) colour map, and density isopycnals (green lines) for the

rotational case S3 (i.e. f = 0.1 st

, see Table 1) at computational mesh point i = 88 (i.e. x = 880 cm from origin) along the sill-channel for the Q* values shown.
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Fig. 9. Cross-channel (v-, w-component) velocity vector fields, vertical (w-component) velocity (cm.s™ 1) colour map, and density isopycnals (green lines) for selected
rotational cases S2 and S4 (i.e. f = 0.06 s'and 0.2 s’l, respectively, see Table 1) with Q* = 4.5 at computational mesh points (a) i = 88 (i.e. x = 880 cm from origin)
(S2); (b) i = 48 (i.e. x = 480 cm from origin) (S2); and (c) i = 88 (i.e. x = 880 cm from origin) (S4). Subplot (d) provides enhanced detail on secondary flow structure

in lower layer at i = 88 (i.e. x = 880 cm from origin) (S4) [i.e. zoomed region at bottom right of channel in subplot (c)].

as a volume balance to the boundary (and interfacial) Ekman layers.
The development of wedge-shaped, cross-channel density fields and
the associated secondary circulations have been reported in both nu-
merical and experimental simulations. Experimentally, qualitative
similar secondary circulations have been observed in Johnson and
Ohlsen (1994) for exchange flows within a rotating, semi-circular

10

channel, and in Davies et al. (2006) for a laboratory model of the
dense deep-water outflow from the Faroe Bank channel, noting in both
cases the geostrophic adjustment of the lower saline flow layer.
Numerically, the secondary flow structure has been explored for gravity
currents down submarine canyons in Berntsen et al. (2016) and for
bi-directional, exchange flows across a rectangular sill in Cuthbertson
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et al. (2021), both in a rotational frame of reference. However, limited
information remains available on the characteristics of the secondary
flow structure generated in the upper flow outside of the bottom dense
water layer for rotating exchange flows. In the current study, the
cross-channel flow field immediately above the inclined density inter-
face is shown in Figs. 8 to be characterised by a flow in the positive
y-direction that is also slightly upward in nature due to the tilting of the
density interface. This upward flow is apparent in almost all of the
rotational BOM simulations and provides continuity to relatively intense
opposing flows experienced on the lateral slopes of the trapezoidal
channel. In this context, a strong upward flow (i.e. upwelling) is
observed to occur on the right side-slope, while a strong downward flow
(i.e. downwelling) occurs on the left side-slope. These upwelling and
downwelling flow regions are also observed to form in all the rotational
BOM simulations (see Figs. 8, 9a and 9b), with their width and intensity
(i.e. strength of vertical velocity) shown to depend on both the Coriolis
parameter f and flow ratio Q*.

In this regard, Fig. 10 shows the lateral transect of vertical velocities
w at elevation z = 80 cm within the upper freshwater layer for all
rotating and non-rotating exchange flow simulations and for the range of
different Q* and f values tested (see Table 1). For the non-rotational
simulations (i.e. S1, f =0 s~L Table 1), the vertical velocities for all
Q* values are shown to be considerably lower in magnitude when
compared to equivalent rotational simulations (i.e. S2-4, f = 0.06 — 0.2
571 Table 1), particularly towards the opposing inclined side-walls of
the trapezoidal channel. It is also clear from these transects that
increasing the rotational effects (i.e. by increasing the Coriolis f
parameter between simulations S2 — S4, see Table 1) results in higher
magnitude vertical velocities, again particularly intense at the inclined
side-walls. The vertical water mass transport is also shown to increase
when the flow ratio Q* increases, consistent with the geostrophic bal-
ance when an increase of the along-channel flow induces an increase of
the upward and downward flow (see transect evolution from Q*=1.8 —»
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Fig. 10. Distribution of vertical (w-component) velocities (cm sH along an in-
channel, horizontal transect at z = 80 cm for the different Q* values shown in
non-rotating (i.e. S1, f =0 sHand rotating (i.e. $2-S4, f = 0.06-0.2 Y cases
at computational mesh point i = 88 (i.e. x = 880 cm from the origin) along the
sill-channel.
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6). This indicates that the rotational effects introduce substantial lateral
and vertical water mass transport, with upward and downward flow
occurring at the right and left side of the trapezoidal channel, respec-
tively. These vertical flow regions imply a clear analogy with surface
waters being forced downwards and deep waters being forced upwards
along the continental shelf and in open sea regions (i.e. due to down-
welling and upwelling events), with the consequential influence in the
vertical transport of substances and nutrients. The rotational effects on
the generation of secondary flows requires the first order momentum
balance being geostrophic (i.e. fu = dp/dy), even when the Rossby
radius of deformation R is of the same order as the width of the trape-
zoidal channel (see Table 1). Chant (1997) noted that a misconception
regarding estuarine circulations is that the effect of rotation is unim-
portant for small channels widths. In the current study, it is clear that the
lateral-vertical flow intensity increases in response to an increase of the
along-channel flow ratio Q* (i.e. through an increase in upper fresh-
water flow Q). This acts to amplify the cross-channel velocity compo-
nent (for a given Coriolis f parameter), which therefore tends to increase
the interfacial tilting across the channel, producing higher lateral pres-
sure gradients.

The secondary flow circulation pattern within the upper freshwater
layer above the inclined interface is characterized by the gradual
appearance of two large, closed flow cells as the Coriolis f parameter is
increased [i.e. S2 — S4, f = 0.06 — 0.2 sL Fig. 9(a) and (c)]. In contrast
to the symmetrical, counter-rotating flow cells forming in the upper
freshwater layer for the non-rotating exchange flows (Fig. 7), the
equivalent upper layer flow cells for the rotating exchange flow are non-
symmetrical, being consistent with the generation of upwelling and
downwelling flow regions along the opposing side-slopes, as described
above. Although qualitative descriptions of the secondary flow structure
within the lower dense water layer of rotating exchange flows or uni-
directional gravity currents have been provided in several contribu-
tions mentioned previously, the secondary flow circulations within the
upper freshwater layer has not been described in detail before. A sche-
matic diagram of these upper layer circulations was proposed by
Johnson and Ohlsen (1994), and later reproduced by Garrett (2004),
sketching qualitatively the anticipated secondary (cross-channel) cir-
culation from their experimental observations. Ekman layer flows were
plotted in the lower dense water layer, along with shear flow in the
interfacial region, are in general in agreement with the secondary flow
patterns obtained in our numerical BOM simulations. However, there
remained significant uncertainty in terms of the interior water flow
within the fresher upper layer [which in the schematic figures of
Johnson and Ohlsen (1994) and Garrett (2004) was marked with a
question mark]. In this regard, the co-rotating, non-symmetrical circu-
lation cells provided by our numerical simulations provide a feasible and
consistent description of the secondary flow dynamics of the interior of
the upper freshwater layer, consistent with the shear flow in the inter-
facial region and the upwelling and downwelling flow regions at the
opposing lateral slopes of the trapezoidal channel.

3.4. Variability in secondary flow circulations along the sill-channel

The secondary flow circulations for non-rotating and rotating ex-
change flows through a trapezoidal sill-channel have been shown to
follow well-defined flow cell patterns, as a function of both the flow ratio
Q* and Coriolis f parameter, involving substantial regions of upward and
downward flow in the upper freshwater layer. Figs. 5 and 6(b) also
revealed the along- and cross-channel variations in the u-component
velocity structure along the full length of the sill-channel. The expected
feedback between the along-channel (u-component) velocities and sec-
ondary flow circulations has previously been observed in many real flow
examples that are influenced by differential along-channel advection
and/or geometrical constraints (e.g. Chant, 1997; MacCready and
Geyer, 2010). Cuthbertson et al. (2018) identified the two key param-
eters for the along-sill variability in non-rotational exchange flows as (i)
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internal-flow head loss associated with boundary friction and interfacial
shear, and (ii) mass exchange from the lower saline layer into the upper
fresh layer due to entrainment. This also suggests that similar variability
in the lateral flow structure may also be expected to occur in the trap-
ezoidal sill-channel geometry under consideration in the current study,
due to the specific constraining effects on the restricted exchange flow
developing between basins A and B. For the rotational exchange flow
cases in particular (i.e. S2 — S4, Table 1), the along-channel evolution of
the laterally-distributed, wedge-shaped saline intrusion flow through
the sill-channel has been highlighted in Fig. 6(a). In addition, the
observed along- and cross-channel variability in the u-component ve-
locity fields, shown in Figs. 5 and 6(b), suggest an evolving hydraulic
flow regime in the along-channel direction between basins B and A, and
particularly near the basin A end of the sill-channel [i.e. at x = 480 cm,
Fig. 6(b)]. This evolving regime is shown by the variation in the densi-
metric Froude number Fry (Eq. (3)) for the saline intrusion layer along
the sill-channel (as shown in Fig. 11 for run S4 with Q* = 4.5, f = 0.2
s71). Specifically, this indicates the significant increase in Fr, as the
overspill into basin A is approached [i.e. due to the increase in
cross-section averaged velocity U, and corresponding reduction in
cross-section averaged layer thickness h; of the saline intrusion layer, as
shown in Fig. 6(b) at x = 480 cm]. Similar along-channel variations in
Fry are also obtained for the other rotating (and non-rotating) exchange
flow simulations conducted in the current study.

Indeed, direct comparison of Figs. 9(a) and (b) shows how this
change in the along-channel velocity structure, especially within the
lower saline intrusion layer, affects the secondary flows generated across
the trapezoidal channel at two locations along the sill-channel (i.e. x =
880 cm and 480 cm, respectively) within the same rotating exchange
flow simulation (i.e. S4, Q* = 4.5, f=0.2 s L Table 1). In particular, the
secondary flow circulations at the basin A end of the sill-channel [i.e. x
= 480 cm, Fig. 9(b)] indicate no evidence of the Ekman layers found
within the bottom saline water intrusion layer further along the sill-
channel [i.e. x = 880 cm, Fig. 9(a)]. Furthermore, the secondary flow
structure within the upper layer shows a dominance of upward flows
close to basin A [i.e. x = 480 cm, Fig. 9(b)], with strong upwelling along
the right side-slope and only a very thin boundary flow in the downward
direction along the lower portion of the left side-slope. The associated
co-rotating flow cells found within the upper flow layer [i.e. at x = 880
cm, Fig. 9(a)] are also shown to have diminished significantly at the
basin A end of the sill-channel [i.e. at x = 480 cm, Fig. 9(b)] due to the
dominant upward flow velocities induced by the vertical and lateral
constriction of the upper freshwater flow between basin A and the sill-
channel.

4. Discussion and application to real channel systems

The BOM simulations conducted within this study have shown the
effect of Coriolis accelerations on bi-directional, stratified flows led to
geostrophic adjustment of internal fluid motions that, in turn, suppress
turbulent mixing generated at the interface, and result in the develop-
ment of Ekman boundary layers in the lower saline water layer through
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Fig. 11. Along-channel evolution of the densimetric Froude number Fr, in the
lower saline intrusion layer for rotational case S4 (i.e. f = 0.2 s7Y with Q* =
4.5. Sections A and B correspond to x = 480 and 880 cm from the origin of the
model domain (i.e. at computational mesh points i = 48 and 88, respectively).

Ocean Modelling 186 (2023) 102277

the trapezoidal sill channel. This is characterised both by a lateral “salt-
wedge” distribution of the saline intrusion through the sill-channel and
resulting cross-channel asymmetry in the induced secondary flow cir-
culations. In our BOM numerical results, the rotational effects are first
evidenced by the tilting of the density interface between the counter-
flowing layers and the generation of lateral (or cross-channel) flows in
upper and lower layer being consistent with previous studies of two
layer flows (e.g. Cuthbertson et al., 2021; Davies et al., 2006; Johnson
and Ohlsen, 1994; Umlauf et al., 2010) and gravity currents (Cossu and
Wells, 2010; Davarpanah Jazi et al., 2020). Relating these findings with
real exchange flow applications across submerged sills within fjord-
s/estuaries and through sea straits, potential vortex cells generated
within the upper and lower layers of the rotational cases shown in Figs. 8
and 9 appear able to lift up substances such as nutrients, low DO bottom
waters, larvae or fine sediments in parcels of fluid that are homogeneous
within the region of flow upwelling along the right side wall of the
trapezoidal channel (looking in the direction of the lower saline intru-
sion flow). The importance of this vertical flux transfer from lower to
upper flow layers may be relevant. Pumping up and down (i.e. upwelling
and dowelling) may have substantial effects in semi-enclosed water
bodies with limited water renewal such as in restricted tidal estuaries
and silled fjords. Fine muds, silts and mine tailing wastes containing
harmful chemicals are often dumped into deeper parts of estuaries and
fjords under the assumption that these will not affect the water quality in
the near surface region. In this sense, when the width of the estuaries
and fjords are similar to, or greater than, the Rossby radius of defor-
mation (normally in the order of a few km, see Inall and Gillibrand,
2010), the effects of the Earth’s rotation may modify the nature of
barotropic and baroclinic flows and induce potential vertical transport
flows at the channel margins. The potential magnitudes of these vertical
velocities across the idealised, scaled trapezoidal channel were shown
previously in Fig. 9 for the range of conditions considered in the current
study. This is extended in Fig. 12 to consider a horizontal section dis-
tributions of the vertical velocity (w-component), density excess (4p)
and the density excess vertical flux (i.e. Ap-w) for a horizontal slice
through the trapezoidal channel at z = 85 c¢m for runs S2 and S3 (i.e. f =
0.06 and 0.1 s7!, with Q* = 4.5, Table 1). This figure reveals that the
density excess vertical flux Ap-w increases along the right channel
margin as Coriolis f increases, consistent with the secondary flow
structure in the upper layer and density interface tilting shown in the
results section (Figs. 9 and 10). In this regard, the density excess flux
may be conceived as being a generic substance or contaminant that can
be transported upward from the bottom waters to the upper near surface
flow layers, thus highlighting both the relevance and potential signifi-
cance of these vertical transport effects at the channel margins. It should
also be highlighted that these vertical transport mechanisms may act
over extended periods (note that the BOM simulation times were only of
the order of a few minutes), such that the time-integrated vertical
transport from bottom layers to the surface over longer durations may be
substantial and, thus, act as a significant vertical transport pathway for
contaminants and pollutants through upwelling effects. Fig. 12 also
shows distinct lateral variability of the flux upwelled at different loca-
tions along the trapezoidal channel due to the feedback between the
along- and cross-channel flow dynamics. As a consequence, the
geometrical restrictions of the trapezoidal channel (i.e. channel length,
width, submergence depth and side wall inclination) may also have
significant impacts on both the exchange flow dynamics through the
channel and the associated vertical transport dynamics (i.e. upwelling
and downwelling) along the channel margins, indicating the need for
further BOM simulations to evaluate these effects.

The numerical results from the BOM simulations for bi-directional
stratified flows through an idealized, constant-width, trapezoidal, sill-
channel geometry have also correctly described the asymmetric sec-
ondary flow circulation structure generated within the lower dense
water layer, consistent with previous experimental studies by Davies
et al. (2006) and Johnson and Ohlsen (1994). Both these studies
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Fig. 12. 2D planform horizontal colourmaps at elevation z = 85 cm along trapezoidal sill-channel showing distribution of vertical (w-component) velocities, density

excess (Ap) and density excess vertical flux (i.e. Ap-w) for rotational cases (a) S2 (i.e. f = 0.06 s~ with Q* = 4.5 (see Table 1) and (b) S3 (i.e. f= 0.1 s~ with Q*

4.5 (see Table 1). Note: the dotted vertical lines show the lateral extents of the horizontal channel bottom, while the right and left margins of the colormaps indicating
show the intersection region of the horizontal slice at z = 85 cm with the inclined channel side walls.

demonstrated that the core of the dense water flow remains in
geostrophic balance and a secondary circulation in the across-channel
plane is maintained by the formation of Ekman layers and the bottom
and interfacial boundaries. A similar complex secondary flow pattern is
generated within the geostrophically-adjusted, lower saline intrusion
flow along the trapezoidal sill-channel, which is shown to have a sig-
nificant influence on the overall exchange flows dynamics. Indeed, when
comparing the magnitude of the along-channel (u-component) velocity
in the lower saline water layer for the non-rotational exchange flow [i.e.
S1, Q* = 4.5, f = 0.0 s~1; Fig. 5(e)] and equivalent rotating exchange
flow with the highest Coriolis f value [i.e. $4, Q* = 4.5, f = 0.2 s7};
Figs. 5(f) and 6(b)], the latter shows a considerable reduction in the
overall saline intrusion flux through the sill-channel. As such, these
idealised simulations may provide a good starting point for simulations
of more varied sill-channel geometries and/or time-varying flow ratio
Q* (e.g. Faroe Bank Channel; Gibraltar Strait) where rotational effects
are also significant. In this regard, the specification of a fixed Q* value or
values is clearly not directly relevant to the simulation of exchange flow
dynamics in naturally forced regions of restricted exchange, such as sea
straits, estuaries and tidal inlets, where this flow ratio presents signifi-
cant temporal variability (e.g. Lerzack and Geyer, 2004). In these real
cases, a wide range of net-barotropic conditions would be expected to
occur, where the exchange flow dynamics are either controlled by (i)
tidal barotropic forcing [i.e. saline water intrusion dominates, Q* << 1
(e.g. Loch Etive, Scotland; Inall et al., 2004)], or (ii) a dominant fresh-
water outflow [i.e. Q* >> 1, (e.g. shallow-silled fjords with limited tidal
intrusion; e.g. Bolstadfjord, Norway; Hamilton-Taylor, 1974).

The rotational effects on bi-directional exchange flows generated
across a rectangular submerged sill has been previously addressed
numerically using BOM in Cuthbertson et al. (2021). However, a sys-
tematic validation of this model was not possible for simulations con-
ducted in a rotational frame of reference, due to a lack of experimental
data on rotating exchange flows. This apparent disconnect between
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numerical simulations and experimental validation has also been
observed in similar previous studies that have either focussed solely on
simplified numerical simulations (e.g. Berntsen et al., 2009; Umlauf
et al., 2010) or on experimental measurements in rotating laboratory
tank facilities (Davies et al., 2006; Cuthbertson et al., 2014, 2018; De
Falco et al., 2021). Our contribution therefore focuses on the response of
stratified exchange flows and nature of secondary flow circulations both
within a rotational and non-rotational frame of reference, using a nu-
merical model verified with experimental data provided in De Falco
et al. (2021). This provides robustness to our analysis, with a coherent
description of the secondary flow structure generated within
bi-directional, stratified flows through an idealised topographic
sill-channel constriction, complementing the previous
experimental-based descriptions of Davies et al. (2006) and Johnson and
Ohlsen (1994). Note that the mentioned numerical studies (e.g. Cuth-
bertson et al., 2021) do not provide a validation of the results in a
rotational frame of reference using lab simulations data. Building on
these previous studies, the current BOM simulations show that rota-
tional effects initiate cross-channel secondary flow circulations, not only
in the dense lower layer, but also in the upper freshwater layer, with two
non-symmetric flow cells inducing substantial upwelling and down-
welling at the opposing sides of the trapezoidal channel. Additionally,
these BOM simulations build on the previous experimental work by De
Falco et al. (2021) as they consider the evolution of the exchange flow
structure (i.e. both velocity and density fields), the cross-channel sec-
ondary circulations and the hydraulic regime along the full length of the
idealised sill-channel, rather than focusing on the central region where
the experimental measurements were made.

One of the key characteristics of the numerical experiments is related
to the high-resolution in the vertical direction, consisting of 161
o-layers. In this regard, Haid et al. (2020) pointed out the need to
establish sufficiently fine resolution for a proper description of lateral
flows in straits (e.g. Danish Straits). The high numerical resolution of the
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current BOM simulations has ensured appropriate representation of the
along- and cross-channel titling of the density interface, details of the
cross-channel variations in isopycnal structure, including isopycnal
pinching/spreading and the required perpendicularity of isopycnals at
the solid boundaries (i.e. sloping channel side walls) in order to satisfy
the zero-buoyancy flux condition (Lerzack and Geyer, 2004). In addi-
tion, lateral distortion of the density isopycnals has been observed by
several contributions (Umlauf and Arneborg (2009) and Johnson and
Sandford (1992)), with a tendency for isopycnal pinching at one side
spreading at the other side. This cross-channel feature has been observed
partially by our simulations (e.g. S3 for Q* = 6, see Fig. 8) but non
systematically due to the lack of spatial resolution in the y-direction.
Furthermore, in terms of lateral flows, the non-rotational simulations
indicate that vertical (downward) exchanges are intensified in a narrow
band along the sloping side walls. In order to represent such lateral flow
effects, the following considerations must be taken into account for the
appropriate numerical reproduction of secondary flows: (i) a sufficiently
high horizontal grid resolution, (ii) a suitable number of c-layers in the
vertical direction; and (iii) a non-hydrostatic modelling approach is
required.

In relation to full-scale exchange flow simulations, most of the fjordic
scale numerical studies, even those that perform well in terms of the
main hydrodynamics processes (including matching the velocity and
density structure) fail on all three of the conditions mentioned above (e.
g. Dalsoren et al., 2020; Gillibrand and Amundrud, 2007; Asplin et al.,
1999), and are thus likely to omit the main dynamics of the secondary
flow circulations. It may also be added here that in ocean scale studies,
the vertical flow scales are much smaller than the lateral scales and that,
under such conditions, hydrostatic models can still produce averaged
model (velocity and density) fields that are in good agreement with
corresponding results from non-hydrostatic models [see, for instance,
Hilt et al. (2020) and Sannino et al. (2014)]. However, in order to
investigate overturning and rotary motion in secondary flow circula-
tions, that is primarily targeted in the present study, a non-hydrostatic
model with higher grid resolution both vertically and horizontally is
required [see discussions in Afanasyev and Peltier (2001a,b); Farmer
and Armi (2001); Berntsen et al. (2009)]. Even though we identify
substantial vertical exchanges occurring within these secondary flows,
our numerical analysis is possibly still lacking in terms of the horizontal
resolution to permit a complete description of the full band-width of
vertical flows occurring near to the walls. In this regard, and inspired by
the apparent dependence of secondary flow cell structure on the channel
width-to-height aspect ratio in non-rotational flow cases (e.g. Tominaga
et al., 1989; Stoesser et al., 2015), future work in this area could include
new BOM simulations taking into account the channel aspect ratio,
channel shape and grid resolution to explore their dependence on the
formation of lateral flow cells in rotational exchange flow cases.

Scientific modelling contributions on real straits, estuaries and tidal
inlets have provided robust descriptions of exchange flow dynamics,
while attempting to provide descriptions of the secondary flow structure
(e.g. Chant, 1997; Lerzack and Geyer et al., 2004; Burchard et al., 2009).
For example, Haid et al. (2020) attempted to solve the secondary cir-
culation patterns in Danish strait through numerical modelling, sug-
gesting a highly dependence of the resulting flow structure on the
numerical mesh. In particular, they highlighted the secondary circula-
tions to be rather complex due to phase of the inflow and outflow, the
streamline geometry, and the along-axis location. Similarly, Stanev et al.
(2018), in numerical simulations of exchange flow dynamics through
Baltic Sea straits, showed strong and differing dependencies on net
transport arising from time lags and differences between inflow and
outflow conditions in individual straits. They also demonstrated the
model’s performance in resolving gravity flows and salinity structure to
be dependant on grid resolution, particularly at narrower parts of the
straits, but did not provide specific details of the cross-channel sec-
ondary flow structure of the exchange flows. More recently, Chen et al.
(2023) explored the lateral momentum balance that drives the residual

14

Ocean Modelling 186 (2023) 102277

flow on a cross-section in the German Bight, a predominantly
well-mixed tidal inlet. In particular, the study investigated the role of
ebb to flood tide asymmetries in creating secondary circulations, with
advective accelerations found to be dominant in the lateral momentum
budget during neap tides, driving an anti-clockwise secondary circula-
tion (looking seaward). In contrast, the increased importance of
covariance between eddy viscosity and vertical shear in the lateral
momentum budget was found to reverse the secondary flow to a
clockwise circulation during spring tides. In both cases, the contribution
from Coriolis accelerations was found to be negligible compared to other
forcing mechanisms.

Overall, the complexity of exchange flows through sea straits, tidal
inlets and estuaries/fjords makes it difficult to obtain a perfect fit be-
tween observations and corresponding model outputs. However, future
realistic model investigations in these coastal, marine and oceanic set-
tings may benefit from the findings and conclusions, particularly on the
structure of secondary circulations generated by non-rotating and
rotating exchange flows through the straight, trapezoidal sill-channel
considered in the current study. It is acknowledged that, while these
idealised, laboratory scale numerical simulations clearly do not replicate
perfectly the exchange flows in real settings, they provide valuable
preliminary data and physical insights into important mechanisms
associated with secondary flow, including upwelling and downwelling
effects at the inclined channel boundaries. In this regard, the current
numerical solutions can guide the development of more refined models,
management strategies and practical solutions that take into account the
intricacies and complexities of exchange flow dynamics in real coastal,
marine and oceanic scenarios.

It is proposed that future work could include numerical simulations
(and specific exchange flow experiments) focussed on resolving the
near-wall dynamics, which will contribute to better understanding of the
overall structure of secondary flows in bi-directional, stratified flows,
and their impact on exchange flows dynamics (including flux transport
of substances) across submerged sill topographies, through sea straits
and narrows, and within stratified estuaries. In this sense, the geometry
of the channel system (e.g. overall length, width-height ratio and cross-
sectional shape), along with the topographic obstruction geometry (i.e.
width and depth of flow constriction) would be expected to have a
significant effect on secondary flow development and, hence, vertical
flux transport (i.e. due to upwelling and downwelling at the channel
margins), and therefore warrants further investigation.

5. Conclusions

The current study presents three-dimensional numerical simulations
with the Bergen Ocean Model (BOM) that reproduce the main along-
channel and cross-channel dynamic flow patterns of stratified ex-
change flows through the trapezoidal sill-channel in both rotating and
non-rotating frames of reference. In this regard, Fig. 13 shows a simple
schematic representation of the induced secondary circulations obtained
from the numerical model simulations for these rotating and non-
rotating exchange flows. The analyses focus on lateral (or secondary)
flows conditions established in the sill-channel for different parametric
conditions of the fresh-to-saline water flow ratio Q* and the Coriolis
parameter f (including the non-rotating exchange flow case where f =
0.0 s™1). For the non-rotating exchange flow cases, the induced lateral
secondary flow circulations suggest two differentiated flow cells systems
with upward (downward) flow in the centre of the channel within the
upper (lower) layer. The corresponding lateral secondary circulations in
the rotating exchange flow cases are generally characterized by Ekman
dynamics in the lower dense water layer (with isopycnal titling at the
interface due to geostrophic adjustment) and two anti-clockwise cells in
the upper freshwater layer (looking in the direction of saline water
flow). With an increase in the Coriolis acceleration (i.e. increasing f) and
the flow ratio Q*, vertical velocities at the inclined side-walls of the
trapezoidal channel also increase in the upper layer. The resulting cross-
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Fig. 13. Schematic representation of the secondary circulations obtained in a trapezoidal channel from the numerical simulations at the dense (blue) and freshwater
(white) layers for (a) non-rotational (i.e. f = 0) and (b) rotational (i.e. f > 0 sH exchange flows with Q* > 0 (sketch is from the perspective of the saline intrusion
flowing into the page). The figure also includes the frictional Ekman layers (black arrows) and the return flow (dark blue arrows) formed in the dense/lower layer for
rotational exchange flows. Green arrow shows the downstream direction of the saltwater flow used in the analysis.

channel secondary circulation cells generated in the upper layer can
induce vertical flux transport of deep water substances to the near-
surface region through upwelling along the inclined side-slope of the
channel, which has potential implications for nutrient and contaminant
transport in exchange flow systems in real sea straits, tidal inlets and
estuaries/fjords. Future works should therefore focus on extending
simulations of the cross-channel secondary circulations in real exchange
flow scenarios in over a wider range of geometrical restrictions and
forcing conditions.
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